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A multiscale theory explaining the initial shrinkage of microp-
orous materials upon adsorption
Author: Yida Zhang1

1 University of Colorado Boulder

Corresponding Author: yida.zhang@colorado.edu

Adsorption-induced deformation is widely observed in porous materials such as cement, coal, clay,
aerogel, biopolymers, and MOFs. Sorption swelling has been commonly explained by the so-called
Bangham effect (Bangham and Fakhoury 1928), i.e. the relaxation of solid-fluid interfacial tension
due to adsorption and thus the macroscopic expansion of the porous media. However, experimental
studies show that certain microporous materials (pore size less than 2 nm) such as activated carbons
contract first at low gas pressure, followed by Bangham’s expansion after reaching certain pressure
levels (Balzer et al. 2015). Such phenomenon has not been explained and modelled in previous
poromechanics theories.
This work extends the recently developed surface poromechanics framework for macro/meso porous
media (Zhang 2018) to describe the adsorption-deformation behavior of microporous materials by
considering interaction forces in micropores. At distances as small as a few nanometers, short-range
intermolecular interactions can give rise to forces that are formerly disregarded in the analysis of
macro/meso porous media. The effect of such interactions is considered in this study through an
extra work term in the thermodynamics of a single slit pore. As a result of such pore-scale analysis,
a pressure known as the disjoining or solvation pressure that acts normal to the pore walls in addition
to the bulk fluid pressure is obtained. This effect also modifies the surface tension parallel to the pore
walls. The disjoining pressure and the modified surface tension together create a competing effect in
determining the shrinkage or expansion of the porous skeleton during adsorption. When the pore
size becomes sufficiently large, this new development degenerates to the macro/meso poromechanics
theory of Zhang (2018). Through a choice of adsorption and microstructure model, the proposed
microporomechanics theory is validated against recent experimental data on activated carbons. To
the author’s knowledge, this is the first continuum theory that captures the initial shrinkage of
microporous solids upon adsorption and is ready to be implemented in FEA or other numerical
solvers for IBVP predictions.
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Permeability evolution of fractured sorptive porousmaterials
Author: Yida Zhang1
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Corresponding Author: yida.zhang@colorado.edu

Fractured sorptive geomaterials (FSG) are ubiquitous in geological systems such as coal, shale and
chalk. The solid matrix of FSG can adsorb species in gas or liquid form, the process of which is
often accompanied by the deformation and micro- structural alternation of the matrix. Such cou-
pling is further obscured by the presence of fracture network, introducing complex fracture–matrix
interactions. Predicting the hydromechanical properties of FSG is of particular importance for the
production of coalbed methane (CBM) which requires the assessment of coal permeability under
varying pressure and stress conditions. This study attempts to investigate the interplay between ad-
sorption, deformation, and permeability evolution of coals. The novel concept of adsorption stress
popularized in material science research is adopted here to construct a mechanistic theory describing
sorption-induced deformation of coals. The constitutive theory is implemented in a finite element
(FE) scheme and then adopted for describing coal matrix in a FE model of coal–fracture system. The
model is calibrated for San Juan coals and applied to simulate a typical methane depletion test. It is
observed that, depending on the competing effect between desorption-induced fracture opening and
poroelastic compaction, the predicted permeability curve may be monotonically increasing (rising
type) or decreasing (decline type), or may exhibit reduction first and then increase (rebound type)
during gas depletion. Such competition is found to be controlled by the volume ratio, the permeabil-
ity ratio, and the stiffness ratio between the matrix and the fracture elements. The prediction covers
a wide range of permeability data obtained from laboratory tests and field observations.
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Multiscale modelling of plant nitrogen use efficiency
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Nitrogen fertilization is vital for productive agriculture and efficient land use. However, globally,
approximately 50% of the nitrogen applied is lost to the environment, causing inefficiencies, pollu-
tion, and greenhouse gas emissions. Rainfall and its effect on soil moisture are the major compo-
nents controlling nitrogen losses in agriculture. Thus, changing rainfall patterns could accelerate
nitrogen inefficiencies. We first used the pore scale model from XCT to assess the effect of single
fertiliser granule dissolution on soil pore scale N dissolution and microbial processes. Then we up-
scaled this model to the field scale and used a mechanistic modeling platform to determine how
this influences field scale processes. Following this we used the plant N uptake model to determine
how precipitation-optimal nitrogen fertilization timings and resulting crop nitrogen uptake have
changed historically (1950−2020) and how they are predicted to change under the RCP8.5 climate
scenario (2021−2069) in the South East of England. We found that that the interannual variation in
precipitation-optimal uptake is projected to increase. Ultimately, projected changes in precipitation
patterns will affect nitrogen uptake and precipitation-optimal fertilization timings. We argue that
the use of bespoke fertilization timings in each year can help recuperate the reduced N uptake due
to changing precipitation.
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Quantitative characterization of pore structure and analysis of seepage characteristics of tight reser-
voir based on digital core and NMR
Meng Du1,2,3, Zhengming Yang*1,2,3, Weifeng Lv2,4, Xinliang Chen2,3, Wen Li2,4
1 University of Chinese Academy of Sciences, Beijing 100049, China;
2 Institute of Porous Flow & Fluid Mechanics, Chinese Academy of Sciences, Langfang 065007, China;
3 Research Institute of Petroleum Exploration & Development, PetroChina, Beijing 100083, China;
4 State Key Laboratory of Enhanced Oil Recovery, Beijing 100083, China
Abstract: The pore-fracture structure characterization and seepage characteristics analysis are the
keys to the effective development of tight reservoirs. However, it is difficult to accurately charac-
terize the pore and fracture structures of different scales by conventional methods, which makes it
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difficult to analyze the seepage characteristics. In this study, combined with CT scanning technol-
ogy and advanced mathematical algorithms of AVIZO visualization software, a three-dimensional
digital core of tight reservoirs was constructed, and the comprehensively quantitative characteri-
zation of microscopic pore-fracture structure from multiple dimensions was carried out. On this
basis, nuclear magnetic resonance (NMR) centrifugation experiments were conducted to monitor
the fluid migration dynamics in tight reservoirs, and mobile fluid migration characteristics were an-
alyzed based on NMR T2 spectra. The results show that the average porosity of the reservoir in this
area was 11.2%, and the average permeability was 1.573mD, which belongs to low porosity and low
permeability tight reservoirs. The distribution of pore throats was mainly contiguous and isolated.
The connected pores were mainly distributed in enriched bands, which was due to the interconnec-
tion of gas pores, intergranular pores, and dissolution sheet fractures, while the disconnected pores
were mainly distributed in isolated form, which was related to the development of inter-gravel dis-
solved pores and matrix dissolved pores, and the contribution of pore connectivity to seepage was
greater than that of pore scale. The pore radius in this area was mainly 4.31-32.17 μm, the throat
radius was mainly 3.42-13.29 μm, and the pore and throat cross-sectional shapes were mostly tri-
angular, meanwhile, the fracture types could be divided into 3 types according to the occurrence
and opening, which were mainly high-angle structural fractures and vertical fractures, indicating
that pore-fracture structure had strong heterogeneity and fractures could play a better role in the
infiltration of oil and gas. The connectivity of pore throats in the tight matrix was poor, which made
the imbibition exchange effect weak and prone to water sensitivity. Subsequently, the movable fluid
saturation increases with the increase of permeability, and the fractures and micropores had less
flow resistance and were more conducive to water flow compared with small pores. This case study
provides new insights into the exploitation of similar tight reservoirs.
Key works: NMR; dual porous medium; CT scanning; cross scale; digital core; quantitative charac-
terization of pores fractures; fluid mobility
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With a share of about 8.6 % of anthropogenic CO2 emissions, concrete is a major contributor to global
warming. Microbiologically induced calcium carbonate precipitation (MICP) offers the potential of a
more sustainable alternative. During MICP calcium carbonate is formed by microbiological activity
and can serve as a binder between mineral particles. This calcium carbonate can be an alternative
binder to conventional cement mortar used for concrete. The most commonly used mechanism for
MICP is ureolysis. In this process, urea is enzymatically degraded to ammonium and carbonate. In
the presence of calcium ions and in an alkaline environment, calcium carbonate precipitates. Since
the compressive strength after MICP is related to the amount of precipitated calcium carbonate,
multiple cycles of treatment with cell suspension and calcination solution are necessary if high com-
pressive strengths need to be achieved. It is therefore of interest to improve treatment times by
obtaining knowledge of the reaction speed of ureolysis. Various studies have investigated the rate
and kinetics of MICP regarding the concentration of cells, urea and calcium ions. However, only
low concentrations of calcium ions (up to 500 mM) and cells (up to OD600 1) have been investigated
so far. In order to obtain insight into the efficiency of MICP under conditions during the produc-
tion of biocement, this study investigated MICP for calcium and urea concentrations up to 1391 and
1492 mM, and cell concentrations with an OD600 up to 10. It was shown that the rate of MICP
continuously decreases with the addition of calcium ions. Furthermore, it could be observed that
under these conditions the free calcium ions are degraded by formation of calcium carbonate within
a few hours. During this time Sporosarcina pasteurii cells encapsulate in calcium carbonate while
still maintaining ureolytic activity. Depending on the parameters reaction times under 3 hours were
achieved which is significantly shorter than the reaction time of 24 hours often used in literature
protocols for MICP treatment. Therefore, these findings make it possible to determine an optimum
reaction time for the production of biocement depending on the cell concentration and the composi-
tion of the calcination solution used during MICP. Based on these results silica sands with different
particle size distributions were treated with several injection methods under these optimised con-
ditions. The resulting samples were scanned by micro computed tomography. Contact points and
pore space depending on various parameters during the treatment of MICP were investigated. These
findings can be used to further investigate if a reduced reaction time between cycles is applicable
concerning compressive strength and homogeneity of the samples.
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The aim of this talk is to present the derivation of the new effective boundary condition for the
fluid flow in a domain with porous boundary. We start from the Stokes system in a domain with an
array of small holes on the boundary and on each hole we impose an appropriate dynamic condition,
namely the value of the normal stress corresponding to the exterior conditions. The goal is to obtain
the effective model by studying the convergence of the homogenization procedure, as the period of
the porous boundary tends to zero. As a result of our analysis, we propose the interface condition in
the form of the generalized Darcy law. If no further assumptions are made concerning the isotropy of
the geometry of the porous boundary, the obtained result generalizes the Beavers-Joseph condition.
In the second part of the talk, we shall also study the roughness-induced effects on the proposed
Darcy-type boundary condition.
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High-quality digital rock images are crucial to precisely assess the petrophysical characteristics as
well as flow properties in pore-scale porous media. However, the captured-image quality is governed
by the limitations of the detectors’ and scanners’ hardware. The pore network model, multi-mineral
segmentation, permeability prediction, and flow streamlines modeling in the porous material can
all be significantly impacted by the scanner constraint. It is notably noticeable in carbonate rocks,
where up to 50% of the pores may have a diameter smaller than the resolution of a micro-computed to-
mography (micro-CT) scanner [4]. To address this issue, we utilized a convolutional neural network-
based model, trained on a massive dataset of images, to improve the resolution of micro-CT images.
The super-resolution convolutional neural network (SRCNN) method is a feed-forward convolu-
tional neural network (CNN) with three 2D-convolutional layers with kernel sizes of 9, 1, and 5,
as well as 64, 32, and 3 filters, respectively [1]. SRCNN is used to construct a super-resolution (SR)
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image from a single low-resolution (LR) image, which is downsampled and blurred, and generated
via bicubic interpolation. The parametric rectified linear unit (PReLU) activation function was uti-
lized for the first two layers, and the linear activation function was used in the final layer. The
objective loss function (mean squared error) was optimized to determine the weights and biases of
layers using the Adam optimizer. The size of the LR images produced by bicubic interpolation, the
generated SR, and the micro-CT images (HR) are all 128 × 128 × 3 pixels, and the SRCNN model
had a total of slightly more than 1.5 million parameters.
The SRCNN method was trained on a dataset containing over 20,000 micro-CT images collected from
Brazilian Stromatolite plug samples in order to boost image resolution and capture the pore space
geometry in more detail. We allocated 20% of the data (about 4,000 micro-CT images) to the test set
and the remaining data to the training set. The stromatolite outcrop samples utilized in this research
were taken from Lagoa Salgada in Rio de Janeiro, Brazil, and were scanned using a ZEISS XRadia-
Versa XRM-500 micro-CT scanner with 40 µm

voxel spatial resolution.
Two metrics are used to evaluate image reconstruction quality: peak signal-to-noise ratio (PSNR)
and structural similarity index measure (SSIM) [2,3]. The comparison of LR and generated SR im-
ages with HR data ascertained a notable boost in the resolution, where PSNR rose from 76.95 dB
to 79.87 dB and SSIM increased from 0.89 to 0.92. The results demonstrated that noisy, blurry LR
images could be converted into high-fidelity SR images by using the SRCNN architecture. The edge
and boundary features, which are critical for pore-scale modeling, were successfully captured in
the generated SR images. In addition, we were successful in recreating the intricate texture of the
micro-CT images with the use of a relatively shallow CNN model. The trained model was then imple-
mented in the original micro-CT scans, resulting in the production of more elaborated digital rock
images.
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Nanofluids possess great application potential in enhanced oil recovery (EOR). However, the EOR
effects and mechanisms of nanofluids with specific nanoparticles (NPs) are not clear. In the study, the
molecular dynamics (MD) simulation is thus adopted to explore the displacement of trapped oil in
the rough channel by various nanofluids. Our results indicate that nanofluids with hydrophilic NPs
and Janus NPs hold a greater EOR effect (9.7% and 7.1%, respectively), while hydrophobic ones are
not suitable for oil film (with EOR effect of 2.3%). Specifically, hydrophilic NPs increase the viscosity
and the sweeping scope of injected fluid. Janus NPs are prone to stay at the oil-water interface
to reduce the interfacial tension. Most of them adsorb on the bulge, alter the surface wettability,
and squeeze the trapped oil while others remobilize the trapped oil by sliding along the interface.
Due to the entering of a large number of hydrophobic NPs inside the oil clusters, the influence of
oil molecules being bound by NPs greatly reduces the effect of volume replacement, which leads
to a poor displacement effect and even a risk of plugging the channel. Among the nanofluids, the
ones with Janus NPs can maintain a stable oil displacement performance under low pumping force,
thanks to sufficiently long contact time between Janus NPs and the oil phase. Further analysis on
capillary number highlights the applied prospect of Janus NPs in actual oil reservoirs. Our findings
are favorable to understanding the mechanism of nanofluids in EOR and provide guidance on the
screen of NPs.
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Well testing is a common practice that consists of wellbore pressure and flow rates data acquisition
in order to estimate parameters that govern multiphase flow in a porous media. An injection-falloff-
production test was originally proposed by Shi et al (2006) as a well test for the in-situ estimation of
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two-phase relative permeability curves. The idea is based on the concept that if a well is returned to
production subsequent to an injection-falloff test, then during the production period, the sandface
will be exposed to a range of saturations. Consequently, the wellbore pressure during the flowback
period is influenced by the changing saturation in the near wellbore region and hence contain in-
formation about the two-phase relative permeability curves. Although the wellbore pressure during
injection and falloff seems to be insensitive to the dispersive effects of capillarity, knowledge of the
correct saturation profile at the end of injection represents the initial condition for the falloff period,
and is required to calculate the saturation distribution during falloff. The saturation distribution at
the end of the falloff is required as the initial condition for the production period. In previous work
we applied the method of matched asymptotic expansions to solve the one-dimensional saturation
convection-dispersion equation, a non-linear pseudo-parabolic partial differential equation. This
equation is one of the governing equations for two-phase flow in a porous media when including
capillary pressure effects, for the specific initial and boundary conditions arising when injecting in
an infinite radial piecewise homogeneous horizontal medium. If the total flow rate becomes equal
to zero as in a falloff test, the saturation convection-dispersion equation reduces to a non-linear
parabolic equation, which contains only a dispersion (diffusion) term. In this work, we find a closed
form solution for the saturation distribution by applying the perturbation theory together with a
Green‘s function, treating the non-linearity as a source term. By combining the solution for satura-
tion with the so-called Thompson-Reynolds steady-theory method for obtaining the pressure, one
can obtain an approximate analytical solution for the wellbore pressure, which can be used as the
forward solution to analyzing pressure data by pressure transient analysis.
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Trapping of fluid in porous media by capillary forces is a key process in many subsurface processes.
It can be favorable to store carbon dioxide in deep saline aquifers, or unfavorable for groundwater
remediation and in petroleum production, where droplets of contaminants/oils are trapped in the
pore-space by capillary forces. Wettability properties at the vicinity of three-phase contact region
is a key parameter to describe trapping mechanisms as well as the long-term stability of trapped
droplets. Although the concept of contact angle –i.e. the angle visually measured between the solid
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surface and the fluid-fluid interface –is widely used to model two-phase flow processes at the pore-
scale, it does not accurately describe wettability alteration due to change in pH and salinity. The
latter arises from inter-molecular interactions. Furthermore, the variation of contact angle with
the velocity field at the three-phase contact region gives rise to more complications. This region
is created by spreading of a thin film of one phase on the solid as oppose to the other fluid and is
thin enough to be in the range of inter-molecular forces. We intend to model the wettability by
investigating the evolution of this film.

To do so, we developed a lubrication model for the thin film evolution on the solid surface. The
model is physically rooted and replaces the concept of contact angle. It accounts for inter-molecular
forces by introducing the different components of the disjoining pressure, notably the van der Waals
and electric double layer potentials. The developed framework relates molecular interactions to
pore-scale simulations through the boundary conditions, paving the way to more realistic pore-scale
simulations with wettability alterations. It also can be used as a tool to investigate other phenomena
governed by inter-molecular forces, such as film stability and streaming potential.

For the particular case when the film contains electrolytes, the different ions will get adsorbed on
the solid surface. Even though the fluid charge is neutral, a distribution of ions will form close to
the solid surfaces. Movement of fluid in this region will create an electrical voltage called streaming
potential. The effect of streaming potential can be noticeable, especially in the case of moving contact
line. We would like to study the movement of the ions in this region in order to find out the range
of the importance of streaming potential.
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The study of mass-transfer in confined geometries is extremely important in many engineering and
biological systems. In the context of geological carbon sequestration, carbon dioxide is injected
into subsurface reservoirs leading to the formation of elongated bubbles that can either be trapped,
move, or interact with the solid matrix. The presence of carbon dioxide has the effect of increasing
the acidity of the in-situ brine, boosting a series of chain reactions that enhance rock dissolution.
This may threaten the long-term integrity of the storage process due to the formation of leakage
pathways for carbon dioxide.
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Although the hydrodynamics of elongated bubble has been object of several studies, the case where
a solute is transported in the surrounding liquid and surface mass-transfer mechanisms act on the
solid wall or the bubble-fluid interface is much less understood. To fill this gap, we investigate the
transport problem around a confined Taylor bubble to access the competition between advection,
diffusion, and surface mass-transfer in the different regions of the bubble. To this aim, we derive a
one dimensional Advection-Diffusion-Mass-Transfer equation where the transport mechanisms are
described through an effective velocity, an effective diffusion coefficient, and an effective Sherwood
number. Our model generalises the Aris-Taylor dispersion to the case of a Taylor bubble and clarifies
the impact of surface mass-transfer in the advection and diffusion dominated regimes for both the
front and rear menisci.

Despite the fact that the motivation of our work is oriented to microfluidics applications that in-
volves solute transport and mass-transfer, its ramifications are relevant also in scenarios where the
presence of a solute affects the surface tension (i.e., Maragoni effect) or even drives the flow (i.e.,
diffusioosmosis).
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We have studied the imbibition and drying of water/co-solvent mixtures in paper and glass mi-
crofiber filters. The experiments reveal a rich interplay of solution imbibition, solvent evaporation
and solvent-mediated pore-fiber transport. After deposition, liquids occupy the micron-scale inter-
fiber pores of a paper sheet. In thermodynamic equilibrium, polar liquids such as water and co-
solvents reside in the nm-scale intra-fiber pores of the cellulose fibers. The timescales for attaining
equilibrium prove to depend sensitively on the water content, such that co-solvents can be tem-
porarily trapped in a non-equilibrium configuration. The combination of two experimental methods
allows the determination of both the overall co-solvent content and an estimation of what fractions
reside in the pores and in the fibers of a paper sheet. The results are relevant to understanding
the behavior of solutions in paper and provide insight into the dynamics of aqueous inkjet printing
inks.
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Inkjet printing inks frequently contain polar liquids of low volatility such as glycerol or poly(ethylene
glycols) in addition to water as the main solvent. The deposition of these liquids on paper sheets
induces swelling of the cellulose fibers, which leads to an overall, anisotropic deformation of the
sheet. We characterized the corresponding strain components by means of a grid projection method
and white light interferometry. For pure water, most of the hydroexpansion strain vanishes again
after drying is complete. However, for aqueous solutions of non-volatile co-solvents, a large frac-
tion of the deformation persists after the water has evaporated. Because swelling occurs only after
liquid enters the cellulose fibers, monitoring the dynamics of expansion provides insight into the
pore-fiber distribution of co-solvents. The corresponding timescales of pore-fiber transport strongly
depend on the co-solvent concentration, as a sufficient quantity of water is needed to plasticize the
fiber walls.
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Nanopore arrays, fabricated by the track-etching technique, mostly in Polycarbonate (PC) or Polyethy-
lenterephthalate (PET) foils, are commercially available. These are formed by irradiation with highly
energetic ions, such as Ar, from e.g. a cyclotron, and chemically etching the damage tracks up into
cylindrical nanopores. For the present study, a linear heavy ion accelerator was applied, and, next
to PC and PET, also Polyimide with a better chemical and thermal stability than the polyesters was
used. The foils were up to 30 µm thick, the nanopores with an areal density up to 10-9 cm-2 had a
diameter of down to 10 nm, corresponding to very high aspect ratio tubes.
Uniformly coating the inner walls of those nanopores with a thin reactive metal film constitutes a
challenging process, since the thin film material transport into the nanopores has to be well con-
trolled, particularly to avoid clogging of the apertures. By means of a kinetically controlled electro-
less deposition process, the nanopore inner walls were uniformly coated with thin films of gold, plat-
inum, palladium, platinum-ruthenium, platinum-palladium, and palladium-coated nickel, leading to
respective nanotubes embedded in the polymer foil. This has been evidenced by cross-sectional SEM
and TEM investigations.
Embedded Pd nanotubes were tested for their performance as catalyst for a flow-through reactor.
In UV-Vis absorption spectrometric measurements, they showed a very high efficiency towards the
nitrophenol reduction to aminophenol, used for the fabrication of paracetamol (acetaminophen), the
well-known analgetic and antipyretic [1]. The nanotubes show an advantage over comparable nano
particle based systems: in contrast to the latter, they are more mechanically stable and do not ag-
glomerate, leading to a better long-term stability of the catalyst.
When the ion beams tracks in the polymer foil are crossed and the resulting nanopores are coated
with metal, the dissolution of the polymer foil leads to free standing porous nanotube networks. Due
to the cross-linking, they are mechanically very stable, despite the very small diameter of the indi-
vidual nanotubes. With their large internal surface area, they constitute highly efficient catalysts
for the methanol oxidation in Direct Methanol Fuel Cells. This has been shown for Pt-Pd alloy and
Pd-doped Ni networks by means of electrochemical half-cell methanol oxidation measurements [2,
3].
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Expansion and compression of fluids by injection or production in the reservoir leads to cooling or
heating effects due Joule-Thomson and adiabatic processes. This effect on the near-wellbore tem-
perature becomes significant in some applications such as carbon dioxide storage in a depleted gas
reservoir. Commercial reservoir simulators using a compositional approach can model these effects.
However, setting up and running compositional simulations can be very cumbersome and compu-
tationally costly, making it difficult to incorporate these simulations in workflows for uncertainty
quantification, history matching and optimization. In order to allow incorporation of carbon dioxide
injection modelling in workflows and networks, while keeping the relevant physics, we have derived
two simplified models that account for Joule Thomson effects. The first is an analytical model based
on solving for temperature and pressure equations with variable rate assuming a cylindrically shaped
homogenous reservoir. In this case temperature and pressure are decoupled. This model calculates
first the temperature profile based on the energy balance, and then computes the bottom hole pres-
sure by integrating the pressure gradient given by Darcy’s law for the different viscosity regions
in the reservoir. We found an excellent match of this analytical model with a commercial reservoir
simulator. The second model, a numerical model, allows for more complex geological features and
fluid properties modelling. We have extended an open-source fully implicit black-oil thermal reser-
voir simulator to account for Joule-Thomson effects. We have compared the two-models against an
industry-standard compositional simulation.
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A large class of porous media consists of consolidated grains. If there is a mixture of different grain
types, capillary forces may be strongly affected under immiscible two-phase flow. We have studied
the effect of a random mixture of two types of grains having different wetting properties on the
transport properties of immiscible two-phase flow in porous media under steady-state flow condi-
tions using a dynamic pore-network model.

Immiscible fluids A and B flow through pores between two types of grains denoted “+” and “−”.
Fluid A is fully non-wetting with respect to grain type “+” and is fully wetting with respect to grain
type “−”. FluidB is fully wetting with respect to grain type “+” and is fully non-wetting with respect
to grain type “−”. We model the pore structure as the links in a square lattice. The nodes of the dual
lattice is populated by the grains. The grains of type “+” are assigned with a certain probability and
the rest of the grains are assigned type “−”. There are no spatial correlations among the grains. If a
link passes between two “+” type grains, the capillary force at fluid interfaces in the link will point
in the direction of fluid B. If a link has type “−” grains as neighbors, the capillary force at fluid
interfaces in the link will point towards fluid A. If the link lies between type “+” grains on one side
and type “−” grains on the other side, we assume the capillary force to be zero between the two
fluids.

For a window of grain occupation probability values, a percolating regime appears where there
are active connected paths with zero capillary forces. Due to these paths, no minimum threshold
pressure is necessary to start a flow in this regime. Furthermore, while varying the pressure drop
across the porous medium from low to high in this regime, the relation between the volumetric flow
rate in the steady state and the pressure drop goes from being linear to a power law with an exponent
2.5, then being linear again. The linearity in the initial low pressure drop regime is due to the active
connected paths with zero capillary pressures, which remains the same with small increase in the
pressure drop. The non-linearity at the intermediate regime is due to the opening of new paths with
the increases in the pressure drop whereas the linearity in the high pressure regime is essentially
due to the entire network being active.

We also measure the mobility of the system at the percolation threshold of the grain occupation
probability, which exhibits a critical behavior reminiscent to the conductivity of a random resistor
network. We measure the critical exponent related to this mobility and find it approximately equal
to 5.7.
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The Carbon capture,utilization and storage(CCUS)technology is an effective means of reducing car-
bon emissions and an important supporting technology for achieving China’s carbon peaking and
carbon neutrality goals. The Carbon dioxide(CO2)flooding,namely the application of CCUS for en-
hanced oil recovery(CCUS-EOR),is one of the main CO2 utilization methods in this regard. Here
are many methods by which CO2 can be injected. One of the most common methods, especially
in unconventional reservoirs, is CO2 huff-n-puff. CO2 huff-n-puff process holds great potential to
increase oil recovery and has a chance to sequester CO2 to reduce environmental footprint.
As an important component of unconventional oil and gas, tight oil is typically characterized by
low porosity (<10%) and low permeability (<0.1 mD). Even with the high oil production rate, the oil
recovery factor remains low at an estimated average 7%, which is far lower than compared to the
rates conventional reservoirs. There is still a large amount of oil remaining in place. It has aroused
wide interest in the application of Enhanced Oil Recovery (EOR) techniques, especially CO2 and gas
injection EOR. In this case, it is necessary to evaluate the CO2 Huff-n-Puff EOR method to maximize
the oil recovery factor.
For such simulation studies, compositional simulation is widely used to deal with the relevant physics,
such as fluid and reservoir properties. However, the substantial computational burden makes it chal-
lenging to conduct the field case model with multiple hydraulic fractures and comprehensive well
controls. Some important underlying physics might be masked due to the over-simplification of the
simulation models, like complex fracture geometries which are often created during the hydraulic
fracturing process and various hydraulic fracture height in different layers. In order to overcome
these issues, a state-of-the-art embedded discrete fracture model (EDFM) was developed. The EDFM
method can conveniently model complex fractures.
In this study, the component model is used to simulate the process of CO2 huff-n-puff in combina-
tion with the actual reservoir and fluid properties of Santanghu tight oil reservoir. Using the field
production data of a horizontal well in this area, the EDFM method is used to verify the reservoir
model. After history matching, the main influencing factors of CO2 flooding and storage capacity
are studied.
In this study, a component model was used to simulate the CO2 huff-n-puff process in combination
with the actual reservoir and fluid properties of the Santang Lake tight oil reservoir. The reservoir
model was validated using the EDFM method using field production data from a horizontal well in
the area. After further history matching, the main influencing factors affecting the CCUS-EOR as
well as geological storage are investigated.
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Deep learning aided pore scale modelling

Authors: Mostaghimi PeymanNone; Wang Ying daNone; Tang KunningNone; Armstrong RyanNone

CorrespondingAuthors: ryan.armstrong@unsw.edu.au, peyman@unsw.edu.au, kunning.tang@unsw.edu.au, yingda.wang@unsw.edu.au

Pore scale imaging and modelling have played an enormous role in advancing knowledge in com-
plex transport phenomena within porous media. We discuss new challenges and directions in pore-
scale research by integrating artificial intelligence. These include the recreation of porous media
images at a super-resolution, multimineral segmentation and prediction of petrophysical properties
with applications in underground reservoir simulation, ore characterisation and groundwater mod-
elling.
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Pore-scale modeling of pore-clogging by aggregation of particles
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The injection of cold water into the subsurface to recharge the aquifer during the exploitation of
geothermal resources mobilizes fine particles (colloids) which can detach, precipitate, or even deposit
irreversibly clogging the porous formation at the vicinity of the well. These processes very often lead
to a reduction in the operating time of the wells and additional operating costs are required in order
to separate and remobilize the aggregates thus formed. At the reservoir-scale, these processes are
described using CFT (Colloidal Filtration Theory) and the Kozeny-Carman relationship. Such models,
however, rely on heuristic parameters which have to be tune to fit with experimental datas, which
limit their predictive capabilities.

In this work, we developed a numerical code for the transport of colloidal particles at the pore scale.
The code relies on a four-way unresolved-resolved CFD-DEM (Computational Fluid Dynamics - Dis-
crete Element Method) coupling that includes hydro-mechanical interactions (e.g. collision, drag,
lift, gravity) and electro-chemical interactions (e.g. Van der Waals attraction and electrostatic double
layer repulsion commonly known as DLVO (Derjaguin-Landau-Verwey-Overbeek) forces) between
the particles, the fluid and the porous formation. The code, implemented within the open-source
platform OpenFOAM, has been verified on cases for which reference solutions exist. We use the
numerical model to investigate the deposition/remobilisation kinetics and the permeability/porosity
relationship at the pore-scale under various flow, particle size and concentration, pH and salinity
conditions. These new insights into the transport and deposition of colloidal particles in porous
media will guide the development of reservoir-scale models rooted in the elementary physical prin-
ciples.
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Natural gas (main methane CH4) hydrates are such a prospective energy resource that feeds the
global energy demand. Depressurization has been proved the most economical method for CH4
hydrate exploitation. However, micro characteristics of hydrate distribution and fluid migration
in porous media are still lacking for efficient CH4 hydrate exploitation. In this work, morpholo-
gies of CH4 hydrate formation in synthesis and dissociation in exploitation were investigated in
microfluidic chip resembling sandstone. During hydrate synthesis, morphological results showed
CH4 hydrate nucleated at gas-water interfaces, and hydrate nucleation is much more apparent at
dynamic fluid flow. The hydrate nuclei then grew towards gas phase, changing from coarse patterns
to smooth ones by consuming CH4 gas. During hydrate exploitation, gas bubbles emerged in hydrate
phase after dissociation pressures reduced to or below CH4 hydrate equilibrium pressure. Hydrate
reformation was observed during depressurization because of localized pressure variation as a result
of fluid migration. Pressure differences between inlet and outlet existed and after its disappearance,
scattered gas bubbles merged into gas flow, depending on constant-rate of depressurization and mass
transfer barriers in different pores. Higher initial water saturation triggered more coarse hydrates
during formation, which turned into crystal patterns acting as barriers for mass transfer. Pore sur-
face wettability and pore size exerted a significant effect on fluid appearance and distribution during
hydrate dissociation. These micromorphology findings are beneficial to understand the mechanisms
of hydrate transitions in confined porous media and thus provide insights for efficient CH4 hydrate
exploitation through controlled depressurization.
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An innovative method for the utilization of quarry sand
Authors: Dorina Strieth1; Niklas Erdmann1; Susanne Schäfer2; Eva Hagen1; Ulrich Bröckel3

1 RPTU Kaiserslautern-Landau
2 University of Applied Sciences, Birkenfeld
3 3University of Applied Sciences, Birkenfeld

Corresponding Authors: eva.hagen@architektur.uni-kl.de, u.broeckel@umwelt-campus.de, erdmann@mv.uni-
kl.de, s.schaefer@umwelt-campus.de, strieth@mv.uni-kl.de

50 % waste (quarry sand) is generated during the production of ashlar. In this study, this waste mate-
rial is used to produce biosandstone as new and sustainable construction material. The quarry sand
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used in this study is delivered by the local natural stone plant (Picard) in Krickenbach (Germany).
Viewed globally, there is a high need to investigate new construction material as alternatives to
concrete, because with a share of about 8.6 % of anthropogenic CO2 emissions, concrete is a major
contributor to global warming. Additional, not every sand like for example sand from the desert can
be used for the production of concrete because the supporting grain is missing. Microbiologically in-
duced calcium carbonate precipitation (MICP) offers the potential of a more sustainable alternative
in construction. Additional, pretrials showed that a consolidation of sand from different deserts is
possible allowing desert sand to be used as an alternative building material. During MICP calcium
carbonate is formed by microbiological activity and can serve as a binder between mineral particles.
This calcium carbonate can be an alternative binder to conventional cement mortar used for con-
crete. The most commonly used mechanism for MICP is ureolysis. In this process, a cell suspension
and a calcination solution (urea + calcium ions) are applied alternately in a cyclic process, whereby
calcium carbonate crystals are formed by the metabolism of the cells, which bind the aggregate (e.g.:
sand) together.
In this study, Sporosarcina pasteurii is used as ureolytic microorganism to consolidate the quarry
sand from the local natural stone plant in Krickenbach. In a first step, the quarry sand was consol-
idated by MICP to check if this is possible at all. Since this was successful, a deeper understanding
of the influence of particle size on consolidation was investigated. Therefore, the quarry sand was
classified into four different fractions of particle sizes and consolidated using MICP. In addition, the
consolidated samples were scanned by micro computed tomography. Contact points and pore space
depending on various parameters during the treatment of MICP were investigated. However, this
study shows what influence the grain size has on the strength of the biosandstone. Furthermore, it
will be shown what influence the pore volume has on the strength of the samples and whether the
strength can be optimized by an optimal composition of the different fractions of particle sizes. Fi-
nally, a demonastrator will be presented produced from quarry sand using the interlocking principle.
The interlocking principle is an adaptable modular structure based on the building block principle,
which is functional without mortar.

This project is financially supported by the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation)–Project-ID 172116086–SFB 926, the “Landespotentialbereich NanoKat”and “Lehre
Plus”.
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The Impact of Capillary Heterogeneity on CO2 Plume Migration
at the Endurance CCS Target Site in the UK–ACore To Field Scale
Study
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The characterisation of multiphase flow properties is key to predict large-scale fluid behaviour in the
subsurface, such as the migration of a carbon dioxide (CO2) plume at a Carbon Capture and Storage
(CCS) site. Many CCS sites have displayed unexpected fluid flow behaviour, where the CO2, once
injected, migrated away from injection wells at significantly higher rates and in different orienta-
tions to what had been predicted with reservoir simulations. Recent studies have demonstrated that
conventional reservoir models are not incorporating the impact of small-scale heterogeneities in
multiphase flow properties, such as capillary heterogeneity. In this work, we combine experimental
and numerical methods to model the impact of capillary heterogeneity on CO2 plume migration at
the proposed Endurance storage site. The site supports the Northern Endurance Partnership (NEP)
serving the Zero Carbon Humber and Net Zero Teesside projects in the UK. We build small-domain,
fine-scale models, populated with well and experimental data from the Endurance site. These models
are used to infer the impact of heterogeneity on CO2 flow in 3D with the full physics represented.
Our results show that capillary heterogeneity can lead to a 3-fold increase in the relative CO2 mi-
gration speed, underscoring the importance of characterising and incorporating it within reservoir
models. Using the results, we then build a full field-scale 3D model of the Endurance site. We apply
a novel upscaling scheme, originating in the work of Jackson & Krevor (2020), to model the impact
of heterogeneity, buoyancy and structure on CO2 migration. Our results emphasize the prevalent
impact of small-scale capillary heterogeneities on CO2 plume migration.
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We attempt to formalise the relationship between the poroelasticity theory and the effective medium
theory of micromechanics. Assumptions of these approaches vary, but both can be directly linked by
considering the undrained response of a material. To analyse the linkage between poroelasticity and
micromechanics, we do not limit ourselves to the original theory of Biot. Instead, we propose a con-
cise extension of anisotropic poroelasticity, where pore fluid pressure may vary within the represen-
tative volume element. As a consequence, the inhomogeneities are not necessarily interconnected—
they may form separated pore sets that are described by distinct poroelastic parameters and pore
pressure. Further, we attempt to incorporate the effective methods inside Biot-like theory and in-
vestigate the poroelastic response of various microstructures. We show the cases where such imple-
mentation is valid and the others that appear to be questionable.
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Immersion of porous aggregates: application to concrete recycled
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Due to the limited resources of alluvial aggregates, the use of recycled aggregates has become a grow-
ing practice in the construction industry today. These recycled aggregates come from the recycling
of building or road demolition waste. They differ from natural aggregates in their composition and
structure. The high porosity of this hardened cement paste implies a high-water absorption, which
can reduce the workability and modify the properties of hardened concrete.
This presentation investigates the water transfers between porous aggregates and fresh cement paste.
First, sintered glass beads are used as a model porous media; similarly, the cement paste is replaced
by water to identify the dominant physical phenomena better.
We thus show the influence of the geometry and microstructure of the porous medium on the im-
bibition kinetics by immersion in water. Therefore, the commonly used Washburn model must be
adapted to describe the imbibition kinetics. Geometry-specific imbibition models are then devel-
oped.
In the second step, we characterize the water transfer between the fresh cement paste and the porous
aggregates. By Nuclear Magnetic Resonance spectrometry (NMR), we show that the absorption of
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aggregates in fresh cement paste is lower than in pure water. This decrease in absorption is a conse-
quence of the contraction of the fresh cement paste during imbibition. Furthermore, the absorption
kinetics is also slowed down compared to the measurements in water.
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Bacterial biofilms can form in porous systems that are of interest in industrial but also in environmen-
tal applications, being hotspots of biogeochemical reactions. The presence of biofilms within porous
media modifies not only the topology but also the hydrodynamics and consequently the transport of
solutes and the effective kinetics of reactions. The highly heterogeneous flow fields found in porous
media during biofilm growth translate into a spatially heterogeneous biofilm location and internal
heterogeneity. Using highly resolved three-dimensional X-ray computed microtomography images
of bacterial biofilms in a porous medium, multiple equivalents stochastically generated internal per-
meability fields for the biofilm are generated. These permeability fields embedded within the porous
medium are used to compute pore-scale fluid flow and solute transport numerically. We observe
that the biofilm with an internal heterogeneous permeability mainly impacts intermediate velocities
when compared with a homogeneous case. The equivalent internal permeability fields of the biofilm
do not impact fluid-fluid mixing. However, they significantly control a fast fluid-fluid reaction. For
biologically driven reactions such as nutrient or contaminant uptake by the biofilm, its internal per-
meability field enhances the process, especially at early times. This study highlights the importance
of considering the internal heterogeneity of biofilms to better predict reactivity in industrial and
environmental bioclogged porous systems.
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Per- and Polyfluoroalkyl Substance (PFAS)-containing Aqueous Film Forming Foams (AFFFs), em-
ployed in firefighting, have been recognized as a major source of PFAS contamination across the
globe. In addition to the release of PFAS-containing solutions, firefighting training and emergency
response activities have also typically involved the intentional or accidental co-release of hydrocar-
bon fuels and chlorinated solvents (nonaqueous phase liquids (NAPLs)), creating complex contam-
inant mixtures. Due to their amphiphilic properties, PFAS accumulate at interfaces, and thus, the
presence of air-water, soil-water, and NAPL-water interfaces within these release areas can influ-
ence both the transport and distribution of PFAS in the subsurface. This presentation provides an
overview of recent collaborative research related to the development, validation, and application of
mathematical models that describe the transport and retention of PFAS mixtures in complex AFFF-
contaminated source areas. Modeled processes include interfacial accumulation, interfacial tension
reduction and associated moisture redistribution, nonlinear sorption to the solid phase, and competi-
tive sorption/interfacial accumulation effects. Data from interfacial tension and batch sorption mea-
surements are used in conjunction with moisture retention curves and experimental observations
from multi-phase column experiments to assess model performance. Here, a Langmuir-Szyszkowski
equation is employed to model surface excess of individual PFAS, and fitted single solute parameters
are employed, in an extended Langmuir isotherm framework, to predict competitive interfacial accu-
mulation for PFAS mixtures. Experimental measurements and model simulations of PFAS transport
in two-phase (NAPL-aqueous and air-aqueous) fluid systems demonstrate the influence of interfacial
tension reduction and competitive adsorption phenomena on anomalous transport behavior in clean
sands. The validated model provides a comprehensive tool to explore the influence of interfaces on
PFAS mixture fate and transport in subsurface environments. Example applications to field-scale
AFFF release scenarios illustrate the potential influence of release history, soil texture, and PFAS
characteristics on the spatial distribution of contaminants within the unsaturated zone and on con-
taminant migration to the water table.
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Field measurements of apparent geochemical weathering reaction rates in subsurface fractured porous
media are known to deviate from laboratory measurements by multiple orders of magnitude. To date,
there is no geologically based explanation for this discrepancy that can be used to predict reaction
rates in field systems. Proposed correction factors are typically based on ad hoc characterizations
related to geochemical kinetic models. Through a series of high-fidelity reactive transport simula-
tions of mineral dissolution within explicit 3D discrete fracture networks, we are able to link the
geo-stuctural attributes with reactive transport observations. We develop a correction factor to lin-
ear transition state theory for the prediction of the apparent dissolution rate based on measurable
geological properties. The modified rate law shows excellent agreement with numerical simulations,
indicating that geological structure could be a primary reason for the discrepancy between labora-
tory and field observations of apparent dissolution rates in fractured media.
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Geothermal energy is a renewable resource that may help to provide a green energy supply, although
the low rock permeability at the required depth prevents an energy-efficient use of this resource. En-
hanced Geothermal Systems (EGS) allow to increase permeability by means of the hydraulic stimu-
lation of the fractures of underground formations. However, it implies risks as, for instance, induced
seismicity or an early thermal exhaustion of the reservoir.

We perform numerical simulations to delve into the thermo-hydro-mechanical and frictional phe-
nomena that control that risks in EGS projects. Our computational model solves the fully coupled
equations of thermo-poro-elasticity, together with rate-and-state friction at faults. The methodology
allows us to simulate both fluid-injection induced earthquakes and long-term behavior of geothermal
reservoirs.

In the short them, we explore the optimization of the injection protocols to avoid or delay fault
reactivation. Our results arise that the injection protocols with an early increase of flow rate could
delay fault reactivation depending on the frictional properties of the contact. In the long term, we
observe that the permeability stimulation can induce an early thermal decline of the reservoir. This
may affect to energy production over years, depending on the increase of permeability achieved with
hydraulic stimulation.

The methodology proposed in this work may help to improve the competitiveness of geothermal en-
ergy, as it can be a useful tool to manage the seismic risk and the long-term operation of geothermal
reservoirs.
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Abstract: In order to explore how to improve the development effect of air flooding in shale oil, an
online physical simulation method for shale oil air injection enhanced oil recovery was established
by high-temperature and high-pressure CT scanning and nuclear magnetic resonance (NMR) tech-
nology, the development effect of air flooding of shale oil under different depletion pressures and
the micro-production characteristics of different pore throats were analyzed, and the oil recovery
mechanism of shale oil air flooding was given. On the basis, the effects of air oxygen content, perme-
ability, capillary number, and gas injection pressure on the shale air flooding effect and pore crude
oil production were analyzed. Subsequently, the shale digital core pore-fracture network model was
reconstructed by high-resolution CT combined with advanced algorithms of AVIZO visualization
software, and the influence of fracture development degree on enhanced oil recovery was analyzed
by combined with magnetic resonance imaging (MRI). The results show that the development effect
of shale oil could be greatly improved by injecting air after the shale reservoir was depleted, but the
oil displacement efficiency and the production degree of different levels of pore throats under dif-
ferent injection timing were different. At the initial state, the crude oil in the shale core was mainly
distributed in nanopores, sub-micropores, and micropores, where the oil content exceeded at least
75% in these pores. The oil discharge rate of macropores was fast at first and then slows down, but
the oil discharge rate of nanopores increased almost linearly during air flooding. The higher the air
oxygen content, the stronger the low temperature oxidation, the more obvious the thermal effect and
the viscosity reduction effect, the higher the production degree of pores at different levels, and the
recovery factor gradually increases. The higher the permeability, the better the pore throat connec-
tivity, the stronger the fluid flow capacity, and the higher the recovery degree of shale oil. With the
injection pressure increases, the lower limit of the minimum pore throat production increases, but it
is easy to produce gas channeling, which leads to the breakthrough in advance, and the recovery in-
creases first and then decreases. Notable, fractures can effectively increase the contact area between
gas and crude oil, promote the mass and heat transfer between matrix fractures, and increase the air
sweep coefficient and matrix oil drainage area by supplying oil to fractures through the matrix; the
utilization of submicron pores and micron pores increased to 34.3% and 42.7%, respectively, which
means that the proper fracturing before air injection can help to improve the oil displacement effect
of air injection.
Key words: NMR; shale oil; heat and mass transfer; air flooding; CT scanning; EOR; microscopic
production; factor
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The definition of an optimal reservoir management strategy is fundamental for the primary pro-
duction of oil and gas, Enhanced Oil Recovery, Underground Gas Storage, Underground Hydrogen
Storage, CO2 storage, and geothermal systems. Due to the complexity of geological formations, the
uncertainty associated to the fluid-rock interaction parameters must be estimated and possibly miti-
gated by the acquisition of further information at all stages of reservoir life. The characterization and
analysis of fluid flow phenomena at the pore scale can contribute to minimizing such uncertainties.
Thanks to micro-CT images, a realistic representation of the reservoir rock is obtained, and it can be
used as input for further analyses of pore space characteristics. In this work, the A* search algorithm
(Hart et al., 1968) is used to compute the shortest connected paths across micro-CT images of rocks
in the three main flow directions. This information is employed to calculate tortuosity, effective
porosity, constriction factor, pore size distribution, permeability and anisotropy ratio of the rock.
This process was introduced by Salina Borello et al. (2022) but was not applied to real 3D images
of rocks obtained by micro-CT techniques. In this work, a sandstone and two carbonate rocks are
analyzed. Fluid flow is intrinsically influenced by all the features of the pore space (i.e. tortuosity,
effective porosity, constriction and pore radius) and the porous medium is usually characterized by
a single parameter, the permeability, which takes into account all these properties. In fluid flow
simulation, permeability can be calculated directly by inverting the Darcy’s law. In the geometri-
cal analysis instead, all pore space characteristics are evaluated individually and combined through
the Kozeny-Carman equation. The geometrical tortuosity is calculated as the average length of the
shortest (or geometrical) paths divided by the edge length of the sample. The effective porosity is
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computed as the portion of pore space crossed by the geometrical paths. The constriction factor
expresses the variation of the pore cross-section orthogonal to the path. The pore size is estimated
as the distance between the pore walls locally orthogonal to the path. In order to calculate the per-
meability, the Kozeny-Carman equation is used by including the geometrical tortuosity, effective
porosity, and a representative pore radius in the equation. Finally, the anisotropy ratio is calculated
using permeability values in the three main directions. Results are compared with those obtained
by single-phase CFD simulation directly in the pore space using OpenFOAM, with the exception of
pore size distribution and constriction factor. Geometrical analysis and CFD simulations are run at
the pore-scale directly on binary images of rocks. The values of tortuosity, effective porosity, per-
meability, and anisotropy ratio calculated with the geometrical analysis and CFD simulation are in
good agreement in all the cases. The outcome of this investigation evidences that the geometrical
analysis used in this research can provide a reliable characterization of rocks.
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The permeability of gas diffusion layers (GDLs) depends on their micro-structure, and is relevant
for transport simulations at higher scales, e.g., fuel cells and stacks. Given the micro-structure, the
permeability can be obtained from transport simulations [1], which typically requires large comput-
ing
resources. Such GDLs are used in polymer electrolyte fuel cells (PEFCs), as well as in some
electrolysers.
Drawing on previous published simulations [1] of gas flow through fibrous GDLs, a convolutional
neural network (CNN) was trained [2, 3]. The underlying data were based on a stochastic geometry
model that also featured different binder models and compression levels. A small number of micro-
structures –541 –was sufficient for not only achieving good accuracy in the predicted permeability
but
also for reproducing the binder type as a hidden feature that was not explicitly trained.
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The training data for the CNN are micro-structures generated by means of a stochastic geometry
model [1]. The fibers with a diameter of 7.5 µm were created layer-wise. The fiber orientation is
stochastically-equivalent to the real structure of Toray 090 material, which was validated using X-
ray
synchrotron imaging [1]. An additional binder was added using four kinds of binder sub-models.
The
resulting micro-structures were provided in both uncompressed and compressed forms. The output
feature –label data for the CNN –was the through-plane permeability of the GDL, calculated by
means
of Lattice–Boltzmann simulations of single-phase flow through the micro-structure. Because the LB
simulations required large computational resources, it was intended to take a limited number of
these to
train a CNN that can predict permeability with sufficient accuracy. This was achieved using histori-
cal
data from previous investigations [1]. Validated with five-fold cross validation, the CNN was able to
predict the permeability with an accuracy greater than 5% for uncompressed micro-structures, as
well
as relevant compression levels [3]. Although the binder type was not provided for training the CNN,
this hidden feature was reproduced by the predictions using the trained CNN.
The calculation of the permeability of the micro-structures required high-performance computers
(HPCs); the training of the CNN also requires large computational resources, preferably GPU-based
ones. With a trained CNN, the prediction of permeability can be run on a standard computer.
Transport simulations were run on the hardware of the Jülich Supercomputing Centre, grant: CJIEK30.
The neural network was trained on GPU nodes of the CLAIX system at RWTH Aachen University,
using grants jara0070 and p0020317.
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Multiphase flow and transport in porous media typically is simulated by solving an elliptic or parabolic
flow equation together with hyperbolic transport equations. In case of tight coupling, either a fully
implicit solution algorithm is required, or very small time steps have to be employed, if a sequential
algorithm is used. Here, a new solution approach is presented, which relies on a coupled hyperbolic
system of conservation laws. Latter can efficiently be solved with an explicit finite volume method,
which is advantageous in many ways, since all operations are local. The hyperbolic system is based
on the isothermal Euler equations with momentum source terms accounting for resistance due to
the porous medium as well as for buoyancy. Further, to account for saturation transport, the system
was augmented by an additional hyperbolic equation. If the parameters are chosen such that the
Mach number is much less than one and inertia remains small compared to the momentum source
term, the obtained results converge to the same solutions as obtained with a classical reservoir sim-
ulator. To compute the numerical fluxes, a characteristic based approximative Riemann solver was
developed and 2nd order accuracy in space and time is achieved by piecewise linear reconstruction.
As demonstrated with numerical experiments, the devised method is very promising and well suited
for massive parallel computations.
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The remarkable mastery over chemical synthesis in the modern world has drastically enriched hu-
manity. At the same time, our activity often results in significant emissions of undesirable contami-
nants, including toxic gases (NOx, SOx, CO), volatile organic compounds (BTEX, esters, aldehydes,
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⋯) alongside other volatile compounds posing threats to both human health and sensitive machin-
ery. Therefore, the detection and abatement of airborne contaminants at low levels (ppb to ppm) is
an ongoing challenge for maintaining a clean and safe environment, particularly in regulated spaces,
such as clean rooms, satellites, and indoor living spaces.

In this context, framework materials like MOFs and COFs appear as promising materials due their
tailorable chemical and physical properties and highly porous structures, acting as sorption media
for direct air capture of contaminants,[1] or as components in electronic devices designed for mon-
itoring their concentration.[2] Nevertheless, given the large number of synthesizable frameworks
[3] the choice of a material to target a specific contaminant is more often than not a question of
serendipity.[4]

To overcome this problem, a generalized approach is herein given for screening MOFs for specific
contaminant molecules. This method combines high-throughput molecular simulations to highlight
key promising materials, followed by advanced adsorption experiments at very low contaminant
concentrations and sensing. We further detail several classes of MOF materials which were identified
through this approach that are applicable to the capture and detection of common contaminants in
the space industry (i) siloxanes, (ii) aromatics and (iii) esters.
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In this work, a three-scale poromechanical model for naturally fractured coalbed methane reservoir
is developed. The coal seam reservoir is composed of a coal matrix mainly containing nanopores
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saturated by adsorbed gases and natural fracture network (called cleats). Beyond the empirical Lang-
muir law, the adsorption isotherm of the fluid mixture (CH4 and CO2) is rigorously constructed by
using the Density Functional Theory (DFT) applied to a Lennard-Jones fluid [1, 2, 3], allowing to
compute the fluid distribution in the pores and the adsorption-induced force (solvation force) exert-
ing on the solid phase by the adsorbed fluid. It is highlighted that the solvation force magnitude is
much higher than the bulk pressure leading to an important impact on the mechanical properties at
higher scale. A first homogenization procedure of the nanopore scale model is performed to derive
the mechanical response of the continuum matrix, characterized by a modified Biot-Willis parame-
ter depending on the solvation force magnitude. Such system of governing equations in the matrix
is coupled with the fluid pressure in the discrete cleat system with dependency of aperture with
the normal stress dictated by the hyperbolic Barton-Bandis model [4]. The problem is strongly non-
linear and coupled with the hydrodynamics due to the rapid increase of the joint stiffness and the
dependence of the fluid pressure. Moreover, the cleat stiffness is directly related to the cleat closure,
which controls the permeability of the reservoir. A second homogenized procedure is pursued and
capable of providing the constitutive response of the homogenized poromechanical parameters on
gas pressure at the reservoir scale. In this context, increase in the normal BB-stiffness of the cleats
tends to reduce the jumps of characteristic functions at the matrix/cleat interfaces which are prop-
agated to the macroscale in terms of perturbations in the macroscopic poromechanical parameters.
In addition to the overall three-scale decomposition of the total macroscopic stress, we constructed a
new constitutive law for the Lagrangian cleat porosity. The dependence of the two- and three-scale
homogenized poromechanical coefficients on the gas pressure is reconstructed numerically quanti-
fying precisely the influence of the solvation force and the non-linear elastic behavior of the natural
fractures.

Finally, the poromechanics is coupled with the multiscale hydrodynamic model in order to simulate
the enhanced coalbed methane reservoir by CO2 injection. The interplay between the solvation
force due to the adsorption effect and the non-linear elastic response of the fractures is numerically
analyzed during the CH4 production and the CO2 injection procedure, underlying the increase in
fracture stiffness at the injection well due to the matrix swelling stemming from the preferential
CO2 adsorption in coal. Moreover, the fracture permeability tends to decrease in the vicinity of the
injection well due to the same effect.
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Presented here is a model of soil-fluid-structure interaction that integrates soil mechanics (saturated
sediments), fluid mechanics (seawater or air), and solid mechanics (structures). As a result of this
formulation, the Material Point Method, which simulates large deformations of the porous media
and the structure, is combined with the Implicit Continuous-fluid Eulerian, which simulates complex
fluid flows. Our model is validated and we simulate the entire submarine landslide process resulting
from earthquakes. Using this model, we are able to estimate the impact of submarine landslides
on offshore structures by taking into account the complex interactions between saturated sediment,
seawater, and structures.
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This paper presents an improved approach in developing artificial intelligence (AI)-based surrogate
reservoir models (SRM) for highly compressible gas flow in porous media. The nonlinear dynamics
exhibited by highly compressible gas flow are captured by the AI-based surrogate using both physics-
based and non-physics-based regularization parameters and without the need for a labelled train-
ing dataset. A convolutional-based encoder-decoder neural network (CEDNN) is used as the core
function the developed SRM. The CEDNN is coupled with other modular networks which include a
pretrained polynomial layer and a fully connected deep neural network (FCDNN) with residual con-
nections. The pretrained polynomial layer discovers the pressure-dependent fluid properties, and
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the FCDNN with residual connections allows for adaptive timestep learning. The coupled network
is trained in a weakly-supervised manner using both physics and non-physics-based regularization
terms. The physics-based regularization terms are obtained from a discretized partial differential
equation of the subsurface flow domain, as well as the initial and boundary conditions. The non-
physics-based regularization term, which acts as smoother, is computed as the Euclidean norm of
the network’s trainable parameters and is implemented via a decoupled-weight decay first-order op-
timizer. The coupled network uses discriminative layer training which provides independent tuning
for each of the network modules.
The AI-based SRM has been tested on a dry gas fluid, with a varying permeability field generated
for 54 (training and validation) and 6 (testing) realizations. The considered flow domain has a single
well with no-flow outer boundary and operating at different inner boundary. The model is run for
540 days at a 10-day timestep interval. The CEDNN predictions after the training are in good agree-
ment when compared with results obtained from a numerical simulator. The time expense is during
the training of SRM which takes about 50 mins. However, the full space-time test predictions are
obtained in 2-3 seconds as compared to about 192 seconds (64 times) by the numerical reservoir sim-
ulator. The timeliness of the developed AI-based SRM during predictions proves to be an appropriate
tool for sensitivity and uncertainty analysis.
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In this study, we investigate the feasibility of Electrical Capacitance Tomography (ECT) to image
rapid three-dimensional (3D) moisture transport in damaged portland cement mortar and concrete.
ECT is a tomography method that uses inter-electrode capacitance measurements to reconstruct the
internal 3D distribution of the electrical permittivity which carries contrast with respect to moisture
content. In the experimental study, ECT measurements were performed with a reservoir placed di-
rectly on the crack in each specimen to promote rapid moisture transport to test the high temporal
resolution capabilities. An electrode array connected to an electrical tomography device was used to
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conduct moisture transport measurements in cracked specimens at a temporal resolution as high as
0.7 seconds. The results of this study illustrate that ECT can be used to detect rapid moisture trans-
port through various crack patterns and capture the flow path of water around coarse aggregates as
shown in Figure 1.
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Hydro-mechanical coupling in deforming porous media has been the subject of studies in mechan-
ical, energy, geology and environmental engineering. In our work, following Griffith’s theory [1]
and Francfort and Marigo’s [2] variational approach to fracture, we develop a generalised phase-
field-based formulation for predicting the fluid-driven fracture propagation in porous media across
different time scales. The advantage of the phase-field method is that the complex fracture behaviour,
such as initiation, propagation, branching and merging, is the natural outcome of simulations with-
out prior knowledge of propagation path. A macroscopic framework is proposed for phase-field
modelling of dynamic fracture to couple the physics of flow with the mechanics of fracture, includ-
ing the deformation behaviour of solid skeleton, the crack propagation and fluid flow within pores
and cracks. The effect of fluid properties such as viscosity and permeability is also discussed. The
numerical algorithm is implemented in ABAQUS by user-defined subroutines. We compare numeri-
cal results against several analytical and experimental solutions and also demonstrate the approach’
s ability to predict complex fluid-driven fracture systems.
[1] Griffith Alan Arnold & Taylor Geoffrey Ingram. The phenomena of rupture and flow in solids.
Philosophical Transactions of the Royal Society of London. Series A, Containing Papers of a Mathe-
matical or Physical Character 221, 163–198 (1921).
[2] Francfort, G. A. & Marigo, J.-J. Revisiting brittle fracture as an energy minimization problem.
Journal of the Mechanics and Physics of Solids 46, 1319–1342 (1998).
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Triple periodic minimal surfaces can be approximated to three-dimensional cell structures, which
are found in many forms in nature, such as on butterfly wings or on the skeletal plate of a sea urchin.
The structures are representable by a mathematical periodic function. For sheet-based structures, the
result is two disjoint, intertwined channels with a uniformly curved surface. The three most common
sheet-based structures are D-gyroids, Schwartz diamonds, and Schwartz primitive structures.
The three-dimensional regular periodic structure makes them attractive for various research areas,
such as in the medical field for tissue engineering or as a possible heat exchanger, due to their high
surface to volume ratio, bionic and mechanical properties.
In this work, the sheet-based gyroid structures with different porosity-levels are topology optimized
with respect to their mechanical stability at constant volume using the inhouse micro structure
simulation framework “Pace3D”. The optimized structures and the original structures are simulated
and compared with respect to their mechanics in the linear-elastic range, and other properties such
as the surface-to-volume ratio are also investigated.
Simulations of mechanical load in the linear elastic regime are carried out on both the optimized
as well as the original structures and the mechanical properties are compared. Furthermore, micro
structure characteristics such as the surface-to-volume ratios are evaluated.
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ity of graded and non-graded sheet-based gyroid structures fabricated by microcast processing. Journal
of Materials Research and Technology,
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Since the economical production of oil and gas from shale formation and their potential to act as
sealing for hydrogen storage and carbon dioxide sequestration, it has been the focus of considerable
research. However, there are uncertainties in the applicability of existing methods for characteriz-
ing rock and fluid interactions because the pore size is on the order of a few nanometers, and pore
proximity affects the physical properties of the fluid inside. The Young-Laplace relation is a rele-
vant example for interpreting pore-throat size from capillary pressure measurements. This study
presents a correction to the Young-Laplace equation to extend its application to shale formations
and nanopores. The relative error of applying the conventional Y-L equation to calculate the pore-
throat radius is also quantified. This study shows that 10 nm is a threshold size, which corresponds
to the capillary pressure of 80.18 MPa in the mercury injection, for the pore throat below which it
is necessary to apply a correction. . Pore-throat radius and distribution of shale formations in the
US were calculated using the corrected Y-L. The relative error of conventional Y-L in 10 nm pores is
5% and increases to 20% in 2 nm pores. The presented correction has applications in estimating the
pore-throat size distribution, entry pressure, and permeability of the shale formation from capillary
pressure.
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Microbial activity is considered a vital element in the biology of permafrost soils due to its critical
role in regulating most soils functions, especially the amount of carbon (greenhouse gases) released
from degrading permafrost to the atmosphere and its potential to degrade soil organic matter (espe-
cially carbon and nitrogen). Current understanding and knowledge of the microbial activity and its
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metabolism in permafrost soils is very limited.
In this study, we propose a novel approach for monitoring biogeochemical activities in permafrost
soils using microfluidic technology. The permafrost-on-a-chip contains soil, microbe, and all the min-
erals which enable the investigation of soil-microbe interaction. The freeze-thaw cycles of pore fluid
are also considered. This microfluidic platform will be used to investigate the effect of freeze-thaw
cycles on microbial activity and movement in the soil in real time (due to the transparent compounds
that are used in designing the chips) by continuous monitoring of soil’s moisture and temperature.
The permafrost-on-a-chip technology is a significant step toward improving our comprehension of
the processes that result in the emission of greenhouse gases and degradation of organic matter in
permafrost soils around the world.
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We use experiments and simulations to investigate the mixing dynamics of a convection-driven
porous media flow. We consider a fully saturated homogenous and isotropic porous medium, in
which the follow is driven by density differences induced by the presence of a solute. In particular,
the fluid density is a linear function of the solute concentration. The configuration considered is
representative of geological applications in which a solute is transported and dissolves as a result
of a density-driven flow, such as in carbon sequestration in saline formations or water contamina-
tion processes. The mixing mechanism is made complex by the presence of the rocks (solid objects),
which represent obstacles in the flow and make the solute to further spread, due to the continue
change of the fluid path. Making predictions on the dynamics of this time-dependent system is
crucial to provide reliable estimates of the evolution of subsurface flows and in determining the
controlling parameters, e.g., the injection rate of a current of carbon dioxide or the spreading of
a pollutant in underground formations. To model this process, we consider here an unstable and
time-dependent configuration defined as Rayleigh-Taylor instability, where a heavy fluid (saturated
with solute) initially sits on top of a lighter one (without solute). The fluids are fully miscible, and
the mixing process is characterised by the interplay of diffusion and advection: initially diffusion
controls the flow and is responsible for the initial mixing of solute. At a later stage, the action of
gravity promotes the formation of instabilities, and efficient fluid mixing takes place over the entire
domain. The competition between buoyancy and diffusion is measured by the Rayleigh-Darcy num-
ber (Ra), the value of which controls the entire dynamics of the flow. With the aid of experiments in
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bead packs (optical measurements) and pore-resolved numerical simulations (immersed-boundary
method), we analyse the time-dependent evolution of this system at high Ra, and we quantify the
effect of the Rayleigh-Darcy number on solute transport and mixing. The results are analysed at two
different flow scales: i) at the Darcy, where the buoyancy-driven plumes control the flow dynamics,
and ii) at the pore-scale, where diffusion promotes inter-pore solute mixing. Numerical and exper-
imental measurements are used to design simple physical models to describe the mixing state and
the mixing length of the system. The results obtained are compared against previous experimental
and numerical works.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

The Netherlands

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS09 / 56

Pore-scale simulation of hydrogen transport in porousmedia
Authors: Leila Hashemi1; Rainer Helmig2; Cornelis Vuik1; Hadi Hajibeygi1

1 TU Delft
2 University of Stuttgart

CorrespondingAuthors: c.vuik@tudelft.nl, h.hajibeygi@tudelft.nl, rainer.helmig@iws.uni-stuttgart.de, l.hashemi@tudelft.nl

Transition to renewable energy sources, due to their naturally intermittent production, requires
developing large-scale storage technologies. Underground Hydrogen Storage (UHS) in porous for-
mations is a promising approach to providing a giant storage capacity. To ensure the efficiency of
the storage operation, multiscale modeling and simulation strategies are essential. Since micro-scale
physics controls macro-behavior. Therefore studying the flow behavior in porous rocks at the micro-
scale is insightful for UHS projects in porous reservoirs.
The present study develops a dynamic pore-network modeling (D-PNM) approach to simulate the
immiscible two-phase flow of hydrogen and water through representative digital network models of
different porous structures. As the key feature of UHS, the model is developed for the cycles of injec-
tion and production of hydrogen into a porous media. The model input parameters are based on the
experimentally obtained static and dynamic wettability analyses as presented in the literature. As for
the rock, digital networks are constructed based on 3D X-ray images of porous samples. The topol-
ogy of the pore space geometry is translated to a representative pore-network model. To preserve
the simulation stability, the developed D-PNM solves the transient multi-phase Stokes equations
fully implicitly, for pressure and phase volume saturation. Through several test cases, we analyze
the transport characteristics of the hydrogen/water interface, especially the fingering and spreading
physics. These results shed new light on how a representative continuum-scale model should be
created to study the process at the field scale.
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The permeability and diffusion coefficient of the coal are the most important parameters affecting
coalbed methane (CBM) extraction. There are multi-scale pores in coal with a huge difference in pore
size. The permeability and diffusion coefficient of coal also show multi-scale characteristics due to
the influence of multi-scale pore sizes. In the process of coalbed methane extraction, the gas pres-
sure will continuously decrease. However, in current studies, there are contradictory perceptions of
monotonically increasing, monotonically decreasing, and irregular fluctuations in the effect of gas
pressure on diffusion coefficient and permeability. Therefore, it is essential to clarify the influence
mechanism of gas pressure on multi-scale diffusion-seepage for CBM extraction. Diffusion-seepage
experiments are carried out using 0.18~0.25 mm particle coal and 50 mm×100 mm cylindrical coal
under different gas pressures and no stress loading. Meanwhile, seepage experiments measured by
steady-state method are conducted using 50 mm×100 mm cylindrical coal under stress loading. The
results show that the apparent diffusion coefficient attenuates dynamically with time in the experi-
ments of particle and cylindrical coal without stress loading, and the classical diffusion model cannot
accurately describe the full-time process of gas flow in coal. A model of multi-scale dynamic appar-
ent diffusion is proposed, which can accurately depict the process of gas flow in cylindrical coal.
The mechanism of gas flow in multi-scale pores is illustrated. At the beginning of the flow, gas first
flows out of the large external pores. From the surface to the interior of coal, the pore sizes of gas
flow gradually become smaller with increasing time, resulting in the gradual decay of the apparent
diffusion coefficient. Based on the equivalent relationship between apparent diffusion coefficient
and apparent permeability, the dynamic diffusion coefficient is converted into dynamic permeabil-
ity attenuating with time. The initial apparent permeability decreases and then increases with the
increase of gas pressure, which is caused by the effect of gas pressure stretching and multi-scale
flow regime. The slip effect dominates in low gas pressure and stretching effect does in high gas
pressure. The different changes of apparent permeability with gas pressure is related to a compress-
ibility factor Ct. Three possible patterns of permeability with gas pressure, monotonically increasing,
monotonically decreasing, and U-shaped will occur. The study reveals the influence mechanism of
gas pressure on diffusion coefficient and permeability.
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High concentration CO2 invades oilwell cement under geological CO2 storage or sour oil and gas
exploitation conditions. Long-term invasion of CO2 makes oilwell cement structure unstable and
prone to damage. For the reinforcement of oilwell cement, Ca-montmorillonite (Ca-MMT) was mod-
ified using supercritical CO2 (ScCO2) as the solvent and intercalator. The micro-calcite bearing
Ca-montmorillonite (MC Ca-MMT) was added to the cement slurry to reinforce the oilwell cement
after the modification. Microcrystal calcite was identified in the MC Ca-MMT through transmission
electron microscopy (TEM) and selected-area electron diffraction (SAED) analyses. The mechani-
cal properties and microstructural evolution of the MC Ca-MMT reinforced oilwell cement were
investigated, revealing that the carbonation was inhibited by MC Ca-MMT. Through the analysis
of microcrystal formation and densified carbonation area, the CO2-resisting mechanisms of MC Ca-
MMT reinforced oilwell cement were revealed in this study.
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Given the high uncertainty of fracture characteristics in subsurface porous media, we focus in our
work on the prediction of the mean or Ensemble Averaged Flow (EAF) field. Typically fractures can
cover distances comparable to the size of the domain of interest. While classical homogenization
only is valid for representative elementary volumes (REV) much larger than all embedded structures,
the presented approach does not rely on such restrictions. The new model, which is formulated at
this point for many isolated fractures, relies on a nonlocal multi-media description based on coupled
integro-differential equations. It is shown how a previous description for fractures of equal length
and aperture can be extended for much more realistic scenarios with multiple fracture families. With
a series of numerical studies and comparisons with Monte Carlo reference data it is demonstrated
that also for such more complex scenarios the devised sub-REV model accurately captures mean flow
rates and pressure profiles for arbitrary domain sizes.
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Subsurface fluid flow primarily transpires in porous rocks, however, in low-permeability formations,
interconnected rock fractures can govern fluid flow. Synonymous with fracture flow is the immis-
cible displacement of a wetting phase (e.g., brine) by a non-wetting phase (e.g., CO2), a process
called drainage, which is fundamental to many subsurface engineering applications. Robust mod-
elling of fracture drainage on the field scale is required to effectively predict and manage the risk
of fault-related leakage. Despite this, the controls on leakage through a single fracture are only
partially understood. Fluid transport through a natural fracture is complicated by aperture hetero-
geneity, which arises from opposing rough walls and the presence of discrete contact points related
to chemical/stress alterations. For two-phase flow, phase interference is high in fractures as flow
predominantly transpires in 2D rather than the 3D pore space of a rock matrix. Recent modelling
and experimental studies have provided insight into how drainage progresses through fractured ma-
terials, however, a lack of investigation using a truly representative sample (natural rough fracture)
at sufficient spatial and temporal resolutions limits the predictive insights of such studies. Here, we
used fast synchrotron X-ray tomography to image drainage in a natural geological fracture (6 mm
diameter & 18 mm length) obtained from the Carmel Formation, a regional caprock sequence over-
lying a naturally leaking CO2-charged reservoir in Green River, Utah (USA). Drainage was imaged
continuously over ~3 hrs by capturing consecutive volumes at 2.75 μm voxel size with a 1 s scan time.
The experiment was performed with analogue fluids (brine and decane) at a controlled fluid flux (cap-
illary regime) analogous to that anticipated during CO2 fracture leakage. In this contribution, we
will discuss the results obtained, which provide new insight into the micrometre-scale displacement
processes that directly impact global fracture saturations (and leakage rates), and the key challenges
associated with imaging drainage in such small fractures using synchrotron imaging.
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Deep saline aquifers are promising CO2 geological sequestration sites with wide distribution and
large storage capacity. Pilot projects have shown that the injection of CO2 into saline aquifers can
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lead to brine drying and salt precipitation, and eventually injectivity reduction. The interplay be-
tween gas injection, brine drying and salt precipitation determines the distribution of resulted salt
crystals thus the impact on injectivity reduction. This dynamic process is influenced by rock proper-
ties (e.g., pore heterogeneity, surface wettability), initial salt concentration, gas injection rate, dry-
ing condition, etc. Laboratory experiments lead to inconsistent conclusions about these controlling
factors, which indicates the lack of understanding of the mechanisms involved and hinders our pre-
diction capability. Particularly, the pore heterogeneity and wettability of natural rock samples vary
largely from site to site, and their impact on this dynamics process requires more detailed investiga-
tions. This study implements microfluidics to characterize pore-scale dynamics of brine drying and
salt precipitation. We fabricate radial flow microfluidic chips with varying pore-space heterogeneity
and surface wettability. A digital microscope records air invasion, brine drying and salt precipitation
processes, while a pressure sensor monitors the injection pressure. We adopt a deep learning algo-
rithm to automatically segment different phases, i.e., air, brine and salt crystals, in pore channels,
which enables quantifying drying and precipitation rates and the evolution of brine clusters and salt
crystals. Preliminary results indicate that pore heterogeneity determines the distribution of residual
brine, i.e., increasing pore heterogeneity leads to more residual brine and salt precipitation. Also,
the capillary backflow in hydrophobic chips significantly increases the accumulation of ions and salt
precipitation near the drying front. In contrast, capillary backflow is absent after gas breakthrough
in the hydrophobic chip, which results in the least amount of salt precipitation at the drying front.
The quantitative results enable further statistical analyses on the evolution of brine cluster and salt
crystals and their dependence on pore heterogeneity and surface wettability.
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Data-driven approaches, among them machine learning tools, have garnered increasing interest in
porous media research and offer alternatives to traditional numerical methods to improve the pre-
dictive modeling based on observation data. Recently, the idea of incorporating prior physical prin-
ciples within measurements to better rely on experimental data has been successfully immersed into
Bayesian inference as a valuable tool for uncertainty assessments.
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The emergence of the Bayesian Physics-Informed Neural Networks (BPINNs) paradigm offers the
opportunity to query the confidence in the predictions, the uncertainty in the measurements, and
the model adequacy by providing posterior distribution of the neural network predictions [1]. In this
presentation, we will show how to make BPINNs auto-weighted in order to address multi-objective
IA problems, even when relying on shadow quantities.

Classical BPINNs mostly rely on Markov Chain Monte Carlo methods to sample from a weighted
multi-objective target distribution, whose weights are related to the scaling of the tasks, the noise
magnitude, and ultimately the inherent tasks’uncertainties. While these parameters are recognized
as critical, they are mostly hand-tuned in the applications leading to pathological behaviours or bi-
ased estimation, in the sense that one of the objectives will be prevailing in the posterior distribution
exploration.

Actually, when dealing with real-world complex systems which involve heterogeneities and multi-
scale phenomena in addition to uncertainties in the measurements, the setting of these weights can
remain particularly challenging and require considerable energy in tuning. Furthermore, such dy-
namics also raise scale imbalances that highly disrupt the usual approaches, generating instabilities
that make the sampling inoperative.

We focus here on a novel adaptive strategy for unbiased uncertainty quantification in BPINNs, based
on an inverse Dirichlet weighting [2] of the target posterior distribution, which remedies to the
failure modes previously identified. Our approach provides enhanced convergence, stability, and
balanced conditions between the different tasks which ensure an efficient exploration of the Pareto
front throughout the sampling procedure. While reducing the bias in the sampling, we show that
this strategy is able to automatically adjust the weights, with them the uncertainties, according to
the sensitivity of each task.
It then offers an interesting framework to study complex multi-scale dynamics from the Bayesian
inference perspective and incorporate uncertainty quantification in multi-objective and stiff inverse
problems.

In this direction, we aim to capture and quantify unresolved features arising from noisy X-Ray micro
tomography measurements by adding information on the predictive physical-chemical model and
then compensate for the lack of knowledge on the rock matrix structure with PDE-based priors,
established according to a Darcy-Brinkmann two-scale porosity model [3].
Hence, we apply our auto-weighted methodology to the simultaneous identification of chemical
parameters and morphological uncertainties on the porosity field, in a reactive inverse problem at
the pore scale.

Altogether with the approach developed in [4] to determine the absolute permeability deviation, we
will be able to provide uncertainty quantification on the main macro properties of a porous media
sample based on its micro tomography and then perform more relevant direct numerical simulations
with respect to the experimental data.
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Cellulose, the world’s most abundant natural, renewable, biodegradable polymer, is a major compo-
nent of plants, wood, paper, textiles or other industrial materials. A remarkable property of cellulose-
based materials is that they can absorb huge amounts of water (typically 25% of the dry mass) from
ambient vapor, in the form of bound water confined at a nanoscale in the amorphous regions of the
cellulose structure. The control of the dynamics of sorption and desorption of bound water is a major
stake for the reduction of energy consumption and material or structure damages. This dynamics
relies on the ability of bound water to be transported through the material, but in the absence of
direct observations this process is still poorly known. Here we present straightforward internal ob-
servations of bound water transport through a cellulose fiber piling filled with oil, which prevents
vapor transport. Thanks to NMR relaxometry and MRI measurements we show that the bound water
is transported along the fibers and throughout the network of fibers in contact. This process may
be well described by a constant diffusion coefficient. The dependence of this diffusion coefficient on
the fiber density and orientation is then analyzed to deduce the (elementary) diffusion coefficient
of bound water along a cellulose fiber axis. Surprisingly, although the bound water molecules are
confined in nanometric pores between cellulose microfibrils, the diffusion coefficient is in the order
of the coefficient of self-diffusion of water. This constitutes fundamental physical data which may be
compared with molecular simulations, and opens the way to the prediction and control of sorption
dynamics of all cellulosic materials or other hygroscopic materials.
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Cement plug is a crucial barrier material for ensuring long-term integrity of depleted wells, either
where CO2 has been sequestered or in permanently abandoned wells [1]. However, some of the
drilling mud used prior to the cementing operation often remain due to wetting properties of the
base mud [2]. The remaining drilling mud might therefore contaminate the cement and can be detri-
mental to permanent plugging and abandonment as it might not only affect the intrinsic properties
of the cement (mechanical strength, porosity, permeability) but also the properties of the cement-
casing interface (bonding, hydraulic sealing). Eventually this can induce leakage paths such as mi-
croannuli (crack between cement and casing).
In this study, we investigate the effect of oil-based drilling mud (OBDM) contamination on the seal-
ing properties of cement and cement-casing interface, on a macroscopic and a mesoscopic scale.
Different fractions of OBDM are dispersed in a neat Portland G cement. First, the mechanical prop-
erties of contaminated cements are monitored under relevant downhole conditions, high pressure
and high temperature (HPHT): in the liquid state we used a rheometer with a HPHT cell to evaluate
the slurries flow properties and an ultrasound cement analyser (UCA) to assess the setting time. In
the hardened state we used the UCA, to monitor cement strength. The compressive strength of the
cement tends to decrease with the OBM contamination, while the viscosity increases significantly
indicating a deterioration in its pumpability.
Secondly a tailor-built plug integrity experimental set-up [3], which allows us to simulate cement
placement and curing, and to assess plug integrity by inducing a differential pressure and monitor-
ing the resulting flow rate, is used to assess the overall integrity of the contaminated cement and
casing through their effective permeability.
Finally at the mesoscale we used nuclear magnetic resonance (NMR) [4] to follow oil phase evolution
during cement hardening and analyse the relationship with the resulting macroscopic properties of
the contaminated cement.
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The discovery of chlorides and perchlorates has profoundly influenced our view of liquid water on
Mars [1,2]. These salts attract much attention, because their hygroscopic nature and low eutectic
temperature allow for the possibility of liquid water on the surface of Mars today. Recent studies
showed the confined space exert significant effect on the phase boundary on salt solution, particular
in the freezing and deliquescent process [3,4].

In this work, we perform experiments to investigate the eutectic temperature and deliquescence
humidity of Mars-relevant salts (CaCl2, MgCl2, Ca(ClO4)2, and Mg(ClO4)2) in bulk and various
size pores (3–20 nm). The results indicate that, compared with water, the confinement effect on
melting temperature of salt solutions is more significant. It was found that freezing of concentrated
solutions in narrow pores can even be suppressed completely. The deliquescence humidity of salts
in pores is much lower than bulk particle, and the hydration dynamic process may be influenced
for the deliquescence humidity shift. In order to understand the salt and confinement effects on the
stability field of a liquid water phase, we develop an ion interaction model (based on Pitzer theory)
to calculate the phase diagram of cryogenic aqueous solutions.
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In sequestered CO2 underground wells or in permanently abandoned wells, a cement plug is typically
used as a well barrier material to ensure long-term zonal isolation of the well [1]. Proper plugging
should prevent any flow of fluids from the well to the surrounding environment and the surface. It
is assumed that the ability of the cement plug to fulfil its barrier function over the long term depends
on its behaviour from the early age to the hardened state [2]. A good knowledge of this initial stage
might allow prediction of potential crack (microannuli) formation between the cement and casing.
In this study we investigate the impact of curing time during the early age of the cement plug, on its
sealing properties in a scaled-down configuration but under relevant downhole conditions.

In the first stage we use an Ultrasonic Cement Analyzer (UCA) to monitor the evolution of cement
strength over time, under appropriate downhole conditions. From this test, we mainly detect 3
phases: before the setting time (zero and no cement strength), a second phase where we have a strong
increase of cement strength (transient state) and a third phase where the cement strength increase
is negligible (steady). This allows us to select times we use as curing times before performing a plug
integrity test in the transient and steady states.

In the second stage, we use a custom-built set-up [3] with which we simulate and evaluate the in-
tegrity of the plug by inducing several differential pressures and monitoring the resulting flow rates.
The cement slurry is always identically mixed and placed but cured for different durations. The slope
of the curve of flow rate as a function of differential pressure, namely the effective permeability of
the cement-casing system falls in two distinct regions.
For curing time in the steady state, the neat Portland G cement exhibits a rapid gas breakthrough
and relatively high flow rates compared to the time in the transient state. However, for curing time
in the transient state, the pressure breakthrough of the gas is delayed, and the flow rates are very
low or almost not observed. This suggests a degradation of the bondings and thus
of the sealing properties of cement with time despite the significant increase in cement strength.
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This work carried out methane hydrate formation and decomposition experiment under gas-water
flow conditions in a micromodel. The micro experimental facility for methane hydrate methane
hydrate formation and decomposition were set up, which mainly includes gas source, etched mi-
cromodel, gas and water storage tanks, refrigeration system, water injection pump, CCD camera,
data monitoring system, back pressure pump, gas-water separation device, gas flowmeter, pressure
reducing valve, and various control valves, etc. During the experiments, the hydrate formation, de-
position, plugging and decomposition processes in the pore channels of the etched micromodel can
be clearly observed and amplified, which was used to analyze the characteristics of hydrate forma-
tion and decomposition. In addition, the effect of pressure on hydrate formation and decomposition
was also experimentally studied.
The experimental results show that the hydrate formation and deposition rates varied in different
pore channels, and the hydrates formed in the pores tended to be deposited in situ. The hydrate
fraction at the intersection of different channels was significantly higher than that of a single chan-
nel, increasing the risk of hydrate plugging in pore channels. Hydrate plugs may contain some free
water or methane gas that does not completely form the hydrate. The variation in the hydrate frac-
tion in the pores has stages of rapid growth, slow growth, and dissolution. Meanwhile, owing to
the difference in the gas–water flow distribution caused by hydrate plugging, the hydrate plugging
time at different pore channels follows a certain order. The higher the pressure, the more likely
hydrate plugging will occur. Once the pressure at the outlet of the micromodel model decreases, the
hydrate in the pore channel starts to decompose into methane gas and water. It is suggested that
the decomposition of hydrate gradually advances from the outlet end to the inlet end, which was
mainly affected by the pressure transmission. The methane gas generated by hydrate decomposition
exists in two forms: one is the continuous phase that forms the gas flow channel, the other is the
gas bubbles dispersed in water. The greater the pressure drop at the outlet, the faster the hydrate
decomposition rate. This work can provide valuable experimental foundation for hydrate formation
and decomposition prediction models in porous media.
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Understanding flow, transport, chemical reactions, and hydro-mechanical processes in fractured geo-
logic materials is key for optimizing a range of subsurface processes including carbon dioxide and hy-
drogen storage, unconventional energy resource extraction, and geothermal energy recovery. Flow
and transport processes in naturally fractured shale rocks have been challenging to characterize due
to experimental complexity and the multiscale nature of quantifying exchange between micrometer-
scale fractures and nanometer-scale pores. In this study, we use positron emission tomography (PET)
to image the transport of a conservative tracer in a naturally fractured Wolfcamp shale core before
and after exposure of the core to low pH brine conditions. Image-based experimental observations
are interpreted by fitting an analytical transport model to every fracture-containing voxel in the
core. Results of this analysis indicate subtle increases in matrix diffusivity and a strong reduction in
fracture dispersivity following exposure to low pH conditions. These observations are supported by
a multi-component reactive transport model that indicates the capacity for a 10% increase in poros-
ity at the fracture-matrix interface over the duration of the low pH brine injection experiment. This
porosity enhancement is the result of exposure of carbonate minerals in the shale matrix to low pH
conditions. This workflow represents a new direct approach for quantifying fracture-matrix trans-
port processes and provides a foundation for future work to better understand the role of coupled
transport, reaction, and mechanical processes in naturally fractured rocks.
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More than half of the world’s oil is reserved in heterogeneous carbonate and tight sandstone rocks.
A comprehensive understanding of rock properties is essential for efficient production from these
reservoirs. Digital rock physics (DRP) is an approach that has been used in recent years to evalu-
ate rock properties on the pore scale. Image acquisition techniques by industrial/synchrotron X-ray
CT, FIB-SEM, etc., are the primary source of data for DRP. Heterogeneous rocks with porosities at
various scales are mostly imaged at multi-scales because of the trade-off between the resolution and
field of view (FoV) [1, 2]. One of the most crucial prerequisites for DRP is the correct pore network
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extraction from images with methods such as SNOW [3] or Maximal ball [4]. However, the extrac-
tion of pore network models (PNMs) from multi-scale images is limited due to high computational
costs and high memory demand for the tremendous number of pixels/voxels in rock images. For
this reason, PNMs are usually extracted on a smaller FoV, which makes it impossible to represent
the heterogeneity in rocks. Therefore, it is vital to develop an approach to extract PNMs from multi-
scale images with a higher speed and less memory usage while maintaining accuracy.
This paper aimed to introduce an efficient PNM extraction method from images at multiple reso-
lutions. The conventional method to increase the extracted network accuracy is to use an image
with the highest resolution, which is memory demanding and has the highest computational cost.
We introduce a novel rock image with variable voxel sizes to solve this problem. The basis of this
approach is the separation of the resolved and unresolved porosities with different voxel sizes. The
unresolved porosities are subdivided into smaller regions using the marker-based watershed algo-
rithm [5]. These regions are then replaced with image templates extracted from the higher-resolution
image. The result is a multi-resolution image with dual-voxel size, i.e., large and small voxels for re-
solved and unresolved regions. The SNOW algorithm is then used to extract pore networks from both
regions separately. Finally, an artificial neural network (ANN) trained on the high-resolution image
is implemented to link both networks together. The unresolved networks are first connected to each
other and then are connected to networks extracted from resolved regions. The synchrotron CT im-
ages of a Berea sandstone rock at multiple resolutions are used as our training dataset. The results
show an excellent agreement between the porosity and permeability (computed by the OpenPNM
library [6]) of the extracted multi-scale PNM and that of the high-resolution images. The suggested
approach is also considerably faster in extracting the PNM than the SNOW and Maximal Ball meth-
ods applied directly to the high-resolution image.
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Resampling is an interpolation technique that is used to increase (upsampling) or decrease (down-
sampling) the resolution of images by the desired ratio. Upsampling or downsampling and changing
the resolution of images to fuse them with different resolutions is one of the most important appli-
cations of resampling methods in the digital rock physics (DRP) workflow [1-4]. The resampling
approach is mostly applied to images of heterogeneous rocks because of the existence of pores at
various scales. In these rocks, due to the trade-off between resolution and field of view, it is not
possible to obtain fine and coarse scale properties using a single image and images at multi-scales
must often be fused. Therefore, there is a greater need for resampling methods in the multiscale
modelling of these heterogeneous rocks. There are various methods available in the literature for
image resampling. It is crucial to choose an appropriate resampling method to avoid image property
alteration during this process.
In this paper, we first applied three different resampling methods (Lanczos [5], Bi-Linear [6] and
Bi-Cubic [7]) on the images of two rocks: a Berea sandstone and a carbonate rock sample. Avizo
(Thermo Fisher Scientific) was used to apply the resampling process on the images, and Python codes
and libraries were used to compute their properties. To determine the resampling impact on image
properties, we repeated this process on a range of scales with various coefficients. We calculated
the geometrical and flow properties of the resampled images by all three methods. The rock prop-
erties include porosity, permeability (computed by OpenPNM [8]), Euler number (computed by an
in-house Python code), and capillary pressure curve (OpenPNM [8]). The properties of the original
image were compared with that of the resampled images. Based on the results, the sensitivity of
carbonate rock properties to resampling was higher than that of sandstone. Moreover, the Bi-Cubic
method showed the least change in both rock properties. For permeability, both Lanczos and Bi Lin-
ear methods showed almost the same results (Lanczos was slightly better), but the Bi Linear method
was less sensitive to the other properties. Moreover, resampling (both downsampling and upsam-
pling) by more than 5% in carbonates and by more than 6% in sandstones will drastically alter the
above-mentioned properties, which will produce unrealistic results.
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Natural gas hydrate is a potential alternative energy sources in the future, with large resource re-
serves, wide distribution regional and high combustion calorific value. Electrical properties as one of
the most important physical characteristics of gas hydrate-bearing sediments, which are considered
as the key parameters for gas hydrate well logging identification, saturation calculation and reserve
estimation. However, there are three main pore-habits for gas hydrate in sediments, i.e. pore-filling,
cementing, grain-coating, which have a significant effect on the resistivity of gas hydrate-bearing
sediments. Besides, there is a close relationship between gas hydrate saturation and gas hydrate
pore-habits. Hence, it is of great significance to explore the influence of gas hydrate pore-habits and
saturation on the resistivity, and to propose a new calculation model for gas hydrate saturation. This
research combines the experimental method of gas hydrate formation and the finite element method
to improve the understanding of relationship between resistivity and gas hydrate pore-habits and
saturation. We utilized high-resolutions X-ray CT technology to observe the gas hydrate formation
process in sand sediments, and obtained the quantitative data of different pore-habits of gas hydrate.
Then, found the inflection point of the proportion of different pore-habits of gas hydrate through
data analysis. Besides, extracted and built the digital gas hydrate sediments models, containing the
pore structure and gas hydrate distribution information. Then, we implemented the experimental
models in an electrical-properties simulation program to calculate resistivity. Through analyzing the
calculated results, it was feasible to explain the variations of pore-habits in gas hydrate formation
process, and clarify how the gas hydrate’s pore habits influences the relationship between resistivity
and hydrate saturation in hydrate-bearing sediments. Finally, we segmentation fitting of the rela-
tionship between gas hydrate saturation and the saturation index in Archie’s formula, and proposed
a new calculation model of gas hydrate saturation. The practical application results show that the
new model has good accuracy and reliability.
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Hydrogen energy has tremendous potential as a clean fuel in this energy transition. To build up the
full-scale hydrogen energy supply chain, large-scale hydrogen storage is of vital importance. Un-
derground hydrogen storage in saline aquifers has been perceived as an important means to achieve
large-scale hydrogen storage. Therefore, we investigated hydrogen transport in pore network in
a sandstone porous media at strongly water-wet and weakly water-wet (hydrogen- wet). We per-
formed direct numerical simulation through volume of fluid method to investigate the transport of
hydrogen at pore-scale under different wetting conditions with input hydrogen-rock physics data
from literature.

Our results showed that during primary drainage process (hydrogen injection for storage purpose),
increasing hydrogen wetting decreased snap-off effect, enabling a greater pore space for hydrogen
storage. During primary imbibition process (hydrogen extraction), increasing hydrogen wetting
promoted the size and stability of hydrogen clusters, which is unfavorable to hydrogen extraction
process. Given the significant high interfacial tension between brine and hydrogen and low viscous
force of hydrogen, snap-off effect dominates the flow in both hydrogen injection and extraction
process regardless of wetting conditions. This physical process causes the recovery factor even below
20%. We therefore suggest that storing hydrogen in depleted gas reservoirs under irreducible water
saturation would have much less risks in hydrogen trapping during extraction process.
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In the study of solute transport in porous media, it is common to rely on the Advection Dispersion
Equation (ADE) model to interpret effluent breakthrough curves (BTCs) post unidirectional tracer
laboratory tests. However, this approach is not suitable for porous rocks, as these are characterised
by transport processes that occur over a wide range of length- and temporal scales. To deliver better
subsurface engineering solutions in complex porous media, whether it be for groundwater contam-
inant tracking, carbon capture and storage (CCS), or geothermal/petroleum resource extraction, a
workflow that integrates an updated experimental approach, and a novel means of data processing
is necessitated.

Here, we deploy a numerical optimisation routine to fit experimental BTC data measured on Ben-
theimer Sandstone (BS), Ketton Limestone (KL), and Edwards Brown Carbonate (EB), at different
flowrates and published previously (Kurotori et al. 2020). Although we use the ADE model to fit
the BTC data of BS (a homogeneous sandstone), the Multi-Rate Mass Transfer (MRMT) model was
used to fit the BTC data of KL and EB, two highly heterogenous carbonates. The analysis includes
the estimation of parameters’uncertainty by Bayesian inference. These parameter values (and their
uncertainties) are then used to evaluate the first four spatial moments of the internal concentration
distribution, representing the temporal evolution of total mass (0th), centre of mass (1st), variance
(2nd), skewness (3rd) and kurtosis (4th). Unique to this study, the predicted moments are compared
to their experimental counterparts, which have been estimated from 4D solute concentration mea-
surements obtained by Positron Emission Tomography (PET) imaging.

We demonstrate that PET can be used to precisely measure the spatial moments of the solute con-
centration and that these present unique features depending on the rock type. We show that for BS
the spatial moments are insensitive to flow rate when plotted as a function of pore volumes injected
(PVI). However, for the two carbonate rocks, they feature a flow rate dependency, due to the pres-
ence of microporosity and vugs, which introduce porous regions of virtually stagnant flow - where
transport is largely dominated by diffusion. For the two carbonate samples, both 0th and 1st mo-
ment yield earlier breakthrough, and greater tailing of the solute mass with increasing flowrate. The
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2nd moment takes much larger values for KL and EB than BS, indicating greater spreading of the
tracer pulse and less mixing due to the larger contrasts in activity between the immobile and mobile
zones. This is further exacerbated at higher flowrates. For BS, the 3rd and 4th moments prior to
breakthrough take constant values at 0 and 3, respectively, indicating that the tracer plume is nor-
mally distributed. Yet, lower values are observed for the carbonates, reflecting an evolving skewness
of the tracer plume during transport.
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Carbon capture and storage (CCS) is a key technology to reduce CO2 emissions and reach long term
climate goals, aiming to limit the temperature rise to 1.5 ◦C above pre-industrial levels. CCS consists
of capturing CO2 from large industrial processes or from burning fossil fuels in power generation.
The captured CO2 is thereafter transported via pipelines or ships and stored in appropriate geological
formations, such as depleted oil and gas reservoirs, unminable coal beds, and deep saline aquifers
[1]. The existence of infrastructure, the wealth of reservoir data, and revenue from incremental
oil recovery make depleted oil and gas reservoirs the best option for underground CO2 storage
[2]. Carbonate reservoirs may be candidates for CO2 sequestration through CO2-EOR since those
reservoirs hold more than 50% of the known petroleum reserves worldwide [3]. The main issue
with CO2 injection into carbonate reservoirs is the formation of carbonic acid that ionizes to form
hydrogen ions and bicarbonate ions. This weak acidic environment could alter the performance of
carbonate CO2 storage reservoirs due to dissolution processes that lead to the formation of highly
porous and conductive wormholes [4].

Long-term CO2 sequestration in carbonate reservoirs requires comprehensive assessments of CO2-
reservoir fluid-mineral interactions. However, this is not an easy task due to the complexity of the
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reservoir
fluid and rock-forming minerals. In the present work, the interfacial-phenomena at rock-aqueous
interface during CO2 injection in carbonate rocks is evaluated by a highly sensitive microcalorimetry
technique called that is Isothermal titration calorimetry (ITC). Cobos et al. [5] reported that accurate
adsorption enthalpy values for complex rock-fluid systems can be obtained by microcalorimetry. In
the ITC experiments, 100 mg of Edwards limestone powder (< 100 μg) was placed in a reaction vessel
and 200μL of North Sea formation brine (NFB) was added to the particles. The titration ampule
containing the rock-brine slurry was lowered step by step into the calorimeter and equilibrated for
1 hour at 40 ◦C. Seven injections of 9.948 μL of 3.5 wt% NaCl brine saturated with CO2 (BCO2) were
injected independently into the limestone+NFB system with an interval time of 420 seconds between
injections. Fluid-fluid experiments consisted in injecting BCO2 into NFB. Baseline rock-fluid-fluid
and fluid-fluid tests were performed similarly but without CO2.

This work shows that dynamic rock−fluid and fluid−fluid interactions take place upon CO2 injection
into carbonate rocks due to composition variation “waves”that alters the equilibrium in the system.
The results from the Isothermal Titration Calorimetry (ITC) indicate that the dissolution process due
to the formation of a weak acidic environment is driven by entropy. This dissolution process is un-
favorable with respect to enthalpy change but thermodynamically favorable with respect to entropy
change (increment of cations and hydrogen carbonate in the brine). A large perturbation in the
water-water network was observed when BCO2 was injected into the reservoir fluid. This alteration
is a result of the salinity difference and also the presence of CO2 in the injection fluid.
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Nanofluidics: a window into pore-scale fundamentals of CO2 in-
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Shale resources are massive, controversial, and provide an increasing share of global energy with a
broad group of stakeholders in academia, industry, and government. CO2 injection is promising for
enhancing shale resource recovery due to its high mobility in tight porous media and strong extrac-
tion capacity for hydrocarbons. Meanwhile, the injected CO2 can be sequestered in the reservoir
to achieve the carbon neutralization goal. The shale reservoir is featured by its nanometer pores.
Due to the unique nanoscale confinement effect, the interactions among CO2, reservoir fluids, and
minerals in shale differ from that in conventional reservoirs.

In this presentation, we would like to introduce our recent nanofluidic and theoretical work in inves-
tigating nanometer pore-scale CO2 injection fundamentals. Emergent topics include nanoconfined
CO2-oil miscibility and CO2-induced salt precipitations. The nanofluidic experiments indicate de-
viations from classical theory predictions, due to the multiscale nature of the shale matrix. The
miscibility between CO2 and oil at the nanoscale is found to shift from the bulk value and varies
with pore structures. The salt precipitation and dissolution rate during the CO2 injection is slowed
by orders of magnitude from theoretical predictions. In addition, the nanofluidic device has also
been applied to characterize the phase behaviors of gas condensate at the nanoscale. The upper dew
point is measured to deviate from the bulk value significantly, and is affected by pore size distri-
butions. We see massive opportunities in leveraging nanofluidic devices to evaluate relevant fluid
phases and transport fundamentals of CO2 injection in shale. The experimental findings can provide
solid support for theoretical modeling and simulation.
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The study of the structural parameters of the cathode catalyst layer (CL) of Polymer Electrolyte Mem-
brane (PEM) fuel cells is a crucial step for pore-scale modeling and the base for understanding the
coupling of two-phase transport processes with reaction. Of major interest is the location of active
catalyst sites. The reaction occurs at carbon-supported platinum nanoparticles satisfying a condi-
tion of a so-called three-phase boundary. At the three-phase boundary, oxygen saturated ionomer
phase is in contact with platinum nanoparticles and gas-transporting void space. Having an actual
3D model of the CL obtained by imaging is crucial to develop a realistic pore-scale model.
For this purpose, the cathode CL nanostructure of a commercial membrane electrode assembly
(MEA) was imaged using the electron tomography TEM technique. The measurements were con-
ducted with a source voltage of 200kV and a current of 2 nA. The scanned sample had an approx-
imate total volume of 500 × 500 × 100 nm3. From this, a 3D domain of 138 × 138 × 58 nm3 was
reconstructed for this study.
From the image data, the different phases (void fraction, carbon, ionomer, Pt-particles) are identified
using Avizo segmentation Editor and ImageJ tools. The aim of this study is to identify the connec-
tivity of ionomer within the CL and with the membrane, as well as carbon and pore space with the
gas diffusion layer. While the ionomer connectivity is mandatory for the transport of H+ ions, the
carbon mediates the electron (e-) transport, and the feedstock oxygen is transported through inter-
connected pores (Fig. 1). The limits of the connectivity and the degree of utilization are of major
interest in this study. This concerns especially the noble metal platinum, for which the loading of
the CL should be principally reduced to a minimum. The structural information shall then later be
used as input data for pore-scale models (Lattice Boltzmann and pore network models), where the
active platinum particles will be assigned as reactive catalytic sites.

Fig. 1 a) Reconstructed image of the CL. b) Schematic representation of the cathode catalyst layer:
The ionomer is represented in blue; the carbon for electron connectivity is represented in black; pore
space for O2 transport in white; the red circles represent the active sites, i.e., Pt-particles located at
the three-phase boundary of ionomer, carbon and oxygen-filled pore; the yellow circles represent
the inactive sites, i.e., Pt-particles that are not located at the three-phase boundary.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Germany

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

MS22 / 81
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sional digital images of the fibrous substrate and themicroporous
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Direct numerical simulations are performed on reconstructed two-scale three-dimensional digital
images in order to compute the effective diffusion properties of a gas diffusion layer (GDL) made
of the assembly of a fibrous gas diffusion medium (GDM) and a microporous layer (MPL). The two-
scale digital images are obtained by using micro X-ray computed tomography for the microporous
GDM microstructure and MPL cracks, and focused ion beam-scanning electron microscopy (FIB-
SEM) for the nanoporous MPL matrix. The MPL matrix effective diffusion tensor is first computed
from the FIB-SEM reconstructed 3D images considering Knudsen and Fickian diffusions. Then the
GDM-MPL assembly effective through-plane diffusion coefficient is computed thanks to a mixed
approach combining a continuum description for the MPL matrix and the explicit discretization of
the MPL cracks and GDM pore space. The impact of MPL cracks on the assembly diffusion properties
is evaluated by comparison with the case without cracks. The impact of the MPL penetration into the
GDM and the impact of the GDM compressibility are evaluated using a diffusive resistance model,
validated from the numerical simulations.
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ing Multi-Scale Darcy-Brinkman-Stokes Approach
Authors: Xupeng He1; Zhen Zhang1; Yiteng Li1; Marwa AlSinan2; Hyung Kwak2; Hussein Hoteit3

Page 65



InterPore2023 / Book of Abstracts

1 King Abdullah University of Science and Technology
2 Saudi Aramco
3 King Abdullah University of Science & Tech (KAUST)

Corresponding Authors: xupeng.he@kaust.edu.sa, hyung.kwak@kaust.edu.sa, marwa.sinan@aramco.com, hus-
sein.hoteit@kaust.edu.sa, zhen.zhang.1@kaust.edu.sa, yiteng.li@kaust.edu.sa

Objectives/Scope
Understanding the fundamental mechanisms of fracture-matrix fluid exchange is crucial for the mod-
eling of fractured reservoirs. Traditionally, high-resolution simulations for flow in fractures often
neglect the effect of matrix contribution on the fracture hydraulic behavior. In this study, we de-
velop a multi-scale approach to capture the matrix-fracture leakage interaction and its impact on the
hydraulic properties of roughed fractures.

Methods, Procedures, Process
Because of the multiscale nature of the fracture and matrix rocks, full physics Navier-Stokes (NS)
simulation in both matrix and fracture media is not feasible. For such multiscale phenomena, we
use NS equations to describe the flow in the fracture, and Darcy’s law to model the flow in the
surrounding porous rocks. The hybrid modeling is achieved using the extended Darcy-Brinkman-
Stokes (DBS) equation. With this approach, a unified conservation equation for flow in both media
is applied. We use an accurate Mixed Finite Element approach to solve the extended DBS equation.
Analytical solutions were used to verify the numerical method.

Results, Observations, Conclusions
Various sensitivity analyses were conducted to explore the leakage effects on the hydraulic aperture
of rock fractures by varying the permeability of the surrounding medium, fracture roughness, and
Reynolds number (Re). A series of pore-scale simulations for flow through roughed fractures were
performed, and the results were used to develop a relationship between the flow rate and pressure
loss. Streamline profiles show the presence of back-flow phenomena, where in- and out-flow are
possible between the matrix and the fractures. Further, zones of stagnant (eddy) flow are observed
within locations of large asperities of sharp roughness within the fracture and high Re. This im-
plies the presence of dynamic trapping mechanisms that may impact the relative permeabilities and
residual saturations within the fractures. Numerical results show the side-leakage effect can create
non-uniform flow distribution in the fracture that deviates significantly from the flow with imper-
meable wall conditions. The proposed friction factor has the potential to be used as an upscaling
tool to estimate the hydraulic properties of roughed fractures within permeable rocks in fractured
reservoir simulations.

Novel/Additive Information
We develop a high-resolution approach to investigate the flow exchange behavior between the frac-
ture and rock matrix. We investigate static and dynamic effects, including variable Reynold numbers,
mimicking flow near and away from the wellbore. We show that local fracture characteristics such
as roughness and tortuosity may impact the flow, which is often not accounted for in dual-porosity
simulations. We propose a new upscaling friction factor to account for these mechanisms in field-
scale reservoir simulations.
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Abstract
Termite nests have long been recognised for their ability to maintain self-sustained ventilation and
thermoregulation irrespective of external climatic conditions. Although there has been significant
interest in this topic, especially from a point of view of designing energy-efficient buildings, the
mechanisms by which the nest properties are controlled are not fully understood.
In this study, we investigate how the structural properties of termite nests, constructed by different
termite species, affect temperature regulation and ventilation. We combine X-ray tomography, nu-
merical simulations, and machine learning to correlate nest properties with climatic conditions. The
results show that termite nests in the savannah vegetation have similar architecture and structural
properties and have larger surface to volume ratio and surface complexity compared to nest in the
forest vegetation. Large surface to volume ratio and surface complexity are properties which have
been linked to efficient gas exchange and reduced nest insulation. The results will be correlated to
pressure and velocity fields, permeability, thermal conductivity, and CO2 dispersivity obtained from
millimetre-scale 3D numerical simulations, which will enable us to better understand the processes
that control self-sustained ventilation and thermoregulation in termite nests.
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Polymer nanogels, crosslinked polymer particles, have attracted increasing interest in Enhanced Oil
Recovery (EOR) field. However, it is still unclear that how to properly utilize nanogels to reach their
full potential in oilfields because the transport mechanisms of nanogels in porous media are not well
understood so far. In this work, we synthesized a fluorescent nanogel and visualized the transport
and retention of fluorescent nanogel in 3D transparent glass micromodels that are manufactured
by packing glass beads in capillaries. Finding the relationship between fluorescent intensity and
nanogel concentration, we quantified transport velocity, concentration distribution and correspond-
ing pressure gradient by confocal microscopy.
It was found that in a micromodel with a permeability of around 6 Darcy, these elastic polymer par-
ticles could transport at a pressure gradient of about 2 psi/ft. Besides, we proposed a new method to
calculate dynamic adsorption of nanogel in porous media and showed the influence of flow rate on
adsorption thickness. The results showed that the adsorption decreased with increasing flow rate
and the adsorption density was about 6mg/g with the adsorption thickness of 1-2μm. We also found
that the transport of polymer nanogels followed convection diffusion equation very well. This re-
search improved the understanding of polymer particle transport in porous media and provided a
novel method to obtain the kinetics of dynamic adsorption.
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The test productivity of offshore reservoirs with low permeability are obviously different from the
actual productivity in Beibuwan (BBW) Basin, western South China Sea. It is caused by the short
testing time of the exploration wells. To solve the problem, a productivity analysis method is estab-
lished based on the generalized Darcy formula and the conservation of mass. The factors are con-
sidered in the method and effectively quantified for the effect on productivity, including non-Darcy
seepage of low-speed, stress sensitivity and maintenance level of formation pressure. Through fit-
ting non-Darcy seepage experimental data of water flooding in 45 core samples from BBW Basin by
different seepage formulas, the generalized Darcy formula considered effective driving coefficient
can characterize non-Darcy seepage. The equations of productivity prediction for oil-water flow
are established based on the conservation of mass. According to the influencing analysis of non-
Darcy seepage of low-speed and stress sensitivity on productivity in the low-permeability reservoir
of BBW Basin, the results indicated that the effect of non-Darcy seepage on productivity is much
greater than that of stress sensitivity in the reservoir. Under the premise of not producing sand
and not affecting energy supplement, the production wells could be exploited by enlarging produc-
tion differential pressure as much as possible to obtain the higher productivity. The higher seepage
capacity, oil-displacement efficiency and productivity could be obtained by timely and effective en-
ergy supplement in low permeability reservoirs. It is suggested to adopt the mode of advance or
synchronous water injection to maintain pressure development in fault-block reservoirs with low
permeability. The established productivity prediction equation can well characterize the produc-
tivity change rules of the low-permeability test well. Meanwhile, the variations of productivity are
predicted under different effective permeability and maintenance levels of formation pressure. Based
on various effective permeability setting, test duration of exploration wells and prediction of produc-
tion index in the reservoir, it suggests that the stable productivity is 71.4% of the test productivity,
under the condition of maintaining pressure development in target reservoir.
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Massive hydraulic fracturing has made economical production from well-compacted deep geolog-
ical formations such as shale possible. Despite the commercial success, the physical mechanisms
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for the significantly enhanced production rate versus the conventional models remains unresolved.
The mass flow from the matrix blocks to their adjacent fractures are the sources fed to the fracture
network as well as the bottleneck of this semi-sealed production system. Earlier studies attribute
the enhanced flow rate from the matrix blocks to the fractures to slip flow and Knudsen diffusion
within the matrix blocks. Patzek [1], on the other hand, has argued that Knudsen-like scaling model
is inappropriate for describing gas flow in tight formations such as shale. He demonstrated that the
effect of slip on gas flow in tight formations is very weak. Both slip flow and Knudsen diffusion
are only suitable for describing rarefied gas flows, but not for shale gas, which is under very high
pressure in deep formations. Similar arguments on the unsuitability of the slip model for shale gas
were also provided by Chen & Shen [2]. Gas flow from the matrix block to the adjacent fractures is
a problem of production from a semi-sealed system. For such a system, our previous works based
on the pore-scale compressible Navier-Stokes equations have shown that the motion of a viscous
compressible gas is governed by a damped wave equation, and it exhibits a slip-like mass flow rate
with a no-slip velocity profile [2-6]. Here we numerically and experimentally investigate how the
rarefaction wave initiated at the start-up of gas flow affect the gas production from a semi-sealed
dense porous plug. When a wave tries to penetrate a dense random porous medium, it loses its co-
herence and degenerates to a diffusion front beyond the so-called penetration length, resulting from
repeated random reflections of the wave from the solid surfaces in a dense porous medium. Effec-
tive diffusion models have been long used by the physics community to describe such gas transport
[7-14]. In our work, rarefaction wave induced gas transport at the pore-scale is first numerically
simulated in randomly distributed porous media. By matching the computed macroscale mass flow
rate with the one computed using a macroscale diffusion equation, the effective diffusion coefficient
and its structure can be identified. With a large number of such computations, a machine learning
model is established to extract the dependence of the effective diffusion coefficient on the mean ra-
dius and the variance of the solid grain, the porosity of the porous medium and the ratio of the outlet
to the mean radius of the solid grain. A laboratory scale gas production experiment is then carried
out to validate the effective diffusion model. Comparison between the model and the experiments
shows that the wave-mediated effective diffusion model provides significantly better predictions for
the gas production rate than that based on the Darcy’s law. The newly proposed wave-mediated
effective diffusion model is therefore promising for applications to gas production from semi-sealed
systems with fractured networks.
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Fractured reservoirs are generally dual medium reservoirs, which have two types of reservoir spaces
with completely different porosity and permeability. After the oil and gas resources in the fractures
are displaced out rapidly, the production declines quickly. For the fracture network with strong het-
erogeneity, effective profile control is required to improve the sweep efficiency in the fracture sys-
tem to improve the reservoir heterogeneity and improve the water injection development efficiency.
Foam can effectively solve these problems, but there are still some blind spots in the mechanism,
further research on the plugging and profile control mechanism of foam fluid in fractured reservoirs
is needed. In view of this, the level set method was used to carry out a simulation study on the
control mechanism of foam fluid in fractured reservoirs, including the plugging effect of different
fracture forms, the profile control effect of natural fractures with different fracture openings, and
the profile control effect of micro fractures with different permeability. First, the flow field, pressure
field, inlet pressure and foam texture of natural fractures, artificial fractures and high permeability
microfractures are compared. This part mainly analyzes the plugging performance of foam fluid in
fractured reservoirs. Secondly, for natural fractures with different opening ratios and matrix core
combinations, the comparative analysis of natural fractures with different opening ratios is carried
out, focusing on the changes in velocity, pressure and diversion rate. This part mainly determines
the applicability of foam fluid for profile control of fracture size. Thirdly, the velocity field, pressure
field and foam texture of the three core structures of matrix, homogeneous and high permeability
strip are compared and analyzed, and the changes of velocity and pressure with time are studied.
This part mainly explores the profile control mechanism of foam fluid in complex fracture zones.
The research results show that artificial fractures and high permeability micro fractures are denser
than natural fractures, the Jamin effect produced by foam is stronger and the secondary foaming abil-
ity is better, more foam accumulates in pores, and the plugging ability of foam to natural fractures
is far less than that to artificial fractures and high permeability micro fractures; With the increase
of fracture opening ratio, it is more and more difficult for foam to block large fractures. foam has
good profile control effect when the opening ratio is 4:1, 2:1, and even the diversion rate turns over.
However, at 10:1, the profile control and diversion effect are bad, and it cannot play an effective role
in profile control; The foam first blocks the high permeability area, so that more follow-up fluid en-
ters the low permeability area. This study provides theoretical support for the effective application
of foam fluid in fractured reservoirs.
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Underground storage of gas (H2, CO2, etc.) and geothermal energy has become a major research
area in the ongoing energy transition. In this context, it is important to model and simulate single-
and multiphase flows in highly heterogeneous porous media, characterized by very irregularly dis-
tributed permeability profiles featuring fractures, channels and macropores.

Flows in these media might not follow Darcy’s law; Forchheimer’s quadratic law is more adequate
in the high-Reynolds zones, and applying it globally in the domain is very accurate but costly nu-
merically because of the nonlinearity introduced. Instead, keeping Forchheimer’s law only where
necessary should improve computing cost without losing much accuracy. The difficulty with cou-
pling the two laws lies in determining which regions of the porous medium require Forchheimer’s
model and which ones can be treated linearly, a question with no clear answer yet.

Two adaptive models have been recently proposed to couple the two laws and answer the above
question; given a fixed threshold on the flow velocity’s magnitude, these models locally select the
more appropriate law as they are being solved. At the end, each mesh cell is flagged as being in the
Darcy or Forchheimer subdomain.

In the first model [1], the interface separating the two subdomains is tracked throughout a fixed-
point algorithm. More precisely, the velocity is iteratively re-evaluated and, comparing the velocity’
s magnitude to the fixed threshold, the cells are reflagged as being Darcy or Forchheimer cells. Also,
a remeshing is performed: if the opposite edges of a cell have velocities with higher and lower magni-
tudes than the threshold, then the interface is moved at the center of the cell and a new mesh is gen-
erated such that the interface coincides with the edge of two newly created neighboring cells.

In the second model [2], the interface is not localized sharply. Instead, a regularized law is introduced
resulting from a smooth average of Darcy’s and Forchheimer’s laws; this law gradually passes from
Darcy’s to Forchheimer’s, and vice-versa, in so-called transition zones which surround the interface.
A classical fixed-point algorithm is then directly run on the regularized law.

In this presentation, we will define these two models in detail, prove their well-posedness using
tools from monotone operator theory and variational calculus, and illustrate their behavior via some
numerical results obtained on simple, preliminary one- and two-dimensional test cases.
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Real-time subsurface flow simulation is desirable for managing groundwater resources, geothermal
exploitation, carbon dioxide geological sequestration, or underground hydrogen storage. Data as-
similation methods are developed to achieve this goal. However, assimilation models usually use
mesh-based numerical methods. Remeshing is frequently required whenever new data to be inte-
grated into the model are not located at the existing computational nodes. This study aims to develop
an adaptation algorithm to accommodate node layout to the exact positions of additional data. For
flexibility, we chose a mesh-free numerical method. We combined it with a fast node generation
technique called the advancing front method to adjust meshless node placement before assimilation
by ensemble Kalman filter. A hypothetical flow problem was used to test the proposed approach. The
results show that the adaptive node adjustment works effectively for the real-time updating model.
The accuracy and precision of modeling states and parameters were improved when integrating
additional data.
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Low-Salinity Waterflooding (LSWF) has been proven to be an efficient enhanced oil recovery (EOR)
method which improves sweep efficiency by altering the reservoir rock wettability toward a more
water-wet state. Wettability alteration is believed to be the main phenomenon behind the incremen-
tal oil production during LSWF. The impact of wettability and wettability alteration on salt transport
has not been investigated so far, to the best of our knowledge. Since salt dispersion and mixing,
which is believed to be one of the main challenges of LSWF, may be affected by wettability alter-
ation, a proper understanding on the impact of wettability alteration on salt dispersion is necessary
to have a proper design for this process.
In this study, a series of two-phase sandpack flooding tests was performed to investigate the impact
of wettability alteration on salt transport during LSWF through recording breakthrough curves. In
this regard, a 25cm long sandpack was first flooded with high-salinity water (100,000 ppm NaCl).
Once a uniform salinity profile was obtained within the porous medium, crude oil was flooded into
the sandpack to establish irreducible water saturation, which mimics the initial condition of the oil
reservoirs. Next, in one test the core was aged at high temperature for 4 weeks and in one other
test the core was not aged before waterflooding. Finally, low-salinity brine (2,000 ppm NaCl) was
injected to both cores to displace the oil. Salinity of the effluent brine was recorded versus time to
obtain breakthrough curves and investigate the impact of wettability alteration on salt transport.
Results of these two sandpack tests clearly show that the breakthrough curves are totally different in
absence and presence of wettability alteration. For the test without aging and therefore in absence
(or with a minimum degree) of wettability alteration, the breakthrough curve is somehow similar
to the single-phase displacement of high salinity with low salinity and the effluent brine salinity
reaches the injection salinity before injecting two pore volumes of the low-salinity brine. However,
non-Fickian salt transport was observed due to the presence of the second phase (oil) and the results
could not be just interpreted using simple advection-dispersion equation. For the system with aging
and wettability alteration to a more water-wetting state, more than 3.5 pore volumes of low-salinity
brine were necessary for the effluent brine salinity to reach the injection salinity. The contribution of
wettability alteration during LSWF could be easily identified through the shape of the breakthrough
curves. Wettability alteration makes the salinity profile curve much more asymmetric with a long-
lasting tail, which is caused by the contribution of the released oil from new pores, and the released
high-salinity brine from the smaller pores due to the altered wettability.
The results clearly show that although incremental oil recovery is obtained by LSWF due to wetta-
bility alteration, salt transport would be more dispersive. Thus, a larger low salinity slug size should
be considered for a system with a greater change in the wettability state.
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Pore and pore network characterization in clays and claystones is essential as they are of longtime
and continuing importance in conventional hydrocarbon exploration, unconventional reservoirs and
gas (e.g. CO2 and N2; Vernooij et al., 2020), and radioactive waste (Plúa et al., 2021) storage caprocks.
Nonetheless, they also occur within the reservoir where they can act as local baffles (Benham et al.,
2018) or exceptionally lie at the origin of secondary porosity generation like in the pre-salt formation
offshore Brazil (Tosca and Wright, 2015). Porosity and permeability are key factors in assessing the
hydrocarbon productivity of unconventional (as shales) reservoirs, which are complex due to their
heterogeneous mineralogy and poorly connected nano- and micro-pore systems (Goral et al., 2020).
Kaolinite is a kind of clay mineral from the kaolin group with an asymmetric structure similar to
stacked layers of pseudo-hexagonal tiles, or platelets, with a few tens of nanometers in thickness
(Brigatti et al., 2013; Varga, 2007, Johnston, 2010). Each of these platelets can be considered as an in-
dividual kaolinite crystal that can be stacked forming macrostructures (aggregates), as booklets and
vermiform morphologies (Mansa et al., 2017). Numerical permeability simulations on these struc-
tures are quite rare due to the difficulty in properly imaging them. Due to their small dimensions,
most of the registered images of kaolinites are achieved in 2D space with the SEM (scanning elec-
tron microscopy) technique (Ivanić et al., 2015; Mansa et al., 2017; Alcázar-Vara and Cortés-Monroy,
2018). This makes kaolinite (and clays in general) permeability estimation challenging since numeri-
cal simulations are performed with 3D images of the porous system, whether they are pore networks
or voxel-based digital structures. Even though 3D models of shales reconstructed based on 2D image
information can be performed (Chen et al., 2015), running simulations on an actual 3D image of the
porous media represent a direct process, bypassing the modeling reconstruction. The relatively new
focused ion beam (FIB) technology improves the SEM technique making it capable to provide 3D
images in high resolution of samples such as clays (Zhu et al., 2021). However, an alternative to
FIB-SEM and 3D modeling is high-resolution X-ray nanotomography (nanoCT). NanoCT performs
image acquisition in the area of submicron X-ray tomography (Withers, 2007). Since X-ray micro-
tomography (micrometer scale version of tomography) is often employed to analyze the 3D pore
network structures of materials, nanoCT is a promising technique that aims to improve this analy-
sis, enabling one to reach the nanometer scale. Besides improving qualitative insight into kaolinites
by providing an actual 3D image of it on the nanoscale, this work also aimed to estimate its abso-
lute permeability. A 117 m diameter cylindrical sample containing the kaolinite mineral was drilled
from a shale sample with a laser ablation system and an Xradia/Zeiss nanoCT scanner UltraXRM-
L200 was employed to generate images with 64nm/voxel spatial resolution. The lattice Boltzmann
method was used to simulate permeability that was found to be 0.09 mD.
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We establish a comprehensive description of the invading patterns formed when a wetting liquid
displaces a non-wetting fluid in various porous mediums with geometric confinement variation.
Building on model microfluidic experiments, we evidence imbibition scenarios yielding different
imbibition stability and macroscopic morphologies controlled by geometric confinements and the
capillary number. We report a phenomenon whereby no or weak depth variation of microfluidic
porous media but with the strong geometric confinement suppresses flow instability during immis-
cible imbibition, that seemingly ignored or contradicts conventional expectations. Theoretical ana-
lytical models and pore-scale numerical simulations were combined for characteristics of imbibition
front and final displacement result as a function of geometric confinements. We get a complete
dynamic view of the imbibition process over a full range of regimes from the unstable patterns dom-
inated by the snap-off or by-pass phenomenon to the stable state dominated by the cooperative pore
filling. The study provides new insights into the role of geometric confinements in suppressing un-
wanted invasion instabilities in porous media. The finding provides design or prediction principles
for engineered porous media, such as rock, exchange columns, fabric, membranes, and microfluidic
devices concerning their desired immiscible imbibition behavior.
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Objective:
The success of large-scale geological storage of gases requires proper understanding of the interfacial
behavior among the participating phase. In this work a systematic study on the impact of pressure
and brine salinity on the interfacial tension (IFT) of binary H2-brine systems as well as wettability
within ternary systems comprising H2-brine-shale are investigated. Furthermore, the shale adsorp-
tion capacity of H2 is measured at elevated pressures up to 30 MPa. The conversion of the organic
matter at elevated temperatures and elevated pressures under H2 atmosphere has also been exam-
ined to understand the role of hydrogenation in upgrading shale oil products.
Methods:
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A high-pressure high-temperature view cell with a Pmax of 69 MPa and a Tmax of 200 ℃ (Eurotech-
nica GmbH,Germany) was employed to measure the IFT using the pendant drop method. The view
cell was also employed to measure the wettability using the sessile drop method. A magnetic suspen-
sion balance (MSB) with Pmax of 40 MPa, Tmax of 150 ℃ (Rubotherm GmbH, Germany) was used
to measure the adsorption of H2 on shale based on the gravimetric method. Thermal gravimetric
analysis (TGA) was conducted using an MSB with Pmax of 15 MPa and 400 ℃ (IsoSORP, Waters
TA instruments, Germany). The products of the TGA were analyzed using Nuclear Magnetic reso-
nance (NMR) (Avance III 600 MHz-Bruker, Czech Republic) and Gas Chromatography (GC) (Varian
320-Agilent, United States).
Results, Conclusions:
The reduction in IFT upon increasing the pressure was insignificant. Further on, wetting tests sug-
gest that the system is water wet under all experimental conditions. Both these findings guarantee
the structural storage integrity of the shale. It is also found that adsorption plays a role in H2 stor-
age within the shales. The NMR and GC analyses reveal that aliphatic compounds are excessively
present in comparison to aromatics and olefinic compounds. In an H2 environment, it was observed
that aromatic substitution by aliphatic hydrocarbons took place.
Novelty:
This work presents information on H2 wettability and H2 adsorption capacity of shale at conditions
relevant to gas storage which are severely lacking in the literature. Furthermore, and up to the best
of the author’s knowledge, the conversion of organic matter at H2 pressures relevant to gas-storage
is introduced for the first time.
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Due to the intermittent nature of renewable energy resources like wind and solar, development of
large-scale (TWh) energy storage systems is essential. A feasible solution for this can be offered
by Underground Hydrogen Storage (UHS) in porous media. To ensure the safety of UHS, as well as
to optimize injection and withdrawal cycles, a good understanding of hydrogen (H2)/brine interfa-
cial, thermodynamic, and transport properties is needed [1]. More specifically, the diffusivities and
solubilities of H2 in brine, and the interfacial tensions of H2 gas in contact with brine are crucial
properties for reservoir simulation.

Traditionally, these thermophysical properties are measured experimentally. Based on the available
experimental data, it is evident that only a limited range of the required interfacial tensions, solubili-
ties, and self-diffusivities of the H2/H2O/NaCl system has been measured, while in some cases, there
are significant discrepancies between the data reported from different sources. The reason for the
scarcity of and deviation in the data may be that experimental measurements are rather challenging
and expensive to perform, especially at high pressures and temperatures. To this end, molecular sim-
ulation is a widely used complementary approach for obtaining thermophysical data [2,3], especially
at conditions which are challenging for experimental measurements.

In this work [4], force field-based Molecular Dynamics (MD) and Continuous Fractional Component
Monte Carlo (CFCMC) simulations are carried out in this work to cover this gap. Extensive new
data sets are provided for (a) Interfacial tensions of H2 gas in contact with aqueous NaCl solutions
for temperatures of 298 - 523 K, pressures of 1 - 600 bar, and molalities of 0 - 6 mol NaCl/kg H2O
computed using MD, (b) self-diffusivities of infinitely diluted H2 in aqueous NaCl solutions for tem-
peratures of 298 - 723 K, pressures of 1 - 1000 bar, and molalities of 0 - 6 mol NaCl/kg H2O computed
using MD, and (c) solubilities of H2 in aqueous NaCl solutions for temperatures of 298 - 363 K, pres-
sures of 1 - 1000 bar, and molalities of 0 - 6 mol NaCl/kg H2O computed using CFCMC simulations.
The simulations for computing H2 self-diffusivities are also used to yield predictions for densities
and viscosities of the NaCl solutions.

Our results are validated against the available experimental data, models, and simulations. Excellent
agreement between the results and experimental data is found with deviations smaller than 10%
for most of the data points. The investigated properties depend on pressure, temperature, and salt
concentration, with the exception of interfacial tension where no significant dependence on pressure
was found. The dependencies were analysed and were in agreement with expectations based on
theory and available literature. Using this analysis, we were able to develop engineering equations
for interfacial tension and self-diffusion capturing the effect of pressure, temperature, and solution
molality. These equations can be used in reservoir simulators for calculating values at a specific
combination of conditions in a fast and reliable way.
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The interaction of fluids with different types of porous media plays an important role not only on our
daily lives, but also understanding natural and industrial processes. Detailed studies of evaporation
processes in porous materials are required not only to increase the fundamental understanding but
also to enhance performance in engineering terms. The efficient design, operation and optimization
of such engineering applications rely on detailed and thorough understanding of the interaction in
terms of exchange of mass, momentum and energy. Several different techniques have been imple-
mented to study this behaviour experimentally. Most experimental investigations are conducted
using weight measurements, where a completely saturated porous probe is placed on a balance.
However, local values of the surface evaporation flux are difficult to determine using this measure-
ment technique. For this reason, we want to use an existing measurement technique, which is the
interferometry, to estimate these local evaporation rates at the interface of a porous medium. This
measurement technique has already been used to investigate drying processes on porous media [1,
2], but also to determine concentration gradients on evaporating droplets [3] and the evaporation of
binary water-ethanol mixtures [4].

In this work, the evaporation of different fluids in a fully saturated porous medium is examined with
a Mach-Zehnder interferometer. The latter uses the phase shift between two collimated light beams
that results from splitting the light from a single light source due to a change in density or refractive
index. The evaporation of moisture from the porous surface causes a deflection of the interference
fringes, which thus leads to a phase shift. From this phase shift ∆ϕ, the change of refractive index
∆n is computed using ∆n = ∆ϕλ

2πt where λ is the wavelength of the light source, and t the depth
of the measurement region. To extract the two-dimensional phase shift from the interferogram, the
Fourier transform based approach by [6] is used. However, one of the problems of the approach used
is that the phase-retrieval technique give the detected phase wrapped into the interval [−π, π]. This
is due to the non-linear wrapping function involved in the phase-estimation process. Unwrapping
is the process by which these discontinuities are resolved and the result is transformed into the
desired continuous phase ϕcon(x, y) = ϕ(x, y) + 2Πk(x, y) where k(x, y) is an array of integers.
The unwrapping problem has been an important research topic for over decades [5]. For phase
maps composed from consistent phase maps fringe data, there are many different algorithms, but
there is none used for our type of problem. The questions that needs to be addressed to resolve
the unwrapping problem is: under what circumstances can this lost information be recovered? The
main objective of this work are these phase discontinuities and how they can be solved to reproduce
the local evaporation rates at the surface of the porous models as accurately as possible.
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Foam has been studied and applied for enhanced oil recovery (EOR) for many decades. There is a
large body of research on this topic (Kovscek and Radke, 1994; Rossen, 1996), from pore-level mech-
anisms of creation and destruction of bubbles and foam mobility to modelling foam processes on the
laboratory and field scale. Foam is also increasingly receiving attention as a means of improving soil
remediation (Bertin et al., 2017). This raises the question: what findings and modeling approaches
that apply to foam for EOR apply to soil remediation, and which require major modification?
In EOR applications in the relatively deep subsurface, foam stability is controlled by capillary pres-
sure. Bubbles are as large as pores, because of inter-bubble diffusion. As a result, foam exists in two
flow regimes depending on flowing gas fraction (Alvarez et al., 2001). This is key to modelling foam
for EOR.
In soil remediation, as in EOR, foam’s primary purpose is to redirect the flow in the formation. In
soil remediation, permeability is much greater, which means capillary pressure is less than in EOR.
Foam bubbles are not trapped as easily as in EOR foam. Experiments show bubbles smaller than
pores, and wet conditions in aquifers, make the effect of diffusion uncertain. As a result, whether
the two flow regimes found for EOR foam apply to soil remediation is moot. The goal of EOR is to
make a measurable increase in oil recovery; in soil remediation 100% recovery of toxic waste (NAPL)
is the goal. Moreover, the remediation fluids must be recovered, not left in the formation. Foam for
soil remediation is usually pregenerated before injection, but injection pressure is severely limited.
As a result, aquifer flow and gravity play a much larger role in soil remediation than EOR.
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Many aspects of foam apply to both applications. Gas mobility is greatly reduced in both cases,
and gas trapping is significant in both. Capillary forces are critical at the pore scale, though they
are likely to be less dominant at the higher permeabilities in soil remediation. The basic mecha-
nisms of bubble creation are the same. Foam generation in gas flow across layer boundaries was
found to be critical to the success of foam in one application to aquifer remediation (Hirasaki et al.,
1997). The presentation will discuss how the physico-chemical processes described in EOR apply
to environmental application, and if new phenomenon need to be considered specifically for soil
remediation.
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CO2 sequestration into geological formation was given great expectations in alleviating the aggravat-
ing greenhouse effect. However, the current CO2 geological sequestration technologies confronted
many challenges in engineering, including the low sequestration efficiency, high leakage risk, and
poor economic feasibility. Given this, a brand new CO2 geological sequestration technology, i.e.,
the geothermal assisted CO2 catalytic reduction (GT-CO2CR) was proposed and its feasibility, ef-
fect, and mechanism were investigated.
First, a large-scale CO2 sequestration apparatus which used the outcrop core (150cm×50cm×50cm)
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and equipped with GT-CO2CR accessories was designed and constructed. Then, the CO2 sequestra-
tion experiments were performed using the water vapor with different temperatures to investigate
the GT-CO2CR effects on CO2 sequestration. Accompanying, the core/liquid-nuclear magnetic res-
onance spectroscopy (NMR) were conducted to analyze the properties changes of core sample and
injection brine for unraveling the GT-CO2CR mechanisms.
CO2 sequestration experiments indicated that GT-CO2CR remarkably enhances CO2 sequestration
into geological formation and the temperature is critical. As temperature increases from 100℃ to
350℃, CO2 sequestration efficiency increases from 75.8% to the maximum of 92.2% at 250℃ and
then decreases to 87.6%. Corresponding, their final pore pressures are 0.55, 0.31, and 0.43Mpa, re-
spectively. Obviously, 250℃ is the optimal temperature. Core/liquid-NMR revealed that GT-CO2CR
alters the properties of core sample and injection brine. Liquid-NMR indicated that CO2 is catalyzed
into formate and the rate is as high as 45.2μmol/min at 250℃. Core-NMR illustrated that GT-CO2CR
enlarges the pore-throat volume and the intensity enhances as the temperature increases. Herein,
the main pore-throat radius within 100, 250, and 350℃ cases are 0.028, 0.041, and 0.048μm, respec-
tively. Conclusively, inspired by the high temperature and catalysts, CO2 conversion into formate
and pore-throat enlargement acted synergistically to enhance CO2 sequestration into geological for-
mation.
This technology markedly elevated CO2 sequestration amount, stability, and safety, and provided
an option for the future CO2 industrial sequestration.
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Bacterial spreading through motility and growth plays a central role in agriculture, biotechnology,
the environment, and medicine. These processes are typically studied in the lab in liquid cultures or
on flat surfaces; however, many bacterial habitats—e.g., soils, sediments, and biological gels/tissues
—are more complex and crowded 3D porous media. In this talk, I will describe my group’s work
unravelling how confinement in a 3D porous medium changes how bacteria behave. We have de-
veloped the ability to (i) directly visualize bacteria from the scale of a single cell to that of an entire
population, and (ii) 3D-print precisely structured multi-cellular communities, in crowded 3D porous
media more akin to their natural habitats. Our experiments using this platform have revealed pre-
viously unknown ways in which crowding fundamentally alters how bacteria move and grow, both
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at the single cell and population scales. Guided by these findings, we have developed theoretical
models to more accurately predict the motion and growth of bacterial populations, and other forms
of “active matter”, in complex porous media. Taken together, these findings help to reveal new
principles to predict and control the organization of bacteria, and active matter in general, in com-
plex and crowded environments. They could also potentially help provide quantitative guidelines
for the control of these dynamics in processes ranging from bioremediation and agriculture to drug
delivery.
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Textiles and paper are ubiquitous in our daily lives. The comfort of clothing is essentially determined
by the hygrothermal behavior of textiles, as fabric sorption clothing can play a significant role in
the moisture transport and heat loss caused by sweating. For paper production, the extraction of the
final bound water fraction consumes large amounts of energy, and the majority of the functional
properties of paper are developed during this stage. To assist with the correct design and manufac-
ture of textiles and paper, we must master the mechanisms of water transfers in them.
However, it is difficult to quantitatively investigate this phenomenon due to the lack of simple mea-
surements of water distribution inside the material. One of the major complexities in the process
investigation lies in the fact that for these hygroscopic materials, water molecules can be absorbed by
the cellulose fibers from vapor in the surrounding air. Water transfers can occur as vapor diffusion in
pore net-work and/or bound water diffusion in cellulosic fiber skeleton, with additional adsorption
and desorption in such materials. Standard measurements rely on monitoring global mass variations
of the sample under more or less controlled humidity boundary condition, but hardly distinguish the
bound water diffusion from vapor diffusion.
Here, we have developed an original experimental technique based on Magnetic Resonance Imaging
(MRI) and Macroscopic measurement to simultaneously monitor the water transfers in pure cellu-
lose samples with various porosities. Firstly, with the help of Nuclear Magnetic Resonance (NMR),
we have measured the bound water diffusion by drying a stack of cellulose fibers whose pore net-
work was filled with olive oil, which blocks vapor diffusion. Surprisingly, it appears that there is
in general a continuity of bound water diffusion through the cellulosic solid skeleton, and we can
directly measure the diffusion coefficient of bound water. In a second step, we have implemented
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specific tests under fully controlled boundary conditions (in terms of relative humidity) to estimate
the vapor diffusion coefficient. The mass transport is deduced from the constant mass flux including
vapor and bound water transfers through the sample once the steady state is reached. By subtracting
the bound water diffusion flux from the global diffusion flux, we obtain the vapor diffusion flux and
the corresponding diffusion coefficient.
Finally, the predictions of a simple diffusion model relying on the conservation of water-vapor mass
to fully describe the transient water transfer process with both fluxes, and using these diffusion co-
efficients, are compared with saturation profiles at different times measured by MRI. The excellent
agreement over a wide range of sample porosities validates our model and the obtained diffusion co-
efficients. We expect that this original experimental protocol opens a way for the characterization
of fabric properties and that our results to be broadly useful for the textiles and paper manufac-
ture.
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Groundwater movement, oil extraction, and geological carbon dioxide sequestration are just a few
examples of the many natural and industrial processes that depend on subsurface characteristics,
such as the permeability of fluid flow through natural porous media. Over time, scientists and engi-
neers have worked to find efficient ways to determine these characteristics. Recently, digital tech-
nologies like three-dimensional (3D) imaging of core samples have been developed to enable digital
subsurface characterization, which will speed up and improve the process of subsurface character-
ization. Due to the tremendous computational cost, digital characterization of porous media using
3D numerical simulations is still restricted to digital samples much smaller than the Representative
Elementary Volume (REV). Here, we present a new analytical solution to upscale the permeability
of digital rocks made of anisotropic blocks. Additionally, we introduce a neural network framework
that is tested and trained on a variety of rock types, including the Berea sandstone, Bentheimer
sandstone, and Keton limestone, covering a wide range of permeabilities (i.e., 1000 to 5000 mD). The
model accurately predicts the permeabilities of samples with a size of 600 x 600 x 600 voxels based
on the permeabilities of subsamples with a size of 150 x 150 x 150 voxels.
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Shale oil and gas is becoming increasingly crucial for unconventional oil and gas exploration and
development worldwide. The pore structure determines the transport properties in shale oil and
gas reservoirs, which affects the assessment and development of shale oil and gas potential. Shale
oil and gas reservoirs develop multi-scale and multi-type pore structures ranging from nanome-
ters to millimeters, divided into micro-fracture, organic, and inorganic pore space. To wholly and
precisely comprehend the pore structure of shale from the nano- to the micro-scale, this paper pro-
posed a multi-experimental imaging technique, including X-ray computed tomography (XCT), large
field of view scanning electron microscopy (SEM—Maps), and focused ion beam scanning electron
microscopy (FIB—SEM), to establish a multi-experimental imaging workflow for shale. The com-
bined imaging workflow was used to obtain two-dimensional (2D) and three-dimensional (3D) multi-
resolution images of shale. Data fusion to combine different resolution XCT, SEM—Maps, and FIB—
SEM images with machine learning methods to characterize the multi-scale pore structure of shale
oil and gas reservoirs. The multi-dimensional and multi-resolution shale images were performed at
single-scale and multi-scale simultaneously. The results showed that shale pores mainly consist of
micro-fractures, inorganic pores, organic matter, and organic pores. All of them exhibit multi-scale
characteristics. Organic matter shows strip and bulk distribution, and organic pores are not found
in a large amount of organic matter. The multi-scale pore structure of shale was described quanti-
tatively. The pore radius less than 10 nm accounts for 16%, 10-20 nm accounts for 18%, 20-50 nm
accounts for 20%, 50-100 nm accounts for 23%, 100-500 nm accounts for 11%, and 500 nm-20 μm
accounts for 6%, 20-50 μm accounts for 5%, 50-100 μm accounts for 1%. Inorganic matter pores are
of various types, among which extensively produced dissolving pores. Finally, the connectivity of
organic pores is poorer than inorganic pores. The connectivity between organic and inorganic pores
plays a crucial role in oil and gas storage, while micro-fractures dominate the fluid flow channels.
Organic pores dominate the Pore radius of shale <50nm, the pore radius of shale between 50~500nm
are organic pores and inorganic pores, and the pore radius of shale >500nm is mainly contributed
by micro-fractures. The method proposed in this paper can effectively obtain the multi-scale pore
structure of shale.
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NMR relaxation time measurement is a well-known, non-destructive method to probe all states of
protonic liquid such as water, in porous media, at different pore scales. In contrast with MRI which
can get local information but is blind with respect to most liquid in nanomaterials, standard NMR
relaxation measurements can provide information on the liquid content over six decades of relax-
ation times typically corresponding to pore scales from the millimeter to the nanometer. Here, we
propose a simple though powerful technique which provides various direct, quantitative informa-
tion on the liquid distribution inside nanoporous porous structures and its variations over time due
to fluid transports and/or phase changes. It relies on the analysis of the details of the NMR (nuclear
magnetic resonance) relaxation of the proton spins of the liquid molecules and its evolution during
some process such as imbibition, drying, phase change, etc, of the sample. We present a few appli-
cations of this technique to nanoporous materials such as a silica glass [2], cellulose fibers [3], or
nanoporous glass beads [1]. We show that this approach allows to observe and quantify a variety
of possible dynamic phenomena such as: a progressive homogeneous or inhomogeneous emptying
of pores, and isotropic or differential shrinkage of the pores, the possible existence of liquid films
along the pore walls, transfers between bound and free water.
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Accurate modeling of water flow and solute transport in unsaturated soils are of significant im-
portance for precision agriculture and environmental protection. However, traditional modeling
approaches are considerably challenging since they require well-defined boundaries and initial con-
ditions. Harnessing machine-learning techniques, specifically deep neural networks (DNNs), to de-
tect water flow and solute transport in porous media have recently gained considerable attention [1].
In traditional DNNs, an artificial neural network with several hidden layers is trained solely using
data to approximate parameter and state estimation, e.g., the spatiotemporal distribution of water
content and pore-water salinity. However, data is extremely limited and sparsely available in subsur-
face applications. Physics-informed neural networks (PINNs) have recently been developed to learn
and solve forward and inverse problems constrained to a set of partial differential equations (PDEs).
Unlike traditional DNNs, PINNs are confined to physics and do not require” big” data for training [2].
However, hydrological applications of PINNs only considered an in-silico environment with spatial
measurements of hydraulic head, water content and/or solute concentrations well distributed in the
subsurface [3]. Such measurements are hard to obtain in real-world applications since they require
drilling to extract soil samples or installing in-situ measurement devices at depth which also violets
the soil’s natural structure. As opposed to conventional subsurface characterization and monitoring
techniques, non-invasive geoelectrical methods can provide continuous, extensive, and non-invasive
information of the subsurface [4]. Nevertheless, the sensitivity of the measured electrical signal to
various soil parameters, mainly water content and pore-water salinity, as well as inversion errors,
could result in biased hydrological interpretations.
This work adopted the PINNs framework to simulate two-dimensional water flow and solute trans-
port during a drip irrigation event and the following redistribution stage, using time-lapse geoelec-
trical measurements with unknown initial conditions. For that manner, a PINNs system contain-
ing two coupled feed-forward DNNs was constructed, describing the spatiotemporal distribution of
both water content and pore-water salinity. The system was trained by minimizing the loss func-
tion, which incorporates physics-informed penalties, i.e., mismatch with the governing PDEs and
boundary conditions, and measurement penalties, i.e., mismatch with the geoelectrical data. Two-
dimensional flow and transport numerical simulations conducted with the Hydrus 2D/3D software
[5] were used as benchmarks to examine the suitability of the described approach.
Results have shown that the trained PINNs system was able to reproduce the spatiotemporal distri-
bution of both water content and pore-water salinity during both stages, i.e., irrigation and redis-
tribution, with high accuracy, using five time-lapse geoelectrical measurements conducted with 59
electrodes placed at the surface. The trained PINNs system also reconstructed the initial conditions
of both state parameters for both stages. It was also able to separate the “measured” electrical sig-
nal into its two components, i.e., water content and pore-water salinity. In addition, the subsurface
geoelectrical tomograms were significantly improved compared to those obtained from a classical
inversion of the raw geoelectrical data.
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Siliciclastic CO2 storage reservoirs often comprise lithological heterogeneity across different spa-
tial scales. Consequently, the reservoirs could include high permeability pathways resulting in an
unexpected migration of fluid. On the contrary, the presence of certain rock types which act as
flow barrier, especially near the injection source, could block the flow of CO2 leading to reservoir
pressure build-up. The latter is not desirable as it limits the CO2 injection rate. Identifying suitable
injection locations away from flow barriers could require numerous high-fidelity numerical simu-
lations due to the uncertainty resulting from the distribution of low-permeability rock types. This
study presents a new computationally efficient approach for screening favourable locations for CO2
injection in heterogeneous reservoirs to minimise pressure build-up. The approach utilizes graph
theory to identify the path of the least resistance to CO2 flow between the injection source and the
top of the reservoir. Graph network models were synthetically created for 50 reservoirs to capture
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the variability in rock properties and their distribution. The paths of least resistance were deter-
mined for these reservoirs and their characteristics were found to correlate with injectivity indices
determined from numerical simulations on the same models. The correlation was further used to
derive a classification criterion for predicting a grid-cell scale injectivity index in heterogeneous sili-
ciclastic reservoirs. Testing showed that the approach could accurately predict the spatial variability
of injectivity index with a computational boost of up to 10,000 times compared to the conventional
numerical simulation-based approach.
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Pore network models (PNMs) are reduced discrete mathematical models that are widely applied to
study mass and heat transfer in porous media . Considering biofilms as a kind of a porous medium,
with the inter-cellular space forming the pores, PNMs appear very suitable to study the transport
of substrates and products through biofilms. In electrochemically active biofilms, additionally the
transport of mediators or electrons can be investigated. Biofilm morphology is quantified by using
advanced imaging techniques like X-ray tomography, Confocal laser scanning microscopy (CLSM),
and Scanning electron microscopy (SEM). The morphological parameters are then used to generate
in-silico biofilms using averaging data on layer thickness, cell number, porosity and cell orientation.
Different growth mechanisms result in different cell arrangements within the biofilm layers. The
simulated biofilms are used to extract the pore networks, which form the base for the simulation of
transport properties. This is shown in Fig. 1, where the PNM (on the right in blue) is reconstructed
from the simulated biofilm. The mathematical method has the advantage that a wide range of biofilm
structures can be studied in short time without high experimental efforts. The results are useful to
understand the transport processes inside biofilms under different conditions and could be employed
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to predict optimal process conditions for highly efficient processes, i.e. based on optimized single or
multispecies biofilm developments.

Figure 1: a) Simulation of several layers of biofilm and (b) extraction of the pore network.
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Fundamental understanding of phase emergence and interphase mass transfer processes is of great
importance for improving the treatment efficiency of in-situ contaminant remediation. We perform
microfluidic experiments to study the pore-scale dynamics and phase evolution during DNAPL re-
mediation by chemical oxidation and surfactant flushing. During chemical oxidation, we visualize
the remediation evolution under the influence of solid phase emergence and explore the roles of in-
jection rate, oxidant concentration and stabilization supplement. Combining image processing, pres-
sure analysis and stoichiometry calculations, we provide comprehensive descriptions of the oxidant
concentration-dependent growth patterns of the solid phase and their impact on the chemical reac-
tions and remediation efficiency. During surfactant flushing, we characterize the droplet breakup
behavior and the subsequent micro-movement of daughter blobs. Based on measurements and calcu-
lation of DNAPL saturation, interfacial area and mass transfer rate coefficient, we observe the inhibi-
tion of mass transfer rate coefficient when surfactant content is above critical micelle concentration.
We finally propose a new mass transfer correlation model, which explicitly considers the surfactant
inhibition effect and distinguishes itself from the previous mass transfer correlations.
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Due to a mismatch in energy production and energy demand a loss free method of storing energy
is required. One class of materials suitable for this are salt hydrates. Salt hydrates release energy in
the form of heat when subjected to water vapor by incorporating this water inside the crystal lattice
(hydration/discharging). When subjecting the hydrated material to heat water is removed from the
crystal lattice (dehydration/charging).

For effective use of salt hydrates inside a reactor bed mm-sized porous particles are required instead
of powder, due to a high pressure drop over a powder bed. Since the pore structure influences water
vapor transport and hydration, understanding the precise transport processes is critical.

The internal pore structure can be affected by several factor such as manufacturing conditions,
morphology changes during cyclic loading and (re-)crystallization during hydration and dehydra-
tion.

First, it will be shown that the hydration of salt hydrate particles is diffusion limited. The porosity
is the main parameter for tuning the effective diffusion coefficients for water vapor transport and
power output as described in Aarts et al. (2022).

Next, the influence of cyclic dehydration/hydration and geometrical changes on the changes in pore
structure and water vapor transport will be elucidated.

Lastly, it will be discussed how this influences the power output and performance as energy storage
material for a single particle as well as a complete reactor bed.
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Injection-induced seismicity has emerged as a central scientific and societal issue in the develop-
ment of subsurface energy technologies such as enhanced geothermal energy extraction, uncon-
ventional hydrocarbon production, wastewater injection, geologic carbon sequestration, or under-
ground gas storage. Although our knowledge of induced seismicity has increased thanks to field
observations and computational models, some key aspects remain poorly understood. One of the
outstanding questions is how the stiffness contrast in the host rock impacts the nucleation and rup-
ture of injection-induced earthquakes.
Here, we study the effect of the stiffness contrast in the host rock on the rupture of injection-induced
earthquakes. We develop a computational model to simulate the dynamic response of a fault in-
mersed in a fluid-saturated medium. We find that the stiffness contrast drives the undrained response
on the fault during the rupture. The increase in the stiffness contrast promotes higher maximum dis-
placement steps and asymmetric ruptures. Seismic moment also increases with the stiffness contrast,
but time to rupture decreases.
Acknowledgements
This research was supported by the Comunidad de Madrid through the call “Research Grants for
Young Investigators”from “Universidad Politécnica de Madrid”under grant APOYO-JOVENES-21-
6YB2DD-127-N6ZTY3, RSIEIH project, research program V PRICIT.
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In order to capture detailed reservoir heterogeneity, geological models of subsurface formations are
generally constructed at fine scales, which contains a large number of gridblocks. Uncertainty quan-
tification, which usually requires running the reservoir model on multiple realizations/scenarios,
can be computationally prohibitive on the fine-scale models, especially for multiphase flow mod-
els.

We present procedures in which only one fine-scale multiphase flow models are simulated, together
with a relatively large number of single-phase flow models. In addition, the single-phase flow model
can be further upscaled from fine-scale to coarse-scale to save computational effort. We aim to effi-
ciently capture the production statistics (e.g., mean, standard deviation and cumulative distribution
function) of multiple realizations. This approach uses a similar idea as in the multilevel Monte Carlo
that samples are taken on different levels of accuracy, and the difference is that we use the low-
fidelity (i.e., single-phase flow) model as a pre-selection process. The proposed method is rigorously
tested on well-driven flow problems with different variances and spatial correlations of the perme-
ability field. It can be used to calculate bottom-hole pressure, water injection rate, and oil and water
production rate. It is able to forecast the well performance using just 1 realization, compared to more
than 100 realizations using standard Monte Carlo methods.

Overall, the proposed method is shown to reproduce the ensemble statistics of fine-scale results,
with a computational speedup of more than two order of magnitude. It also serves a potential tool
for optimization considering parametric uncertainty and probability.
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From soils to soft biological tissues, there are many examples of materials that can be modelled as
highly deformable porous media, characterised by a strong coupling between mechanical stimula-
tion and fluid flow due to complex rearrangements of the pore space. In both contexts –subsurface
geomechanics and living-tissue biomechanics or tissue engineering –the effects of large periodic
deformations on solute transport and mixing can be of great interest for predicting and/or control-
ling the motion of contaminants or nutrients. Here, we propose a 1D continuum model based on
large-deformation poroelasticiy that links an applied periodic deformation to the resulting solute
transport and mixing. Transport occurs through advection, molecular diffusion, and hydrodynamic
dispersion, all of which are affected by the deformation in specific ways. We explore the effects of
several dimensionless parameters on the problem, focusing on the ones regulating the applied peri-
odic load. We find that the amplitude and period of deformation influence the mechanical response
of the material, which can belong to either a linear slow-loading or a nonlinear fast-loading regime.
These mechanical regimes directly characterise the resultant movements of solute.
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We present experimental results of the development of a hydrodynamic instability in a 3D flow setup
in which one fluid phase invades a porous network saturated with another fluid phase. The invading
phase is both more viscous and more dense than the defending phase and the developing invasion
pattern is governed by the balance between viscous and gravitational forces. The full invading front
is made visible by means of a newly developed table-top 3D scanner based on optical index matching
and laser-induced fluorescence [1]. The force balance in the problem predicts a transition between a
stabilized compact front (viscous dominated flows) and an unstable fingering regime (gravity domi-
nated flows). We consider two inlet boundary conditions that lead to either the flow diverging from
a point source or initialized as a flat front. For the latter condition, the invasion front is extracted
and we measure its fractal dimension.
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Suspension migration and particle clogging processes in rock fractures are ubiquitous in nature and
industrial activities. Understanding the mechanism behind these processes is of great importance
for improving the efficiency of various engineering applications such as hydraulic fracturing and
hole-drilling fluid leakage resistance. We perform visualized experiments to investigate the effect of
liquid cohesion on particle clogging in rough fractures. Four patterns of particle clogging behaviors
are found as we vary the flowrate and secondary liquid content. It is observed that by simply adding
a small amount of immiscible liquid phase into the particle suspension, the clogging in fractures is
significantly enhanced due to capillary cohesion induced particle agglomeration. To quantify the
effect of capillary cohesion induced by the additional immiscible liquid, we propose a theoretical
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model of agglomerate size as a function of ω and a criterion of particle agglomerate size for particle
clogging. The findings in this work can have potential applications in a number of field applica-
tions, including oil/gas exploitation, drilling fluid leakage resistance, and rock grouting, etc., where
suspension migration and clogging processes in fractured rocks are involved.
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In this presentation we are interested in operational applications and new numerical approaches for
modeling the heterogeneous mucus bio-film of human lungs for the monitoring of cystic fibrosis (CF)
therapies. At an operational level, we aim at predicting whether a therapy has a significant impact
of the mucociliary clearance or not, that is to say predicting the ability of the respiratory mucus
to be functional, i.e. to move together with the motion of the surrounding cells. By opposition, a
non-functional mucus will not move sufficiently to clear the lung wall from allergens, toxic agents,
viruses, bacteria and their residual products (DNA filaments and altered mucoid elements).

In this biological configuration, the mucus is itself a porous media made of Newtonian periciliary
fluid (PCL) and highly concentrated mucins produced by the goblet cells, whose motion in the mucus
will allow a mixture between the mucins and the PCL leading by reaction to a polymerized mucus
with a particular rheology. Among the rheological features such as visco-elasticity, visco-plasticity,
yield stress and shear-thinning, we focus on this last one which has been shown to be the dominant
feature leading to non-functional mucus [3]. Moreover, the PCL is produced by the respiratory ep-
ithelium covering the lung membrane, another porous media that allows the transcytosis mechanism
producing the PCL. Indeed, the PCL is not present or not working properly when the cystic fibrosis
transmembrane conductance regulator protein CFTR presents a mutation responsible of CF.

The numerical simulation of such configurations has two main objectives. On the one hand, one
can predict whether a mucus is functional or not, with respect to the rheological features that are
measured from samples [4]. On the other hand, the numerical simulation allows to adjust the param-
eters of an upscaled model, including the mucus permeability and the tortuosity index that relates
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the effective diffusion and the molecular diffusion of chemical species by means of a power of the
porosity.

The mucus mixing is modeled by −div(2µ(c,D)D(u)) = f − ∇p, the non-Newtonian stationary
Stokes equation, where f is the driving force induced by the epithelial cell, µ is mucus viscosity,
D = (∇u+∇uT )/2 is the shear-rate of the velocity u, p is the pressure, and the incompressibility
is satisfied by div(u) = 0. The mucin concentration c(x, t) follows
∂c

∂t
+ div(uc)− div(σ∇(c)) = 0

and the shear-thinning rheology is driven by the relation
µ(c,D) = µ∞ + (µ0(c)− µ∞)

(
1 + 2β(c)2|D|2

) q(c)−2
2

which makes all these equations strongly coupled. We will show that the solutions of this system
can be expressed by a Lagrangian formulation [1,2], called particle method, that the numerical result
are compatible with clinical resume of the patients whose sputum rheology has been characterized
[4], and that the upscaled tortuosity index can be carried out.

This work has been funded by French National Agency of Research, project MucoReaDy ANR-20-
CE45-0022-01, and by Carnot Institute ISIFoR project MicroMineral P450902ISI.
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When viscous dominated fluid -> fluid displacements in a porous medium take place, and the viscos-
ity of the displacing fluid is significantly lower than that of the displaced fluid, then an instability
occurs known as viscous fingering (VF). The 2 fluids may be completely miscible or immiscible but
in porous media the more complex phenomenon to reproduce both experimentally and in numerical
simulations is immiscible viscous fingering; e.g. when water (viscosity, mw) displaces a very viscous
oil (viscosity, mo) from a porous medium; i.e. when (mo/mw) » 1.
Many publications on immiscible VF have been produced over the last few decades, the vast majority
of this being theoretical/numerical. In contrast, there are only a few published studies presenting
experimental results on two phase (water/viscous oil) displacements showing VF with a full dataset
which can be used to test any of the proposed models or numerical simulation methods. A “full
dataset”includes finger patterns, oil recoveries, watercuts and pressure profiles across the system
over time (vs. PV). Such datasets have become available in the last decade from researchers in Nor-
way giving the details of several VF water -> viscous oil displacement experiments (and tertiary
polymer floods) in 2D sandstone slabs for a wide range of viscosity ratios, (mo/mw) ~ 10 –7000.
Even before the above data was available, there have been many attempts to simulate immiscible
VF by direct numerical simulation; i.e. solving the PDEs of 2 phase flow directly. Virtually all of
this work produced some evidence of numerical instability and weak fingering, but the results did
not resemble the highly ramified structure of observed experimental immiscible fingering. Many
researchers identified the problem as being due to the inadequate numerics; i.e. current numerical
methods for solving the transport equation did not capture the details of fingering due to numerical
errors, e.g. numerical dispersion. Others, including the present authors, believed that the lack of
finger resolution was not in the numerics but in the physics and in the “approach”to the problem.
This was demonstrated in a paper in 2020 which showed that by starting from the fractional flow
function as the principal input (fw*) and then choosing the relative permeabilities (kro and krw) such
that the total mobility was maximized, very good resolved immiscible fingering could be obtained.
In 3 further papers, this method was applied directly to the published immiscible VF experiments
described above, and very good to excellent agreement was found for all the modelled quantities
(finger patterns, oil recoveries, watercuts and pressure drops). Furthermore, the method without
further adjustment could also predict the results for the tertiary polymer floods carried out after the
waterfloods.
This talk will present a review and summary of these results and will present new extended results
of this approach to include (1) the effects of capillary pressure; (ii) the scaling of how viscous finger-
ing interacts with gravity (varying the viscous /gravity scaling group), and (iii) how the method has
been upscaled to model waterflooding and polymer flooding in the field.
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The displacement of one wetting fluid by another immiscible fluid, i.e., dewetting, in a confined geom-
etry is an essential process in many engineering practices, including enhanced oil recovery, NAPL
removal, and microfluidics. For dewetting in uniform tubes, the fluid-fluid interface loses stability
once the dewetting velocity attains a threshold and a liquid film is entrained. In this work, we study
this stability transition in complex capillary tubes with an emphasis on the geometry effects. We
investigate the interfacial evolution in gradient tubes including expanding and contracting ones us-
ing phase-field simulations and lubrication theory. The results suggest that unlike in uniform tubes,
the film entrainment could be suppressed due to the expanding geometry even though the capillary
number once reaches or go beyond the critical value. We further numerically and experimentally in-
vestigate the dewetting processes in a necking tube with a parabolic profile, i.e., contracting first and
then expanding. Three dewetting patterns are observed including stable displacement, phase trap-
ping, and pinch-off bubbling, which depends on the capillary number and wall wettability.
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The successful deployment of carbon dioxide (CO2) geological sequestration in porous media is re-
liant on the sealing efficiency of the overlying clay-rich caprock to act as a physical barrier. Clay-rich
caprock formations are considered as favourable materials to act as a seal due to them characteristi-
cally consisting of small pores providing high capillary entry pressures, hence preventing the intru-
sion of a non-wetting fluid (e.g., CO2).
In relation to CO2 sequestration, past experimental campaigns have traditionally focused on de-
termining the capillary breakthrough pressure of caprock geomaterials. Only until recently have
experimental results demonstrated that CO2 breakthrough is dominated by the creation of very lo-
calised channels (e.g., cracks) across the sealing barrier (Espinoza & Santamarina, 2010; Harrington
et al., 2012; Busch et al., 2016 and Gonzalez-Blanco & Romero, 2022). The underlying hypothe-
sis of this experimental work is that pore size heterogeneity governs the micro-mechanisms that
ultimately control crack formation and thus, eventually, CO2 breakthrough. Therefore, this experi-
mental campaign aims to provide evidence at the micro-scale to develop our understanding of the
micro-mechanisms that lead to (or underly) the formation of large, localised channels (e.g., cracks)
that pressurised CO2 is generating, causing an early breakthrough. An innovative experimental
set-up which allowed for the onset of surface crack formation to be captured during gas injection
into clayey geomaterials is presented. Post-mortem assessment of the aperture, volume and internal
nature of these localised pathways was then visualised using the non-invasive and non-destructive
xCT imaging technique.
Preliminary data on different cracking patterns when non-wetting gas (i.e., air) is injected into con-
solidated clay show the formation of large cracks that nucleate from the centre of the sample. Upon
air pressurisation, before crack formation, the sample undergoes volumetric deformation, as the re-
sulting action of the vertical stress applied at the air-water interface (menisci). Once a crack forms,
volumetric deformation stops, and breakthrough occurs. Changing the particle size distribution, by
using clay-silt mixtures, shows the potential effect of pore size heterogeneity on breakthrough and
cracking patterns. Clay-silt mixtures with higher silt mass fraction result in earlier and larger crack
formation, subsequently lowering the breakthrough pressure. This is opposed to the uniform pore
size distribution of clay and silt materials alone, which display smaller cracking patterns. Our re-
sults, therefore, indicate that heterogeneity at the particle and subsequent pore-scale is a controlling
parameter in the formation of localised pathways (e.g., cracks) in clayey geomaterials. Gas invasion
into the tested clayey geomaterials occurred at lower pressures than the expected air-entry-values
traditionally recorded throughout the literature. The mechanisms of air intrusion are expected to
be of a similar nature as CO2 intrusion. Understanding the parameters which control the forma-
tion of localised pathways is therefore paramount when assessing the security of a geological CO2
reservoir.
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We study the dynamics of pore-scale gas and liquid flow through a horizontal quasi-two dimensional
millifluidic device. The multiphase flow dynamics is controlled by the physical properties of the fluid
phases and their initial spatial distribution; it govern their spatial distribution at subsequent times,
through the interplay between capillary and viscous forces. In turn, this spatial configuration of
fluid phases significantly affects the relative hydraulic properties of the domain, such as conduc-
tance and tortuosity. During flow in multiphase systems, the flow rates and the phases saturation
are strongly coupled. Disentangling the decoupled effect of each of these mechanisms on the phases’
configuration is a major step towards the prediction of complex multiphase flow and capillary non-
equilibrium conditions.
Here, we use experimental data gathered from several multiphase flow experiments conducted in
a millifluidic device and using different flow dynamics (flow rates, air/liquid injection duty cycles,
initial saturation degree, etc.). This data is analyzed in terms of criteria such as the water-filled pore
size distribution, coordination number distribution, and air mobility. This analysis draws from a
newly developed image analysis method, using the distance map curvatures to locate the critical
points of pore throats and bodies from binary 2D or 3D images. Moreover, direct numerical simula-
tion of single-phase flow is used to evaluate the velocity distributions in the percolating (imbibing)
liquid phase.
In this study, we show that the phases saturation is the major driver determining the spatial distri-
bution of fluid phases. However, capillary non-equilibrium distribution prevails even at relatively
low capillary number (low velocity) conditions. The divergence from capillary equilibrium phase
distribution, in terms of water filled pore size distribution and coordination number, is related to the
flow dynamics. In addition, we relate quantitatively the magnitudes of capillary and viscous forces
to the air clusters’shape and size probability density functions, and how the liquid preferential flow
evolves through the most conducting (larger pores) paths.
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We review challenges to accurate simulation of processes of foam injection into geological forma-
tions for CO2 storage, aquifer remediation and enhanced oil recovery, with a focus on numerical
issues (Rossen, 2013). Foam responds in an abrupt, nonlinear way to changes in water saturation,
surfactant concentration, and oil saturation, in ways that cause fluxes to fluctuate in time and space.
For instance, in simulations of foam with oil, consecutive grid blocks can lie on opposite sides of a
strong foam/weak foam boundary on the composition diagram. The fluctuations can be suppressed
by including capillary diffusion in the simulation. In addition, difficulty in representing shock fronts
can lead to an increase in the foam-swept zone in simulations. As the grid is refined these effects
have smaller impact on the overall process but execution of the simulation slows. Consideration of
the 1D fractional-flow solution for the same displacement can determine whether the increase in
foam sweep is a numerical artifact (Lyu et al., 2021a,b).
The representation of near-well effects on injectivity can require an impractical level of grid reso-
lution near an injection well (Gong et al., 2020a,b). In addition, some near-well effects are not yet
represented in foam simulators. An imperfect solution is to refine the grid to the extent practical and
simply disregard the rise in injection-well pressure predicted by the Peaceman in the injection-well
grid block.
Because by definition foam is an interaction between gas and water, the naming of phases (gas or
oil) in a compositional simulation of a miscible EOR process can have significant effect on the sim-
ulation of a foam displacement. Numerical dispersion of surfactant concentration is also a problem,
but attempts to minimize its effect can lead to other numerical artifacts. Because foam is so sensi-
tive to water saturation and capillary pressure, capillary effects are important, especially in finely
laminated formations.
“Population-balance” foam simulators, which represent the complex dynamics of bubble creation
and destruction along with the effect of foam on gas mobility, face additional challenges with in-
stability and slow run times, especially for models that represent the multiple steady states seen in
the laboratory. A minimum velocity for foam generation in co-injection of gas and liquid can be
represented by at least two simulation models (Yu and Rossen, 2022), but the implications for foam
propagation may not be fully resolved.
We collect and review the various numerical challenges to foam simulation. Some of these problems
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are largely cosmetic, giving for instance fluctuating fluxes and pressure gradient but no significant
effect on sweep and final recovery. Others do severely influence the whole progress of the flood. We
discuss the origin of the challenges, how to recognize them, how they can be mitigated, and whether
they arise from a correct representation of foam physics or the unintended result of attempts to solve
other numerical problems.
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For deep fractured-vuggy carbonate reservoirs, foam flooding is an effective oil recovery method.
However, the harsh formation environment (high temperature, high pressure, high salinity, etc.) af-
fects the stability of foam. Therefore, it is necessary to conduct a comprehensive investigation on the
migration characteristics of foam, in order to provide guidance for the oilfield application of foam
flooding.
A visual experimental model with characteristics of fractures and caverns was built in this work. The
dynamic and static processes of foam in visual models were recorded by camera, and the flow and
structural evolution of foam were analyzed. At the same time, the corresponding fracture and cav-
ern model was established by simulation software, and the flow and evolution process of the foam
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were simulated. The factors such as interfacial tension and liquid viscosity were adjusted, and the
matching relationship between foam and fractures was considered. The characteristics of the foam
migration in fractured-vuggy reservoir were summarized.
The experimental results show that in the oil recovery process of fractured-vuggy carbonate reser-
voirs, injected water mainly displaces the bottom crude oil, injected gas mainly displaces the top
crude oil, and foam flooding can adjust the displacement profile and increase the oil washing effi-
ciency. When foam is observed in static state, the foam in the fracture is more stable than that in
the cavern, which is related to the shape and structure of the foam. The simulation results show that
in the foam drainage process, as the interfacial tension between the gas and liquid phases decreases,
the time to collapse of the foam liquid film increases, that is, the foam life increases. As the viscosity
of the liquid phase increases, the foam stability increases. In the process of foam coalescence, the
pre-bubble has a disturbing effect on the post-bubble. With the decrease of the interfacial tension
and the increase of liquid viscosity, the time for the completion of the coalescence between bubbles
increases.
Through the establishment of visual fractured-vuggy model can intuitively record and analyze the
flow and evolution process of foam. Based on the experimental correlation characteristics, a corre-
sponding foam flow model is established by means of experiment and simulation, and a variety of
influencing factors are analyzed.
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Discontinuous phase flow behavior is different from that of the continuous phase flow. In addition
to that, depending on factors such as the pore structure, the wettability, the discontinuous phase can
exist in many forms. Each form may exhibit a specific flow behavior. Numerous studies have been
performed on the mobilization of discontinuous phases. However, many works have been performed
on two-dimensional models, only few works considered in three-dimensional models. Different ge-
ometries have been also studied in literature. A complete understanding of the discontinuous phase
flow requires to study a large range of parameters that affect the flow including drawing clear dif-
ferences between the 2-D and 3-D approaches, the geometries, and different forms of discontinuous
phases. This requires a pore-scale perspective where fluid interfaces are taken into account.

Page 105



InterPore2023 / Book of Abstracts

To study the discontinuous phase flow, we have performed pore-scale simulations. The phase mor-
phology and mobilization pressure have been investigated. Research have shown that isolated
droplets are one of the most difficult trapped discontinuous phase to displace. In unconstructed
channels, the discontinuous phase is mainly trapped due to the surface wettability contrast. In con-
stricted channels, the comparison of 2-D and 3-D models have shown that 3-D models capture the
morphological shapes that cannot be captured in 2-D models, such as the saddle-shape in fractional-
wet porous media. Furthermore, droplet dynamics in a fractionally-wet channel do not necessarily
follow the same behavior as in a uniform capillary channel and cannot be predicted using uniform
wettability surfaces depicted by an average contact angle. In particular, the pressure difference
needed to push the droplet through the restriction with fractional wettability is lower than that for
a uniform channel with a constant contact angle representing the less favorable wettability state.
Due to the geometry, isolated droplets can be categorized as long droplets and finite droplets. The
discrepancy in their mobilization have been studied. We have also considered a discontinuous phase
spanning multiple pores. The results have shown that the existing models can not accurately capture
topological changes of a ganglion.
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Foam is a promising means of increasing carbon storage in CO2 sequestration projects and waste
isolation and removal in soil remediation, and a proven tool for enhanced oil recovery. Many of
these applications involve fractured geological formations. Li et al. (2021a) studied inter-bubble
diffusion and coarsening in foam in two glass model fractures. The bubbles were larger than the
gap between fracture walls, so that only one sheet of bubbles occupied the model. As part of that
study, they showed how one can determine water saturation and capillary pressure in the model
fracture from analysis of visual images of the foam, specifically the location of wetting liquid along
the uneven aperture in the model fracture (Li et al., 2021b). This approach would not be possible in
a conventional microfluidic device with uniform depth of etching. Their approach depends on an
assumption that capillary pressure is uniform within the region of an image, which was (0.8 cm)^2
and (2 cm)^2 for the two model fractures.
We describe a model for the flow of water through the Plateau borders of the foam in these experi-
ments along the top and bottom fracture surfaces. The width of the Plateau borders is determined by
capillary pressure, as determined by Li et al. Numerical solution for velocity and flow rate through
the Plateau borders then allows flow rate along each to be determined as a function of capillary
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pressure and pressure gradient. A numerical model then solves for flow through the network of
Plateau borders along the fracture wall. We allow for either no-slip or zero-shear-stress boundary
conditions at the water-gas interface, reflecting the two extremes of foaming surfactant behavior.
Our results show that water redistributes itself to equalize capillary pressure across the image area
in the order of tens of seconds. Thus the assumption of Li et al. (2021b) is justified. The relative
permeability of water through the Plateau borders in a trapped foam in these model fractures lies
between 1E-04 and 1E-07, depending on capillary pressure and bubble size. This method could also
be applied to determine the relative permeability of water in trapped foam from images of the foam
in conventional microfluidic devices, if one can measure or infer capillary pressure within the de-
vice.
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Hydrogen storage in porous subsurface environments, such as aquifers or depleted gas reservoirs, is
a high-potential option for cyclic hydrogen storage that can balance renewable energy supply and
demand on a large scale due to its high storage capacity. The main impediment to the development
and widespread application of underground hydrogen storage (UHS) is the poor understanding of hy-
drogen flow dynamics in porous media, therefore the volume of recoverable hydrogen for this cyclic
process is unclear. We employed a 2D glass micromodel and a microfluidics system and performed
the drainage and imbibition cycles. The saturation achieved in each cycle was used to determine
the effect of hysteresis on hydrogen trapping and the recovery factor of the hydrogen storage pro-
cess. In addition, to assess the flow behavior of the hydrogen-water system, we imaged at high
resolution the pore-scale displacement and trapping mechanisms that occur during imbibition. We
also conducted the CO2-water system experiments at settings similar to the H2-water system tests
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and compared their pore-scale fluid flow characteristics. Our observations indicate that the amount
of trapped saturation of H2 and CO2 at the end of the imbibition process increases as the number
of cycles increases. It is roughly 10% for the CO2-water system and 40% for the H2-water system.
The dissolution of CO2 in water during imbibition is the main cause of its lower residual saturation.
Furthermore, pore-scale fluid flow visualization shows that, upon initiation of the imbibition pro-
cess, water disconnects the hydrogen phase and a significant volume of gas is bypassed. Hydrogen
displacement is mainly achieved by piston-like throat-filling and I1 cooperative pore-filling mecha-
nisms. The findings of this study improve our knowledge of the UHS process in porous media by
revealing details about the pore-scale flow behavior of hydrogen water fluids.
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Chlorinated solvents, such as trichloroethylene (TCE), have caused groundwater and soil contami-
nation for years due to their massive and uncontrolled use adopted in the past [1]. Once released
in the subsoil, these compounds are characterized by high mobility and low biodegradability with
a consequent persistence in the environment [2]. For these reasons, in most industrialized coun-
tries, groundwater bodies are currently characterized by diffuse contamination by chlorinated com-
pounds, which can cause potential long-term risks to human health [2-4]. In particular, the most
critical migration pathway for chlorinated solvents is the volatilization from the subsoil into overly-
ing buildings (i.e. vapor intrusion) [5-6]. Traditional remediation techniques in sites characterized
by diffuse contamination by chlorinated solvents are not technically and economically sustainable
as they typically require significant amounts of reagents or energy [4]. In this scenario, it is thus
more indicated to adopt risk management strategies aimed at interrupting the migration pathway
of chlorinated solvents vapors to air ambient or into buildings [3-4]. Recently, it was proposed
to use horizontal permeable reactive barriers (HPRBS) placed in the unsaturated zone to treat up-
ward volatile organic compounds vapors [3-5, 7-8]. Zero-valent iron (ZVI) was proposed as reactive
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material for HPRBs and tested for TCE degradation in the vapor phase through reductive dehalo-
genation [3-4]. In the last years, ZVI bimetals have also been widely studied for the enhancement
of the degradation of chlorinated compounds via iron corrosion or hydrogenation in contaminated
groundwater [9-11]. However, such bimetals were poorly investigated to treat chlorinated solvents
in the vapor phase [12-13]. In this study, we examine the feasibility of using zero-valent Fe-Cu ad Fe-
Ni bimetals for the degradation of TCE vapors at partially saturated conditions. Different bimetals
were synthesized by mixing Fe and Ni or Cu powders using disc milling and then characterized. The
produced bimetals were then tested in anaerobic batch TCE vapors degradation tests at different re-
action times to evaluate their reactivity towards dechlorination. The disc-milled bimetals produced
were characterized by a homogenous distribution of Ni or Cu in the Fe phase and micrometric size.
In all the experiments, complete degradation of TCE vapors was achieved in maximum 4 days with
zero-order degradation kinetics. Fe-Ni bimetals have shown better performances in terms of TCE
removal than Fe-Cu bimetals leading to a complete degradation of TCE in the vapor phase after 2
days of reaction. These results showed a significant enhancement in TCE removal compared to ZVI
alone, which was found to entirely degrade TCE vapors after minimum 2 weeks of reaction in pre-
vious studies [3-4]. The only detectable reaction byproducts in the tested conditions were C3–C6
hydrocarbons. No vinyl chloride (VC) or dichloroethylene (DCE) peaks were observed. In view of
using the tested bimetals in HPRBs to treat chlorinated solvent vapors emitted from contaminated
groundwater, the experimental results obtained were integrated into an analytical model to simu-
late the reactive transport of vapors through the barrier. It was found that an HPRB of 20 cm could
ensure a complete reduction of TCE vapors.
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The study of fluid-fluid interfaces is an interesting research topic, especially for multiphase flow in
porous media. During oil recovery by waterflooding, the fluid-fluid interface exhibits a complex
rheological response to deformations which affects the wetting and not-wetting phase trapping. For
structured interfaces, the simple isotropic interfacial tension does not completely describe the inter-
facial response to deformation, hence interfacial constitutive relations must be defined to achieve
this goal. Depending on the complexity of the oil, brine, and rock, different amounts of oil are
trapped underground after primary and secondary recovery stages. Therefore, it is necessary to use
enhanced oil recovery techniques to maximize oil recovery efficiency.
Low-salinity waterflooding has proved to be technically and environmentally feasible. Recent stud-
ies have shown the sensitivity of the interfacial properties of reservoir fluids to the type and amounts
of macromolecules (such as asphaltenes) as they are populated and structured at the interface by
electrostatic attractions. The inhomogeneous distribution of macromolecules at the interface leads
to an interfacial tension gradient and this heterogeneity causes isotropic (dilatational) and deviatoric
(shear) stresses. The inherent complexity of displacement by low-salinity waterflooding, necessitates
investigation of the effect of interfacial dilatational and shear stresses (interfacial rheology) at the
pore-scale. Interfacial properties at the pore-scale would affect phase connectivity, snap-off, stabil-
ity of droplets, fingering, and wetting/de-wetting dynamics.
In this research, we investigated the effect of low-salinity water on the trapping of the non-wetting
phase caused by the snap-off process, as the most well-known type of microscopic trapping in porous
media. A water-wet porous medium containing two Newtonian fluids under capillary pressure effect
with viscoelastic interface was selected to study the rheological constitutive models. Computational
fluid dynamics simulations were performed with OpenFOAM (Open-source Field Operation And Ma-
nipulation). To solve the two-phase flow with a complex interface, interFoam solver of OpenFOAM
was extended. A parametric study was performed assuming that maximum elasticity occurs in the
low-salinity water phase surrounding an oil ganglion as the non-wetting phase in the pore-scale
model.
The results show that the effects of dilatational viscoelasticity lead to expansion/compression of the
interface with changes in the interfacial area and the effects of shear viscoelasticity lead to changes
in the interfacial shape. Depending on the rheological properties of the interface and geometry of
the porous medium, these effects make the oil phase remain continuous and improve recovery. Al-
though increasing the elasticity of the interface reduces the probability of instability and the breakup
of the oil ganglion, it may reduce the oil production rate through narrow throats. Moreover, the pres-
ence of angular corners in the geometry intensifies these effects.
The novelty of this work is the modeling of the multiphase fluid flow with a viscoelastic interface.
Since laboratory results may not be accurate due to the difficulties in performing experiments on
the interface, modeling the interfacial viscoelasticity seems to be a good solution for the prediction
of the fluid flow with a viscoelastic interface.
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Geologic carbon storage (GCS) is a viable technology that can reduce carbon emissions to the at-
mosphere and mitigate the impact of climate change. Undeniably, a better understanding of the
seismic potential in a GCS site and developing a corresponding mitigation strategy for risk manage-
ment plan is required to ensure operational safety and minimize environmental impacts. To achieve
this, a fast surrogate model is very powerful since many geological structures and operating condi-
tions must be evaluated for their sensitivity and uncertainty in model prediction, while maintaining
an acceptable accuracy level of high-fidelity models. In this work, we present Barlow Twins deep
operator networks to be used as a surrogate for geologic carbon storage, with application for the
Illinois Basin Decatur Project (IBDP) site, where a million metric tonnes of CO2 have been injected.
The proposed data-driven framework is built upon a combination of deep operator networks (Deep-
ONets) [1], and Barlow Twins reduced order models (BT-ROM) as well as its variations [2, 3]. To
elaborate on this, we use DeepONets’ architecture of branch and trunk nets in combination with
a projector from BT-ROM. The loss function is constituted of point-wise differences (mean squared
errors) and redundancy reduction terms. Our goal is to enhance DeepONets’ capability by achieving
better-reduced manifolds through an information bottleneck principle and a joint embedding archi-
tecture of BT-ROM. Our parameter space (input) contains heterogeneous hydrogeological properties
(permeability and porosity) and operation constraints (e.g., varying injection rates and bottom hole
pressure). We will compare a surrogate model performance with a high fidelity model in terms of
fluid pressure and CO2 saturation.
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Low-salinity waterflooding (LSWF) is a promising EOR approach that decreases the oil-wetness of
reservoir rocks, hence increasing the recovery factor. The efficiency of LSWF depends on the initial
wettability of the system. All conventional oil reservoirs are formed by oil migration during pri-
mary drainage. During the drainage phase, the reservoir brines in the corners of pores cannot be
displaced by oil due to very high capillary pressure; thereby rendering a mixed-wet system. Corner
flow in mixed-wet systems, based on the pore distribution and fluid location may provoke positive
and negative effects during LSWF. In this study, we have evaluated the effect of corner flow and
surface heterogeneities (roughness) on the efficiency of secondary mode LSWF by direct numerical
simulations using OpenFOAM (Open Source Field Operation and Manipulation) in 2D and 3D pore-
scale models.
The simulation results show that LS water can move ahead of the oil phase through the corners, thus
wettability alteration may occur in front of the oil-water interface located in the center of the pores
leading to a faster oil relocation, oil snap-off entrapment and blockage of the oil production path.
Besides, during secondary LSWF, an interplay between corner flow and surface heterogeneities is
observed, through which the LS water that is moving in the corners would alter the wettability of
the oil-wet surfaces. This phenomenon show the effect of surface heterogeneities in our geome-
tries, which may either increase or decrease the residual oil saturation, depending on the kinetics
of wettability alteration. Simulations in a 2D model without corner flow show that in some cases
the recovery factor can increase by 18%, indicating the adverse effect of corner flow in our geome-
tries. Simulations in the same pore geometry but with surface roughness show a decrease in the
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displacement sweep efficiency compared with a system consisting of smooth pore surfaces wherein
the effect of corner flow was not taken into account.
The results of this research show a more realistic output of the two-phase flow behavior due to in-
corporating various aspects of pore-geometry into our model and also highlight that the interplay
between the aforementioned phenomena and the time dependency of wettability alteration (kinetics)
may adversely affect the LS injection efficiency.
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Hydrocarbon spills into the subsurface can lead to the formation of light non-aqueous phase liq-
uids (LNAPL), i.e., a separate phase, immiscible with water, representing a long-term environmental
threat. Traditionally, the presence of mobile LNAPL is evaluated by installing monitoring wells in
the area of potential concern [1]. This approach, however, provides only qualitative evidence of the
thickness of LNAPL observed in the wells, thus not providing information on the distribution of
residual LNAPL in the subsurface [2].
As an alternative, in the last decades, radon (Rn) has been widely proposed as a naturally occurring
tracer for light non-aqueous phase liquids in the soil (e.g., [3], [4]) since it has been shown to tend
to partition into LNAPL. Rn concentration in soil gas is expected to decrease in the impacted area
compared to the value observed at background locations (not impacted by LNAPL), creating a mea-
surable Rn deficit. This work examines the feasibility of using soil gas data collected in unsaturated
soil at some distance from the source zone to apply the Rn deficit technique to identify and quantify
LNAPL contamination. To this end, we developed a steady-state 1-D analytical solution based on a
3-layer model that simulates the transport and distribution of Rn in the source zone, capillary fringe,
and overlying unsaturated soil [5]. The analytical solution was first validated against a more detailed
numerical model available in the literature [6]. Then, a series of simulations were carried out to eval-
uate the vertical concentration profiles of Rn in soil gas above the source zone and in a background
location not impacted by LNAPL. Simulation results showed that the parameters that most influence
the migration and distribution of Rn in the subsurface are the distance of the soil gas probe from
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the source zone and, to a lower extent, the type of contamination (e.g., diesel or gasoline) and soil
type. Based on these results, to aid the determination of LNAPL saturation, some nomograms have
been developed that can be used to apply the Rn-deficit technique from Rn concentration data in soil
gas collected at a certain distance from the LNAPL source zone. The developed nomograms show
that the Rn deficit is more evident as the measurement point approaches the source area. According
to the obtained results, the Rn deficit technique is a feasible method for qualitatively identifying
residual LNAPL when Rn in soil gas is measured at distances lower than 2m from the contaminated
zone. However, for an accurate quantitative estimation of the LNAPL phase content, soil gas probes
should preferably be located at distances lower than 1m from the source zone.
The nomographs provided in this work, which allow the estimation of LNAPL saturation as a func-
tion of the distance of soil gas probes from the LNAPL source zone and of the type of soil and con-
tamination, are generally applicable to all sites involving relatively homogenous soils. Conversely,
more sophisticated numerical models should be preferred (e.g., [6]) in the case of heterogeneous
soils involving geological barriers or stratified contaminations.
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Microplastic fibers (MPFs) are the largest kind of microplastic in the environment by mass and their
presence has been identified on every continent and ecosystem on the planet. MPFs are known to
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pose a threat to aquatic species and worms but impacts on larger animals and humans are largely
speculative, in no small part to the difficulty in quantifying the dynamics of how these non-dissolved,
colloidal masses move. The objective of this work was to advance our basic knowledge regarding
how simple kinds of MPFs move through porous media using a combination of experimentation and
numerical simulation. Pseudo-2d flow chambers, termed “meso-models,”were created as oversized
analogs of micro-models that were big enough to inject fibers into a controlled flow field. High
fluorescence MPFs were injected into the flow between an opaque backing and a clear polycarbonate
top sheet, the flow was subjected to UV light, and the MPF paths through the periodic pore meso-
model were captured directly using HD video. Image processing extracted the trajectories providing
position and time from which both breakthrough curves and velocity statistics could be extracted.
Numerical simulations of the experiments using the known pressure gradients and flow rates from
the experiments were constructed and a bead-rod chain model of MPF migration [1] was tested
against the experimental results. The numerical and experimental results showed strong similarities,
differing mainly by variations that can likely be attributed stochastic fluctuations. These results are
the first direct capture of MPF dynamics in any porous media and the encouraging agreement with
the numerical results suggests that, despite their extraordinary complexity, predictive modeling of
MPF dynamics is feasible, which will be essential for realistic risk assessment of any direct or indirect
hazards posed by MPFs.
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AMacroscopic Model for Unsaturated Flow in Deformable Evolv-
ing Porous Media
Author: Matteo Icardi1

1 University of Nottingham

Corresponding Author: matteo.icardi@nottingham.ac.uk

In this work we derive a model for a deformable porous medium with a growing interface and with
phase change to model eco-hydro-mechanical problems in which there is a continuous deposition
of porous substrate on the surface and the simultaneous decay and phase change between solid
and fluid. The model will then be simplified for one-dimensional scenarios or in multi-dimension
under small deformations, leading to a treatable set of equations. The time and length-scales of the
problem are discussed and its limiting behaviour is discussed with the help of numerical simulations.
Applications to environmental and manufacturing problems are discussed.
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Even though geologic carbon storage could reduce carbon emissions to the atmosphere and mitigate
the impact of climate change, there are potential seismic risks and uncertainties associated with a
GCS operation. Hence, we need to understand this process better before it becomes a reliable tech-
nology. However, the system of partial differential equations used to describe an induced seismicity
event is highly nonlinear. Subsequently, we need substantial computational resources to approxi-
mate this system, making this process unsuitable for handling large-scale uncertainty quantification
in which an extensive set of simulations must be explored. Kadeethum et al. [1] have illustrated the
use of reduced order modeling (ROM) to enhance full order modeling (FOM) solvers. In this study,
we apply the framework to an induced seismicity high-fidelity solver (coupled hydro-mechanical
(HM) processes) proposed by Chang et al. [2]. Our goal is to investigate the improvements of ROM-
assisted FOM performance with emphasis on (1) computational cost reduction and (2) a convergence
rate. Our systematic approach is:
1. Substitute the high-fidelity hydro (H-FOM) solver with the low-fidelity hydro (H-ROM) model
but still use high-fidelity mechanics (M-FOM) solver: H-ROM-M-FOM.
2. Substitute the M-FOM solver with low-fidelity mechanics (M-ROM) model: H-FOM-M-ROM.
3. Use HM-FOM with HM-ROM initialization.

SNL is managed and operated by NTESS under DOE NNSA contract DE-NA0003525.

[1] Kadeethum, T., O’Malley, D., Ballarin, F., Ang, I., Fuhg, J. N., Bouklas, N., … & Yoon, H. (2022). En-
hancing high-fidelity nonlinear solver with reduced order model. Scientific Reports, 12, 20229.

[2] Chang, K. W., Yoon, H., & Martinez, M. J. (2022). Potential seismicity along basement faults
induced by geological carbon sequestration. Geophysical Research Letters, 49(13), e2022GL098721.
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Pore size distribution (PSD) is a key parameter in Shale & Tight (S&T) reservoir evaluation, sig-
nificantly contributing to our understanding of storage capacity and distribution / producibility of
reservoir fluids. We have taken a collaborative approach to develop a new workflow for evaluation
of PSD through the integration of (lab-based) 2D Scanning Electron Microscopy (SEM) and Nuclear
Magnetic Resonance (NMR) T2 distributions. Our method uses large area SEM imaging and incorpo-
rates data from two different detectors to improve statistics of PSD. Application of this workflow on
a variety of S&T formation samples has demonstrated promising results, enabling downhole in-situ
PSD estimation for an entire NMR logged wellbore interval. This new technique has the potential to
yield several impactful outcomes including improved understanding of in-situ PSD, faster / enhanced
petrophysical evaluation, and improved forecasting of resource production.
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Investigation of supercritical CO2mass transfer in porous media
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Understanding the mass transfer of CO2 into formation brine both qualitatively and quantitatively is
important for improving the security of geologic carbon sequestration. In this study, quasi-dynamic
X-ray micro-computed tomographic (MCT) imaging was used to track the time-evolution of super-
critical CO2 (scCO2) clusters in a sandstone throughout brine injection. A cluster-matching work-
flow enabled the identification of depletion, merging, and snap-off of the scCO2 clusters, and sub-
sequently the mass transfer coefficient of individual scCO2 clusters was found to range between
3.0×10−5 and 3.5×10−4 mm/s. The macroscopic average mass transfer coefficient was estimated as
1.4×10−4 mm/s. For application to geologic carbon sequestration, these values give an indication
of the range of mass transfer coefficients that may be expected for similar state and flow condi-
tions. With the macroscopic average mass transfer coefficient evaluated, we back-calculated the
in-situ CO2 concentration field for brine, which provides quantitative insight of the distribution of
dissolved CO2 in the sample. Despite slow injection rate (Ca = 10−7), mobilization of small scCO2

clusters was also observed, and was attributed to the combined effect of incomplete dissolution of
snapped-off clusters and the reduction in the fluid–fluid interfacial tension (IFT) due to the high
local CO2 concentration in brine accompanying scCO2 dissolution. This highlights the coupling of
dissolution and mobilization processes and demonstrates the need to understand these interlinked
dynamics to improve CO2 storage in geological formations.
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An Integrated Approach to Evaluate Lacustrine Shale Oil Reser-
voir Combining Advanced Well Logging and Core Analysis
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Unconventional reservoir is a hot spot worldwide. With the high demand of oil and gas in China,
the exploration and development of unconventional reservoirs maintains in a high level. In order to
evaluate the lithologies, pore structures, porosities, TOC in quantities accurately. The advanced
gamma ray spectroscopy logs, 2D nuclear magnetic resonance (NMR) logs, and high-resolution
micro-resistivity borehole image logs were acquired in some key wells. Integrated with core data
like XRD, MICP etc., the lithofacies together with rock texture were classified based on the minerals
from gamma ray spectroscopy, borehole image, The physical properties, pore size and fluid distribu-
tion was interpretated with 2D NMR toghther. The combination of these three facies represents the
reservoir quality. TOC from spectroscopy and oil volume from 2D NMR helps define the TOC from
Kerogen, then the source rock quality is further evaluated.

In the study area, the lithofacies were classified into four types, which are Calcite dolomite facies,
Dolomite calcite facies, shale facies and sand facies. The textures were classified into two types,
thin-layer and laminate. Thus, there was a cross-assignment to make the final reservoir facies to
seven different types. With the investigation and summarization, The pay zone of the reservoir and
source rock quality were well defined and mapped vertically and horizontally in the whole study
area. The relationship for source rock and reservoir quality is further defined based on the analysis
above.

The integrated approach described in this study leverages the advantages of the advanced gamma
ray spectroscopy, NMR, borehole images and core measurements. It develops the comprehensive un-
derstanding of the complex carbonate reservoir and provide the solution to define source- reservoir
relationship, get the sweet spots and place the horizontal well.

This integrated workflow provided understanding and solutions in different scale and this input was
crucial for further geological study in the area. The integrated workflow has already led an example
to evaluate lacustrine shale oil reservoir which now spread to other integrated studies in Qadam
basin and other oilfields.
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Inertial solution for high-pressure-difference pulse decay mea-
surement through microporous media
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We present a theoretical asymptotic solution for high-speed transient flow through micro-porous
media in this work by considering the inertia effect in the high-pressure-difference pulse decay pro-
cess. It includes all three gas related effects, that are the inertia effect, the slippage effect, and the
compressibility effect. Capillaric model, in which a bundle of straight circular tubes whose radius
is much smaller than length is used to represent the internal structure, is adopted and the flow is
described by the unsteady-state incompressible Navier-Stokes equation with mean density in two-
dimensional case, capturing the main characteristic of mass flow rate. By order of magnitude anal-
ysis and asymptotic perturbation, our inertial solution along with its dimensionless criterion for
high-pressure-difference pulse are derived. The theoretical results are verified using our self-built
experimental platform, by comparing the permeabilities calculated by our inertial solution and the
benchmark steady-state measurement. Our inertial solution can shorten the measurement time and
is expected to be used in measurement of extremely low-permeability samples.
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Continental shale oil in China is mainly of low-medium maturity, filled with heavy oil of low mobility
and organic matter that unconverted. Horizontal drilling and hydraulic fracturing are insufficient to
obtain economic production in such reservoir, thus in-situ heating and transform technology should
be applied. A multiphase multicomponent hydro-thermal coupled numerical model considering mul-
tistage kinetic reactions is developed to describe the decomposition of solid organic matter, cracking
of heavy hydrocarbon, phase behavior and rock property evolution.
During the in-situ process, organic matter (kerogen) decomposition and heavy oil cracking happens,
enhancing hydrocarbon mobility. The research focuses on the development of multiphase multicom-
ponent hydro-thermal coupled numerical model, with the evolution of porosity and permeability
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considered. The finite volume method is used for the space discretization of flow and heat transfer
equation, and solved by the fully coupling method. Finally, the impact of important parameters on
cumulative production are analyzed.
The compositional flow model is validated by comparing the results with those of CMG, and the cou-
pled hydro-thermal model is validated against COMSOL Multiphysics. The impact of parameters
including heating temperature, kerogen concentration, well bottom hole pressure, heater pattern
and initial water saturation on cumulative production is analyzed. The results are summarized as:
kinetic reaction rate is controlled by temperature and different reactions take place at variety heating
temperature, influencing the fluid composition; higher kerogen concentration can enhance cumula-
tive hydrocarbon production after in-situ conversion, making it an important parameter to evaluate
before production; low bottom hole pressure can extract hydrocarbon products in time to prevent
from further cracking and coking; different heater pattern has impact on the ratio of energy output
to energy input, and hexagon heater is the most benefit; high water saturation will enhance energy
consumption to heat water and reduce the utility ratio of energy, thus dewater process is required
to reduce water saturation. It can be concluded that the in-situ conversion process is feasible in
low-mid maturity shale oil reservoir, during which kerogen decomposition and hydrocarbon crack-
ing happens. Besides, the operating parameters should be investigated to make the heating process
economical.
The proposed model provides an efficient tool for modeling the in-situ conversion process of low-mid
maturity shale oil reservoirs. In this paper, the reservoir fluid property variation, in-situ porosity
and permeability evolution, and production characteristics are illustrated, which could provide in-
sights on heater design and well operational management. With multiple transport mechanisms and
multi stage kinetic reactions incorporated, the hydrocarbon production characteristics and forma-
tion property evolution of shale reservoirs can be both accurately captured.
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In geological storage of carbon dioxide (CO2), CO2 captured from large emission sources, such as
thermal power plants, is injected into the brine-saturated reservoir under a supercritical condition
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with a density of 600-700 kg/m3. One of the primary concerns in geological storage is the leakage
of CO2 due to buoyancy force. The dissolution of CO2 into formation brine improves CO2 storage
security. Because natural convection between CO2-saturated and CO2-free brines governs the dis-
solution processes, many works have been reported on the onset of natural convection and its mass
transfer using Rayleigh-Bénard convection. In this work, we report a three-dimensional (3D) exper-
imental investigation on the onset of Rayleigh-Bénard convection in a porous medium and its mass
transfer. A packed bed with plastic particles saturated with water was used as a 3D porous medium.
In contrast, alkaline acid soap containing sodium iodide (NaI) was used for the top boundary to model
the dissolution from a rigid solid surface. The dissolution of alkaline acid soap into water forms an
unstable density profile, triggering Rayleigh-Bénard instability in a porous medium. The fingering
structures of Rayleigh-Bénard convection were visualized by using the X-Ray micro-computed to-
mography scanner (X-Ray CT). The experimental conditions cover the Rayleigh number (Ra) range
between 2700 and 8100. Because the critical wavelength decreases with an increase in Ra, the finer
fingers appear on the top boundary for the higher Ra. The fingers merged into the large fingers,
which extended vertically downward with time. The onset time of convection reduces with Ra, and
the mass transfer increases with it. These results are compared with the previous numerical works.
Finally, we discuss the appropriate modeling of natural convection in geological storage.

Keywords: 3D X-Ray Visualization, Fingering Structures, Rayleigh-Bénard Instability, Rayleigh num-
ber (Ra), Natural Convection.
* Corresponding authors: sin.s.ab@m.titech.ac.jp, suekane.t.aa@m.titech.ac.jp
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In-situ visualisation of microbial hydrogen consumption using
high-resolution PET-MRI
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The efficiency of short and long term underground hydrogen storage in subsurface porous media
is one of the limiting technical challenges facing the renewable energy industry. Storage and with-
drawal efficiency may depend on microbial consumption of molecular hydrogen promoted by con-
ducive environmental and physical conditions in the porous medium that favour growth and survival
of many anaerobic microorganisms. Relevant to UHS are bacteria and archaea. The organisms de-
pend on molecular hydrogen as an electron source for cellular respiration. In this study, state-of-the
art visualization techniques were utilized to study hydrogen consumption and bacteria growth in 6
cm x 1.5 cm sand and glass bead packs. A multi-modal magnetic resonance imaging (MRI) - positron
emission tomography (PET) scanner was used to study both static and dynamic phenomena, respec-
tively. Sand and glass bead packs were saturated with bacteria solution (a sulphate-reducer olei
desulfovibrio alaskensis), both without and in the presence of hydrogen. The whole experiment was
conducted under anaerobic conditions for the bacteria to survive and grow. In-situ visualization pro-
vided insight into the dynamics of bacterial growth and hydrogen consumption rates: MRI provided
information on the spatial fluid saturation at micrometer scale. PET provided fluid displacement
dynamics during injection of brine, nutrients and bacteria at high temporal resolutions. We, hence,
observed bacterial growth and fluid flow redistribution at resolutions not previously used to study
these phenomena at the core scale.
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Carbon Capture, Utilization, and Sequestration (CCUS) technology is recognized as a pivotal solu-
tion to reduce carbon emissions to the atmosphere and address the issue of global warming. CO2
injection in coal formations has been commonly applied to enhance methane (CH4) recovery from
coalbeds and carbon sequestration in underground formations for environmental purposes. The
performance of the CO2 storage and CH4 recovery process is mainly governed by the adsorption
potential of CO2 against CH4 on the surface of the coalbeds. Adsorption isotherms can be mea-
sured using different experimental techniques such as volumetric and gravimetric; however, such
measurements are time-consuming, expensive, and mostly irreproducible. Additionally, mathemat-
ical models such as Langmuir and Freundlich can be inaccurate, have no saturation limits, and are
subject to the accuracy of the experimental work. Therefore, the present work applied a variety of
machine learning (ML) techniques to predict CO2 adsorption in coal formations.
A dataset of 1,065 points was collected for different coal samples at different operating conditions.
Different ML tools were applied to these data, including random forests (RF), gradient boost regres-
sion (GBR), decision tree regression (DT), and artificial neural network (ANN). The applied ML tools
predict CO2 adsorption as a function of coal’s properties, testing pressure, and temperature. The
coal composition is based on proximate measurements that define moisture, ash, volatile matter,
and fixed carbon content in the coal samples. In addition, the Vitrinite reflectance of the coal sam-
ples was used as an indicator for the coal rank. The training-to-testing data set ratio was 70:30.
Typically, a set of data hidden from the model was used for the validation purpose of the predictive
models.
The ML models could accurately predict CO2 adsorption of various coal properties and at different
system operating conditions. The correlation coefficient (R-value) and the AAPE (average absolute
percentage error) were used to evaluate the models’ performance. Overall, the R-values between
actual and estimated from the different ML models were all above 0.98 using training and testing
datasets, with AAPE values of 6%, 8%, 12%, and 13% for DT, RF, GBR, and ANN, respectively. Sen-
sitivity analysis depicted a high dependency of the adsorption estimates on volatile matter content,
maximum vitrinite reflectance, and operation conditions.
This work demonstrates the capability of sophisticated ML tools to accurately estimate the CO2
adsorption on the surface of coalbeds as a function of coal properties and testing pressure and tem-
perature without the need for experimental measurements or complicated calculations.
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Systematic screening of microbial induced calcite precipitation
kinetics via online monitoring

Page 124



InterPore2023 / Book of Abstracts

Authors: Frédéric Lapierre1; Patrick Hanisch1; Brigitte Nagy1

Co-authors: Timo Schmidberger 2; Andrea Kustermann 1; Robert Huber 1

1 Munich University of Applied Sciences HM
2 Sartorius Stedim Biotech GmbH

CorrespondingAuthors: robert.huber@hm.edu, timo.schmidberger@sartorius.com, andrea.kustermann@hm.edu,
patrick.hanisch@hm.edu, frederic.lapierre@hm.edu, brigitte.nagy@hm.edu

Microbial urease catalyses the hydrolysis of urea to ammonium and carbonate, which results in an
increase of the environmental pH value. Addition of calcium ions then leads to calcium carbon-
ate precipitation. Microbial Induced Calcite Precipitation (MICP) is successfully applied for, e.g.,
restoration of construction materials, soil reinforcement, or metal and radionuclide bioremediation.
However, the precipitation process requires further optimization to make industrial application of
MICP more efficient.

A high precipitation rate of CaCO3 in the pore space of consolidated sand samples is necessary
to increase the compressive strength. Multiple parameters as e.g. the urea and calcium ratio and
concentration have been described in literature to have an influence on the precipitation process.
However, most studies do not monitor the precipitation reaction itself, but perform application ex-
periments on sand matrices and only check for the outcome data, typically compressive strength or
the calcite content. Nevertheless, a small number of studies do try to derive strategies to improve
the overall MICP process by getting an insight on the calcite precipitation kinetics and/or the crystal
formation. These studies can mainly be grouped in two categories; there are simple beaker experi-
ments with frequent manual sampling, as well as more advanced microfluidic experiments. Besides
other disadvantages, both experimental strategies fail to provide a high amount of data points from
a large number of parallel set-ups. Therefore, only the screening of individual parameters can be
evaluated and possible interactions between parameters are disregarded.

Here, a new high-throughput microplate assay is presented, enabling online monitoring of calcite
precipitation kinetics with a measurement interval of only 150 seconds. This assay was realised
by making use of the automated high-throughput microbioreactor BioLector, which is able to mea-
sure a backscatter signal of 48 wells of a microplate in parallel while shaking at high speeds. The
backscatter signal, intended for biomass estimation, corresponds to the turbidity in each well. When
bacterial suspension and a cementing solution containing urea and a calcium source are mixed, cal-
cium carbonate forms and precipitates, causing the backscatter signal to increase over time. As
multiple precipitation kinetics can be measured in parallel by this system, the influence of multiple
parameters on the precipitation rate can be easily compared. Interactions of multiple parameters
influencing the MICP kinetics can be described as well by applying a Fractional Factorial Design
(FFD) experimental approach.

In this study, the parameters OD600, pH, urea- and calcium concentration, type of calcium salt and
culture washing were analysed. Three settings, which showed distinct calcite precipitation kinet-
ics, were chosen to be adapted for quartz sand cubes solidification experiments to find a correla-
tion between compressive strength and the precipitation rate. The results showed that very fast as
well as delayed calcite precipitation is disadvantageous to solidify samples with high compressive
strength.

Overall, the microbioreactor system can be successfully used to measure increasing suspension tur-
bidity. This enables an easy systematic screening of a multitude of parameters influencing the pre-
cipitation rate and could help to optimize MICP applications, e.g. for building restoration to improve
porous or deteriorated building components.
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At the end of a production well’s life cycle, the facility must be shut down and prepared for decom-
missioning. This process ensures that the well site is properly sealed to prevent the migration and
emission of remnant hydrocarbons that may reside within the well. This procedure is known as
plug and abandonment and sees the emplacement of a series of cement-based plugs to act as this
sealing mechanism. This process is also closely followed during carbon-capture-and-storage (CCS)
procedures, where at the conclusion of CO2 injection into the reservoir stores, the site must be reli-
ably sealed to prevent the extrusion of the stored carbon. These cement plugs are prone to cracking,
shrinkage, and detachment from the well interface, potentially resulting in the formation of pref-
erential pathways in which the hydrocarbons can migrate. The consequences are the emission of
fugitive CO2, CH4 and H2S into the surrounding environments leading to damage to ecosystems
and the atmosphere. This is particularly problematic with the current global push towards net zero
carbon. We propose the use of a novel material as an alternative sealant to replace standard ce-
ments that should eliminate the formation of these pathways and improve the well’s integrity over
time. The material, known as Quick Clay, is a naturally occurring, post glacial marine clay of high
sensitivity. The clay is from the Quaternary era (2.6 million y.a. –present) and has undergone sub-
stantial weathering as a product of glacial retreat and isostatic rebound. The clay is mainly found in
northern Russia, Norway, Finland, Sweden, Canada and Alaska and is sometimes referred to as Leda
or Champlain clays. The specific conditions in which this clay forms provides it with the unique
ability to shift from a rigid solid to a free-flowing fluid near instantaneously, before returning to a
relatively strong remoulded state. The project aim is to provide a long-term barrier to limit the emis-
sion of remnant hydrocarbons within abandoned wells. In this research work, we investigate the
effects of clay density (water/clay ratio) and pore-water chemistry on the mechanical and hydraulic
properties of the proposed barrier material. Initial testing indicates that the clay can be pumped at
densities similar to that of cement but at much lower viscosities, aiding in the ease of placeability,
and preserving its low permeability. Once placed, the clay remains ductile enough to be remoulded
and reshaped upon significant deformation, providing a barrier with a self-healing capability. The
presentation will show a fundamental characterisation of the quick clay (pH, liquid/plastic limits,
mineralogical composition, and particle size), and a parametric study on the pumpability, penetra-
tion, compressibility, and shear strength towards a proof of concept for the clay to act as a new
sealing element.
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SmartWater, through salinity and ionic strength adjustment, can be a favorable influence on rock
wettability and oil recovery. Recent studies revealed information about strong physicochemical in-
teractions of SmartWater with carbonate minerals and crude oil components leading to increased oil
production when compared to conventional water injection. To explain this phenomenon, several in-
teraction mechanisms were proposed such as ion exchange, rock dissolution, surface charge changes
and many others. Surface charge alteration has been investigated as the most possible hypothesis
by several researchers. The previously applied characterization methods have certain limitations to
identify the chemical structures at interfaces.
In this paper, advanced Sum Frequency Generation (SFG) spectroscopy, in combination with Zeta
PALS, is applied to characterize the chemical structures of molecules and surface charges at oil/brine
interfaces. Synthetic brines with different ionic compositions and model oil are used to determine
the effects of individual and combined ions on the monolayer structures before and after surface
charge alteration. Stearic acid is also mixed with hydrocarbons to mimic carboxylic acids present
in the reservoir crude oil. The measurements were conducted with time at broad wave numbers
ranging from 1,400 to 3,800 cm-1.
The results obtained from combination of the SFG and zeta PALS methods shed several new insights
into understanding not only the chemical structures of monolayers at the interface but also the re-
sulting changes in zeta (ζ) potential as a function of ionic composition. The measured spectra and
intensity from SFG are discussed in terms of composition and structure of organic and inorganic
components. At the same time, the ζ potential of the model oil droplets in brines was also measured
to monitor the surface charges. It was found that the intensity of SmartWater at a certain wave
number is higher when compared to conventional injection water and the ζ potential results also
showed similar trends to agree with SFG findings. Such consistent results from two different exper-
imental techniques indicate that the interactions at oil/water interfaces are enhanced at lower ionic
strengths, which can be considered favorable for oil recovery enhancement.
The uniqueness of this interfacial characterization study is that it provides better understanding of
the reaction mechanisms regarding impact of the ionic strength and salinity of injection water due
to surface charge alteration at the interfaces. This understanding will be useful for optimizing the
chemistry of injection water for improved oil recovery in carbonates.

Participation:

Online

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Page 127



InterPore2023 / Book of Abstracts

Country:

Saudi Arabia

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS17 / 155

Arctic bryophytic cover seen as a porousmedium: coupled exper-
imental and numerical thermal properties’ assessment
Authors: Simon Cazaurang1; Manuel Marcoux1; Michel Quintard1; Laurent Orgogozo2

1 Institut de Mécanique des Fluides de Toulouse
2 University of Toulouse - Observatory Midi-Pyrénées - Geosciences Environment Toulouse laboratory

CorrespondingAuthors: simon.cazaurang@toulouse-inp.fr, michel.quintard@toulouse-inp.fr, manuel.marcoux@imft.fr,
laurent.orgogozo@get.omp.eu

Thermal regimes of arctic soils are strongly correlated to the presence of perennially frozen soil lay-
ers (permafrost). These soils undergo a cyclic annual freeze-thaw phenomenon with the formation
of an active layer during summer. A complex patchwork of low vegetation layer consisting of Sphag-
num moss, lichen, and peat covers this active layer. Such profiles are found in boreal regions for
millions of km².
The latest IPCC reports show that arctic regions are highly vulnerable to climate change.
This vegetation cover proved to be crucial for modelling thermal soil regimes, both at watershed
scale [1] and at continental scale [2]. This layer is the main interface between the atmosphere and
the geosphere, through which energy and matter fluxes are mainly occurring by evapotranspiration
[3]. Assessing morphological, hydraulic and thermal properties of this vegetation layer is thus com-
pulsory to enhance predictive climate change impact models on boreal regions.
However, field measurements are difficult to conduct properly due to the large scale and the poor ac-
cessibility of the study area. To do so, some usual porous media study techniques (Representative El-
ementary Volume study, Pore Network modelling) has been applied in order to quantify morpholog-
ical properties and hydraulic properties [4]. This first study showed the existence of Representative
Elementary Volumes and that the bryophytic cover is highly porous and water conductive.

In the present work, the assumption to consider arctic vegetation cover as a porous medium is ex-
tended to thermal properties’ assessment. A coupled experimental and numerical approach is set up
to cross-validate the results found using both methods.
For this work, 12 dried samples extracted in 2018 at Khanymey Research Station (Siberia) are studied
as well as some alive samples extracted from Clarens (Upper-Pyrenees). These samples consist of
eight Sphagnum moss samples, two lichen samples and two peat samples.
The experimental setup is based on an enhanced version of the EN 12667 [5] norm for the assess-
ment of thermal conductivity of highly thermal resistive material. Effective thermal conductivity
and thermal diffusivity are extracted from thermocouple data and heat flux data coupled with in-
frared thermography. The values are then averaged to a continuous medium by bisection method.
A two-phase numerical simulation is after conducted on a macroscale tridimensional reconstruction
of samples obtained by X-ray tomography.
Samples’thermal conductivity is then fitted to cope with the averaged continuous medium and leads
to the cross-validation of the experiments.

The preliminary results show that most of the studied vegetal cover samples are thermally resis-
tive, in-line with field measurements [6]. Infrared thermography shows high heterogeneity in ther-
mal response. Yet, some further work is needed to better understand the linkage between water
saturation and hydraulic and thermal properties’variability. Such study allows the generation of
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computationally-efficient boundary conditions of this bryophytic layer for large scale climate change
impact models.
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The determination of realistic rates of CO2 dissolution associated with geological CO2 storage in
deep saline aquifers requires an understanding of the mixing process that takes place during the
emplacement of CO2 into these formations. The mixing process is triggered by the local density
increase in the ambient brine following the CO2 dissolution. As a result, gravitational instabilities
occur, and perpendicular elongated finger-like patterns form that are enhancing the mixing between
CO2 and water compared to a purely diffusive process. This density-driven mixing process is im-
portant because it accelerates the CO2 dissolution into brine and could eventually form a stable
stratification in the aquifer, thereby reducing the chances of leakage.
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Owing to the difficulty of imaging the time-dependent convective process, experiments so far have
largely focused on two-dimensional systems (e.g., Hele-Shaw cells), which inherently limit the lat-
eral spreading of the downwelling plumes. Here, we present the development of an experimental
approach to investigate the evolution of the convective mixing process in three-dimensional porous
media using X-ray Computed Tomography. To this end, we have considered consolidated rock sam-
ples (two sandstones, two carbonates), for which observations have thus far been lacking.
We characterize the rocks based on the different scales of heterogeneities using different measures
such as the representative elementary volume (REV), the coordination number and the pore size
distribution.
To imitate the dissolution process of CO2 in brine in the rocks under laboratory conditions, a salt is
used with a high X-ray attenuation coefficient that dissolves in water and creates a heavier solution
than pure water. We observe that the mixing structures, that arise upon dissolution in the consoli-
dated rock samples, differ among those and are strongly impacted by heterogeneities, especially by
macro-heterogeneities such as fractures and vuggy pores.
A key advantage of the three-dimensional X-ray CT images is the possibility to monitor and compare
the temporal evolution of individual plume structures between the different rock types.
Further, we compute the temporal evolution of the spatial moments of the vertical concentration
distribution, including the cumulative dissolved mass, the location of the centre of mass and the
spreading length. We find correlations between the scaling of the moments with the heterogeneities
of the pore space. This suggests that apart from characteristics of the advective transport (such as
permeability and porosity, included in the Rayleigh number), other micro- and macro-structural fea-
tures are influencing the overall mixing.
These observations provide therefore more representative information towards the investigation of
convective mixing in the context of CCS as well as the selection and evaluation of sequestration
sites.
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Understanding reactive solute transport in natural media is critical for many applications (e.g., ground-
water remediation, carbon storage, and enhanced oil recovery). It has already been confirmed that
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solute mixing can be significantly enhanced when decreasing the saturation, which ultimately in-
creases effective reactivity. Most studies have been conducted in steady state conditions, i.e., con-
stant flow rate and immobile immiscible phase (e.g., gas or oil) within the pore space. However, in a
dynamic multiphase flow system, the motion of the immiscible phase constantly alters the effective
flow paths and increases the complexity of the flow field. The impacts of dynamic multiphase flow
on reactive solute transport remain an open question. To this end, we build up a quasi-2D porous
medium using a 3D printing technique. The new device allows the injection of the reactants together
with a steady multiphase flow. We directly evaluate the evolution of a mixing limited reaction by
capturing the light emission from an optimized chemiluminescence reaction. Direct numerical sim-
ulations are used to infer the velocity field within the liquid phase. In steady state conditions, after
an initial increase, the effective reaction rate decreases monotonically. However, while multiphase
flow enhances mixing, the effective reaction rate fluctuates in time. Immiscible phase displacements
suddenly put two reactants in contact, changing dramatically the local reaction rates in space and
time.
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Surface roughness of pore space of sedimentary rocks plays an essential role in various processes,
e.g., enhanced oil recovery from reservoir rocks [1] and microbially-induced calcite crystal growth
[2]. Regarding immiscible fluid flow, the surface roughness affects the local contact angle and hence
the relative rock surface tendency to one of the fluids [3]. The roughness impact is much more
pronounced for low-conductive porous media where the average diameter of capillaries is small
compared to the average surface roughness [4]. In this study, we illustrate an approach to measure
the pore surface roughness of sandstone rock by employing extremely high-resolution FESEM im-
ages. The procedure adopted in this study was to use a search window over the 2D image data to look
for the pore pixels and determine several factors, such as channel size and pixels on the perimeter
that were in contact with the rock phase. The speed of the moving window approach was enhanced
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by search optimization approaches such as the genetic algorithm, the Monte Carlo method, artificial
immune systems, and the particle swarm method [5]. Three common simplified geometries of the
sinusoidal curves and squarish and triangular shapes were utilized to determine local roughness val-
ues. The information generated in this study included both the extreme surface roughness values
and the local pore sizes. Eventually, to unify all these data, we used a neural network to predict
surface roughness with respect to microchannel (pore) diameters. The results showed that methods
with strong local search such as particle swarm optimization were more effective to find microchan-
nels, while techniques like the Monte Carlo method that has no local search potential were more
successful in the search for different roughness values. Our novel methodology for determining
pore surface roughness can be used to assess the effects of roughness on phenomena such as fluid
flow, surface reaction, and deposition/adsorption inside porous materials.
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Traditional oil recovery methods typically extract around 30% of oil within a reservoir; as such, the
development and understanding of newer recovery techniques is becoming more instrumental as
focus in production shifts away from exploration and into the maximisation of output from already
accessible reservoirs. Among these techniques, surfactant/polymer methods have the capability of
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increasing recovery up to 70% by both liberating trapped oil, in decreasing the residual oil saturation,
and improving the displacement efficiency, in decreasing the mobility ratio. Despite its theoretical
efficacy, cost and difficulties with forecasting field scale behaviours are often limiting factors in in-
dustrial application. Given the large number, and associated variability between explored cases, of
key rock and fluid parameters influencing the displacement process, a traditional workflow firstly in-
volves characterisation tests to determine key fluid properties and corefloods to evaluate the ultimate
recovery performance. Within this workflow, the coreflood outlet analysis is critical in allowing for
almost all key performance indicators to be inferred; however, given this limited viewpoint, it can
be often challenging to decouple, and associate, the observed behaviours in the outlet analysis with
the actual behaviour in-situ of the rock cores.
To this aim, direct visualisation of the core flooding phenomena can help elucidate the various con-
tributing factors to the displacement process and help build associated fundamental understanding.
Among the available techniques, X-ray computed tomography allows for the visualisation of phase
flow, yielding insights into the formation and propagation of the oil bank –characteristic feature of
surfactant and polymer floods.

In this work we present results from a series of surfactant-polymer floods performed in Bentheimer
cores imaged via X-ray CT where saturation profiles –ranging from one to three dimensional –
are extracted. Within these experiments, core aspect ratios and surfactant choice, hence perfor-
mance, were systematically varied in order to gain appreciation for their respective effects on the
fluid phases’flow and oil bank dynamics. Despite similarities in their successful performance by an
oil cut and oil recovery viewpoint, direct imaging of the experiments reveals important differences.
In examining the internal saturation profiles, we note disparities both in the degree of self-similarity
and in the presence of late-stage tailing at the profiles’rear; hinting at differences in both the veloc-
ity and the efficacy of the displacement respectively. Through the three-dimensional imaging, other
differing effects between experimental cases, such as gravity effects and oil bank dynamics, can also
be visualised and quantified. Overall, the length of the core appears to have a strong influence on
the ‘idealness’of the surfactant and polymer displacement process; despite this, the surfactant choice
itself, and its associated performance, can help mask some of the non-idealness –meaning an accu-
rate understanding of the surfactant performance within the core might be limited when examining
performance based solely on outlet sampling parameters.
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Controllable but realistic representation of subsurface gas storage scenarios are needed to assess the
impacts that microbial processes could have on behaviour of stored gas in hydrogen storage. Cur-
rent experimental approaches may misrepresent the type and magnitude of microbial activity as they
do not consider the limited residual water available as habitats for microorganisms. Understanding
microbial processes is necessary as microorganisms could consume and produce gases (including
converting hydrogen to corrosive hydrogen sulphide or to methane) or block flow pathways with
biomass or precipitates. These processes can only be properly assessed if the gas filled, residual wa-
ter state can be recreated in the laboratory.
We have developed an experimental set-up that allows us to study microbial processes in both satu-
rated and unsaturated conditions and change between them to represent fluid movement occurring
at the fringes of stored gas during storage cycles. The fringes of stored gas have been identified as a
potential hotspot for microbial processes.
The apparatus comprises two 1000 ml syringe pumps attached to a core sample held in a pressurised
vessel. The system can be operated at pressures of up to 130 -500 Bar (depending on configuration)
which is representative of pressures expected during hydrogen storage cycles. The sample can be
heated up to at least 90 ℃ to cover the expected activity range of subsurface microorganisms. The
system allows the core to be saturated from the base of the sample by flowing a suitable ground-
water mimicking the environment in a saline aquifer prior to gas storage. Using the second pump,
groundwater can be displaced from pore spaces by injecting hydrogen into the top of the core sam-
ple, leaving a residual volume of water more closely replicating the conditions that would occur in a
storage reservoir. Continuous logging of flow, pressure and volumes allow the degree of saturation
and flow properties to be calculated. Sampling ports allow collection of both gas and water samples,
allowing microbial gas consumption and conversion and impact on water chemistry to be monitored.
The apparatus is currently undergoing proof-of-concept testing in which stimulation of methanogens
within sandstone cores is being investigated. Although the system most closely resembles hydrogen
storage in saline aquifers, it is also relevant to storage in depleted hydrocarbon fields and storage of
carbon dioxide.
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Carbon capture and storage (CCS) is an important climate change mitigation technology that cap-
tures carbon dioxide (CO2) and permanently stores it in subsurface geological formations. The
geological storage of CO2 leads to pressure buildup and gaseous plume migration in the storage
formation. Forecasts of these dynamic responses are used to determine CO2 storage capacities
and guide important engineering decisions. The modeling of these processes requires multi-phase,
multi-physics, and multi-scale simulations, which are very expensive with current numerical ap-
proaches.

An especially challenging characteristic of CO2 storage modeling is that it demands both high reso-
lutions and extremely large spatial-temporal domains. The gaseous CO2 plume requires resolutions
as fine as one to two meters to provide reliable estimates for the migration. Near-well responses such
as pressure buildup and the dry-out effect, i.e., evaporation of formation fluid into the gas phase, also
require highly resolved grids around the injection well. Meanwhile, the pressure buildup can travel
hundreds of kilometers beyond the CO2 plume and interfere with other injection operations. One
approach for reducing the computational costs of numerical simulations is to use non-uniform grids
to capture different responses with different resolutions. A popular method known as local grid re-
finement (LGR) has enabled simulations of real-world three-dimensional (3D) CO2 storage projects,
where the fine-grid responses capture the plume migration while the coarser grid responses capture
the far-field pressure buildup. However, even with non-uniform grid approaches, these numerical
models are still too expensive to be used for important CCS tasks that require probabilistic/repetitive
forward stimulation, such as site selection, optimization, and inversion.

In recent years, machine learning approaches are emerging as a promising alternative to numerical
simulation for subsurface flow problems. Machine learning models, trained with numerical simu-
lation data, are usually much faster than numerical simulators because inferences are very cheap.
However, for CO2 storage problems, the challenge of the multi-scale response has limited develop-
ments of machine learning models. Previous studies either focus on 2D problems with a single injec-
tion well or 3D problems with very coarse resolutions that fail to capture essential physics.

We present a machine learning framework with an unprecedented capability of high-resolution, full-
physics, dynamic 3D CO2 storage modeling. We integrate the FNO machine learning architecture
with the LGR modeling approach and present the Nested Fourier Neural Operator (Nested FNO) ar-
chitecture. Fourier neural operator (FNO) is a type of neural operator that has especially outstanding
predictability for flow-related problems by using Fourier transform to learn the solution operator ef-
ficiently. This approach vastly reduces the computational cost needed during data collection as well
as overcomes the memory constraints in model training. Our prediction resolution exceeds many
benchmark CO2 storage simulations run with existing numerical models.

Nested FNO offers dynamic 3D simulations in real time because the prediction speed is 700,000 times
faster than the state-of-the-art numerical solver. This prediction speed enables many critical CCS
tasks that were prohibitively expensive. The high-quality real-time predictions of Nested FNO can
greatly enhance our ability to develop safe and effective CCS projects.
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The transport of water through permeable geological formations couples various phenomena. As
the water flows through the permeable medium, water reacts with the medium changing the mor-
phology, mechanical properties, and permeability of the medium; this in turn affects the flow and
chemistry. These varied phenomena occur at various length and time scales, which makes the prob-
lem extremely difficult. Multiscale modeling approaches have been developed for particular pro-
cesses to pass the information from one scale to another. However, the actual implementation of
this technique is prohibitively expensive. We present a methodology to overcome this challenge
by creating a high-fidelity, computationally efficient surrogate of the lower scales behavior that can
directly be used at the upper scale to prevent repeatedly solving equations. We particularly focus on
the transport of flow through the porous medium in the presence of chemical reactions, where due
to the change of internal variables and evolving microstructure, the convection-diffusion equations
are complicated. We generate one-time off-line data from the lower scale to train the solution to the
partial differential equations over a neural network and obtain a learned surrogate. The surrogate
is an inexpensive, approximate solution to the lower-scale problem, which can be used to solve the
macroscopic problem without further modeling.
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CO2 sequestration into deep saline structures is an effective and crucial process to control the ex-
ponential rise in global CO2 emissions. CO2 injection into deep underground formations requires
precise numerical analysis for predicting the stress and pressure distributions in order to prevent
leakage, mechanical failure, and induced earthquakes and to analyze wellbore stability. CO2 se-
questration problem usually involves multiple fluid phases, and CO2 may experience phase transi-
tion, making the simulation extremely challenging. This work presents a multiphase energy-based
poromechanics model to simulate the complex behavior of CO2 and predict the pressure distribution
during the injection. A variational approach is used to define the governing equations by minimiz-
ing the free energy density function of the porous system. A numerical analysis based on the finite
element method has been done to analyze the behavior of a multiphase porous system containing
CO2 and brine fluid phases. We also investigate the CO2 phase transition in the high-pressure re-
gion and the effect of phase transition on pressure and saturation distribution during the injection.
This approach can indicate the location of the gas-liquid interface, CO2 phase state, and change of
density profile during the injection process.
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A diverse range of single-phase and multiphase flow and transport occurs in multiscale porous me-
dia. Recently, the micro-continuum Darcy–Brinkmann–Stokes (DBS) approach has been developed
to simulate the single-phase and multiphase flow at both the pore and continuum scales via single-
field equations. This report reviews the state-of-the-art models and applications, including our latest
progress on these issues: (1) A single-phase micro-continuum model was developed to perform an
image-based simulation of coke combustion through a multiscale porous medium. The simulation
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coupled weakly compressible gas flow, species transport, conjugate heat transfer, heterogeneous
coke oxidation kinetics and structural evolution. The accurate numerical results provided a better
understanding of coke combustion and can help engineers design sustainable combustion methods;
(2) A single-phase micro-continuum model was employed to develop two multiscale workflows to up-
scale the rock permeability from the millimeter scale to the near centimeter scale. With experimental
permeability as the benchmark, this study compared single-scale simulation methods and multiscale
workflows to quantify the best permeability analysis method for different rock types, including frac-
tured carbonate, vuggy carbonate, and conglomerate. The acceptable agreement between the exper-
imental and simulated permeabilities for eighteen core plugs improves the confidence in using the
developed DRA to predict permeability for complex rocks; (3) A multiphase micro-continuum DBS
model to mitigate spurious velocities at the gas-liquid interface and contact-line regions. A series of
static and dynamic benchmark cases are investigated to demonstrate that the improved DBS model
can simulate capillary-dominated multiphase flows with negligible spurious velocities at capillary
numbers as low as 10-4 in both simple and complex geometries. Eventually, some relevant research
directions with their challenges are discussed in further research.
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Hydrogeological properties are very important to enhance the modeling of physical and chemical
processes related to various geoscience and environmental applications such as geologic carbon stor-
age, subsurface energy recovery, and environmental fate and transport. One critical component of
subsurface characterization for prediction of flow and reactive transport is how accurately we can
estimate heterogenous permeability (and porosity) fields. In this work, we will compare physics-
informed machine learning methods such as physics-informed neural network (PINN) and Bayesian
PINN to estimate heterogenous permeability fields with spatial and temporal observation data of
tracer concentrations in 3D sandbox experiments. Emphasis will be placed on comprehensive state-
of-the-art datasets obtained using magnetic imaging resolution approach that provide non-reactive
tracer transport over time in well controlled laboratory sandbox experiments. This work will pro-
vide outstanding benchmark datasets that can be used for validation of machine/deep learning ap-
proaches.
SNL is managed and operated by NTESS under DOE NNSA contract DE-NA0003525.
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Over the past decade non-destructive imaging methods for materials have been increasingly ad-
vanced. Two most notable imaging methods include X-ray computed microtomography (μCT) that
can image materials at sub-micron scale to millimeter scale resolutions and focused ion beam-scanning
electron microscopy (FIB-SEM) that can image at a nano-meter scale. Hence, the segmentation of im-
ages obtained from different imaging techniques is a critical step towards quantitatively describing
various features of geomaterials over a range of scales. In this work we evaluate various deep learn-
ing methods (e.g., U-Net, Attention U-Net, Efficient net, transformer, VGG16, ResNet, and MultiRe-
sUnet) to segment both μCT and FIB-SEM images. Four independent datasets including sandstone,
carbonate chalks, and shale are evaluated. Each of these datasets is composed of three-dimensional
image stacks and corresponding ground truth segmentation labels obtained using various traditional
image processing techniques. Our preliminary results indicate that deep learning architectures can
successfully be applied to the task of semantic segmentation for individual dataset with frequency
weighted accuracy between 94% and 99% (on testing data) and can perform better than manual seg-
mentation to recover the natural morphology of original images. However, performance is signif-
icantly deteriorated by ~ 10-30% in accuracy when mixed images from different imaging methods
are used as training data. Here, we will demonstrate the improvement of semantic segmentation
of multiple rock images from both μCT and FIB-SEM through transfer learning of transformers and
other deep learning methods.
SNL is managed and operated by NTESS under DOE NNSA contract DE-NA0003525.
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Mixing occurs when two miscible fluids are brought into contact. Dispersion is a homogenized man-
ifestation of the mixing process, which averages velocity and concentration fluctuations that cannot
be resolved at the scale of observation. Shear dispersion, the process of solute spreading in pipe
flow, originates from the non-uniform velocity profile in a pore cross-section. Taylor dispersion is
the asymptotic limit of shear dispersion, i.e., when the pipe is long enough.
In the limit of long times, Taylor [1] derived the advection–dispersion equation for the cross-sectionally
averaged concentration with an effective dispersion coefficient. This effective dispersion coefficient
is analytically given as a function of Pe, where Pe=UR⁄D_m is the Péclet number expressed in terms
of the mean velocity U, tube radius R, and molecular diffusion coefficient D_m. For a tube of fi-
nite length, the dispersion exhibits the pre-asymptotic behavior, where the dispersion coefficient,
defined by the temporal derivative of the mean square displacement of tracers, increases with flow
time and eventually converges to the Taylor dispersion coefficient. There are numerous studies that
seek to find the early-time solution for dispersion in straight tubes. However, due to the difficulties
of theoretical analysis, most of the studies focused on tubes of circular cross-sections [2]. Since the
cross-section of pore structures is highly irregular, it is difficult to upscale these pore-scale studies
to the porous media scale.
In this study, we propose a correlation of dispersion coefficient in tubes of different cross-sections.
The proposed correlation relates the dispersion coefficient to Pe and flow time. The present study
can be easily combined with other simulation methods, such as pore network models, for upscaling
the pore-scale shear dispersion to porous media scale.
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Several authors in the literature have studied the relationship between the formation factor for elec-
trical conductivity and the permeability of different types of reservoir rock by providing stochastic
replicas of rock samples and/or performing experimental measurements (e.g., Liang et al. (2000)).
The permeability is known to be indirectly proportional to the formation factor and directly pro-
portional to the square of a characteristic length, which can, for instance, be determined from the
hydraulic diameter or specific surface area. Walsch and Brace (1984) have determined the hydraulic
diameter from the Carman-Kozeny equation which involves an empirical coefficient. Thompson et
al. (1987), however, made use of percolation theory to define the characteristic length as the smallest
pore size at the percolation threshold. The permeability-formation factor (k-F) relationship has fur-
thermore been extended by, e.g., Revil et al. (2014), by incorporating a percolation threshold poros-
ity, but still containing an empirical exponent. Alternatively, the k-F dependence is expressed as a
power-law (in millidarcy), with the coefficient and exponent being empirical parameters. Nkocko
Awountsa et al. (2022) have proposed an expression or the formation factor as a function of porosity
for isotropic granular porous media in which a percolation threshold porosity is incorporated. This
analytical model is based on the Representative Unit Cell model (RUC) model which has served well
in the literature. In this study the RUC model will be used to provide an analytical expression for
the k-F relationship, which does not involve empirical parameters. The permeability is derived from
sound physical principles and related to the formation factor through a geometric factor. The model
predictions are validated against experimental data obtained from several authors from the literature
for the permeability and formation factor. The data are for actual sandstone rock samples as well
as for digitally reconstructed rock samples. Several authors have obtained model predictions for
either the k-F relationship, the permeability-porosity relationship or the formation factor-porosity
relationship, all within a factor of three from the experimental data. Biella et al. (1983), for instance,
have obtained this result for their k-F relationship evaluated against data for artificial clean sand
samples of the same characteristic length. Similar results have been obtained by Liang et al. (2000)
for their formation factor computed from stochastic replicas evaluated against data of five reservoir
rock samples. The average deviation obtained in this study for the model predictions for the k-F
relationship compared to the experimental data are also of the same order of magnitude. The advan-
tage of the model used, is that the dimensionless permeability can be evaluated without the need for
predetermined curve fitting parameters. The model of Thompson et al. (1987), although also being a
theoretical model, requires the measurement of their characteristic length and hence the model can-
not be evaluated against other data in the literature for which this dimension is unknown. This study
aids to the development and understanding of transport phenomena in the reservoir engineering and
petrophysical environments.
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The interface between the free flow and the porous medium in a coupled system has a major influ-
ence on the behavior of the whole system. Droplet formation on the interface affect the interaction
between the free flow and the porous medium by altering the coupling conditions [1, 2]. Droplet
formation and evaporation are of great importance in industrial applications such as water manage-
ment in fuel cells and cooling systems and even in our daily life where the sweat droplets emerge
on our skin . Here, we present the model we recently developed to take the impact of the droplet
formation and evaporation on the interface into account. In addition, we used the model to analyze
how free flow conditions, such as free flow velocity and relative humidity, and porous medium con-
ditions, such as contact angle and pore temperature, affect the droplet evaporation. In the model, we
extended the pore network model developed by [3], which describes the porous medium, to include
droplet formation on the interface. Navier-Stokes equations describe the free flow domain. These
analyses try to give a better insight about the droplet formation and evaporation.
[1] Ackermann, S., Bringedal, C., & Helmig, R. (2020). Multi-scale three-domain approach for cou-
pling free flow and flow in porous media including droplet-related interface processes. Journal of
Computational Physics, 109993.
[2] Michalkowski, C., Veyskarami, M., Bringedal, C., Helmig, R., & Schleper, V. (2022). Two-phase
flow dynamics at the interface between gdl and gas distributor channel using a pore-network model,
Transport in Porous Media, 144 (2) 429–458. doi:10.1007/s11242-022-01813-4
[3] Weishaupt, K., Joekar-Niasar, V., & Helmig, R. (2019). An efficient coupling of free flow and
porous media flow using the pore-network modeling approach. Journal of Computational Physics:
X, 1, 100011.

Participation:

Online

References:

[1] Ackermann, S., Bringedal, C., & Helmig, R. (2020). Multi-scale three-domain approach for coupling
free flow and flow in porous media including droplet-related interface processes. Journal of Computa-
tional Physics, 109993.
[2] Michalkowski, C., Veyskarami, M., Bringedal, C., Helmig, R., & Schleper, V. (2022). Two-phase flow
dynamics at the interface between gdl and gas distributor channel using a pore-network model, Trans-
port in Porous Media, 144 (2) 429–458. doi:10.1007/s11242-022-01813-4
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media flow using the pore-network modeling approach. Journal of Computational Physics: X, 1, 100011.
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Evaporation from a porous medium into a free flow is one of the fundamental processes
in environmental systems (e.g. the evaporation of water from soil into the atmosphere
[1]). In technical systems self-pumping transpiration cooling can be realized with the
help of porous materials where the combination of capillary action and phase change
is a promising approach to cool structures due to its high cooling efficiency [2]. The
distribution of liquid in the porous material, namely the existence of continuous liquid
pathways to the surface of the porous medium influences significantly the evaporation
rate [3]. Furthermore, the condition of the turbulent boundary layer in which the vapor
is transported away from the surface is of great importance.
Hybrid-dimensional models are successfully used for the efficient modeling of
such systems under laminar flow conditions [4]. These models use coupling conditions
to ensure the continuity of mass, momentum and energy between the pore network
model (PNM) and the free-flow domain. But these coupling conditions comprise
unknown parameters (e.g. the slip length) and their validity for turbulent flows is
unclear. One possibility to evaluate the validity of coupling conditions and to derive
closures for the unknown parameters is to fully resolve the Navier–Stokes equations in
the free flow and the pore space.
In this talk results of such pore resolved calculations are presented for a porous
medium with different water saturation levels. The focus will be on the momentum
balance at the interface. It will be discussed (i) how the rough, permeable surface
influences the turbulent boundary layer, (ii) how the fluid distribution will influence
the effective roughness and (iii) how the pore wall wettability influences the fluid
distribution.
Finally a possible approach for a coupling condition for the momentum balance
of a turbulent flow with a porous medium under different saturation levels is presented.
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A large portion of shale gas is stored in the kerogen matrix as an adsorbed phase, responsible for
the slow production after primary recovery. During CO2 injection, the preferential adsorption of
CO2 over CH4 in the shale organic matrix facilitates the desorption of CH4; therefore, gas recovery
can be potentially enhanced. In this study, the Navier-Stokes equation and the advection-diffusion
equation are coupled in the Lattice Boltzmann method to simulate the CO2-CH4 displacement in two-
dimensional dual-porosity porous media. The Langmuir adsorption kinetics is implemented at solid
surfaces for mass exchange between the free space and solid matrix. The adsorbed gas is assumed to
diffuse within the solid matrix homogeneously. The coupling scheme is validated by comparing the
simulation results with the analytical solutions for mass transfer. A convergence study is performed
for the lattice resolution and the number of extended layers at the inlet/outlet. The lattice Boltzmann
model is robust and efficient in porous media of irregular complex geometries. Preliminary results
show that the CO2-CH4 displacement is controlled by the inter-solid and intra-solid mass transfer as
well as the mass exchange rate between them. The gas diffusion coefficient, adsorption/desorption
rate constants, and pore geometry can affect the concentration and adsorption evolutions of CO2
and CH4.
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Geothermal fluids are often loaded with mineral and organic particles in suspension, various addi-
tives, microorganisms, heavy metals, etc. These compounds result in significant problems on the
sustainability of production and the maintenance of injectivity in the short term and, in the long
term, on the stability and continuity of the resource. As the migration and deposit of fines con-
cern numerous industrial applications, the physics of colloidal particles in porous media has been
widely studied. Historically, most of experimental studies were based on macroscopic measurements,
mostly with corefloods. Since the media (rocks) are opaque, there is currently very little experimen-
tal data describing the mechanisms involved at the pore scale. Lately, interesting results on colloidal
deposition and permeability damage have been obtained using microfluidic devices (Bacchin et al.,
2014; Delouche et al., 2020, 2022; Dincau et al., 2022; Duchêne et al., 2020; Kim et al., 2022). How-
ever, experiments are often conducted on simplified pore-network micromodel or microchannels
with or without constrictions, that are not reproducing real porous media. Thus, in this work we
focus on micromodels representative of a rock-like porous medium from the intrinsic properties
point of view (permeability, porosity, geometry of the pores⋯), to describe the characteristics of
permeability damage processes under conditions similar to those of geothermal energy (high flow
rates, high permeability ⋯).

The use of microfluidics, which allows direct visualization of the phenomena involved at the pore
scale and their quantification through advanced optical methods, was coupled to other important
measurements such as pressure.
More particularly, two experimental set-ups have been developed and used, based on different vi-
sualization techniques: optical imaging and laser-induced fluorescence (LIF) imaging. Both systems
have been designed to integrate the following tools: particle concentration monitoring, pressure
drop kinetic, direct visualization of the micromodel in which the fluids are injected. The use of these
two technics allows us to access complementary information at various scales. With fluorescence,
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we obtain the concentration field that includes the depth of the micromodel, whereas with classical
optical imaging we obtain a better resolution of the images and therefore a better understanding of
the mechanisms that result from the interaction between hydrodynamics (velocity, pore geometry,
⋯) and DLVO forces (particle-particle and particle-surface).
Indeed, this experimental study allowed to establish links between the velocity field and the charac-
teristics of the deposit; several “types”of deposits related to the geometry of the porous medium have
been highlighted. Clogging of pore-throats is a key mechanism for reducing permeability, but pore
bodies can also be critical deposition zones under certain conditions and stages of injection. It has
been also shown that, as the concentration of the suspension increases, the kinetics of permeability
reduction is delayed, and the clogging mechanisms as well as the type of deposit evolve. Finally, at
very high concentrations, significant hydrodynamic effects have been observed.
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Redox flow batteries are a promising option for large-scale energy storage, but their stringent cost
requirements hinder widespread deployment. One option to increase cost competitiveness is by im-
proving the power density of the electrochemical cell by enhancing the performance of the porous
electrode microstructure, which determines the available surface area for electrochemical reactions,
electrolyte transport, and fluid pressure drop [1]. Conventional porous electrodes are fibrous mats
assembled in coherent structures repurposed from fuel cell gas diffusion electrodes [2]. And, while
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functional, these materials have not been tailored to sustain the requirements of liquid-phase electro-
chemistry. Hence, new manufacturing techniques need to be developed affording a higher control
over the electrode microstructure and resulting properties. Additive manufacturing, or 3D printing,
is an emerging approach to manufacture controlled and deterministic architectures, enabling the
tuning of electrochemical performance and hydraulic resistance [3].
In this study, we manufacture model grid structures using stereolithography 3D printing followed
by carbonization (Figure 1a) and explore their application in redox flow batteries. We employ mi-
croscopy, tomography, spectroscopy, fluid dynamics, and electrochemical diagnostics to investigate
the impact of the electrode structure on the fluid and mass transport of ordered lattice structures
in non-aqueous redox flow cells. We investigate the influence of the flow field, printing orientation,
and pillar geometry on mass transport (Figure 1b). We elucidate correlations between the electrode
structure and performance metrics including pressure drop, surface area, and mass transfer correla-
tions. We find that the printing orientation influences the electrode performance through a change
in electrode morphology caused by surface roughness and resin spreading, impacting the shrinking
direction after carbonization, internal surface area, and therefore the charge transfer, mass transfer,
and hydraulic resistances. Moreover, mass transfer rates within the electrode are enhanced by us-
ing an interdigitated flow field or by altering the pillar shape to a helical or triangular design, which
could improve mixing. Compared to commercial carbon-fiber electrodes, the pressure drop is sig-
nificantly reduced (Figure 1c) because of the larger pore sizes (~500 μm for the 3D printed electrode
vs. 2-100 μm for the Freudenberg H23 paper electrode and 2-300 μm for the ELAT Cloth electrode).
Whereas the commercial electrodes feature a superior internal surface area, their area-normalized
mass transfer coefficients are lower compared to the printed electrodes (Figure 1d). Going forward,
the use of additive manufacturing enabling finer features combined with carbonization at elevated
temperatures can be utilized to manufacture multiscale electrodes concurrently providing excellent
electrochemical performance and low hydraulic resistance. Combining additive manufacturing with
emerging computational topology optimization approaches could enable the bottom-up design of ad-
vanced electrode materials for electrochemical devices [4].
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The pace of research on tight oil exploration and development has been accelerating in recent years.
However, the tight reservoir has the characteristics of stronger heterogeneity, more complex pore-
throat structure, and smaller pore-throat radius, which hinder their development. Microscopic het-
erogeneity of pore-throat structure significantly affects the characteristics of oil and water migration
and the distribution of microscopic remaining oil. Therefore, research on porous media with strong
heterogeneity and complex pore-throat structure has important engineering value. In this work,
the water-oil displacement process in heterogeneous porous media was simulated by coupling the
Navier-Stokes equation with the phase field method to track the interface between two phases in real
time. In the past, the classical spherical grain was often used to study the displacement efficiency
of porous media. However, with Voronoi tessellations embedded in porous media as the research
object, and randomly subtracting some polygons to form vugs, so as to get closer to the real core
structure, it is possible to observe new pore-scale phenomena that are not seen in classical spheri-
cal grains. The influence of capillary number (Ca), oil-water viscosity ratio (M) and wettability on
displacement efficiency has been investigated. The results demonstrate that at high viscosity ratio
and low Ca, the strong heterogeneity caused by vugs makes the dominant channel more unstable,
which is the main reason for increasing capillary number does not guarantee higher displacement
efficiency under strong heterogeneity. In addition to that, a phenomenon of self-imbibition is ob-
served due to strong heterogeneity, which leads to the coexistence of capillary fingering and viscous
fingering at the crossover. Low oil-water viscosity ratio can improve the stability of displacement
and make the displacement front more uniform. However, the lower the oil-water viscosity ratio,
the higher the displacement efficiency is not. The appropriate oil-water viscosity ratio is the key to
enhanced oil recovery. In addition, the displacement efficiency is the highest under the condition of
near neutral wetting. Our research shows that for tight reservoirs with poor displacement efficiency
due to the heterogeneity of pore-throat structure, it can be considered to change the surface wetta-
bility to neutral wetting during production design, and a lower injection rate should be selected to
improve oil recovery.
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Convective drying of porous media is central to many engineering applications, ranging from spray
drying over water management in fuel cells to food drying. To improve these processes, a deep
understanding of drying phenomena in porous media is crucial. Therefore, detailed simulation of
multiphase flows with phase change is of great importance to investigate the complex processes in-
volved in drying porous media.
In this contribution, we propose a Navier-Stokes Cahn-Hilliard model coupled with balance equa-
tions for heat and moisture to simulate the two-phase flow with phase change. The phase distribution
of the two fluids air-water is modelled by the Phase Field equation [1].
The focus of this contribution is on the validation and application of the numerical model. While
many studies aim to access the phenomena by simulations, here we succeed to compare comprehen-
sively simulations with an experimental methodology based on microfluidic multiphase flow studies
in engineered porous media [2]. Comparisons with experiments are rare in literature and usually in-
volve very simple cases. We compare our simulation with convective drying experiments of porous
media [3]. Experimentally, the interface propagation was visualized in detail in a structured mi-
crofluidic cell made from PDMS. The drying pattern and the drying time in the experiment is very
well reproduced by our simulation.
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Porous electrodes are performance- and cost-defining components in modern electrochemical sys-
tems as they determine the hydraulic resistance, facilitate mass transport, conduct electrons and
heat, and provide surfaces for electrochemical reactions [1]. Thus, electrode engineering is an effec-
tive approach to improve cost competitiveness by increasing power density. In convection-enhanced
technologies, currently used porous electrodes are fibrous substrates developed for low-temperature
fuel cells, but their microstructure and surface chemistry limit the performance of emerging elec-
trochemical systems. Microstructure-informed multiphysics simulations can be leveraged to aid the
theoretical design of advanced electrode architectures [2]. However, they have only recently been de-
ployed for the bottom-up design of electrode microstructures [3]. The combination of microstructure-
informed multiphysics with evolutionary algorithms could accelerate progress in the optimization of
porous electrodes for a given application. In this work, we combine three-dimensional simulations
with a genetic algorithm for the bottom-up design of porous electrodes for redox flow batteries.
In the first part of the talk, I will describe a methodology to couple an experimentally validated
microstructure-informed, electrolyte-agnostic pore network modeling framework [4] with an evo-
lutionary algorithm [5]. This genetic algorithm is used to optimize electrode microstructures by
evolving the structure driven by a fitness function that minimizes pumping power requirements
and maximizes electrochemical power output, where the optimization only relies on the electrolyte
chemistry and initial electrode and flow field geometries as inputs. The analyzed proof-of-concept
employs a flow-through cubic lattice structure with fixed pore positions and shows significant im-
provement of the fitness function over 1000 generations. The fitness improved by 75% driven by a
reduction in the pumping requirements by 73% and an enhanced electrochemical performance of
42%. The evolutionary design resulted in a bimodal pore size distribution containing longitudinal
electrolyte flow pathways of large pores and an increased surface area at the membrane-electrode
interface.
In the second part, I will discuss our latest progress on the genetic algorithm by implementing in-
tegrated flow field geometries, commercial fibrous electrodes as offspring networks, and extended
evolutionary freedom during the optimization. Coupling the genetic optimization to the flow field
geometry affects the fitness evolution, shifting the balance between electrochemical and hydraulic
performance, emphasizing the interaction between flow fields and electrodes. By including addi-
tional evolutionary freedom (i.e., by allowing merging and splitting of pores outside fixed coordi-
nates), commercial electrodes can be enhanced by reducing their pumping losses. The presented
genetic algorithm offers potential for the predictive design of electrode microstructures tailored for
specific electrochemical systems. While applied to flow batteries in this study, this methodology can
be leveraged to advance electrode microstructures in other electrochemical systems by adapting the
relevant physics.
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Hierarchical porosities consist of small, often nano-scaled pores as well as large, macroscopic pores
to simultaneously achieve large inner surfaces in combination with optimized mass transport. The
investigation of the capillary dynamics within optically opaque hierarchically porous membranes
necessitates sophisticated microscopy techniques. First hints to unveil the dynamics are obtained
from theoretical thoughts and lab-scale experiments, e.g. mass-uptake as a function of time or the
mechanical response depending upon wetting and drying in dilatometry. However, these techniques
do not spatially resolve on the rising liquid front, which we achieved with transmission X-ray mi-
croscopy at DESY’s beamline P05. The samples are scanned in radiography (2D) and tomography
(3D) to resolve both the static structure and the capillary dynamics. The findings from those exper-
iments can help to tailor hierarchical porous materials for their designated application and to tune
the dynamics in wetting and drying depending on the needs.
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The transport of particles in porous media has received growing attention in the last decades due to
environmental concerns in for example the printing industry, the filtration of drinking water and
the transport of pollutants in soil. The migration of particles is a complex process which depends
on different physicochemical phenomena such as the liquid-particle and particle-media interaction,
flow dynamics and the pore morphology. Experimental studies on fast penetration with high reso-
lution are still challenging. In this research, a closer look is taken towards the printing process of
water-based inks. One of the most important ingredients which also determine the print quality are
latex particles. Therefore, this study aims to follow the transport of latex particles in a variety of
water-glycerol mixtures. In this study it is shown that a previous introduced high-speed NMR tech-
nique [1] based on the GARField method [2,3] is an ideal tool for studying latex particle penetrations
with a temporal resolution of 10 ms and a resolution of 14.5 µm. In order to follow the latex particles
within the NMR-setup, magnetic cores are introduced that will modify the signal intensity. The sig-
nal intensity is calibrated with respect to the particle concentration, where increasing the particle
concentration will decrease the signal intensity. Secondly, penetration experiments with different
particle concentrations on porous Nylon membranes with a pore radius of 380 nm were performed.
NMR profiles taken at the moment when the fluid reaches the bottom of the membrane are shown
in figure 1a. The profiles reveal a splitting of the particle and liquid front which can be seen by the
signal increase within the membrane. The positions of the particle front are marked with circles in
the same figure. The penetration depth of the particles could also be verified by scanning electron
microscopy (SEM) measurement, see figure 1b.
Experiments with varying particle concentrations revealed that increasing the particle concentra-
tion will slow down the carrier fluid penetration speed and increase the particle penetration depth.
Finally, it will be shown that the method allows to track ink ingredients during capillary uptake by
paper sheets.
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One of the key stages in materials recycling is their crushing into finer elements, i.e. granular mate-
rial or powder to be sorted and re-used. Insofar as the crushing stage is already very energy-intensive,
there is an interest in recycling the crushed elements as directly as possible. In a certain number
of cases, simple shaping using a binder, and a possible post-treatment of the peripheral surfaces,
would make it possible to produce objects with a useful purpose. Complex liquid foam (liquid foam
loaded with a binding component) represents a first-choice low carbon binder precursor to be pushed
through the voids offered by a packing made with such grains, to give shape to the whole and to
confer significant mechanical strength. This strength is expected to depend on the microstructure
of the confined foam, the latter being set by the bubble-to-pore size ratio. Controlling this ratio is
not obvious as it is set by the competition between the foam aging rate and the hardening rate of the
binder. Indeed, the foam ages, mainly through the so-called coarsening mechanism, which consists
in the exchange of gas between the different bubbles, due to their capillary pressure differences,
leading to an increase in the average size. When confined, it was shown however that this growth
eventually stops when the bubbles have become large enough to be in direct contact with the grains
surface.
Here, we show results for the coarsening of liquid foam confined into the porosity of granular pack-
ings. During these experiments the liquid fraction is maintained uniform in the system by appropri-
ated rotation of the samples in order to counteract the effects of gravity. Deviations observed with
the aging of unconfined foams will be revealed.
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Geological heterogeneities in the subsurface are multiscale in nature, sparsely sampled, and hence
inherently uncertain, particularly in geothermal reservoirs where the availability of geophysical
and geological data is often limited. Yet, these geological heterogeneities influence the convective
and conductive transport of heat in a geothermal reservoir and need to be represented adequately
in reservoir models. At which scale the heterogeneities must be captured in static and dynamic
reservoir models such that reliable forecasts about safe and sustainable heat production become
possible remains an open question.

In this study we use the open-source Rapid Reservoir Modelling (RRM) software to design a series of
geological scenarios that contain geological heterogeneities at increasingly more detail. To this end,
we consider two geothermal reservoirs where production occurs from a geothermal doublet: one is
situated in shallow marine deposits and one in deepwater slope channels. The multiscale geological
heterogeneities that characterise these reservoirs are represented through a hierarchy of surfaces
that represent stratigraphy, facies, and diagenetic bodies. A key advantage of RRM compared to
more traditional modelling approaches is that multiscale reservoir models can be constructed in both,
a geologically consistent and time effective way, and feedback on the essential static and dynamic
reservoir properties is obtained while building the reservoir models.

Using the flow diagnostics capabilities in RRM, we conduct a first screening of the breakthrough
times between injection and production well for different well locations, before commencing more
detailed and time-consuming full-physics simulations using a commercial geothermal reservoir sim-
ulator. These simulations clearly show that forecasts about reservoir performance and heat produc-
tion become more variable as more geological details are considered: the small-scale (~1m) hetero-
geneities have significant impact on reservoir connectivity and lead to significantly lower estimates
in energy capacity.

Our work demonstrates that it is crucial to design geothermal reservoir models that represent the
geometry and connectivity of reservoir heterogeneities in a geologically consistent way to obtain
more reliable estimates about reservoir performance and heat production.
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The unsaturated zone, including soil and vadose zone, controls the exchange of water, heat, and
chemical substances between the soil surface and aquifers. It also hosts several processes involved
in the transfer of nutrients, playing a key role in the availability of life-sustaining resources. An-
thropogenic actions, such as agriculture, urban waste management, and industrial activities, add
substances to the soil that might compromise the quality of fresh groundwater resources. Being
able to predict the fate of such substances in the subsurface through an assessment of flow and
transport processes is essential for mitigating their negative effects and for designing more effective
remediation measures. We analyze flow and transport processes in unsaturated media at pore-scale
using high spatio-temporal resolution X-ray computed micro-tomography (synchrotron). 3D trans-
port experiments through a synthetic sand-like porous medium using a contrast solution were per-
formed at different saturation degrees. Experimental data allowed the reconstruction of the plume’
s advancing front and the tracking of its deformation over time, i.e., variation in the surface area
of the 50% concentration plane. Results indicate an enhancement of the solute front deformation at
lower saturation degrees and at larger flow rates, showcasing the role of the system’s heterogeneity
in shaping solute dispersion. This is explained by a better connectivity of the system at lower sat-
uration degrees, expressed through more negative Euler characteristic values, which highlights the
better performance of the system at connecting initially separated parcels of fluid through the forma-
tion of preferential paths and a larger number of stagnation zones. To also link the observed solute
front deformation rates with the hydrodynamics in the pore space, the average helicity density in the
pore space was computed. Lower saturation degrees resulted in a larger helicity density, indicating
a more heterogeneous flow field characterized by larger tortuosity and more complex streamlines,
which explains the observed stronger solute front deformation at lower saturation degrees. Impli-
cations of these results on transport were assessed via estimation of the Okubo-Weiss parameter,
which indicated a stronger control of both shearing and vorticity on solute plume deformation at
lower saturation, potentially hinting at an enhancement of mixing rates. These findings represent a
major step towards understanding the control of saturation on the hydrodynamic landscape within
the pore space and on the deformation rate of solute plumes and fronts, both essential to understand
mixing dynamics in unsaturated porous media.
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Liquid Composite Molding (LCM) is a manufacturing process of composite materials. In this talk, we
consider an LCM process in which a textile stack that is at the beginning filled with air is infiltrated
with a thermoset polymer resin. The textile stack consists of multiple layers of fiber mats. The
fiber mats are made of woven rovings and the rovings themselves consist of hundreds of filaments.
The injection process can be modeled as a two-phase flow. A simulation of a two-phase flow in a
textile stack with sizes that are realistic for industrial purposes is not feasible on a fully resolved
geometry. Because to model the tinny pores between filaments of a roving a very fine discretization
is needed.

Alternatively, we consider this as a multiscale problem. In our setup, we distinguish three differ-
ent length scales. The macroscale is the complete textile component. The mesoscale consists of a
section of a few fiber mats stacked on each other and the microscale is a section of a single roving.
Now we can use an effective model on the macroscale e.g., the two-phase Darcy model. This model
can at least approximate the overall flow field of the infiltration process. To set up this effective
model on the macroscale, some effective parameters are needed from the mesoscale. The quality of
the macroscale simulation depends on how realistic these parameters are. In the case of the two-
phase Darcy model, we need the capillary pressure function, the absolute permeability, and relative
permeability curves.

In this talk, a method is presented with which it is possible to approximate these effective param-
eters on the mesoscale by simulations that treat the rovings as a continuous porous material. This
porous material is represented by a microscale geometry. The advantage of this is that the filaments
do not need to be modeled in the mesoscale geometry. Then it is possible to use a coarser discretiza-
tion of the mesoscale geometry without losing much accuracy. Two-phase flow simulations and
computations of effective parameters on the mesoscale are not straightforward. Because the geom-
etry consists of the rovings that are given by a porous medium and free-flow regions between the
rovings. Among other things, we use GeoDict implementations of pore morphology methods and
Stokes or Stokes-Brinkman solvers during the computation. The method is not only applicable to
the presented LCM process but also to other dual porosity systems. In the first part of the talk, we
present the method. After this it is verified on simpler dual porosity examples and in the end, it is
applied to the LCM-process example.
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Under the current climate change, assessing water transfer and infiltration in soil, considered as
complex porous medium, is a crucial point for estimating consequences of either heavy rain on runoff
or of drought on plant water uptake. In both cases, variations in soil wettability due to amphiphilic
materials is an overlooked point, but can greatly affect the infiltration and water transfer, such as
water repellency in soil [Doerr2000,Orfánus2021,Bens2007].

A macroscopic model of the infiltration of a water drop into a porous medium is developed and
applied to a soil containing amphiphilic molecules such as Exopolysaccharides (EPS) found in soil
near plant roots [Bérard2020]. These molecules present a hydrophobic or hydrophilic property
depending on the water content in soil. Experiments found in literature [Liu2012,Hapgood2002]
or performed in our laboratory show two main behaviors :

i) When the soil is sufficiently moist, imbibition is immediate and rapid as in hydrophilic soils.

ii) In contrast, for a dry soil, the drop does not infiltrate immediately and the subsequent imbibition
is slower and depending on the soil hydrophobicity, the drop may never infiltrate.

Models based on Richards Equation [Richards1931] in the soil and its variants [Beljadid2020,Landl2021]
can only reproduce the rapid infiltration of regime i). We propose here to derive new equations de-
scribing the hydrophilic and hydrophobic interactions both in the soil and on the soil surface in
contact with the water drop to describe all water infiltration regimes. In place of a contact angle
to characterize the wettability of the soil surface, we introduce a free energy term which includes
attractive and repulsive interactions, derived from the modeling of drop dynamics on a substrate
[Thiele2018] and include the dependence of the surface wettability on the water saturation in the
porous matrix [Doerr2000]. Concerning the soil, we recently developed a water-dependent hy-
drophobicity model [Beltrame2022] which has been extended to the case of amphiphilic molecules.
In order to reproduce to interactions between water at soil surface and in the soil volume, and to
be consistent with thermodynamic principles, we show that it is necessary to add a term inside the
porous matrix that depends on both the saturation and the film height at the surface. The resulting
equation system is a fourth order PDE system similar to the lubrication model with wettability. To
our knowledge, it is the first time that wettability, both in the soil and on the soil surface, is accounted
for to represent water infiltration. The numerical simulation of developed coupled equations is in
agreement with the experiments of the infiltration of a drop on a thin layer of sand containing EPS.
We retrieve the dependence of the Water Drop Penetration Time (WDPT) test with the concentra-
tion of amphiphilic molecules and soil moisture.
Moreover, we are able to reproduce the two regimes of the infiltration dynamics: instantaneous
infiltration and progressive and slow infiltration depending on the initial water saturation of the
soil.
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Freeze-drying is a gentle drying technique for high value products such as pharmaceuticals. The
process can mainly be separated in three steps. (1) The freezing step, here the actual microstruc-
ture of the final product can be formed. (2) The primary drying removes the ice out of the product
by sublimation. (3) The secondary drying is used to remove the bound water inside the matrix by
desorption to get a stable product. While freeze-drying is still a very time and energy consuming
process, it is still the aim to accelerate the process [1]. Here one important factor is the microstruc-
ture of the product [2]. In literature often the influence of the pore size is described and stated
that bigger pores lead to a faster drying because of the lower mass transport resistance. However,
other structural parameters such as pore shape and orientation are neglected. Recently we could
demonstrate the impact of pore shape and orientation on the movement of the sublimation front
in 2D [3]. In this work, we will present a more detailed study on the impact of the microstructure
on drying kinetics by using in-situ freeze-drying experiments. For that freeze-drying experiments
were conducted with a custom made freeze-drying stage in the 4D tomography system DynaTom.
Here, continuous tomography scans were conducted during the freeze-drying experiments to ob-
serve the movement of the sublimation front in 3D. At the end of each experiment a high resolution
scan of the final microstructure was made. To generate different microstructures, different freezing
protocols were used (different solid concentrations and annealing treatment). The experiments are
conducted at -15℃ shelf temperature and the chamber pressure is 10 Pa. By the use of an inhouse
MATLAB and python script the microstructure in terms of pore size, shape and orientation as well
as the movement of the sublimation front are analyzed. It can be demonstrated that depending on
the pore shape, either pore size or orientation can be the more dominating factor.

Participation:

In-Person

References:

[1] Pikal, M.J. Freeze-Drying. In Encyclopedia of Pharmaceutical Technology, 3rd ed.; Swarbrick, J., Ed.;
Informa Healthcare: New York, NY, USA, 2007; Volume 1, ISBN 0-8493-9396-5.
[2] Thomik,M.; Gruber, S.; Kaestner, A.; Foerst, P.; Tsotsas, E.; Vorhauer-Huget, N. Experimental Study
of the Impact of Pore Structure on Drying Kinetics and Sublimation Front Patterns. Pharmaceutics 2022,
14, 1538.
[3] Gruber, S.; Thomik, M.; Vorhauer-Huget, N.; Hans, L.; Tsotsas, E.; Foerst, P. The Influence of Local
Microstructure Inhomogeneities on Local Drying Kinetics during Freeze-Drying. Pharmaceutics 2022,
14.

MDPI Energies Student Poster Award:

Yes, I would like to submit this presentation into the student poster award.

Country:

Germany

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Poster / 192

Quantifying the Partial Reversibility of Dispersion in Push-Pull
Experiments by Means of Second Central Spatial Moments
Authors: Marie-Madeleine Stettler1; Marco Dentz2; Olaf Cirpka1

1 University of Tübingen

Page 159



InterPore2023 / Book of Abstracts

2 IDAEA-CSIC

CorrespondingAuthors: olaf.cirpka@uni-tuebingen.de, marco.dentz@csic.es, marie-madeleine.stettler@uni-tuebingen.de

Solute dispersion in heterogeneous porous media is classically parameterized by Fickian-type macrodis-
persion concepts, matching the rate of change of second central spatial moments. As diffusion is
an irreversible process, the second central moments computed by a Fickian macrodispersion model
can only increase –also upon flow reversal. By contrast, if solute transport was strictly advective,
the second central moments would increase due to heterogeneity in forward motion, and symmetri-
cally shrink upon flow reversal until the plume shape of the initial distribution has been recovered.
The interplay between advective spreading and diffusive mixing makes solute dispersion partially
reversible. We investigate this behavior for uniform-in-the mean forward and backward motion,
considering both the ensemble averaged second central moments of individual plumes that start as
points (effective moments) and the second central moments of the ensemble averaged concentration
(ensemble moments). The ensemble moments include the uncertainty of the plume’s center of grav-
ity, so that effective moments are considered to be more representative for the mixing behavior of
single solute plumes. Our analysis includes new analytical results based on stochastic perturbation
theory, and particle-tracking random-walk simulations in periodic domains. We investigate (i) how
hydraulic medium properties and transport parameters influence the partial reversibility of the ef-
fective and ensemble moments, (ii) over which time scales they shrink upon flow reversal, and (iii)
how long it takes until the asymptotic dispersion coefficients are practically reached. The perturba-
tion theory results agree well with the random-walk simulations for cases of low log-conductivity
variance. We find that parameter changes favoring mixing (increasing variance of the log-K field,
increasing anisotropy of the field, decreasing Péclet number, increasing reversal time) lead to a de-
crease in reversibility. As long as the advective memory dominates, both ensemble and effective
moments undergo a finite phase of shrinking upon flow reversal. Before the original starting point
has been reached, this is followed by an increase in second central moments once diffusion has
made the solute particles forget their exact trajectories of the forward motion. The shrinking phase
is shorter and less pronounced for effective moments because at early times, the effective plumes are
smaller and sample less variability of the velocity field. Thus, effective moments are less reversible
than ensemble moments, and more suited for mixing parameterization, although they are no mea-
sure for pure mixing either. In backward motion, even after the moments begin to increase again,
the influence of advective memory persists over hundreds of travelled correlation lengths, which
implies that it is impossible to run practical applications long enough for the plume to escape the
influence of the change in mean flow direction. Overall, our results shed light on the interpretation
of dispersion coefficients derived from breakthrough curves in push-pull tests, which, different to
intuition, are not measures for pure solute mixing but account for both the mixing contribution to
dispersion, as well as for advective solute spreading.
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Hierarchically structured materials consist in multiphase (crystalline-amorphous) materials also pre-
senting a multiscale porosity. Such materials are widely used for the decontamination of liquid ef-
fluents in fixed-bed processes. Indeed, charge-compensating ions in their structure allow them to
perform a selective cationic exchange. Their decontamination efficiencies are finely determined us-
ing static and dynamic experiments [1]. However, no precise link between their decontamination
performances in fixed-bed processes and their multi-scale microstructure has been identified yet. In
this way, this project aims to develop reproducible methods and protocols to finely analyze the tridi-
mensional microstructure of hierarchical materials at different scales and correlate these quantitative
data to the decontamination properties (thermodynamics, kinetics and hydrodynamic).

For that purpose, the development of efficient characterization methodologies involves the use of
different cutting-edge techniques. On the one hand, the way to follow and analyze precisely the
various scales of porosity and the localization of the different phases of the materials was identified.
On the other hand, the use of numerical methods is necessary to process and combine data to extract
key parameters describing the microstructural architecture of these hierarchical materials as finely
as possible.

These developments are performed on model materials with adjustable properties. Notably, zeolite
powder hosting selective active sites for Cesium has been embedded in a multiporous geopolymer
matrix [2]. Techniques such as electron microscopy (2D), electron microscopy with focused ion beam
(3D) and X-ray tomography (3D) are used. Image segmentation is performed thanks to advanced
numerical methods involving machine learning, which enhance the efficiency and the precision of
the process. Various image processing softwares provide numerical values of different morphological
parameters impacting the decontamination efficiency like the geometry and tortuosity of the porous
network or the localization and accessibility of “active”sites for the decontamination. Correlative
data processing will consist in improving data from one imaging technique thanks to results from
another. This allows to better investigate the various scales of porosity and their impacts upon the
decontamination properties of these hierarchical materials.
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Microbially induced carbonate precipitation (MICP) is a promising biogrouting method for ground
improvement and leakage remediation. Most studies to date have focused on MICP treatment of uni-
form clean sands, with few studies having been conducted at large-scale on well-graded soils more
representative of in situ deposits. This study presents a laboratory meter-scale MICP test on medium-
graded very gravelly sands consisting of 3.9% fines (< 63 µm) from field. The MICP treatment was
conducted in a radial flow cell (diameter: ~1m; thickness: ~0.15 m) with an injection well located at
the center and a constant hydraulic head at the outer boundary to replicate field conditions. Aqueous
chemistry of the effluent samples at the middle of the central injection well and the outer boundary
was continuously monitored, and transport of tracer and bacteria breakthrough in the radial flow
cell and in separate 1-dimensional columns was modeled and simulated for a better understanding
of the MICP process. The MICP-treated soil was subjected to a series of hydro-mechanical tests
and microstructural analysis. Transport modeling and effluent sampling monitoring of the electri-
cal conductivity and pH show that there was an overall good delivery and reaction of the bacteria
and chemicals in the radial flow cell, but there also existed preferential flow paths due to soil het-
erogeneity and fines migration, which caused significant variations in permeability. Interestingly,
compared to previous studies, the biocemented core samples with well-graded angular particles in
this study had higher strengths (2.6-7.4 MPa) for a given calcite content (9.2-15.1%) than those in
comparable studies treating uniform soils. This is likely due to a higher density of particle contacts
as a result of both increased particle angularity (as suggested by backscattered electron imaging and
X-ray imaging analyses) and higher packing efficiency in the medium-graded very gravelly sand.
Consolidated-drained triaxial compression tests on two samples near the injection well showed a
peak deviatoric strength of ~5 MPa under an effective confining stress of 500 kPa and a clear shear
band was observed upon failure. To summarize, we have successfully achieved an overall good bio-
cementation in the radial flow cell, despite the great soil heterogeneity. The study also suggests that
migration of fines and the subsequent formation of preferential flow paths may be a challenge for
producing uniform biocementation in field applications of MICP.
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Contamination of groundwater by Escherichia coli (E. coli) bacteria has been a persistent and growing
risk to globally strained groundwater resources. Prevention, mitigation, and regulation of contam-
inants requires a fundamental understanding of the mechanisms of transport and attachment of E.
coli in complex geological materials under hydrogeologic conditions. This work demonstrates the
first experimental quantification of dynamic bacteria transport and attachment distributions in geo-
logic materials using 3D medical imaging. The approach relies on radiolabeling E. coli bacteria with
positron-emitting radioisotopes and then using positron emission tomography (PET) to monitor bac-
terial distribution and transport in heterogeneous sand packed column experiments. The results of
this study indicate that bacteria attachment coefficient distributions are described by gamma prob-
ability density functions. As expected, these functions shift to higher attachment coefficients with
decreasing grain size and decreased sediment sorting. Results from these radiolabeling and imag-
ing techniques provide a transformational approach to directly measure and understand dynamic
bacteria attachment and detachment behavior in realistic geologic systems.
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The relative permeabilities of multiphase fluid systems depend on saturation history as has been
shown by experimental, numerical, and field studies. Such hysteresis is especially relevant in under-
ground hydrogen storage (UHS). UHS projects involve temporary storage of hydrogen in the porous
subsurface on a seasonal timescale. The injection and production of hydrogen over the span of sev-
eral seasons necessitates accurate description of saturation history in the reservoir to estimate the
overall efficiency of the storage operations and losses due to trapping.
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Here, we concentrate on hydrogen injection and production into a heterogeneous semi-synthetic
benchmark model of a saline aquifer [1] using TOUGH 3 [2]. We conduct reservoir simulations of
UHS accounting for experimental hydrogen-water relative permeabilities from literature [3] which
show obvious hysteretic behaviour. The goal is to elucidate the effect of inclusion of hysteretic
vs non-hysteretic relative permeability-saturation constitutive relations for multiple storage cycles
of UHS. Key markers such as quantity of hydrogen extracted in each cycle and evolution of gas-
saturation distribution in the reservoir illustrate the importance of accurately accounting for hys-
teresis in the simulation of UHS.

Participation:

In-Person

References:

[1] Hogeweg, S., Strobel, G. & Hagemann, B. Benchmark study for the simulation of Underground Hy-
drogen Storage operations. Comput Geosci 26, 1367–1378 (2022). https://doi.org/10.1007/s10596-022-
10163-5
[2] Jung, Y., G. Pau, S. Finsterle, C. Doughty, TOUGH3 User’s Guide, Version 1.0, Report LBNL-2001093,
Lawrence Berkeley National Laboratory, Berkeley, Calif., January 2018.
[3] Lysyy, M., Føyen, T., Johannesen, E. B., Fernø, M., & Ersland, G. (2022). Hydrogen relative permeabil-
ity hysteresis in underground storage. Geophysical Research Letters, 49, e2022GL100364. https://doi.org/10.1029/2022GL100364

MDPI Energies Student Poster Award:

Yes, I would like to submit this presentation into the student poster award.

Country:

Germany

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

Poster / 197

Colloid transport inside slow sand filters: A multi scale study

Author: Mandana Samari-Kermani1

Co-authors: Amir Raoof 1; Jack Schijven 1

1 Utrecht University

Corresponding Authors: j.f.schijven@uu.nl, m.samarikermani@uu.nl, a.raoof@uu.nl

Slow Sand Filters are the last step of producing drinking water in the Netherlands which play a
crucial role in removing microorganisms. A biolayer formed on top few centimeters of the sand,
called Schmutzdecke, plays an effective role in colloid removal. A multi scale study is performed
to investigate removal efficiency of this layer and attachment mechanisms inside these filters. Pilot
plant/ column experiments are done at the meter/centimeter scale to study the effect of different
operating conditions such as grain size and flow velocity. These experiments are done by seeding
Escherichia coli WR1 as a model bacteria into the filters. At the micro scale, microfluidics are used to
directly observe colloid-biofilm interactions, biofilm growth and colloid transport inside the porous
media. Result shows that biofilm growth can clog the throats, make preferential flow paths, and
decrease filters conductivity, while it can increase removal efficiency.
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Worldwide production of concrete is estimated to be responsible for approximately 8.6% of all CO2
emissions originating from human activity [Miller et al., 2016]. Many countries, including the UK,
now have ambitious targets to achieve net zero greenhouse gas emissions. To achieve these targets,
the construction industry needs to transform its use of materials and approaches to asset manage-
ment, with a shift towards extending the lifespan of existing structures, rather than constructing
new ones.

Microbially Induced Carbonate Precipitation (MICP) is a novel engineered process in which ureolyt-
ically active bacteria trigger the catalysis of urea, resulting in the formation of calcium carbonate
crystals. MICP shows promise for a wide range of engineering applications including rock fracture
grouting, soil strengthening and for stone and concrete repair.

The aim of this research is to develop a mesoscale Finite Elements Model (FEM) to predict the me-
chanical behaviour of MICP-treated concrete. In order to calibrate the FEM model, MICP treatment
and tensile strength tests were conducted on concrete cores.

Seven cylindrical concrete specimens were drilled from a caisson acquired from docks in Devonport,
England. Subsequently, the cores were artificially cut along their vertical length creating a single
fracture within each core. A variety of filling scenarios were investigated: (i) open fracture with
glass bead spacers (500μm in diameter) only present at corners, (ii) patches of glass beads within the
centre of the fracture, (iii) fully packed with glass beads, (iv) fully packed with silica sand grains, and
(v) fully packed with carbonate sands.

Cores were subjected to multiple treatments of MICP. Each treatment included the injection of
Sporosarcina Pasteurii (highly ureolytically active bacteria) followed by injection of a cementing solu-
tion consisting of calcium chloride and urea. Core permeability was monitored after each treatment

Page 165



InterPore2023 / Book of Abstracts

cycle. Treatment was stopped once a 2-order of magnitude reduction in permeability was observed.
After treatment, the cores were subjected to X-ray Computed Tomography (XCT) scanning and im-
age analysis was conducted to evaluate the amount and spatial distribution of contact points created
by calcium carbonate precipitation bridging across fracture surfaces. Following XCT imaging, the
cores were loaded under Brazilian test conditions to evaluate tensile strength. After failure, the pat-
terns of calcium carbonate precipitation on the surfaces of the fracture were inspected, validating
the results derived from image analysis.

The experimental results show that the mechanical strength of the MICP-treated cores is governed
by the amount of calcium carbonate precipitation which bridges across from one fracture surface to
the other. A FE model simulating tensile loading has been developed which can be used to predict
the mechanical behaviour of MICP-treated concrete as well as to better understand the influence of
MICP treatment strategies on mechanical strength recovery.
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The mechanical properties of highly porous materials are expressed by fabric tensors. But the struc-
ture of highly porous materials is complicated if it is not arranged periodically. In micro-mechanical
schemes or homogenization, the Eshelby tensor is widely used to estimate porous materials’ mechan-
ical properties. However, the relationship between these two tensors is not known. The result will
be given by the equation, but some experiments are required to obtain numerical results.
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In complex multi-scale system analyses involving porous media, coarse-grained models are used to
significantly increase computational efficiency and accurately model physical processes across mul-
tiple scales. Such models can be systematically generated through rigorous upscaling techniques,
which provide a priori error estimates and conditions under which models are valid (i.e., applicability
conditions). However, such techniques are often limited to weakly reactive regimes, where resulting
upscaled equations only differ from their corresponding pore-scale equations by effective dispersion
coefficients and additional reaction terms. This makes it difficult to justify the long implementation
times and analytical intractability endured during upscaling techniques, as more ad hoc approaches
can quickly generate similar models, but with less accuracy and generality. To reduce implementa-
tion times and methodically handle analytical intractability while upscaling complex multi-physical,
multiscale processes in porous media, we developed Symbolica, a symbolic upscaling framework for
accelerated and automated model development. Here, we present a novel strategy for generalized
closure problem formulation that enables upscaled model generation with less restrictive applicabil-
ity conditions, and encode it in Symbolica. In the moderately reactive regime, nontrivial terms are
found in the upscaled models, such as effective advection terms that are nonlinear and independent
of the fluid velocity, and emergent terms that appear in multi-component reactive systems. Ulti-
mately, the results demonstrate that our automated upscaling framework, Symbolica, is capable of
accurately analyzing systems not previously studied in literature, making it relevant and advanta-
geous in both academic and application-based settings.

Participation:

Online

References:

• K. Pietrzyk and I. Battiato. “Automated symbolic upscaling: model generation for extended ap-
plicability regimes, part 1”, (Submitted to Water Resources Research)

• K. Pietrzyk and I. Battiato. “Automated symbolic upscaling: model generation for extended ap-
plicability regimes, part 2”, (Submitted to Water Resources Research)

• K. Pietrzyk, S. Korneev, M. Behandish, and I. Battiato. “Upscaling and automation: pushing the
boundaries of multiscale modeling through symbolic computing”, Transport Porous Med., 140,
313-349, 2021.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Page 167



InterPore2023 / Book of Abstracts

Country:

United States

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS01 / 201

On the conceptual role of permeability contrastswithin sandstone
utilised for underground hydrogen storage
Authors: Doug Smith1; Andreas Busch2; Dan Arnold2

1 Heriot Watt University and British Geological Survey
2 Heriot-Watt University

Corresponding Authors: a.busch@hw.ac.uk, dgs2001@hw.ac.uk, d.arnold@hw.ac.uk

Numerical modelling with commercial software (CMG) was used to analyse of the effect of contrast-
ing permeabilities on fluid flow and hydrogen plume development in subsurface, porous media em-
ployed in underground hydrogen storage. Increasing heterogeneities were introduced to reservoir-
scale simulations, based upon the Navajo sandstone, Utah in an aquifer-supported system. Initial
investigations into the effects of well placement on reservoir pressure, cumulative hydrogen and
water production in a homogeneous and heterogeneous model were used as baseline simulations to
benchmark the performance of scenarios containing further permeability contrasts.

The results show, in terms of well placement, that production well placement at the top of the reser-
voir is the most important factor to maximise hydrogen production, due to the buoyancy of hydro-
gen. The relationship between permeability and viscosity in Darcy’s equation of flow provides a
rudimentary guide to the behaviour of hydrogen in relation to contrasting permeabilities. How-
ever, reservoir heterogeneities affect fluid pathways, linking the effects of previous permeabilities,
creating compartments and impacting upon the flow of other fluids. These characteristics, coupled
with hysteretic effects, affect local pressure gradients, the other variable in Darcy’s equation, and
determine the hydrogen migration. As a result, forecasts of plume development and reservoir per-
formance need to consider the whole system.
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Convective mixing is present in a large assortment of natural and industrial processes, such as in
carbon capture and sequestration, where it ensures a safer storage of carbon dioxide, seawater intru-
sion, high-level radioactive waste disposal sites and geothermal energy production. In this work, we
study the effect of the heterogeneity on the behavior of convective mixing since most of the works
that have been conducted so far did not take heterogeneity into consideration.

To do so, we consider the Horton-Rogers-Lapwood problem where convection is triggered by a
Rayleigh-Bénard instability. Heterogeneity is represented by 2-D multi-Gaussian log-Normally dis-
tributed anisotropic permeability fields. We perform a parametric study in which we explore the
effect of the variation of the Rayleigh number (Ra), the variance and the correlation length of the
permeability field on the fingering patterns, mixing and dissolution fluxes. Mixing is characterized
by the scalar dissipation rate and the boundary fluxes. The mixing state is evaluated through the
probability density function of the concentration and the intensity of segregation. We show the
difference in behavior between the dissolution fluxes and the mixing state both for the case of ho-
mogeneous and heterogeneous porous media. We observe that convective mixing is enhanced in
the case of heterogeneous porous media compared to the homogeneous counterparts.
An increase of Ra causes a more rapid homogenization of the system especially for the heteroge-
neous case. For permeability fields with a small correlation length, the effect of the heterogeneity is
substantial only for a variance higher than 2. However, for a larger correlation length, this effect is
more pronounced and the fingering patterns are no longer smooth but dispersive.

Based on these observations, an upscaling of the model based on the effective longitudinal and trans-
verse permeability and the dispersion coefficient is performed.

Key words: convective mixing, Rayleigh-Bénard instability, heterogeneity, scalar dissipation rate,
dissolution fluxes.
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The oil and Gas industry has had an enormous impact on the environment, throughout its explo-
ration, production transportation and post-decommission. There is a growing demand to under-
stand the microbial activities as a result of hydrocarbon spillage and this is a particular case for
profound impacts on the increasingly decommissioning activity on biodiversity in the seabed and
biodegradation in the subsurface such that it has been estimated to ramp up even further over the
next decades. The microbial activity on altering the wettability of reservoir rock surface which has a
positive impact on EOR has been researched a lot, but its other impact on the environment is entirely
a gap.

This project will be focusing on investigating the comprehensive microbial process involved in
biodegradation on petroleum production sites and its relevant environmental impact including the
microbial biodiversity in the seabed. However, the fact that there are no scientific data or studies
available is particularly striking. In this respect, this proposal concerns the impact on microbial pop-
ulations around the decommissioning platforms using contemporary molecular biology methods be-
cause microorganisms are very sensitive to environmental changes. Furthermore, microorganisms
are in the subsurface and subtle changes in their population hugely affect other living organisms
that are dependent on microorganisms. Therefore, modelling the microbial populations around the
oil production field can be used as a prediction of the environmental impacts.

The selection of hydrocarbon degraders in response to oil deposition produced changes in microbial
succession. This indicates a quick response of bacterial communities to deep-sea sediment pollution,
sped up by dispersant and could be used in oil pollution monitoring equipment. Shallow-sediment
consortia had a higher degradation potential than deep-sea consortia, which shows how in situ cir-
cumstances affect community structure and repair potential. Highly contaminated river sediments
were already adapted to HCs because, after HC addition, their diversity and community structure
remained unaltered. In contrast, the addition of HC radically changed the communities of pristine
sediment by choosing HC-degraders. These results underline how crucial it is to comprehend how
communities are put together and can help in predicting how microbes will react to oil spills. In this
work, existing solutions were reanalyzed and new possibilities were explored.
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Space exploration has aimed to visit other planets and sample cosmic bodies within our solar sys-
tem in the past decades. As these ambitions increase, new technologies and the development of
lightweight porous materials are needed to design spacecraft Thermal Protection Systems (TPS) that
endure the harsh environment of hypersonic atmospheric entry and ensure the safety of the payload.
Current methods used to design the TPS decouple the flow phase from the material phase, hindering
the capturing the physics at the interface and, therefore, cannot capture coupling effects between
each phase.
The interactions between the aerothermal environment and the material response result in highly
coupled, multi-physics problem and are key challenges in optimizing design margins and mission
risk. The equations governing the Thermal Protection Material (TPM) phase are tightly coupled to
the equations governing the flow field (the environment phase) at the interface of the two domains.
Historically, three general strategies have addressed the flow/material coupling problem. In increas-
ing order of fidelity, we can enumerate these strategies in terms of numerical solvers:
1) decoupled, standalone solvers for material and flow domains,
2) weak or strong coupling between standalone solvers, and
3) unified or one-domain solvers.
To consider both phases in the same computational domain, one must account for the multi-scale
aspects of porous media structures. Since it is not feasible with current computational resources
to resolve the macro and micro scale in the same domain, we must locally average the governing
equations using Volume Average Navier-Stokes (VANS) equations [Wh199, QW1994]. The averaged
equations are closed by employing effective transport properties. In this poster, we present the
development of a one-domain VANS formulation for the conservation of mass and momentum for
both fluid and porous phases, allowing intrinsic coupling between them. We have included the vari-
able permeability across the interface of both phases derived in [Br2004], enabling the closure of the
macroscale equations. Compared to a sharp permeability variation, the variable permeability closure
significantly impacts the flow field macroscopic properties such as average velocity, pressure drop,
and shear stress. For instance, we have predicted in-depth shear stress that the sharp permeability
model cannot. This in-depth shear stress can induce mechanical removal inside the material, which
is paramount to capture when designing TPS. Moreover, with this approach, one can estimate the
jump coefficients between the pure fluid and a porous medium, enabling the closure of the boundary
conditions derived by [OT1995] and [VP2013].
The finding of this poster shows the importance of modeling the flow and material in a unified man-
ner and reveals essential aspects that previous coupling approaches cannot. The development of this
one-domain model with a proper interface resolution allows for a higher fidelity assessment of TPS
response, reducing design margins and mission risks. In the future, we intend to use the filtering
approach from [Br2004] to derive effective properties for more complex microstructures relevant to
aerospace applications.
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Subsurface geological formations can be utilized to safely store large-scale (TWh) renewable en-
ergy in the form of green gases such as hydrogen. Successful implementation of this technology
involves estimating feasible storage sites, including rigorous mechanical safety analyses. Geological
formations are often highly heterogeneous and entail complex nonlinear inelastic rock deformation
physics when utilized for cyclic energy storage. One of the major concerns of energy storage in the
subsurface is the consequent ground surface subsidence or uplift. Several researchers in the past
have reported subsidence in the carboniferous sandstone fields across the world which are used to
produce hydrocarbons (Hettema et al., 2002; Teatini et al., 2011). When these reservoirs are used to
store hydrogen, this results in seasonal cyclic loading on the reservoir that could cause permanent
subsidence or uplift depending on the operating conditions and the rock characteristics. This calls
for accurate modeling of subsidence for understanding the grain scale physics of the rocks in the
subsurface. In this work, we present a novel scalable computational framework to analyze the im-
pact of nonlinear deformation of porous reservoirs under cyclic loading. The proposed methodology
includes three different time-dependent nonlinear constitutive models to appropriately describe the
behavior of sandstone, shale rock and salt rock. Inelastic deformations such as plasticity observed
in sandstone (Pijnenburg et al., 2019), viscoplasticity observed in shale (Haghighat et al., 2020) and
creep in rock-salt (Spiers et al., 1990) are commonly observed in underground formations by these
rocks.

To model creep, a power law formulation, where strain rate is a function of stress, was employed for
brittle rocks (Bérest et al., 2019; Xu et al., 2012). To model plasticity of sandstone, cyclic modified cam
clay model (MCC) (Carter et al., 1979) is further extended to account for viscoplasticity of shale rocks
using a Perzyna based formulation (Haghighat et al., 2020). An implicit time-integration scheme
is developed to preserve the stability of the simulation. Firstly, these models are implemented and
compared with the existing literature. In order to ensure its scalability, the numerical strategy adopts
a multiscale finite element (Ramesh Kumar & Hajibeygi, 2021) formulation, in which coarse scale
systems with locally-computed basis functions are constructed and solved. Further, the effect of
heterogeneity on the results and estimation of deformation is analyzed. Lastly, the Bergermeer test
case –an active Dutch natural gas storage field comprising predominantly of sandstone– is studied
to investigate the influence of inelastic deformation on the uplift caused by cyclic injection and
production of gas. The constitutive laws are calibrated based on the uplift recorded by GPS stations
for 1.75 years and then the uplift is compared with the GPS recorded stations for the remaining
2 years. The present study shows acceptable subsidence predictions in this field-scale test, once
the properties of the finite element representative elementary volumes (REV) are tuned with the
experimental data.
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In the development process of low permeability reservoir, pressure flooding water will produce huge
changes in pore pressure and stress conditions, thus leading to the opening of dynamic fractures.
However, due to the difficulty of fracture microseismic monitoring and other factors, in order to
clarify the morphology of fracture propagation after pressure flooding, the evolution law of in-situ
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stress field and the formulation and optimization of reservoir reconstruction design will be provided
with effective technical support. On the basis of one-dimensional geomechanics in a single well,
the complex fracture network modeling method set up by rock mechanics and pumping program
was used in this study to study the formation stress and pressure conduction law in high-pressure
water injection process under different fracture network modes. Through complex fracture network
modeling, the simulation method of geology, in-situ stress and fracturing coupling was adopted to
propose the simulation method of pressure flooding “four-dimensional” in-situ stress field.The re-
sults show that with the pressure flooding and high pressure water injection, the three-way stress
in the injection well increases and the three-way stress in the production well takes effect, but the
horizontal two-phase principal stress in the plane shows obvious banded distribution along the re-
spective stress directions. In the process of injection and production development, the horizontal
principal stress difference is the largest in the horizontal well corresponding to the injection well,
and the smallest in the unused area between the injection Wells.
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Defense and energy applications ubiquitously involve multiscale and multiphysics systems. The ac-
curate modeling of these systems, critical to achieve superior performances and optimized designs,
has challenged generations of computational physicists due to the mathematical and numerical com-
plexities involved in the development of their computable representations. One of the fundamental
challenges associated with modeling multiscale processes is the development of rigorous models at
the scale of interest (system-scale), which is typically much larger than the scale at which the physics
is best understood (fine-scale). Coarse-graining techniques are a suite of mathematical strategies
that allow one to perform rigorous scale translation, while bounding a priori upscaling errors. Yet,
they require substantial time and mathematical expertise to use. This is due to the number ana-
lytical manipulations and rigorous approximations (e.g., series expansions) involved during model
development that quickly become analytically intractable for systems of realistic complexities (e.g.,
systems with large numbers of interacting physics, nested scales, and chemical species). While com-
putational physics has primarily focused on the aggressive advancement of numerical strategies for
the solution of discretized PDEs of complex multiscale multiphysics systems, the applied mathemat-
ical techniques necessary for model formulation have continued to heavily rely on the speed and
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mathematical skill of humans rather than machines. As a result, their application to systems of real-
istic complexities has been very limited. With this work, we suggest that combining upscaling and
automation allows to go beyond human-centered limitations and to accelerate model development
processes. In this talk we propose a method of automatic upscaling through symbolic computation.
By streamlining the upscaling procedure and derivation of applicability conditions to just a few
minutes, the potential for democratization and broad utilization of upscaling methods in real-world
applications emerges. We demonstrate the ability of our software prototype, Symbolica, by applying
it to thermal runaway in battery packs and reactive transport in large reactive systems.
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The rapid advancement in digital core analysis has greatly promoted the research development of
flow and transport in porous media. However, the field of interest revealing pore level information
that can be processed through standard digital core analysis workflow is rather limited for practical
purposes. The integration of pore-scale information into continuum scale is widely concerned as
it associates deeply with the future development of digital core analysis. For hierarchical porous
structure, pore-scale rock-typing and upscaling of petrophysical properties is a promising solution
to bridge the gap between microscale and continuum scale. Morphological and topological parame-
ters associating data clustering methods are popularly utilized for the pore-scale rock-typing on 3D
digital samples. However, the size of regional support window through which the fields of the pa-
rameters are generated greatly affects the descriptive capacities of the parameters on the structural
characteristics, thus the classification using traditional unsupervised clustering methods such as
Gaussian Mixture Models (GMM) is hard to deliver optimal performance. Towards the issue, we pro-
pose in this work to apply a supervised method called Support Vector Machine (SVM) for rock type
classification. Minkowski functionals are determined as robust descriptors for the morphological
and topological characteristics of porous structures, and a fast computational method utilising Fast
Fourier Transform (FFT) has been applied for the generation of the fields of the regional Minkowski
measures. On the basis of the Minkowski fields generated through different regional support sizes
from the target porous structures, comparative experiments between the two different classification
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methods SVM and GMM have been conducted on two complex artificial porous systems and one dig-
ital image of a laminated sandstone. Throughout the tests, SVM has illustrated obvious advantage on
overcoming regional support size effect even with limited labelling information. The combination of
regional morphological and topological descriptors with SVM method could provide extraordinary
convenience for the realization of pore-scale rock-typing on large 3D digital images with excellent
computational efficiency.
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Rock-groundwater interactions may substantially alter the shape and size of voids in the rocks com-
prising Earth’s upper crust. In carbonate aquifers, these interactions often lead to intense dissolu-
tion and the formation of extensive karstic cave systems. Recent studies show that a large portion
of the known karst systems was formed by groundwaters ascending from depth (“hypogenic karst”
) rather than by CO2-loaded meteoric water that infiltrated from the surface (“epigenic karst”). The
hypogenic karstic cave systems often make up giant and complex mazes of caves with passages
reaching hundreds of kilometers and have significant hydrogeological implications. Despite the im-
portance of the hypogene karstic cave systems, the mechanisms of their formation have remained
elusive and ill-constrained [1-2]. To address this issue, we provide herein geological, geochemical,
and theoretical evidence that many hypogene karst systems were most likely formed by the inter-
action of carbonate country rocks with CO2-rich geothermal groundwater that rapidly ascended
from depth. As the water cools, carbonate solubility increases (due to its retrograde solubility), in-
ducing rock dissolution and cave formation on relatively short geological timescales. A numerical
simulation based on this scenario produces maze-like hypogenic karst cave systems very similar
to those observed in field studies and constrains the range of feasible hydrological, geological, and
geochemical conditions. These conditions are very common in Earth’s crust, suggesting that the
scenario proposed herein for the formation of extensive hypogene karstic caves may be ubiquitous
worldwide. Finally, we demonstrate the large and relatively rapid impact of these rock-groundwater
interactions on the global CO2 cycle.
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Prediction of fluid flow in the subsurface is crucial for many applications, including environmental
contaminant remediation and climate change mitigation. However, many challenges are involved, as
seen in many carbon dioxide storage sites worldwide; the carbon dioxide has migrated away from the
injection points much faster than predicted. This suggests that understanding the underlying mech-
anisms needs to be improved, especially for heterogeneous reservoirs. Rock heterogeneity at the
submeter scale significantly impacts single and multiphase fluid flow properties and is an essential
control of flow at larger scales. Incorporating real heterogeneous flow properties into reservoir char-
acterization is crucial to modeling and predicting fluid flow in the subsurface successfully.

Digital rock techniques are disclosing new opportunities to improve fluid flow and transport predic-
tions across scales. They aim to include laboratory-based characterization protocols to incorporate
the effects of small-scale capillary heterogeneity into reservoir scale simulations. When coupled with
a numerical simulator and an optimization routine, the upscaled relative permeability and capillary
pressure curves, and the corresponding effective petrophysical parameters are estimated.

This paper discusses an upscaling workflow that combines special core analysis (SCAL) and pore
network modeling (PNM) interpretations with long-core experimental and numerical methods to
characterize heterogeneous carbonate rocks. In this study, the Estaillades carbonate is analyzed us-
ing a numerical history match of a long core flood experiment with the 3D saturation distribution as a
matching target and the 3D capillary pressure characteristics as a fitting parameter. Throughout this
workflow, the reservoir core-analysis practices are improved in such a way that could address rock
heterogeneities. Furthermore, the relative permeability and capillary pressure uncertainty range
quantified from the stochastic SCAL simulations are proven for an upscaling workflow from the
SCAL samples to the long core samples.
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Injection of a CO2-rich phase into a porous material initially saturated with water solution (i.e.,
drainage) leads to CO2 dissolution and mass-transfer into the resident water solution. As a result of
the accompanying decrease in solution pH, the solid matrix can be in chemical disequilibrium and
induce dissolution-precipitation reactions such as carbonation (i.e., carbonate mineral formation)
on the wetted surfaces. In turn, the chemical disequilibrium leads to continued undersaturation
and dissolution of CO2 and a substantial net mass-flux from the CO2-rich phase to the solution
phase. Such immiscible drainage with mass-transfer is a scenario shared with major capture and/or
sequestration systems, ranging from a carbonation in cement-based-materials [1] and in natural
aquifers composed of ultramafic rocks (e.g., basalts) [2] to selective capture and separation in indus-
trial porous materials [3] and to caprock integrity estimations in subsurface CO2 storage [4].
Under certain conditions, viscous fingering instabilities can emerge from the initially planar front
and develop to preferential flow pathways for the CO2-rich phase. These flow pathways can then
lead to a bypass of the bulk medium and eventually failure in substantial capture or sequestration of
CO2 methods [5]. In this study, using in situ CO2 flooding experiments in a Portland cement-based
mortar acquired using X-ray micro-computed tomography [6] and theoretical analysis of linear sta-
bility, we characterize the conditions for the emergence of viscous fingering. We find non-trivial
effects of the mass-transfer term, which strongly depends on the degree of saturation. The results
contribute to improving Carbon Capture and Storage (CCS) techniques in both natural and engi-
neered porous materials and to the advancement of carbon-negative materials, which are crucial for
mitigating climate change.
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Concrete is the most consumed artificial material universally, and its production is responsible for
about 1.5% of the UK’s greenhouse emissions (Hibbert et al., 2022). Concrete assets are often ex-
posed to harsh environmental conditions, including exposure to seawater, freeze-thaw cycles and
temperature cycles, leading to degradation of the matrix. Reducing the permeability of degraded con-
crete is key to minimising further deterioration in order to prevent the ingress of corrosive chemical
compounds and limit carbonation. Calcite bio-mineralisation provides a novel alternative to estab-
lished concrete repair techniques. Microbially Induced Calcite Precipitation MICP offers excellent
penetrability (even into micro-fractures), excellent adhesion and the ability to improve mechanical
properties as well as reduce permeability. Yet, previous studies for MICP applications have mainly
focused on treatment methods which are impractical for in situ application. Furthermore, assess-
ment of the extent of crack repair has typically been limited to visual assessment at the surface.
This study provides a comprehensive experimental and analytical investigation of MICP treatment of
3D fracture networks in degraded concrete with an emphasis on understanding the spatial distribu-
tion of calcium carbonate precipitated within the fracture networks. The experimental investigations
were conducted on degraded concrete collected from the Ayrshire coast in Scotland. MICP treatment
results showed successful repair of five fractured concrete cores, with two cores displaying 3 orders
of magnitude reduction in permeability after only 3 treatment cycles. Additionally, Brazilian tests
demonstrated recovery of up to 50% of the concrete’s original tensile strength. Moreover, SEM-EDS
analyses and X-CT imaging before and after MICP treatments provide insight into mineral localisa-
tion and the interactions between biologically induced precipitates and pre-existing salts within the
concrete media. Finally, analytical studies based on an equivalent permeability model highlight the
influence of fracture characteristics (i.e. fracture orientation, quantity, aperture, and morphology)
on the efficiency of MICP treatments.
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The spreading of Brownian particles in space, in a macroscopically one-dimensional domain, is de-
scribed by a Gaussian law for the probability density function. But deviations from Brownian mo-
tion are widespread across disciplines, and diffusion frequently exhibits a power-law dependence
�x2(t)��Kt, in terms of the anomalous diffusion exponent and the generalized diffusion coefficient
K (with physical dimension length2/time). Examples of anomalous diffusion arise in charge carrier
motion in amorphous semiconductors, passive tracer particle motion and molecular motor-driven
motion in biological cells, motion of particles in crowded environments such as biological mem-
branes or dense liquids, and transport in gels. And yet, in naturally occurring porous media such
as soils and rocks, as well as in natural and engineered pore structures such as membranes and in
catalytic systems, diffusion of chemical species is almost invariably modelled as a Brownian process
in terms of Fick’s law; these disciplines completely ignore the possible—or likely—occurrence of
anomalous diffusion in such heterogeneous, disordered media. Here, we develop the continuous
time random walk (CTRW) framework to anomalous diffusion (with no advective velocity compo-
nent) in disordered and porous media. For an effectively one-dimensional, semi-infinite disordered
system connected to a reservoir of tracer particles kept at constant concentration, we provide the dy-
namics of the concentration profile. We develop a formulation for the concentration profile C(x, t)
in a semi-infinite space for the boundary condition C(0, t) = C0, using a subordination approach.
From this, we deduce the tracer flux and breakthrough curve at a given distance from the tracer
source. For the “residual” breakthrough curves, given by 1 − C(x, t), we demonstrate a long-time
power-law behavior that can be compared conveniently to experimental measurements, which are
currently in progress. For completeness, we also derive expressions for the moments in this constant-
concentration boundary condition.
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Natural subsurface systems are often composed by multiple geomaterials, constituting the internal
architecture of the system, characterized by uncertain spatial distribution. This leads to incomplete
knowledge of the material properties. Here we address uncertainty arising from the lack of knowl-
edge on location of boundary interfaces between geomaterials and their influence on physical pro-
cesses, such as fluid flow and contaminant reactive transport. Investigating flow and transport fea-
tures in porous media under such uncertainties have promoted the adoption of different PDE solvers.
Machine Learning based PDE solvers are promising tools, due to the ability to acquire the solution
over the whole spatial-temporal domain at once utilizing collocation points dispersed erratically
over the domain, which gives such models a significant advantage over conventional time-stepping
PDE solvers by eliminating the requirement for time-consuming processes such as space and time
discretization. Here our focus will be utilizing Deep Learning based PDE solvers, where neural net-
works will establish the trial space for our state variable of interest, solute concentration, and being
obtained via training on physics driven constraints.
To this end we leverage Physics Informed Neural Networks (PINNs) for the numerical solution of
classical contaminant transport. These Machine Learning approaches are promising for using struc-
tured prior knowledge to build data-efficient and physics-informed learning machine. PINNs fall
into the category of unsupervised or weakly supervised deep learning algorithms, and showed great
performance for forward and especially inverse modeling purposes, where unknowns of a scientific
problem such as full solutions of the corresponding PDEs, or parameters and boundary conditions
respectively, can be inferenced using sparse measurements
In this contribution we will show the application of PINNs to the solution of contaminant trans-
port problems in heterogeneous porous media, where results will be shown upon relying on some
representative test cases, including transport in one- and two-dimensional media. We will start by
addressing specific challenges that limit the application of standard PINN approaches in the presence
of heterogeneous materials. Then we will show the performance of PINNs for the specific task, start-
ing from algorithms recently developed in the scientific machine learning community. Notably, we
employ domain decomposition methods for partitioning the PDE problem into several subdomains
each modeled by a single sub-network. This strategy enables us to use PINNs for heterogeneous sys-
tems, while the solution continuity between the diverse sub-network models is maintained through
imposing residual and flux continuity conditions via properly specified loss functions. Finally, we
will discuss key pros and cons of PINNs approaches if contrasted with standard solvers.
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Deep shale gas (buried depth greater than 3500m) is a realistic field and an inevitable trend for shale
gas exploration and development to achieve an important breakthrough, which is of great signifi-
cance for creating a new field of shale gas exploration and development. Deep shale gas reservoirs
are deeply buried and have high closing pressure. Water based fracturing fluid will bring problems
such as water shortage, clay mineral expansion, and backflow water pollution. Therefore, it is ur-
gent to develop more efficient and environment-friendly fracturing technology. Supercritical carbon
dioxide (SC-CO2) can not only desorb methane from shale organic matter to improve oil recovery,
but also be buried underground to mitigate the greenhouse effect. It is a promising substitute for
water-based fracturing fluid. The deep shale gas reservoir is in the geological environment of high
temperature, high pressure and high stress. The rock may change from elastic brittleness to ductile
plasticity. During fracturing, the deep rock may have a large range of plastic deformation. The
fracture propagation theory and method based on linear elastic fracture mechanics are no longer
applicable. It is particularly important to study the fracture propagation process according to plas-
tic fracture mechanics. The nano pores in shale are developed, the pore structure is complex, and
the size of nano pores varies widely. The fracturing fluid flow process in the nano pores of shale
will eventually affect the macro scale fracturing effect. Therefore, it is necessary to carry out re-
search on SC-CO2 flow induced fracture propagation on the micro scale of deep shale based on
hydro-mechanical coupling plastic fracture mechanics. The following defines a hydro-mechanical
coupling model based on the Darcy-Brinkman-Biot method, which takes into account shale micro-
scopic pore structure, different wettability of organic and inorganic pores, gas slip effect, confining
pressure, plastic yield stress, anisotropic stress and other factors. We analyzed the potential advan-
tages of using SC-CO2 as a fracturing fluid replacement, including enhanced fracturing and fracture
propagation, increased methane desorption and carbon sequestration potential adsorbed in organic-
rich parts of shale. It is found that with the increase of confining pressure, the cracking is faster
and the fractal dimension of microcracks increases. The higher the plastic yield stress, the higher
the SC-CO2 saturation adsorbed on the organic matter after methane desorption, and the greater
the carbon fixation potential. In conclusion, deep shale reservoirs with higher formation pressure,
the fracture shape is more complex and the fracturing effect is better. The shale reservoir with large
plastic yield stress has high carbon sequestration potential, which is more suitable for using SC-CO2
as fracturing fluid substitute.
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A notable part of active research on engineered barrier systems for the safe disposal of nuclear waste
involves finding and understanding appropriate buffer materials. A buffer material which acts as a
barrier between a nuclear waste canister and the surrounding host rock must possess certain prop-
erties, some as low-permeability, resistance to contaminant transport, ability to withstand high tem-
peratures and pressures for extended periods of time etc. Bentonite is one such suitable candidate
for a buffer material. Predicting the long-term behavior of bentonite under coupled THMC condi-
tions remains a challenge. The behaviour of the Chinese GMZ-Na bentonite was investigated on a
technical scale in the China Mock-Up experiment which yielded a significant amount of data on this
material. The analysis of this experiment requires numerical models taking into account the coupled
thermal, hydraulic and mechanical processes occuring in the bentonite.
We performed such numerical modeling of the China Mock-Up experiment using a monolithically
coupled thermo-hydro-mechanical model for partially saturated swelling porous media with vapour
diffusion and phase change phenomena implemented in the open-source numerical code OpenGeoSys-
6 (OGS-6). The aim of this analysis is manifold. Firstly, to study thermal desaturation due to the
waste-induced heating process as well as the subsequent resaturation by formation fluids. Secondly,
to look at different representations of the boundary conditions for temperature, pore pressure as
well as displacement and their impact on the results. To better represent the interaction of porous
and non-porous materials, a recently implemented feature in OGS-6 allows for partial assembly of
the matrices and thus, enables the user to deactivate a subset of the processes for some certain
sub-domains. We tested the functionality of this feature and utilize it to represent the steel tank and
insulation layer surrounding the bentonite blocks in the experimental setup which proved beneficial
for the representation of the measurements.
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Efficiency and robustness of the linear solver is a fundamental need in multiphase flow models in
porous media, as sequences of large ill-conditioned systems of linearized equations have to be re-
peatedly solved during fully implicit simulations. This is a computationally intensive task, whose
performance is usually dominated by the boosting capabilities of the preconditioner accelerating a
Krylov subspace solver. Although efficient physics-based preconditioning techniques exist, notably
the multistage Constrained Pressure Residual (CPR) method and its variants, their robustness is of-
ten sensitive to the specific structure of the Jacobian matrix, which can be modified depending on
the discretization scheme used for the set of governing PDEs. This is the case with the Mixed Hybrid
Finite Element (MHFE) method, where element and interface pressure variables are introduced as
main unknowns in addition to the cell-centered water saturation. The resulting Jacobian matrix is
characterized by a 3× 3 block structure that differs from the 2× 2 structure of conventional TPFA-
based discretizations, originally targeted by the CPR method. Applying this tool to the 3× 3 block
Jacobian is ineffective, as general-purpose AMG usually struggles with the 2× 2 element-face pres-
sure subproblem. In this work, we address this issue by introducing a block preconditioner at the
local pressure stage to exploit its inner 2× 2 block partition. The resulting technique, mixing block
preconditioning with the CPR method, has been denoted as Block CPR (BCPR). An extensive testing
phase, even on challenging realistic problems, shows the robustness, efficiency, and flexibility of the
proposed framework.
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The dynamic behavior of multiphase flow in gas-solid-liquid mixture systems plays an important role
in various applications of petroleum industry, biochemical processing, chemical and metallurgical
industry, food technology, water treatment, and sub-seabed CO2 storage and its understanding can
provide insights in various phenomena like rain deposition, landslides and degradation of heritage
artefacts and buildings.

In this paper, we propose a numerical model to simulate such problems, coupling lattice Boltzmann
and discrete element methods (LBM-DEM). A cascaded LBM is used to simulate the liquid-gas flow
field using a pseudopotential interaction model for describing the liquid-gas multiphase behaviour.
A classical DEM resorting to fictitious overlaps between the particles is used to simulate the multi-
particle system. A multiphase fluid-solid two-way coupling algorithm between LBM and DEM is
constructed. The model is validated by three benchmarks: (i) single cylinder particle sedimentation,
(ii) single floating particle on a liquid-gas interface and (iii) self-assembly of three particles on a
liquid-gas interface. Our simulations agree well with theoretical or numerical results reported in
the literature.

Our proposed model is applied to simulate droplet impact on deformable granular porous media at
pore scale. The dynamic droplet spreading process, the deformation of the porous media (composed
of up to 1000 solid particles), as well as the invasion of the liquid into the pores within a wide range of
impact Weber number are well captured. The droplet spreading dynamics on particles is compared
to droplet impact on a flat solid surface. A scaling analysis is conducted to unify the two impact
problems taking into account different fluid properties (viscosity), fluid-solid interaction (surface
tension) and deformability of the substrate. An energy analysis allows determining the different
mechanisms at play, showing the effects of kinetic and potential energy, surface energy and viscous
dissipation.
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The control volume finite element (CVFE) method is inherently flexible for modelling flow and trans-
port in complex geological features such as faults and fractures. The finite element method that
captures complex flow characteristics is combined with the control volume approach known for its
stability and mass conservative properties. The classical CVFE approach exploits two meshes: the el-
ement mesh that represents the petrophysical properties element-wise and the control volume mesh,
centered on the element vertices, representing the saturation solution in the medium. The discrep-
ancy between those two meshes introduces inconsistency in the transport solution especially along
material discontinuities or abrupt material interfaces.

In this work, we present an original discontinuous formulation based on the CVFE method for mod-
eling multiphase flow and transport in porous media. We introduce the element pair P1,DG−P0,DG

denoting a linear discontinuous Lagrangian velocity approximation and an element-wise pressure
approximation, respectively. The formulation enables the use of a single mesh that, in return, does
not exhibit the inconsistency issues described earlier. We validate the method and demonstrate the
effectiveness of the approach with numerical examples of complex fractures in highly heterogeneous
domains.
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During imbibition, fluid-fluid interface at the inlet of a constriction experiences an increase in capil-
lary force that results in rapid fluid invasion known as Haines jump (Haines, 1930). During drainage,
the interface gets pinned at the end of the constriction, which causes p-s trajectories to follow dif-
ferent paths during imbibition and drainage resulting in p-s hysteresis. In this work, we performed
quasistatic two-phase flow experiments and simulations of cyclic imbibition and drainage to have a
quantitative understanding of pore-scale processes resulting in pressure-saturation (p-s) hysteresis.
We considered two different 2D Hele-Shaw cell setups: a capillary tube with a horizontal constriction
(ink-bottle) and a heterogeneous porous media randomly populated by cylindrical obstacles. In both
setups, drainage and imbibition are driven by quasitatically changing the pressure gradient between
the inlet and the outlet of the domain. The experimental results were compared with the results
from numerical model in OpenFOAM, which solves the Navier-Stokes equations employing volume
of fluid (Hirt and Nichols, 1981) method to calculate the position of the interface and the continuum
surface force (Brackbill et al., 1992) model to describe surface tension. For the ink-bottle setup, we
observed that multiphase flow through a single constriction displayed the signature trait of p-s hys-
teresis, which depends innately on the cross-section gradient. The steeper the cross-section gradient,
the more pronounced the p-s hysteresis, moreover, p-s hysteresis did not occur below a critical gra-
dient. We derived an analytical solution to calculate the critical gradient and compared it with the
critical gradient obtained from experiments and simulations. In heterogeneous porous media setup,
we observed rapid fluid invasion and retention patterns in small pores during imbibition-drainage
cycles, which give rise to hysteretic p-s trajectories. This comparative study will allow us to quanti-
tatively link the pore-scale capillary physics to large-scale p-s hysteresis.
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In tight oil reservoirs, complex rock mass consists of two different kinds of media porous media
and fissured media. Natural fracture effect the seepage characteristics of rock mass. The interaction
of the seepage field and the stress field forms the coupling of the stress field and the seepage field.
During injection or production, the dynamic change of matrix and fracture will change the rock
physical parameters. However, the experimental study cannot observe the rock deformation and
fracture propagation.
In order to quantity characterize the distribution of natural fracture. This work used micro-CT to
scan true core pore structure. The two-dimensional network model of porous media containing nat-
ural fracture models is extracted and reconstructed by analytical techniques. The fluid mechanics
process in fractured media during fluid injection was simulated using COMSOL Multiphysics. The
direct coupled method is employed in order to fully capture interactions between solid and fluid
equations. Moreover, the indirect coupled method is employed to use the pressure function contact-
ing material characteristics and constitutive equations of matrix and fracture. The natural fracture
is traced by the level set of the joint element embedded in the adjacent finite element and the XFEM
method. The ordinary finite element is used in the matrix, while the extended finite element is
used in the fracture. The weak coupled separates the fluid from the solid, converts the load on the
fluid domain into the deformation of the solid domain, and solves the fluid dynamic equation and
the structural dynamic equation respectively. Fluid-structure interaction on the rock porosity and
permeability are illustrated by a numerical experiment In addition, for testing the degrees of rock
damage and fracture propagation during gas injection production. A sensitivity analysis of the Boit-
Willis coefficient was performed to determine the degree of fluid-structure interaction. Two distinct
Biot coefficients are designed for the matrix-matrix and the matrix-fracture system.
The result reveals the more inhomogeneous the stress field caused by fluid flow and the higher
the damage degree of rock with the higher the Biot-Willis coefficient. This work reveals the fluid-
structure interaction mechanism of natural fracture. The deformation of pore medium and fracture
medium caused by different injection modes, the propagation of pressure in matrix-fracture and
the change of reservoir rock physical properties are studied. This study reveals the mechanism of
fluid-structure interaction effect on oil recovery during fluid flooding in tight sandstone reservoirs.
Furthermore, the fluid-solid coupling mechanism of fractures is considered to gain a more realis-
tic understand of the pore-scale phenomena and the fluid interaction between matrix-fractures and
matrix-matrix.
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Because shale matrix contains rich nanopore system and complex composition, it provides the nec-
essary conditions for the existence of mixed-wet pores. Obtaining the adsorption behavior of shale
oil in mixed-wet pores under water bearing conditions is of great significance for further understand
the presence of shale oil in the reservoir from the mechanism. In this work, we constructed two types
of kerogen-kaolinite nanopores (kerogen-gibbsite pore and kerogen-siloxane pore) using molecular
dynamics simulations to study the adsorption behavior of shale fluids and the interactions between
substances (fluid-wall and oil-water) in the system. The gibbsite and siloxane are two surfaces of
kaolinite with opposite wettability.
In the kerogen-gibbsite pore, the presence of the water film not only compresses the effective space
for shale oil to exist, but also aligns the polar part of the non-hydrocarbon components close to the
water film by forming hydrogen bonds. This arrangement will make it easier for the non-polar part
of the non-hydrocarbon component to capture the asphaltene in the shale oil, which will increase
the chance of blocking the pores. In addition, by constructing kerogen-quartz pore to investigate the
interaction energy and density distribution, we have confirmed that the existence of water film can
almost completely shield the influence of hydrophilic inorganic wall on internal shale oil. With the
strong hydrophilic properties of the gibbsite walls, water forms two types of hydrogen bonds with
the hydroxyl groups on the walls. Therefore, the density distribution curve will form a small peak
and an ultrahigh density peak region closest to the gibbsite wall. The calculated interaction energy
shows that the H atoms divided in the small peak occupy 83.33% of the total water-wall interaction
energy (Etotal), and all of it is the Coulomb interaction energy (Ecoul) under attraction. However,
the O atoms in the water in the ultrahigh density peak are too close to the O in the wall due to the
hydrogen bonding attraction and therefore the van der Waals force is repulsive.
In the kerogen-siloxane pore, the siloxane surface competes with kerogen for adsorption of internal
shale oil. Although shale oil appears in regular multiple adsorption layers on the siloxane surface
and the highest adsorption layer density is 2.12 times higher than the peak adsorption near kerogen,
it is interesting to note that the amount and intensity of shale oil adsorption on kerogen remain
higher than that on the siloxane surface. The effective oil-water contact surface area in both types
of pores is an important factor affecting the interaction energy. When the water content is low, the
oil-water contact surface area in the kerogen-gibbsite pore is larger than that in the kerogen-siloxane
pore. On the contrary, when the water content is higher, the shale oil interacts with water more
strongly in the kerogen-siloxane pore.
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Microscale flow effect cannot be ignored in shale with a large number of organic/inorganic nanopores
and microscale lamellar fractures. Due to multiscale flow characteristics, traditional Estimated Ulti-
mate Recovery (EUR) evaluation methods are not accurate for assessing productivity in shale reser-
voirs. The flow model considering interaction among matrix with organic/inorganic nanopores,
lamellar fractures and hydraulic fractures has not been established. This paper presents a semi-
analytical model to characterize the multi-scale flow considering stress sensitivity in shale reser-
voirs.
Semi-analytical model of organic and inorganic nanopore, microscale lamellar fractures and complex
fracture networks flow are established based on the linear flow. Diffusion, adsorption and slippage
are considered in nanopores, as well as critical starting pressure gradients during flowing to inor-
ganic nanopores. A fractal method is introduced to characterize hydraulic fracture spacing, porosity,
and permeability. The multi-scale stress sensitivity is also considered based on the above character-
ization. Flow relationship among organic/inorganic nanopores, microscale lamellar fractures, and
complex fracture network is described. The flow characteristics of shale oil are analyzed and accu-
rately characterize the stress-dependent fracture properties (such as permeability and porosity).
We validate the semi-analytical model using production data from real shale oil wells and the pre-
dicted results agree well with the field data. The heterogeneity of induced fractures is considered
in this model, and the sensitivity analysis shows that fractal distribution of fracture spacing has a
larger impact on the interporosity-flow coefficient than that of the permeability and porosity. The
stress sensitivity and compressibility of the three continuum are analyzed, the permeability loss of
the matrix reach up to 15% and the permeability loss rate of the hydraulic fracture would be reduced
by nearly 40% under the same compressibility and stress sensitivity, In terms of production, the con-
tribution of the matrix in the later stage would be significantly reduced, but the overall production
would be significantly increased.
Based on the model, dimensionless curves were constructed to analyze the productivity of horizontal
wells in the field. It is also found that microscale effects such as diffusion, adsorption and slippage
of nanopores and microscale lamellar fractures in the matrix has a great influence on production in
the late time.
The novelty of this work is the introduction of a new mathematical model, which can compre-
hensively and efficiently characterize the multi-scale flow among matrix with organic/inorganic
nanopores, microscale lamellar fractures, and complex fracture network in fractured shale oil reser-
voirs. It will be of great interest to operators seeking a quick method for production evaluation and
prediction in shale with lamellar fractures.
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The flows in porous media feature an interfacial instability, named viscous fingering (VF), that oc-
curs when a fluid in a porous medium is displaced by a fluid with higher mobility. Various physical
processes, such as petroleum Industry [1], carbon dioxide sequestration [2], and hydrology [3], to
name a few, involve VF instability. A simple chemical reaction can modify the VF instability by
modifying local viscosity distribution. To understand the chemo-hydrodynamic instability, we con-
sider the radial displacement of two miscible and reactive fluids that undergo the reaction A+B→ C
and generate a product with a different viscosity from the reactants. Convection and diffusion are
two existing fundamental flow processes that compete with one another. By changing the viscosity
profile, the product creation influences this competition and the VF instability [4,5]. By numeri-
cally integrating the convection-reaction-diffusion system of equations coupled with Darcy’s law,
we carry out non-linear simulations [4,6]. We demonstrate how the reaction amplifies instability
while VF also enhances fluid mixing. We observe that if the reaction results in a product with a
higher viscosity than the reactants, then the mixing in the system achieves saturation. Such finger
patterns were referred to as frozen fingers [7].
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On the Influence of Permeability Variation and Viscous Finger-
ing on Dispersion in Miscible Flow Displacements
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The interaction between viscous instability and the heterogeneity of the medium in a miscible dis-
placements is interesting from many aspects. The problem is faced in various applications from
contaminant transport to miscible oil displacement, carbon capture and storage, and polymer slug
injection projects. Qualitative observations have shown that the length scale of heterogeneity has a
prominent role in defining its contribution to hydrodynamic instability and thus mixing. The flow in
a medium with a smaller length scale of heterogeneity behaves similar to the flow in a homogeneous
porous medium. As the length scale of heterogeneity grows, its contribution to flow instability be-
comes more dominant. Many efforts have been made to analyze and quantify the observed effects
in random heterogeneity models, however such analyses are case dependent and hard to generalize.
Thus simpler models of heterogeneity have been adopted for understanding the fundamental mech-
anisms of spreading and mixing in unstable miscible displacements. In numerical investigations of
miscible displacements through evenly distributed layers, with the width of the layers w defining the
length scale of heterogeneity, the dominance of each of the instability mechanisms have been found
to be a time dependent concept. Mixing in such media, represented by mixing zone length, MZL,
follows four flow regimes: an initial diffusive flow regime, channeling regime (heterogeneity domi-
nated instability), lateral diffusion (a second diffusive flow regime), and viscous-fingering-dominated
regime. The mixing during the second diffusive flow regime, driven by diffusion of the grown fingers
across the high permeability layers, shows a dispersive behavior, growing linearly with the square
root of time but at a higher rate than the first diffusive flow regime. In the current work the effect of
heterogeneity and viscous fingering parameters on the effective dispersion rate during this regime
has been investigated.
A miscible displacement in a Hele-Shaw cell with harmonic permeability variation across the flow
channel has been modelled using a fully implicit spectral method. According to the numerical sim-
ulations, for given pair of fluids the effective dispersion coefficient is proportional to the square of
the heterogeneity length scale. The effects of different values of viscosity ratio, M, and strength of
heterogeneity, s, on dispersion rate are more complex to quantify. It has been observed that while
the rate of dispersion is affected by the mobility ratio or the heterogeneity variance, the time of
transition between the channeling and the lateral diffusion regimes is independent of these mech-
anisms. It is concluded that the diffusive time scale τ_D=w^2/D, defines how long the channeling
regime lasts, and the flow convection, the permeability variation, and the unfavorable viscosity ratio,
collaborate to form and grow instabilities during this enforced time period. Larger values of Pe, M,
and s, result in enhanced instabilities formed at the start of the dispersion dominated regime and a
higher effective dispersion due to the larger contact surface between the solute and the inhabitant
fluid.
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CO2 capture and storage (CCS) is one of the indispensable decarbonization technologies to achieve
green industrial growth and address the challenge of global climate change. CO2 captured using the
Sorption Enhance Water Gas Shift process at steel mills contains H2, with its molar ratio reaching
10% or higher. Since the thermophysical properties of CO2 and H2 are distinctly different, the effects
of H2 impurity on CO2 transportation and geostorage in oil reservoir should not be overlooked.
Moreover, according to our previous modelling study, the solidification of oil on caprock surface can
generate a preferentially orientated molecule structure because of the interfacial crystallization. The
solidified oil film can alter the minimum miscible pressure of the gas mixtures, thereby changing the
adsorption and dissolution process of CO2 in oil reservoir.
In this study, molecular dynamics simulation will be performed to investigate the effect of injection
temperature and pressure on the dissolution behaviour of CO2/H2 mixtures in solidified oil film.
The crystalline alkane structure on silica subtract will be constructed, featuring the surface freezing
monolayer and the crystalline parallel middle layers. The atomic interaction energy between the
gases, function groups of alkane and silica subtract will be quantified to elucidate the mechanism
behind the miscibility and surface adsorption. The conclusion of this study will shed guiding light on
optimising the operating conditions of injecting CO2 containing H2 as the major impurity species
and facilitating the deployment of CCS infrastructures.
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With the growth of population and various industries around the world the demand for energy has
increased rapidly. The use of fossil fuels as the main source of energy is considered a threat to the
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environment due to the release of large amounts of carbon dioxide in the atmosphere resulting in
global warming and climate change. Geothermal energy is one of the potential energy sources with
low-carbon footprint that has been used to generate electricity since the 20th century. Geothermal
energy extraction systems involve water as the energy carrier and the subsurface layers’higher tem-
perature as the main source of energy. The costs of drilling to reach the depths with economically
viable temperature are considerable and one of the obstacles against extensive use of this source
of energy. Therefore reuse of abandoned oil and gas wells has been considered lately as a more
economic option. Unlike the open loop circulation systems encountered in conventional geother-
mal reservoirs and enhanced geothermal systems, the double pipe heat exchanger set-up in and
abandoned cased well, forms a closed loop heat exchanger with a more environmental friendly ar-
rangement. For these systems an inner pipe with a smaller diameter than the casing is placed in the
well coaxial with the casing. The water is injected into the annulus and its temperature increases as
it moves towards the bottom of the well. Next, the hot fluid enters the inner pipe and moves upwards
to reach the well head. The efficiency of the energy harvesting process, and thus a potential well’s
appraisal, highly depends on the outlet water temperature. In turn the outlet temperature depends
on the well and the formation’s thermal properties along the well which is hardly available and adds
to the uncertainty of the assessments.
In this study, a comprehensive sensitivity analysis has been conducted on coaxial heat exchangers
and the role of the well and formation’s thermal characteristics, fluid’s thermal and hydraulic prop-
erties, and the operational parameters such as the inlet fluid temperature and its injection rate, on
the output well temperature has been investigated. For this purpose, a dataset based on the Latin
hypercube method has been created using a three dimensional proxy model built in Opengeosys
software. The correlation between the output temperature and the 16 involved parameters has been
investigated through six statistical analysis methods including Pearson correlation coefficient, max-
imal information coefficient, linear regression, decision tree regression, random forest regression
and xg-boost regression. A comparison between the linear and nonlinear regression methods has
shown that the nonlinear methods do not necessarily add to the accuracy of the regression. The final
ranking of the parameters has been performed based on the overall result of these analysis methods.
The 8 more important parameters (ordered with respect to their importance) have been found to be
the well depth, the inlet fluid temperature, the geothermal gradient, the fluid flow rate, the fluid’s
specific heat capacity, the formation thermal conductivity, the inner pipe thickness, and the outer
pipe thickness.
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Quantitatively estimating the permeability contribution of different pore structures in a heteroge-
neous porous medium plays a crucial role in assessing the influence of some diagenesis such as
intragranular erosion and clay cement on the reservoir permeability. This study proposes an effec-
tive method to estimate the permeability contribution of a specific pore structure in a heterogeneous
rock sample via six steps. First, the image-based rock typing is implemented to classify a multiscale
pore structure into different rock types where each rock type presents a homogeneous pore struc-
ture, using the random forest algorithm. Second, the 3D model of the macropore structure and
every micropore structure is reconstructed applying the MPS method. Third, the permeability of
each reconstructed 3D micropore structure is calculated using LBM, and the corresponding perme-
ability REV of this structure is estimated. Four, an upscaling process is carried out to divide the
reconstructed 3D macropore structure into many cells whose length is determined by the maximum
permeability REV of the micropore structures. Five, the permeability of every cell of the coarse grid
is calculated by LBM except some cells that are randomly selected as micropore structures whose
permeability is assigned directly according to their rock types. Finally, the permeability contribu-
tion of each micropore structure is evaluated by comparing the permeability calculated before and
after assuming the target micropore structure is impermeable. The result shows that the permeabil-
ity contribution of a micropore structure varies significantly according to its permeability, content,
spatial distribution, and the permeability of the macropore structure.
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The ubiquitous behavior of thin film brine residing in mineral pores confined by mineral and oleic
phases fascinates many porous media researchers [1–4]. The unusual behavior of an aqueous phase

Page 195



InterPore2023 / Book of Abstracts

in confining systems is dominated by a broad range of sciences, from drug delivery and catalytic
reactions to enhanced oil recovery. So far, extensive efforts have been pursued to unveil the un-
derlying mechanisms behind the stability of thin film brine covering the surface of porous media,
mainly by tuning the salinity, which changes the wettability of the porous media surface. In addi-
tion, finding an efficient way to eliminate carbon dioxide in the environment has gained attention [5,
6]. Carbonated Low Salinity Water (CLSW) has been introduced to achieve these common purposes.
In this study, molecular dynamics simulations have been performed to unravel the influence of CO2,
salinity, and the polar component of the hydrophobic phase confined in an identical porous medium.
The confined CLSW thin film (40000 and 8000 ppm of NaCl) between a calcite substrate and a hy-
drophobic fluid, consisting of decane, and acid molecules, benzoic acid (BA) or decanoic acid (DA) at
high pressure and high temperature (HPHT) conditions (323 K and 10 MPa) has been investigated.
Atomistic simulations reveal that the compacted, well-ordered layers of water in the proximity of
the calcite substrate are formed regarding the salinity and the component of the oleic phase. The
diffusivity of CO2, acidic molecules, and ions have been changed upon changing the salinity and oil
model. The polarity of the BA and DA functional groups, and water ions, makes the interactions
more complicated. The higher acidity of DA compared to the BA makes it a better case to move
toward the brine phase. At the same time, a higher interaction of carbon dioxide with BA than DA
was seen. The higher interaction of BA by CO2 impedes the higher diffusivity of CO2 into the oleic
phase compared to the DA. However, the chain structure of DA makes the space accessible for the
diffusion of CO2 into the oleic phase and distribution into the bulk oleic phase, which results in
higher interaction of decane and lower viscosity for this model oil. Also, the higher diffusion of DA
compared to the BA proves the idea of a higher attraction of Na+ ions toward the DA than BA, which
would end up with a thicker electrical double layer over the calcite surface. Overall, the attraction of
Na+ ions toward the calcite substrate will decrease by introducing DA instead of BA in the system,
and it prefers to move toward the oleic interface. In lower salinity, the higher interaction of CO2
with acid molecules has been seen, particularly in the BA case, which indicates that the ions are
not enough to move to the interface and trigger the interaction with acidic molecules. Therefore,
the accurate oil composition, along with the brine salinity, should be considered in the screening
procedure of the carbonated water implementation.
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The problem of solidification with macro-segregation and the formation of freckles is usually a com-
plicated one that involves mass, momentum, heat, and species transfers between the solid, mushy,
and liquid phase regions [1]. In several natural and industrial applications, the quantitative descrip-
tion of phase change, chemical heterogeneities, and multi-phase and multi-component flows serve
an essential role in this process. In the aerospace industries and civil engineering, where materials
with high strength, heat-treatable capacity, and fatigue resistance are in high demand, this naturally
sets very strict requirements for internal compositions and their distribution in parts and workpieces
[2]. For the petroleum industry, the efficient and economical recovery of natural gas hydrate from
the subsurface and the safe operation of natural gas pipelines to prevent hydrate or wax blockage are
also based on a deeper understanding of solidification and phase change [3,4]. Even on an interstel-
lar scale, the deposition of planetary components during cooling constitutes a kind of separation [5].
Nonlinearities and interactive multi-physical fields are the major challenges in modeling this topic,
and they raise the high computational costs associated with its 3D simulations. Our work proposes
an operator-splitting and matrix-oriented method based on the enthalpy-porosity model to avoid
non-linear systems. Also, the combination of vectorization and forward techniques to assemble the
matrix of the linear system enhances the implementability of extensions to 3D applications. Finally,
a number of 2D and 3D benchmark cases are presented to validate the accuracy and effectiveness of
this scheme [6-8]. This numerical method also shows its ability to capture physical processes, such
as channel segregation and freckle formation, caused by solutely and thermally driven flow.
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The phenomenon of “no injection or production” is common in water injection development of low
permeability reservoir, which is one of the difficult problems restricting the efficient development of
low permeability reservoir. It is urgent to explore effective injection and production mode to greatly
improve injection capacity and development effect. After pressure flooding, the energy recovery
of the well is good, but there are problems such as short effective time and difficult to balance the
effect, so it is necessary to carry out regulation strategies for typical well groups. This paper intends
to establish a fracture-propagation and seepage numerical simulation method for pressure flooding
development based on fluid-structure coupling, clarify the morphology of water injection fracture
network in pressure flooding, clarify the propagation and distribution law of pressure and media
front during pressure flooding production, and put forward a long-term balanced and effective con-
trol strategy for pressure flooding, providing technical support for improving the pressure flooding
development effect in mines.
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As the use of electrochemical energy devices, such as rechargeable batteries and fuel cells increases
in many fields, from stationary power generation to transportation and heavy-duty applications, it is
imperative to further improve them to make them cost-effective compared to conventional systems
[1]. The search for the best composition for porous electrodes of these technologies has been the
interest of many researchers over the past decades. Recently, some studies, such as [2, 3], have
focused on the use of topology optimization techniques in designing the electrode structure. While
such studies provide beneficial techniques for innovative electrode design at the application level,
fundamental understandings of the physicochemical mechanisms that improve system performance
are strongly needed. This study fills this research gap by linking an optimization problem to the
concept of entropy generation.

This study aims to investigate the optimal structure of an electrochemical reaction-diffusion (ERD)
system. It is assumed that the proposed porous reactor consists of three material constituents, includ-
ing a solid phase, a proton-conducting polymer (ionomer), and voids. Such a system is analogous
to the catalyst layer of a polymer electrolyte membrane fuel cell. However, the method used in this
study can be employed for any other type of electrochemical device with some slight modifications.
A reactant species diffuses into this ERD system through the pores as it oxidizes in the presence of
the solid phase. The solid phase and ionomer phase are responsible for discharging the generated
electrons and positive ions, respectively. Two topology optimization strategies are used to find the
optimal spatial distribution of constituent materials. In the first approach, the goal is to maximize
the overall reaction rate in the system. In the second strategy, an attempt is made to minimize the
losses of the system while keeping the overall reaction rate constant. An entropy generation model
is developed based on the concept of non-equilibrium thermodynamics. The change in entropy pro-
duction rate during the two optimization processes is evaluated and compared. The results show
that both optimization approaches lead to a complex tree-root-like structure. Such a structure facili-
tates the delivery of reactant species to entire parts of the ERD system, thus reducing mass transport
limitations. In addition, the findings of this study indicate that the entropy production rate increases
with the increment of the total electrochemical reaction rate. This is associated with the increase
of inevitable entropy production in a maximization approach. On the other hand, the minimization
approach leads to lower entropy production, which is consistent with the minimization of entropy
generation [4].

Acknowledgments
This work was supported by Grant-in-Aid for JSPS Fellows number 22J20603, JSPS KAKENHI Grant
number 21H04540 and Office of the Permanent Secretary, Ministry of Higher Education, Science,
Research and Innovation (OPS MHESI) (Grant No. RGNS 65-084), Thailand Science Research and
Innovation (TSRI) and King Mongkut’s University of Technology Thonburi.

Participation:

In-Person

References:

Page 199



InterPore2023 / Book of Abstracts

[1] Gielen D, et al., Energy Strateg. Rev., 24 (2019): 38.
[2] Roy T, et al., Struct. Multidiscip. Optim., 65.6 (2022): 1.
[3] Charoen-amornkitt P., et al. Int. J. Heat Mass Transfer, 202 (2023): 123725.
[4] Bejan A. Entropy Generation Minimization: The Method of Thermodynamic Optimization of Finite-
Size Systems and Finite-Time Processes, (2013).

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Japan

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Poster / 252

Entropy generation analysis in a quasi-3D PEM fuel cell model
with architectured electrocatalyst layer
Authors: Mehrzad Alizadeh1; Patcharawat Charoen-amornkitt2; Takahiro Suzuki1; Shohji Tsushima1

1 Department of Mechanical Engineering, Graduate School of Engineering, Osaka University, Suita, 565-0871, Osaka,
Japan

2 Electrochemical Energy Storage and Conversion Laboratory, Department of Mechanical Engineering, Faculty of
Engineering, King Mongkut’s University of Technology Thonburi, 126 Pracha Uthit Rd., Bang Mod, Thung Khru,
Bangkok, 10140, Thailand

CorrespondingAuthors: patcharawat.c@gmail.com, tsushima@mech.eng.osaka-u.ac.jp, alizadeh.mehrzad@gmail.com,
suzuki@mech.eng.osaka-u.ac.jp

As the world grapples with global warming and other environmental problems caused by the exten-
sive use of fossil fuels, a rapid shift to renewable resources is essential. The intermittent nature of so-
lar and wind energies, the two main renewable energy sources, is a bottleneck to the widespread use
of these sustainable energies. Deployment of electrochemical energy devices might be a remedy for
this issue. The polymer electrolyte membrane fuel cell (PEMFC) is an efficient technology that con-
verts the chemical energy of hydrogen into electricity through an electrochemical reaction. PEMFCs
application includes but not limited to power generation systems, transportation, and heavy-duty ap-
plications [1]. Topology optimization (TO) has attracted much attention to improve the performance
of various electrochemical systems [2, 3]. Compared to other mathematical optimization techniques,
such as size and shape methods, TO is a more robust and stronger algorithm. The superiority of TO
stems from the fact that it provides more freedom in achieving innovative design solutions. Recently,
some researchers have focused on utilization of TO to improve the performance of electrochemical
devices by controlling the microstructure of their porous electrodes [4]. However, far too little at-
tention has been paid to the fundamental explanations of how improved performance is achieved
through engineered electrode structure. This study attempts to provide a fundamental explanation
by examining the changes in entropy production during the optimization process.

To accomplish the aims of this study, the performance of a PEMFC is first simulated based on a
quasi-3D mathematical model. Next, a TO algorithm is recruited to find the optimal structure of the
electrocatalyst layer with the purpose of increasing the output power density. An entropy gener-
ation model is developed to quantify the entropy generation rate during the optimization process.
The entropy generation rate of the initial uniform design and the final architectured structure are
compared to elucidate the fundamental mechanisms that lead to a better design.
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Rivers and streams are important for transporting minerals, nutrients, and other chemicals
throughout the natural environment. Introducing potentially toxic species into local water
systems, e.g. agricultural-based pesticides, may have negative ecological consequences. Hence,
understanding how materials are transported in hydrologic systems is important for developing
more sustainable water management practices. The goal of this research is to validate a
mathematical model that faithfully captures the transport of a reactive solute plume in a turbulent
open channel with hyporheic exchange. To this end, field scale conservative (NaBr) and reactive
tracer (NaNO3) experiments were conducted in Dry Creek, a small tributary in the Boise River
watershed located in Idaho, USA. Reactive and conservative tracers were (pulse) injected into
Dry Creek, and breakthrough curves were measured at 5.27m and 70.64m from the injection site.
Here, we present analysis and results of the field study, linking creek characteristics to transport
behavior. Then we develop a upscaled linear-reactive transport model using a CTRW framework
to validate field study results. We compare the upscaled mathematical modeled breakthrough
curves with observational measurements and use model insights to characterize the underlying
governing process of reactive transport at the reach-scale. Specifically we explore the impact of
the underlying sediment bed on channel transport in both the reactive and conservative cases.
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Adding acid to fracturing fluids is a promising method to for enhanced stimulated shale reservoir vol-
ume. The mechanical and petrophysical properties of reservoir are modified due to acid-rock interac-
tion. It is of great significance to comprehensively understand the pore structure change behind the
macro-performance alteration, for the purpose of maximizing the effect of acid-rock interaction in
long-term productivity and ultimate recovery enhancement. In this work, low-pressure N2 adsorp-
tion and X-ray micro-computed tomography (micro-CT) scanning experiments are used to detect
the shale pore structure change after acid-rock interaction. Base on the N2 adsorption isotherms,
fractal dimensions are determined to quantify the effect of acid-rock interaction on nano-pores in
shale, in terms of pore size distribution and pore surface roughness. Fractal dimensions are also
calculated from CT images to estimate the change of micro-pore distribution. Moreover, the change
of heterogeneity, anisotropy, and connectivity of micro-pores in shale are discussed in depth. The
results show that acid-rock interaction reduces the surface roughness of nano-pores in shales. Shales
with different mineral composition presents distinct change of nano-pore distribution. The dissolu-
tion of reactive minerals creates many micro-pores and fractures with different sizes, which leads
to the increase in micro-pore distribution fractal dimension. Meanwhile, the increase in normalized
lacunarity and succolarity demonstrates that shale pore structures become more heterogeneous and
have better connectivity after acid-rock interaction. Porosity, fractal dimension, lacunarity, and suc-
colarity are complementary parameters, and help to understand the pore structure change of porous
media more comprehensively.
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Hydroshearing, or shear stimulation, is recognized as the main method to exploit geothermal en-
ergy in hot low-permeability crystalline rocks at depth. It consists of enhancing permeability via
injection-induced shear slip and dilation of preexisting fractures. Hydroshearing usually causes
some induced microseismicity, sometimes of sufficient magnitude to be felt on the surface. Thus,
high-pressure fluid injection to enhance fracture permeability should be made carefully to avoid in-
ducing earthquakes above the acceptable magnitude.
The process of hydroshearing is theoretically well understood and numerical models are capable
of simulating it. However, fundamental investigations at the field scale are limited. This study
focuses on the modeling of a hydraulic stimulation carried out at the Bedretto Underground Labo-
ratory for Geosciences and Geoenergies (BULGG), in Switzerland, to investigate hydro-mechanical
coupled processes due to fluid injection into fractured granite. We examine three numerical models
with increasing complexity (a model with calibrated time-variable permeability, a model with strain-
dependent permeability, and a model incorporating viscoplasticity with strain weakening and dila-
tancy) to improve the simulation and capture the hydro-mechanical response of the fractured rock
mass.
The first model yields a reasonable fitting to measured overpressures at the injection borehole. Yet,
the pore pressure distribution and the corresponding poromechanical response of the rock are not
well captured. Employing an embedded model to calculate permeability changes as a function of
volumetric strain improves the temporal evolution of overpressure at the injection borehole at the
early stages of stimulation, but overestimates it once the fracture undergoes shear slip. Using a vis-
coplastic constitutive law with strain softening and dilatancy results in an additional enhancement
of fracture permeability and thus a better reproduction of the monitored overpressures. The results
show that the timestamps of monitored microseismic events correlate well with the times when per-
meability enhancement surpasses the previously maximum amount in each injection cycle.
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It has been previously observed that when polymer gels (e.g. hydrogels) undergo rapid extensive
swelling, a transient crumpling instability can form on the surface of the gel. This instability consists
of many line segments of cusps patterning the gel’s surface into an array of bumps that arise from
shear bending of a homogeneously swollen gel surface

Here, we present experiments showing that when a hydrogel sheet whose upper surface exhibits
such an instability is rapidly dehydrated (e.g. through rapid immersion in acetone), the instability
is locked in place, becoming much visible as the bumps undergo a phase transition and change
colour from transparent to white (see the attached figure showing this pattern for a range of initial
water drop volumes). We explore the different facets of this rich behaviour, comparing the acetone
induced pattern with the initial crumpling instability. In particular, we demonstrate that the pattern
that emerges is independent of the total size of the blister, rather it is just a function of the time
before immersion in acetone. Furthermore, by controlling the time before immersion we can control
reliably the wavelength of the instability. We close by discussing potential next steps to be taken in
investigating this fascinating phenomena.
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Dissolution mass transfer of trapped phases in porous media is an important phenomenon in various
fields, such as groundwater contamination [1–3], groundwater remediation [4], geological carbon
sequestration [5], and energy storage in geological formation [6]. In the process of dissolution mass
transfer, a fluid, which could be a liquid, gas, or supercritical fluid, is trapped in porous media by a
capillary force. In the presence of another flowing fluid the trapped phase then gradually dissolves
with solubility as the driving force.

The difficulties in investigating this phenomenon is the method to observe the dissolution process
inside the porous medium. Earlier studies were mainly conducted using upscaled mass transfer
approaches [1–4], which was modeled as a single grid block of mass transfer without knowing the
pore scale processes in the porous media. As a result, the interfacial area, which the place for the
mass transfer to occur, was unknown. For that reason, the developed mass transfer models [1–4]
were phenomenological to the porous media.

In this work, we used X-ray CT microtomography (micro-CT) to observe the pore-scale process of
dissolution mass transfer inside a porous medium. The main goal of using the micro-CT is to measure
the capillary trapping interfacial area during the dissolution process, and thus, mass transfer model
that is non-phenomenological to the porous media characteristics can be developed. To generate
the mass transfer model, we performed comprehensive experimental investigations [7–12] by using
various porous media characteristics (unconsolidated porous media particle size and wettability),
various trapped phase types (non-aqueous phase liquids (NAPLs) and gases), and various water
velocity.

Along with the development of this models, additional phenomena that affect the mass transfer rate
were elucidated. The first phenomenon is the dissolution fingering [9], which occur due to slight
differences in local permeability caused by the spatial distribution of the trapped phase in the porous
media. Dissolution fingering was found to reduce the mass transfer coefficient to a third. Another
phenomenon is the two-stage dissolution process [7,8] that occurs due to the rapid dissolution rate
of the capillary trapping represented by the dissolution ratio (ratio between solubility and density).
As a result, dissolution occurs much faster than the solute advection, resulting in the accumulation
of high local solute concentrations that hinder the mass transfer process.

Eventually, a non-phenomenological mass transfer model based on Sherwood, Reynolds, and Schmidt
numbers was developed. To the best of our knowledge, this is the first non-phenomenological model
of capillary trapping dissolution mass transfer based on Sherwood, Reynolds, and Schmidt numbers.
We believe that this work could provide valuable insights for the porous media community, espe-
cially interfacial phenomena across scales.
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Blood microcirculation supplies neurons with oxygen and nutrients, and contributes to clearing
their neurotoxic waste, through a dense capillary network connected to larger tree-like vessels. This
complex microvascular architecture results in highly heterogeneous blood flow and travel time dis-
tributions, whose origin and consequences on brain pathophysiology are poorly understood. Here,
we analyze highly-resolved intracortical blood flow and transport simulations to establish the phys-
ical laws governing the macroscopic transport properties in the brain micro-circulation (Goirand et
al. Nature Communications 2021). We show that network-driven anomalous transport leads to the
emergence of critical regions, whether hypoxic or with high concentrations of amyloid-β, a waste
product centrally involved in Alzheimer’s Disease. We develop a Continuous-Time Random Walk
theory capturing these dynamics and predicting that such critical regions appear much earlier than
anticipated by current empirical models under mild hypoperfusion. These findings provide a frame-
work for understanding and modelling the impact of microvascular dysfunction in brain diseases,
including Alzheimer’s Disease.
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The decarbonization of energy mainly requires the substitution of fossil fuels with low-carbon alter-
natives. Heavy industries require high-temperature heat that cannot be supplied through electricity.
Moreover, the production of renewable electricity requires a storage medium to compensate for
their intermittent behaviour. Hydrogen is a favorable medium for storing the excess low-carbon
electricity and can accommodate the high temperature requirements. Subsurface hydrogen storage
provides the mean to safely store and re-use the hydrogen gas. A successful storage project requires
accurate modeling of the hydrogen movement and the extent of its loss.
Flow of hydrogen in porous media containing water is affected by hysteresis in flow properties,
mainly relative permeability and capillary pressure. This hysteretic behaviour is a consequence of
changes in contact angle and capillary trapping of non-wetting phase in porous media. As a result,
the amount of hydrogen trapped in underground increases overtime, causing significant hydrogen
loss. Most of the available literature have only considered the hysteresis in relative permeability
and have not studied the path dependency of capillary pressure. Moreover, studies focused on the
impact of hysteresis on hydrogen storage and hydrogen loss due to trapping is still scarce.
The overall aim of this study is to model the hysteresis effect during the two-phase flow of hydrogen-
brine. The outstanding contribution of this work would be considering the capillary pressure hys-
teric behaviour through generating the full scanning curves during the injection/production cycles
for each grid cell. At the next stage, we will look into the relative permeability hysteresis to investi-
gate their individual and mixed influence on the hydrogen trapping in subsurface. Finally, we aim
to perform a sensitivity analysis on the controlling parameters (rates, shut-ins and so on) to derive
the most optimized scenarios for a successful storage operation. Due to the cyclic nature of the
system, we speculate hydrogen loss because of increased trapped hydrogen during the consecutive
cycles. We also expect the capillary pressure to be a less contributing parameter compared to relative
permeability as the field-scale nature of the system is less affected by capillarity [1].
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The upscaling of 2-phase flow in porous media from pore to Darcy scale is a long-standing problem.
While several approaches have been published in the literature, there remains no consensus on what
the right approach is and what the correct Darcy scale transport equations are. Many approaches
assume explicitly or implicitly that a length scale exists where pore scale dynamics average out such
that equipartitioning of energy in the different degrees of freedom holds, which is sometimes re-
ferred to as the multi-phase representative elementary volume (REV). The implicit assumption is
ergodicity where spatial, temporal, and ensemble averages are equivalent.
Many theoretical approaches explicitly require ergodicity, and few general strategies have been ad-
vanced to treat non-equilibrium thermodynamic behavior associated with non-ergodic systems. We
develop a non-equilibrium theory using time-and-space averaging; assuming that ergodic conditions
hold only at very small length scales. For instance, at late times Haines jumps travel beyond the range
of diffusive mixing (which would be required for equipartitioning). Since the timescale for mixing
is fast at small length scales, many non-ergodic systems can be described based on this approach.
We show that fluctuations are constrained by the internal energy dynamics, deriving quasi-ergodic
requirements that must hold for any stationary process due to conservation of energy. Since these
requirements are formulated in terms of observable quantities, they can be used to explicitly identify
the timescale where valid transport coefficients can be obtained. This result is significant because
it provides a straightforward way to homogenize the dynamics of multiphase flow in porous media
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which does not obey equipartition of energy, particularly with slow fluctuations.
We apply our theory to derive transport coefficients for immiscible fluid flow through porous media,
demonstrating that pressure fluctuations observed in experiments can be non-Gaussian due to co-
operative effects that are caused by capillary events. We show that the macroscopic dynamics can
still be homogenized if the timescale for averaging is chosen such that these fluctuations perform no
net work on the system. We further demonstrate that changes to fluid topology are responsible for
non-ergodic effects, and that time-and-space averages provide a natural mechanism to account for
discrete changes based on the topological residence time associated with a particular micro-state of
the system.
Following that methodology, we derive Darcy’s law for single phase flow and the 2-phase Darcy
equations for multiphase flow at stationary (“steady-state”) conditions. The equations have the
same form as the 2-phase Darcy equation introduced as a phenomenological extension to Darcy’
s law. Cross terms in relative permeability arise from having experimental access to phase pressures
independently.
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For the performance assessment of nuclear waste repositories, a thorough analysis of the uncertainty
and sensitivity of the underlying processes is necessary. Whereas a detailed experimental investiga-
tion of the final repository site is infeasible due to numerous reasons, the verification and validation
of the numerical tools under realistic conditions using experimental data of underground research
laboratories are all the more important.
One of such experiment is the FE-experiment at the URL site in Mt. Terri - a full-scale multiple
heater test in the Opalinus clay in Switzerland which simulates “as realistically as possible, the con-
struction, waste emplacement, backfilling and early post-closure evolution of a spent fuel/vitrified
high-level waste disposal tunnel according to the Swiss repository concept.” [H. Müller et al. 2017]
In our contribution, we present an application of design-of-experiment-based history matching as
an approach to reduce and investigate parameter uncertainties in finite-element models for repos-
itories of high-level radioactive waste [Buchwald 2020]. We combine experimental data from the
FE-experiment at the Mt. Terri site in Switzerland with thermo-hydro-mechanical modeling using
the open-source package OpenGeoSys. The parameter space was reduced by an initial parameter
screening to find heavy hitters and an experiment-matching procedure using Monte-Carlo sampling
on a Gaussian proxy model to fit modeling responses. The resulting parameter bounds were used
in a subsequent uncertainty quantification and global sensitivity analysis based on the proxy model
demonstrating the impact of parameter sensitivities.
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Over the last years the interest in molecular hydrogen (H2) has soared: in many countries an ac-
celarating energy transition is considering hydrogen as the main energy carrier of the future. To
enable large scale storage for hydrogen, research on subsurface storage options in geologic struc-
tures as artificially created caverns in evaporites (e.g. salt domes) or depleted gas fields mainly in
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sandstones is pivotal. Some countries as Germany have large volumes available in existing and ad-
ditionally mineable caverns being the preferred option, but many regions in Europe will continue
to use porous rocks –and there mainly sandstone reservoirs of depleted natural gas fields –as under-
ground storage option. In these sandstones geochemical reactions of the molecular hydrogen with
dissolved ions in the pore water –and foremost –on reactive mineral surfaces have to be considered
in risc assessments for selecting the most suitable rock formations. Some minerals may oxidize hy-
drogen resulting in a loss of hydrogen and the production of either water or hydrogen sulfide. These
products may enhance the alteration of the rock by increasing dissolution-precipitation reactions –
or impart on the recoverable gas quality e.g. by traces of hydrogen sulfide (Heinemann et al. 2021).
In this contribution the results from geochemical experiments at in situ conditions (elevated pres-
sures and temperatures as in the subsurface in presenc of a liquid water phase) of one common
reactive mineral in many sandstones –the iron oxide hematite Fe2O3 –will be presented. The discus-
sion will focus on details on the processes observed, the kinetics of the overall oxidation of hydrogen
by hematite, and parameters limiting the extent of the oxidation of hydrogen. An interesting link to
ongoing research results in photo(catalytic) water splitting on hematite surfaces has emerged during
the study. In addition, for a set of five different natural sandstone samples from the Bunter forma-
tion with different contents ot hematite the extent of the reaction was investigated over one month
at a pressure of 120 bars and a temperature of 120℃. The overall oxidation of hydrogen was low,
but significant differences were apperent between the rocks. Spatially resolved analyses by optical
microscopy and Raman spectroscopy allowed to document the reaction products in the intact pore
space in the sandstones during and after experiments, pointing to mineral matrix effects on geochem-
ical reactions and hence changes in porosity, pore throat diameters and permeability. These findings
will help in delineating guidelines for selecting the formations best suitable for storing hydrogen for
extended times in subsurface sandstone reservoirs.
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Lithium-ion battery performance can be significantly affected by porous electrode microstructures.
The carbon binder domain (CBD) within an electrode structure is used to enhance mechanical sta-
bility and facilitate electronic conduction. The understanding of the CBD phase microstructure and
how it affects the complex coupled transport processes is crucial. Inspired by the bimodal pore
size distribution of electrode structures, a random field method is proposed to generate the multiple
phase porous electrode structures in this work. Using this approach, the nano-porous CBD phase
with tuneable pore size and transport properties can be generated. The effect of CBD phase distri-
butions on the battery performance is evaluated. It is found that the increased nano-porosity from
0.3-0.6 can increase specific capacity of battery electrodes by 50 to 100%. For the first time, the nano-
porous CBD phase and corresponding properties can be manipulated by algorithms - this gives new
insights on the battery electrode design.
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The necessity to scale energy storage capacities in Europe is vital for expanding renewable energy
production and avoiding shortcomings in energy supply. In decarbonizing energy systems, hydro-
gen, in its diverse colors, will play a crucial role as an energy carrier. Storing hydrogen in the
subsurface comes with various uncertainties. Independent investigations of underground hydrogen
storage revealed that hydrogen is utilized as substrate by Archean cultures in the reservoir leading
to environment-controlled reactions.
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This study investigates site-extracted and brine-suspended cultures in a microfluidic setup. Biomass
accumulation in pore space under saturated and anaerobic flow conditions has shown that bacteria
significantly change the hydraulic properties of porous media, altering both porosity and permeabil-
ity. Using time-lapse imaging, different modes of bacterial accumulation and preferential channel
formation could be observed as a function of the injection velocity. The extracted time series was
used in numerical Stokes–Brinkmann flow simulations to estimate intrinsic biomass permeability,
velocities, and stresses. The simulation results were validated with experimental data and revealed
an average intra-biomass permeability of 100±30 mD.
Further analyses concerning the advective nutrient supply potential were conducted to estimate the
controlling parameters like the Peclet number. The selected velocity impacts the average biomass
cluster size and, herewith, also, the nutrient distribution within the biomass. Furthermore, biomass
activity in the presence of a nutrient gas blend of carbon dioxide and hydrogen was investigated in
a dynamic flow experiment at elevated pressure and temperature.
The novel setup allowed us to continuously monitor biomass growth, related system responses, and
compositional gas changes. Conclusively, an advective nutrient supply in biomass is considered
more efficient than a purely diffusive one and might lead to higher metabolic activity and substrate
conversion rates, which is particularly interesting for engineered subsurface applications.
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Poroelasticity inspects the interaction among fluid flow and elastic deformations within a porous
material. In several applications in the context of environmental sustainability, such as geothermal
energy production and CO2 sequestration, temperature plays an important role in the description
of the physical phenomena. Therefore, in order to correctly describe these geological processes, the
differential problem should also take into account the influence of the temperature, leading to a
fully-coupled thermo-poroelastic system of equations.

We present and analyze an arbitrary-order Discontinuous Galerkin method for the numerical mod-
elling of the non-linear thermo-poroelastic problem based on a novel four-field weak formulation.
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The proposed method is designed to support general polygonal and polyhedral elements. This is a
key feature in geological modeling in order to handle fractures and degenerate elements arising in
the case of compaction or erosion. To handle the non-linear convective transport term in the energy
conservation equation we adopt a fixed-point linearization strategy and different linearizations are
examined.

We perform a robust stability analysis for the linearized semi-discrete problem under mild require-
ments on the problem data. A priori hp-version error estimates in suitable energy norms are also
derived. A complete set of numerical simulations is presented in order to validate the theoretical
analysis, to inspect numerically the robustness properties, and to test the capability of the proposed
method in a practical scenario inspired by a geothermal problem.
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Geologic Carbon Sequestration (GCS) is a promising technology that can be utilized to lower at-
mospheric CO2 emissions. In these systems, atmospheric CO2 is captured and injected into a deep
saline aquifer for permanent storage. Once injected, CO2 interacts with the formation brine and
existing minerals which can lead to permanent mineral trapping of the CO2. One major challenge
of GCS is evaluating the timescale and extent to which CO2 will be transformed into the desired car-
bonate minerals. Previous work has shown that this timescale is highly dependent on the geologic
formation’s characteristics where sandstones and carbonates may be promising storage formations.
Carbonate minerals react quickly with the CO2–brine mixture, but the benefit or drawback of this
is yet to be fully established. The rate, extent, and impact of reactions of formation properties are
difficult to predict in part due to the complex, multi-scale nature of the pore structure of carbonate
formations. Using a multi-scale method of 3D X-ray micro computed tomography (CT) imaging,
the pore structure of potential carbonate storage formations is examined on varying scales. Images
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are processed to discern multi-scale porosity, pore connectivity, and the accessible surface area of
reactive mineral phases. Data for formations with varying mineralogy are then compared.
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Geological heterogeneities impact the timescale and distribution of capillary trapping of CO2 in
aquifers [1,2]. Natural capillary pressure barriers trap the non-wetting phase at saturations greater
than expected from pore-scale residual trapping processes alone, potentially providing greater CO2

storage capacity. Capillary heterogeneity trapping has the potential to significantly improve the
security of CO2 storage in underground aquifers by immobilizing a large proportion of the injected
CO2 [1,2], however the connection between pore-scale fluid dynamics and larger scale flow processes
have yet to be properly elucidated. The dynamics of the flow through pore throats may play a
significant role in geological carbon storage [3,4], particularly at the boundary between different
grain sizes. However, it is heterogeneity at centimetre-scale, over many thousands of pores, that
leads to the larger scale phenomena of capillary heterogeneity trapping.

In this experimental campaign, state of the art synchrotron-based X-ray micro-CT experiments at
the European Synchrotron (ESRF) were performed to investigate pore-scale flow dynamics in het-
erogenous sandstone cores over centimetre-scale fields of view. To investigate the impact of mm-cm
scale natural geological heterogeneities on fluid migration and trapping, we performed experiments
on 3 different sandstone samples: Bentheimer with layers perpendicular to flow, Bentheimer with
layers parallel to flow and Bunter sandstone from a UK target storage site, the Endurance field. To
evaluate the rate dependency of trapping, experiments over 2 different rates were compared to ex-
plore potential trapping within a range of carbon sequestration projects.
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The high energy of the ID19 beamline at ESRF allowed us to capture frontal advance and trapping
dynamics at pore-scale resolution (6.5 μm) in large heterogeneous consolidated samples (6 cm). With
time resolution of 3 minutes, we observed unsteady state displacements, the prevailing conditions at
most storage sites [1,4]. We captured dynamically both drainage and subsequent imbibition, proceed-
ing until the residual saturation was reached. Pore-scale trapping mechanisms were captured with a
field of view over the continuum core-scale, allowing us to investigate how larger scale capillary het-
erogeneity trapping processes are impacted by pore-scale events. Such experimental observations
resolving trapping over many pores, representative of the large-scale process, are crucial for model
validation, development and ultimately storage predictions [5].

We were able to observe, at the pore-scale, the transient interaction of the fluids with different types
of layered heterogeneity. The heterogeneity impacted pore-filling events, and subsequent imbibi-
tion, allowing us to quantify the path to residual trapping. Consistent with numerical simulations
[2], injection rate impacted capillary trapping with lower capillary number resulting in a greater
amount of capillary heterogeneity trapping. The results from this synchrotron campaign advance
our understanding of the impact of heterogeneity on the dynamics of capillary trapping within CO2

storage sites.
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Superposition of colloid-surface repulsion and incomplete pore
scale mixing explains emergence of fast-and slow-attaching sub-
populations from identical individuals, and depletion of fast-attachers
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Colloid transport in porous media is notoriously unpredictable under unfavorable attachment condi-
tions, wherein nanoscale repulsion exists between colloids and surfaces, e.g., environmental systems,
or any system in which colloid and porous media surfaces carry like charges (i.e., both surfaces neg-
ative or both surfaces positive). Repulsion impacts colloid transport at the pore-scale by driving
larger (and longer) near-surface transport distances (and times), across surfaces prior to attachment.
At the continuum-scale (e.g., column or field scale), the distribution of colloids downgradient from
their source is exponential under favorable conditions and non-exponential under unfavorable con-
ditions. Explaining/predicting these continuum-scale distributions from source under unfavorable
conditions can be accomplished under two assumptions: a) that fast- and slow-attaching colloid sub-
populations emerge from an overall population of identical individuals; and b) that the fast-attaching
subpopulation is depleted with increased transport distance. This paper confirms the emergence of
fast and slow attaching sub-populations from an overall population of identical individuals in pore
network experiments. We demonstrate in experiments and mechanistic trajectory simulations the
mechanisms underlying this differentiation, which result from the combined impacts of repulsion
and flow field topology. Fast-attaching colloids were predominantly delivered proximal to forward
flow stagnation point (FFSP) where fluid streamlines impinge on grain surfaces on the upstream sides
of grains, allowing fast attachment in this low-shear region. In contrast, slow-attaching colloids in-
tercepted the near surface fluid predominantly at locations lateral to FFSP. At the pore network scale,
colloid residence times in near-surface fluid upgradient of the grain to which the given colloid at-
tached were far lower for fast-attaching colloids relative to slow-attaching colloids. Fast-attaching
colloid trajectories existed predominantly on streamlines in the bulk fluid prior to intercepting the
grain onto which they attached. In contrast, slow-attaching colloid trajectories intercepted near-
surface fluid associated with multiple grains prior to intercepting the grain onto which they at-
tached. The existence of narrow zones of incomplete pore-scale mixing (lamellae) that extend from
the rear flow stagnation point (RFSP) on the downstream sides of grains and often extend to FFSP of
downgradient grains to form grain-connecting lamellae (GCL) suggest that slow-attaching colloids
move predominantly along the GCL network. Persistence of FFSP and GCL networks with down-
gradient distance is posited to drive depletion of fast-attaching colloids in the FFSP network and
drive accumulation of slow-attaching colloids in the GCL network. The combined experiments and
simulations explain why fast- and slow-attaching subpopulations arise from identical colloids and
suggest a mechanism for preferential depletion of the fast-attaching subpopulation with downgra-
dient transport. Figure 1: Inlet zone of 2-D porous medium. Upper panel: Binary image of lamellae
superimposed across time during fluorescent tracer invasion. Blue and red circles represent colloid
near-surface entry locations for fast and slow attachers under unfavorable conditions. Arrows in-
dicate numbers of colloids delivered to grains (pillars), with asterisks denoting non-FFSP locations.
Green dashed lines denote GCL not captured in binarized image. Bottom panel: Cumulative frequen-
cies of colloid near surface entry as a function of angular distance from FFSP for favorable (bottom
left) and unfavorable (bottom right) conditions.

Participation:

Online

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

USA

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Page 217



InterPore2023 / Book of Abstracts

MS08 / 271

Mixing in PorousMedia: Observations andModeling of the Local
Concentration PDF
Authors: Guillem Sole-Mari1; Saif Farhat2; Joris Heyman3; Diogo Bolster4; Daniel Hallack2; Tanguy Le Borgne5

1 Université de Rennes 1
2 University of Notre Dame
3 CNRS
4 Notre Dame
5 University of Rennes

CorrespondingAuthors: sfarhat@nd.edu, tanguy.le-borgne@univ-rennes1.fr, guillem.sole-mari@univ-rennes1.fr,
joris.heyman@univ-rennes1.fr, dhallack@nd.edu, dbolster@nd.edu

In most types of natural and artificial porous media, even before taking larger-scale (e.g., perme-
ability) heterogeneities into consideration, fluid flow usually exhibits complex random local velocity
patterns. This has traditionally made scalar transport difficult to accurately predict whenever pore-
scale concentration variability is of concern, which is usually the case when dealing with nonlinear
processes such as chemical reactions, especially at high Péclet numbers.
This problem can be approached by representing the microscale concentration variability as a prob-
ability density function (PDF). Concentration probability density is then transported (i) spatially
through macroscopic advection-dispersion and (ii) over the “concentration space”due to local mix-
ing.
For instance, a classical model for the local mixing term, Interaction by Exchange with the Mean
(IEM), has the form of a probability density drift (advection) towards the local mean concentration.
This model is based on strong assumptions and generally fails to reproduce observations. A recently
proposed multirate IEM model (MRIEM) attempts to overcome the simplicity of the former by allow-
ing multiple simultaneous rates of drift towards the mean, but still lacks a direct link to the structure
of the porous medium or the actual physics of the local mixing process.
In this work we further investigate the mathematical nature of the local mixing term and develop
an improved model based on microscale physics and heterogeneity statistics, producing results that
agree with recent observations from direct numerical simulations.
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Optimal Bayesian Experimental Design is one of the methods for data acquisition system optimiza-
tion that is frequently utilized in subsurface flow problems. In this method utility function that
measures expected quality of the experiment is derived from the first principles of probability and
statistics as a function of design parameters (aka sensor location). Therefore, the optimal experimen-
tal scheme can be found as a maximum of that utility function.

The most significant advantage of this method is solid Mathematical foundations.
Unfortunately, direct calculation of the Utility Function is computationally expensive, because it
requires nested MCMC integration [1].

In the author’s previous work [2] it was shown that Polynomial Chaos Expansion (PCE) can be
utilized to accelerate Bayesian Experimental Design significantly. Basically, a novel approach for
the utilization of PCE to avoid nested MCMC integration was proposed. The key idea for developing
of that novel technique was the orthogonality of basis polynomial functions in PCE.

Despite the advantages of PCE, Decsiion Trees and Gradient Boosting methods seems to be an attrac-
tive altermative to PCE due to high popularity and simplicity in tuning. Therefore, the present work
shows how orthogonality ideas can be extended to Decision Trees or Gradient Boosting like methods
to provide acceleration of Bayesian Experimental Design. In other words, the novel algorithm for
construction of the Gradient Boosted trees with specific orthogonality constraint was developed and
examined on several test cases that include flow in porous media. Additionally, validation against
classical methods is provided.
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For a successful transition towards renewable energy resources, hydrogen is playing an increasingly
significant role. In order to have a sufficient amount of hydrogen available to meet the demand, it
has to be stored in suitable facilities. The storage of hydrogen in subsurface porous media is consid-
ered to be a viable option. The most promising sites are currently used as underground gas storages.
Natural gas usually contains a certain amount of CO2 which can remain in the porous media and
methanogenic archaea tend to be present in the remaining residual water. This poses challenges to a
potential underground hydrogen storage. When the microbes come into contact with a gaseous H2-
CO2 mixture they consume it, resulting in the production of CH4 and water according to Sabatier
(1913). In this study, the microbial behavior and the measurement of produced gases is experimen-
tally examined and observed.
The experimental setup consists of two inline pressure sensors, two syringes, one micromodel repre-
senting a uniform porous structure with a porosity of 28 % and a permeability of 10 D, a micromod-
elholder, a microscope and a micro gas chromatograph (micro GC). A liquid mixture of culture me-
dia and methanogens (in this experiment methanotermococcus thermolithotrophicus) is prepared
in a Hamilton 10ml glass syringe and injected into the micromodel which has been placed under
the objective of the microscope equipped with various magnification lenses and a high-precision
camera. The microchip is heated up to a temperature of 65℃, which is considered to be optimal
for the growth of this type of archaea. Simultaneously, two Hamilton 8ml steel syringes are filled
with a gaseous mixture of 80% H2 and 20% CO2. When the micromodel is completely saturated
with the media-microbes-mixture, the H2-CO2 mixture is injected into the microchip, resulting in
a two-phase saturation. The objective of the microscope is positioned at selected locations on the
microchip near a gas-liquid interface. Over time, images with a transmitted light and reflected flu-
orescence light at a 40-time magnification are taken. The analysis of the images is conducted with
the MATLAB image processing tool box.
The results of the image processing show that in the presence of hydrogen and carbon dioxide, the
number of microbes grow with time. Initially, the microbes tend to be in a lag phase which lasts for a
few hours. After this phase, they start to grow and their number increases. After converting nearly
all of the gas, the microbes stop growing. Produced methane has been detected by the micro GC.
In general, the stated experimental procedure provides the opportunity to examine the microbial
behavior under the influence of hydrogen and carbon dioxide on a pore scale.
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In direct numerical simulations (DNS) of mechanical deformation of fractured porous media, the
momentum equation is discretized and solved with a fine-grid solver (e.g., finite elements) on a 3D
image (e.g., X-ray μCT). While this yields a high-fidelity solution, DNS is computationally expensive.
In this work, we present a pore-level multiscale method (PLMM) that approximates DNS efficiently
and with controllable accuracy to model the linear elastic response of porous solids with arbitrary
microstructures and crack patterns. PLMM decomposes the solid into subdomains, over which local
basis and correction functions are built. These functions are coupled with a global problem to yield
an approximate solution, whose errors can be iteratively corrected. A key novelty of our PLMM is
that the decomposition need not conform to the cracks, unlike a previous variant developed by the
authors. This paves the way towards solving crack nucleation and growth problems in the future
without having to dynamically update the decomposition. We explore different strategies for cap-
turing cracks through either the basis or correction functions, and we discuss the implications of
each on the convergence rate and computational cost.
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Dust emission induced by wind erosion affects crop production, the aviation industry, and human
health, to name a few. Wind-borne dust particles can have several environmental and health implica-
tions. They can carry pathogenic microorganisms and thereby pose health threats. Besides, having
entered surface water and oceans, they change water chemistry and quality, subsequently affecting
the native ecosystem. Dust emissions not only affect the inhabitants of their source of origin but
also have detrimental effects on the life quality of the settlements far away. Thus, dust emission is
a global environmental challenge.
Over the past few decades, the need to achieve minimum greenhouse gas emissions has led scientists
to search for new compounds and techniques for wind erosion suppression. Having encountered
naturally cemented sedimentary formations such as Stromatolite in Western Australia, the idea of a
bio-mediated or bio-inspired technique for soil stabilization has appealed to several studies. There-
fore, there have been recently numerous studies on the use of biological methods such as microbial
carbonate precipitation (MICP) [1-3], enzymatic carbonate precipitation [4-7], and biopolymers for
wind erosion mitigation [8].
In this contribution, we briefly introduce these methods, and their main stabilization mechanisms,
such as the involved biogeochemical reactions, types of microorganisms, and the induced mechani-
cal effects. Care has been taken to highlight the merits and demerits of each approach and elucidate
the challenges in their field-scale applications. Finally, future research perspectives and directions
are introduced.
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Nuclear Magnetic Resonance (NMR) is a powerful tool to assess physical quantities that character-
ize porous media, offering detailed information about the fluid molecules confined in the pore space.
This work presents a computational implementation of image-based simulations of NMR experi-
ments in porous media using the Random Walk method with a particular focus on reservoir rocks.
We explore and discuss the computational challenges of running such simulations on personal hard-
ware instead of using multicore clusters, which is the conventional approach. In that sense, the
proposed solution includes a scheme for data compression and a strategy for massive parallelization
in the graphics processing unit. Moreover, we present applications simulating NMR diffusometry
and relaxometry experiments. In the first study, the time-dependent apparent diffusion coefficient
is measured by simulating the Pulsed-Field Gradient NMR technique. This quantity’s asymptotic
behavior in both short and long-time ranges is then used to recover the surface-to-volume ratio and
the tortuosity of the underlying porous medium. We explore the correlation between the recov-
ered parameters and the absolute permeability in a set of synthetic granular media and segmented
microtomographic images of sandstones and carbonates. In the second study, we explore the influ-
ence of the diffusive relaxation mechanism in the transverse relaxation time, T2. The relevance of
this mechanism arises in the presence of strong internal magnetic field gradients induced by a pro-
nounced contrast between the magnetic susceptibility of fluid molecules and mineral components
of the solid phase. These simulations require a two-step workflow: in the first step, we compute a
spatial description of the magnetic field inside the pore space by solving Maxwell equations under
zero-current condition using an image-based finite elements implementation; second, we feed our
random walk simulations with the computed field map, incorporating its dynamic effect in the mag-
netized spins. We perform such simulations in sintered models of glass beads containing localized
concentrations of iron oxides and sandstones of varying mineral compositions. Not only will this
enhanced relaxation alter the otherwise straightforward interpretation of T2 relaxation times into
pore sizes, but it may also indicate the presence of clay components in the mineral phase. In both
studies, experimental data is provided for comparison purposes.
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Wrinkling, buckling and creasing instabilities are some of the most familiar phenomena observed
in the study of soft materials including hydrogels. They arise when there is mechanical confine-
ment, for example from a fixed base or from hoop stresses in swelling spheres, leading to the pref-
erential formation of wrinkles to relieve shear stresses from the confining strain. These have long
been studied as purely elastic instabilities, with a mechanism akin to Biot’s classic stability anal-
ysis of an elastic half-space under pre-stress. Here, we argue that the swelling process itself is a
key part of the mechanism driving these instabilities by carrying out a linear stability analysis of
the swelling of a finite layer of gel under horizontal confinement. This stability analysis uses our
own linear-elastic-nonlinear-swelling theory for hydrogels that captures the nonlinearities arising
from the large isotropic strains when a gel takes on water but allows for an analytically tractable
approach through linearising around small deviatoric strains. Under this theory, the physical pro-
cesses driving the swelling and drying that forms the wrinkles can be easily seen, unlike in fully
nonlinear approaches where only a condition for marginal stability can be derived through minimi-
sation of free energy. Furthermore, the growth rate of a given instability is deduced, allowing us
to determine the separate influences of wavenumber, layer thickness and material properties on the
stability of the water-gel interface. It is observed that the anchoring effect of the fixed base of the
gel layer stabilises low-wavenumber (long-wavelength) wrinkles, whilst the growth rate increases
unboundedly with the wavenumber, leading to an ‘ultraviolet catastrophe’whereby infinitesimally
small wavenumbers grow at an infinite rate. We propose solving this by introducing a surface ten-
sion at the gel-water interface that serves to stabilise short-wavelength instabilities. The effect of
this surface tension is quantified for two different mechanisms; firstly, a surface tension that arises
as a bulk elastic discontinuity in stress, and secondly as one arising from a discontinuity in the pore
pressure of water between the liquid and gel phases. Quantitative differences between these two
mechanisms are discussed, and the evolution of the most unstable wavenumber in time is evaluated
and compared to the smoothing and healing of these instabilities seen in experiments, where wrin-
kles are known to coarsen and, in some cases, disappear entirely as the gel layer imbibes more water.
We show that our theory, with the addition of surface tension, can describe all these observations
and postulate how further experimentation could determine the true physical origin of the surface
tension at the interface.
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As a strategy to match renewable energy supply and demand, surplus energy can be converted into
hydrogen gas and stored in the pore space of geological subsurface formations such as saline aquifers
and depleted gas reservoirs. Although similar operations with natural gas and CO2 are well studied,
H2 has unique chemical and physical properties which, combined with cyclic injection and with-
drawal, may cause complex phenomena that affect the efficiency and safety of storage operations.
In this study, we investigate the risk of H2 injectivity impairment due to salt precipitation in the
pores, driven by the interplay between the evaporation of water from the brine (originally present
in the reservoir) into the injected gas, salt diffusion, and capillary fluid flow. To do so, we inves-
tigate the pore-scale salt concentration distribution and resulting precipitation patterns during gas
injection in sandstone using micro-CT imaging. We present the first of such dry-out experiments
performed with hydrogen gas under reservoir pressure and temperature, supplemented with N2 ex-
periments to evaluate the influence of the original salt concentration and flow rate on the salinity
gradient during drying, as well as on the resulting salt precipitation. In order to explain and pre-
dict the associated permeability impairment, we set up a pore network model with pore structure
modification due to precipitated salt in individual pores, measured during the experiment. Our ex-
perimental results indicate that salt precipitation can cause up to a 30% reduction in permeability,
which was also supported by numerical model outputs. The results of this study provide useful infor-
mation on the impact of salt precipitation, and other geochemical and microbiological effects driven
by concentration gradients on storage efficiency.
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Intracellular transport of macromolecules is essential to numerous biological functions, particularly
for apoptosis (programmed cell death). During this process, specialised proteins called caspases are
produced and transported within the cell. Their activity leads to the reorganisation of cytoplasmic
structures, including the actin cytoskeleton. The rearrangement of this fibrous structure may in
return alter the intracellular transport properties of caspases (effective diffusivity and reaction rates)
and therefore their activity. To our knowledge, the impact of the cytoskeleton remodelling on the
intracellular transport properties has remained largely unexplored.

Here we propose to combine porous media theory and cell biology experiments to study the coupling
between the reorganisation of the actin cytoskeleton and the intracellular transport of large proteins.
At the local scale, the cytoplasm is modelled as a nanometric fibrous porous medium surrounded by
a homogeneous fluid. With a radius of 4 nm, the actin fibres typically form structures with a pore
size ranging from 10nm to 100nm [2]. The diffusive particles considered have a nanometric radius,
leading to significant tortuous and hydrodynamic diffusional hindrances [3]. A homogenisation pro-
cedure is carried using the Volume Averaging Method [4], allowing the determination of the relevant
effective transport properties and cell scale transport equations. The link between actin structures
(local scale) and effective transport properties (cell scale) is investigated by numerically solving clo-
sure problems arising from the procedure. Finally, the cell scale model is solved on specific cases
for validation against experimental measurements inside living cells. Cytoplasmic diffusion of en-
dogenously expressed fluorescent tracers is studied quantitatively using both Fluorescence Recovery
After Photobleaching (FRAP) and Fluorescence Correlation Spectroscopy (FCS) techniques.

This multidisciplinary work may lead to a better understanding of diffusion-reaction processes in
biological porous structures, with possible implications on apoptosis related disorders such as au-
toimmune diseases and cancer.
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Phase change materials (PCMs) can store and release heat at a relatively constant temperature. In-
corporating PCMs into mixtures for backfill materials may improve their thermal energy density
and thus contribute to the enhancement of borehole thermal energy storage and shallow geother-
mal energy systems. However, PCMs might reduce the overall heat transfer between the borehole
and the surrounding ground because of their low thermal conductivity. Thus, other additives may be
needed to improve the effective thermal conductivity of the backfill-ground system, while maintain-
ing desirable heat capacity and then the corresponding efficiency of the shallow geothermal systems.
This study incorporates encapsulated PCMs (EPCMs) and graphite into glass fines with the purpose
of using the mixtures as backfill materials. The heat capacity and thermal conductivity of mixtures
with different content of each component are measured in the laboratory. In addition, a computed
tomography slice, which contains EPCMs, graphite, glass, and air phases, is selected to study the
heat transfer at the particle scale. The experimental data agree with the simulated results. The find-
ings in this study can be used in geothermal system design and contribute to the transition from
fossil-based energy systems to renewable energy sources.
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The trade-off between the field of view (FOV) and resolution of micro-computed tomography (micro-
CT) is a hardware bottleneck limits capturing both heterogeneity and micro-structure detail. Effi-
cient super resolution methods combine the upper limits of both FOV and voxel resolution, while ef-
ficient modelling permits analysis of the large domain. A low resolution image of a 1-inch sandstone
core plug and an unregistered high resolution (1-micron) sample trains an efficient and world-first
3D un-paired super resolution convolutional neural network, Dual-CycleSR. The resulting 25,000 x
25,000 x 50,000 domain provides unprecedented geometric fidelity over a full-sized core plug and re-
veals spatial heterogeneity that is captured by pore-to-core upscaling, with which forward-modelling
produces a close match with unsteady-state core flooding production curves.
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The risk of environmental pollution, particularly groundwater contamination, has increased over
the last century as a result of the growth of industry. Light non-aqueous phase liquids (LNAPLs) are
one of the most common contaminants and refined petroleum hydrocarbons (RPHs-diesel, gasoline,
motor oil, etc.) are typical examples [1, 2]. Heterogeneity in the subsurface represents one of the
main issues for LNAPLs remediation, conventional pump-and-treat method rarely exceeds 60% of
efficiency [3]. However, some studies demonstrating the non-Newtonian shear-thinning behavior
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of foam in highly permeable porous media point to the promising potential of foam to improve re-
mediation yields [4, 5].
The use of aqueous foam in environmental remediation (ER) was inspired by enhanced oil recovery
(EOR), and it has already proven to be an excellent displacing fluid for in situ remediation of NAPLs
[6 –8]. However, contact with petroleum compounds tends to deteriorate the stability of foam signif-
icantly and thus it is a challenge for both foam applications [9, 10]. Many researchers are currently
focused on strategies to enhance foam employing numerous additives: i.e. co-surfactants [11, 12],
polymers [13, 14], and nanoparticles (NPs) [15, 16]. It is worth noting that all of these studies mainly
address foam applications in EOR. The main objective of our work is to evaluate experimentally the
stability of foam generated with two or more additives in the presence of RPHs, both in bulk and in
porous media.
In order to implement the concept, two environmentally friendly surfactants (sodium dodecyl sul-
fate (SDS) and cocamidopropyl hydroxysultaine (CAHS)) were experimentally investigated for their
foaming ability and stability in the presence of diesel oil using the bulk foam screening method. Sta-
bility of complex foam formulations including a combination of surfactants, polymers and NPs were
then examined. Two one-dimensional columns packed with sand and coupled in series were used to
(i) generate a fully developed foam flow, (ii) evaluate foam stability and recovery efficiency of diesel
initially at residual saturation. Mass balance and differential pressure were measured during each
injection experiment.
The bulk foam study demonstrated an apparent increase in foam stability in the presence of Diesel
when complex foaming solutions were used. The mixture of SDS and CAHS (SC) at a ratio of 1:1
could improve 7.5 times the bulk foam stability in contrast to SDS alone. The presence of NPs en-
hanced the bulk foam stability up to a factor of 2.6 for the SDS alone and 1.2 for the SC. Among
the three types of tested environmentally friendly polymers, xanthan gum (XG) showed the best
stabilizing properties compared to carboxymethyl cellulose and guar gum, with increased stability
by factors of 3.4, 2, and 1.3 times respectively. Concerning the performance of foam in porous media,
complex foaming solutions ranked as SC+XG > SC+NPs > SC > SDS.
Further studies are ongoing to explain how the addition of NPs and polymers affects recovery. Never-
theless, advanced foam formulations clearly exhibited promising perspectives to develop an efficient
remediation technique for highly permeable soils contaminated by RPHs.
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Reactive transport is fundamental to subsurface processes such as CO2 sequestration [1], CO2 in-
jection for enhanced geothermal systems and unconventional resource recovery [2], nuclear waste
isolation for long-term storage [3], and groundwater contaminant transport [4]. Injectants introduce
chemical disequilibrium in geological porous media containing in-situ formation fluid and reactive
minerals, causing the onset of a series of dissolution and precipitation reactions. The reactions along
rock-fluid interfaces have rapid kinetics and significant impact on porosity and permeability; conse-
quently, flow and storage properties of the geological formation rocks. The coupled reactivity and
transport mechanisms have variable outcomes in shales containing multi-scale features including
fractures, microcracks and matrices.

Most reactive experiments to date are conducted in batch reactors where reactions at different times
are captured, but the dynamic flow component is neglected [5]. Fluid flow determines how the reac-
tants are transported to reaction sites. This has been addressed by several studies that utilized X-ray
Computed Tomography (CT) to image reactive transport [6, 7, 8]. Formulation and translation of
reactive transport models to field scale is still limited by the lack of model calibration with experi-
mentally observed temporal and spatial data. The interplay between reaction and transport mech-
anisms is also yet to be fully understood, especially for a multiscale mineralogically heterogenous
fractured shale. Accordingly, the unique contribution of this study is the tracking and visualization
of reaction-induced alterations in matrix, microcracks, and fractures of shale versus time to provide
valuable data for modeling of reactive transport in unconventional geological porous media.
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We conducted reactive brine injection in a naturally fractured Wolfcamp core sample for a period of
two months while imaging using X-ray CT. The fluid injected is synthetic Wolfcamp formation brine
reduced to a pH of 2. Hence, this fluid is analogous to formation brine acidified by the dissolution
of CO2. The sample is additionally imaged before and after flow experiments using micro-CT and
Scanning Electron Microscope (SEM) to obtain information on mineral alterations at finer scale.
Helium pulse decay and Inductively Coupled Plasma (ICP) measurements were conducted to track
the permeability of the sample and fluid chemistry within the sample, respectively.

Findings from this study show rapid dissolution of carbonate minerals near fracture-matrix inter-
faces where reactive fluid had ready access. Dissolution created secondary porosity along fractures
and enhanced fluid diffusion into matrix pores. Continued dissolution increased pH of fluid and
led to precipitation of scales. Reactive flow also mobilized fines from fracture surfaces, exposing
new surface for direct contact with fluid. Because fines on fracture surfaces act as asperites that
prop fractures open against the continuous overburden pressure, fines mobilization is associated
with fracture closure due to confining stress. Migrating fines also temporarily accumulate at narrow
fracture constrictions, diverting flow into matrix pores. This aspect traps fluid in undisturbed low-
permeability matrix pores thereby reducing the overall flow and storage property of the formation
rocks.

This study, therefore, shows the spatial and temporal effect of coupled reactivity and transport mech-
anisms, through a combination of experimental methods.
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Underground hydrogen storage can store grid-scale energy for balancing both short-term and long-
term inter-seasonal supply and demand. However, there is no numerical simulator which is dedi-
cated to the design and optimisation of such energy storage technology at grid scale. A novel multi-
phase simulator, GPSFLOW (General Purpose Subsurface Flow Simulator), has been developed for
modelling reservoir-scale hydrogen and gas mixture (e.g., H2-CO2-CH4-N2) storage in deep saline
aquifers and depleted gas fields. The simulator is capable of modelling multiple gas mixture storage
over a range of temperatures from 20-200 C and pressure up to 1000 bar on multiple parallel com-
puting platforms. The accuracy of GPSFLOW is verified by comparisons against the NIST online
thermophysical database and reported lab experiments, as well as benchmarked against an existing
model.
This study built on our newly developed modelling capability and conducted scenario analysis to
investigate CO2 cushion gas migration pathways and reservoir pressure in Rough according to the
CO2 supply chain in the region, existing wells and historical natural gas data. Hydrogen storage
analysis was built on the plausible CO2 cushion gas storage scenarios and investigate the impact of
hydrogen injection/withdrawal cycle and storage location on the quality of the extracted hydrogen
gas.

Participation:

In-Person

References:

Cai, Z., Zhang, K., & Guo, C. (2022). Development of a Novel Simulator for Modelling Underground
Hydrogen and Gas Mixture Storage. International Journal of Hydrogen Energy, 47(14), 8929-8942.
https://doi.org/10.1016/j.ijhydene.2021.12.224

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

United Kingdom

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

MS01 / 289

Page 232



InterPore2023 / Book of Abstracts

Engineering ordered porous structurewith direct additive-manufacturing
approach for solar thermochemical fuel production
Authors: Da Xu1; Meng Lin1

1 Solar Energy Conversion and Utilization Laboratory, Department of Mechanical and Energy Engineering, Southern
University of Science and Technology

Corresponding Authors: linm@sustech.edu.cn, 12049050@mail.sustech.edu.cn

Solar-driven thermochemical fuel processing has shown potential for efficient large-scale solar fuel
production due to its broadband solar absorption and favorable thermodynamics and kinetics at high
operating temperatures. The porous media is one of the crucial components in the fuel production
reactor, which directly converts concentrated solar radiation into heat, enhances heat and mass
transport, and provides reactive sites for redox reactions. The coupled multiphysical phenomena
involved in a typical reactor require an in-depth understanding of optical propagation, heat and
mass transfer, as well as thermochemical reactions in a comprehensive manner. Moreover, these
transport and reactive phenomena are closely related to the morphology of the porous reactant.
Hence, it opens a pathway for optimizing the reactor with tuned porous structures.

In this study, we introduced the 3D-ordered structures, i.e, TPMS structures, whose morphology
can be precisely controlled by their well-defined mathematical expressions. By introducing local
anisotropy, we aim at achieving uniform solar absorption as well as temperature distributions to
minimize the thermal and chemical stresses in the porous structure for a longer lifetime. The de-
signed porous structures were fabricated by an advanced stereolithography-based ceramic 3D print-
ing method. The fabricated structures were then tested in a dedicated environment chamber operat-
ing under a high-flux solar simulator at SUSTech. The local temperature and oxygen sensors were
used for probing temperature and partial pressure of oxygen along the sample length which was then
linked to optical and reaction phenomena via our high-fidelity modeling framework. This study will
offer a verified method for optimizing porous structures for performant solar thermochemical fuel
generation.
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Wettability is one of the critical factors affecting fluid distribution and fluid repulsion efficiency
within sandstones, and its accurate characterization is crucial for improving gas reservoir recovery.
The variation pattern of wettability of rock mineral composition in sandstone reservoirs under high
temperatures and high-pressure conditions in deep strata is still unclear. In this paper, we combine
molecular dynamics simulation and phase field method to study the variation law of wettability
of different minerals under high temperature and high-pressure conditions and carry out a micro-
visualization simulation of percolation in mixed wettability porous media. The results show that
the wettability of minerals in sandstone is mostly water-wet, and organic matter is non-wetting; the
temperature and pressure of the formation have a particular influence on the wettability of minerals,
among which the temperature condition has a more significant influence, and the wettability angle
of quartz surface decreases from 32 degrees to 10 degrees from 25℃ to 150℃; the residual saturation
of gas phase is positively correlated with the content of organic matter, and the breakthrough time
of water phase is negatively correlated with the change of residual saturation of gas phase.
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Abstract
Digital core reconstruction is essential for the numerical simulation of reservoir fluid microscopic
flow. However, the existing reconstruction methods, including physical experiments and numerical
simulation, cannot construct the digital core reflecting the effect of in-situ stresses. The discrete
element method (DEM) is considered reliable in solving this problem. However, in the existing stud-
ies on digital core construction based on DEM, commonly used disk or spherical particles, the pore
shape of reconstructed digital cores cannot reflect the pore shape of natural rock. Therefore, a digital
core reconstruction method based on DEM considering the actual shape of particles is proposed in
this paper. Firstly, the Gaussian filter was used to preprocess the CT scan images obtained from the
ground condition scanning, the improved watershed algorithm was used to segment the rock par-
ticles and porous, and the level set method was used to identify the contour of the particles. Then,
clumps composed of multiple particles are used in PFC2D to fill the actual particle contour and con-
struct the clump template library. Finally, according to rocks’particle size distribution and porosity,
particles are randomly selected from the established clump template library to accumulate and re-
construct the digital core. The proposed method is used to reconstruct the digital cores of three types
of sandstones. The results show that the reconstructed digital cores can keep the properties of the
actual rock cores well. This study will provide a reference for reconstructing digital cores in deep
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(or stress-sensitive) reservoirs.
Keywords: digital core reconstruction; discrete element method; image processing; watershed
method; level set method.
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Sub-micron size plastic particles represent a threat to aquatic environments. These colloidal particles
are generally hydrophobic and therefore have the potential to attach and accumulate at air-water
interfaces. The role of fluid-fluid interfaces as particle collectors has been recognized, but predictive
models of nano-colloid transport in partially saturated porous media are still lacking. Such mod-
els are valuable in upscaling the interaction of nanoparticles with fluid interfaces in porous media,
which arises also in cases of nanoparticle injection for subsurface remediation or oil recovery. Model
validation requires the availability of a model colloidal system, one for which the surface forces gov-
erning particle-interface interactions are well quantified.

We report here on the use of ethyl cellulose (EC) nanoparticles as a well-characterized surrogate
for hydrophobic nano-colloids in porous media. These particles adsorb irreversibly at the air-water
and alkane-water interfaces forming dense monolayers. The dynamics of their attachment has been
found to be diffusion-controlled at early stages and kinetically controlled otherwise. We develop a
Eulerian pore network model (PNM) built using the open-source software, OpenPNM. Simulations
are performed on a pore network extracted from a column packed with spherical beads and used
to investigate the irreversible adsorption of nanoparticles on trapped immobile non-wetting phase
ganglia present in partially saturated porous media. Additionally, we use a continuum description of
the transport and interfacial retention processes to interpret pore network modeling results. This up-
scaled model accounts for advection, dispersion and irreversible retention on fluid-fluid interfaces
using a random sequential adsorption framework. This framework introduces a blocking function
the parameters of which are independently determined. Scaling of the continuum model reveals
that the continuum model response is governed by three dimensionless numbers, namely the Péclet
Number (Pe), the Damköhler number (Da), and a dimensionless number (area ratio, Ar) reflecting
the adsorption capacity of fluid interfaces relative to the availability of adsorbing particles. The
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continuum model was fitted to the PNM results by optimizing three parameters: the dispersion coef-
ficient Dh, the specific interfacial area a0, and the adsorption constant ki. The PNM results showed
that the attachment of nanoparticles on fluid interfaces increases by decreasing the adsorption bar-
rier and increasing the non-wetting phase saturation (Snwp), which is directly proportional to the
interfacial area available for adsorption. The breakthrough curves were compared to a conservative
tracer and showed reduced deposition (blocking) and/or unlimited irreversible deposition in case of
lower initial nanoparticle concentration. Upscaling resulted in considerable difference between the
pore network and the continuum-scale parameters as regards a0 and ki, while Dh increased with
increasing Snwp. Slow flow regions resulted in dynamics not captured by the continuum model, in
the presence of high Snwp. It was also found that adsorption parameters cannot be inferred from
effluent data when Ar >10.

These findings provide valuable insights into the behavior of nanoparticles in partially saturated
porous media, and their particular interactions with fluid-fluid interfaces. This research contributes
to the understanding of nanoplastics transport in aquifers for risk assessment and remediation.
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The tight sandstone reservoir features with multi-scale pore space and high clay content, which re-
sults in great variations in Archie’s exponents. Archie’s equations cannot be applied to evaluate oil
and gas saturation of the tight sandstone reservoir. We proposed a dual porosity conductivity model
by digital rock physics in the study. Firstly, the pores of tight sandstone are divided into macro pores
and micro pores using multi-scale imaging method. The macro pores are mainly consisted of residual
intergranular pores and dissolution pores, and the micro pores are mainly clay interstitial microp-
ores and grain boundary fractures. Secondly, the 3-D gray scale images of dry samples and samples
saturated by sodium iodide are obtained by X-ray computed tomography (CT). The series-parallel
relationship between micro pores and macro pore are revealed by grayscale image registration and
segmentation techniques. An ideal pore-throat model is established to propose the dual-porosity
model for tight sandstone. Finally, the accuracy of the model is evaluated by comparing the calcula-
tion results of the model with the electrical experimental results. The results indicate the evaluation
accuracy of oil and gas saturation in tight sandstone reservoirs is improved by the dual porosity
model compared with the results derived from the Archie’s equations.
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The hydraulic properties of granular materials are of great importance in engineering applications
including earth dam protection and geothermal exploitation. These macroscopic properties are fun-
damentally influenced by their micro-structure. However, the understanding of the link between
the microstructure and the hydraulic conductivity is still limited, especially for granular assemblies
of various grain shapes. This study bridges the gap using a framework that incorporates Discrete El-
ement Method (DEM) simulation, 3D-image processing, and pore-network analysis. Five assemblies
of natural sand grains with different sphericity and roundness are generated in DEM based on imag-
ing of real geomaterials. The 3D geometries of the assemblies are processed in OpenPNM to build
their pore network, with pores taken as nodes and throats between pores taken as edges that are
weighted by local hydraulic conductance. Based on complex network theory, pore network features
are extracted and analysed to insight into the intrinsic links between particle shape and hydraulic
properties such as hydraulic conductivity and tortuosity. The result shows the pore size, throat
size, and weighted closeness centrality of the pore network are largely influenced by the particle
shape.
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Understanding mechanical deformation of porous materials is important in many applications such
as geologic carbon storage, geothermal energy, and energy and conversion devices such as batteries
and fuel cells. Yet very little is known about how cracks nucleate and coalesce inside porous mi-
crostructures under different loading conditions. Among the various computational methods that
exist in the literature, direct numerical simulation (DNS), such as finite elements, produces the high-
est fidelity solutions of failure. But DNS is computationally expensive, limiting their use to small
samples. Discrete element methods (DEM) are popular but specialized to granular media and impose
various simplifications on geometry and physics. Recently, a pore-level multiscale method (PLMM)
was developed by the authors for efficiently simulating the elastic deformation of porous domains
at the microscale. In this work, we extend PLMM to modeling crack nucleation and growth in com-
plex microstructures captured by an X-ray micro-CT image. We validate PLMM against DNS under
different loading conditions, including fluid-induced failure, and derive useful insights about the frac-
turing process itself. We demonstrate the methods capability in modeling 3D domains under triaxial
loading. The results have implications for developing leak-proof protocols for injecting pressurized
fluids underground and for designing durable porous materials outside of geosciences.
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A Bounding Surface Viscoplasticity Model for Creep and Strain-
Rate-Dependent Behaviour of Soils
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The time-dependent behaviour of geomaterials is of concern in many geotechnical engineering
projects. These include the analyses of long-term settlement and creep-induced failure of infras-
tructure founded on soft soils, stability of natural and excavated soil slopes, strain-rate-dependent
response of earth-structures subjected to dynamic loads, the construction of tunnels in squeezing
grounds, and the design of geological nuclear waste disposal facilities. In this paper, a viscoplastic
constitutive model is presented for the time-dependent behaviour of soils with particular reference
to capturing drained and undrained creep-induced failure in clayey soils. The model is developed
within the context of the bounding surface plasticity using the critical state theory and the con-
sistency viscoplastic framework. Unlike the overstress models, the model meets the consistency
condition and allows a smooth transition from rate-independent plasticity to rate-dependent vis-
coplasticity. The strain rate dependency of the material response is represented through defining
the bounding surface as a function of the viscoplastic volumetric strain as well as the viscoplastic vol-
umetric strain rate. A non-associated flow rule is defined to generalise the application of the model
to a wide range of soils. Simulation results and comparisons with experimental data are presented
to highlight the capabilities of the model.
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Subsurface transport of colloids is of critical importance in various engineering and scientific appli-
cations, such as groundwater transport, underground H2 or CO2 storage, oil and gas reservoirs, and
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geothermal energy [1]. Migration and deposition of such particles can significantly alter the physi-
cal properties of porous media [2,3]. In recent years, digital rock physics has been used to evaluate
the properties of rocks at the pore scale [4]. Various numerical models can be implemented to pre-
dict flow field variations at the pore scale because of particle deposition, including continuum-based
numerical models, computational fluid dynamics, Lattice Boltzmann, and pore network models. Par-
ticle tracking can be modeled by either the discrete element method or the Lagrangian approach [5].
These conventional approaches are time-consuming and require extensive computational resources.
An alternative approach used here is machine learning to quickly predict the alteration of petrophys-
ical properties of the digital rock twin. To the best of our knowledge, machine learning algorithms
have not been extensively explored for predicting particle deposition at the pore scale.
This study employs convolutional neural network (CNN) architectures to predict the spatial deposi-
tion of particles in the digital twin of a granular porous medium generated using the sphere packing
approach. For this purpose, we used an Eulerian-Lagrangian model of particle deposition [5] to
create a dataset of porous media images at the pore scale. The spatial deposition of particles was
analyzed using image-based techniques. The geometrical data augmentation was implemented to
increase the size of the dataset. 80% of images were implemented for training of the network, and
the rest 20% for testing purposes. The CNN model was trained on the dataset to predict precisely the
spatial distribution of deposition. The input to the CNN was 2D binary images of the porous media
generated by the sphere packing approach, and the CNN predictions were aimed at quantifying the
spatial deposition of particles.
The results showed promising spatial prediction quality of particle deposition in the granular porous
media with high accuracy. The predictions could be estimated in a fraction of a second using CNNs
(a Nvidia® GeForce GTX 1080 Ti GPU with 11 GB RAM) compared to several simulation core hours
by conventional CFD methods on 48 cores of an intel® Platinum 8160 CPU 21 GHz workstation
(1536 core hours).
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Light-non-aqueous phase liquids (LNAPLs) are important sources of soil contamination worldwide.
Significant fluctuations of the soil bio/geochemical properties (metabolisms types, redox) and sig-
nificant spatial-temporal variations of the pollutant saturation distribution occur on the LNAPL
different phases (pure phase, dissolved, residual, entrapped droplets). These fluctuations are often
strengthened by the multiple imbibition/drainage cycles caused by groundwater level variations that
affect the three-phase fluids distribution in the soil (LNAPL, gas, and water) and the LNAPL release
rates towards the dissolved and the gaseous phase [1,2]. Hence, the real LNAPL soil saturation dis-
tribution cannot be easily inferred from the thickness of LNAPL in monitoring wells, complicating
the contamination characterization and the remediation actions, often long and costly. For these
reasons, monitoring methods need to be improved to better characterize the contamination in in-
tegrating both the multi-compound and the multi-phase aspects. The relation between the LNAPL
mobilization mechanisms and the groundwater level dynamic need also to be further understood,
especially in the climate change context where increased groundwater fluctuations are expected [3].
For this purpose, we instrumented two lysimetric soil columns (2 m3) contaminated with LNAPL.
The device combines in-situ monitoring (electrical permittivity and conductivity, soil moisture, tem-
perature, pH, RedOx) and direct sampling and measurements in monitoring wells, gas collection
chambers, and suction probes. This equipment allows the assessment of the multi-component and
multi-phase LNAPL release (pure, dissolved, and gaseous phases) and soil saturation distributions
(electrical permittivity and conductivity) under controlled scenarios of precipitation and groundwa-
ter fluctuation patterns. The dissolved, gaseous, and pure LNAPL phases were characterized in the
lab by GC-MS and field µGC technics. Meanwhile, 1D column experiments allowed the determi-
nation of the soil hydrological properties during LNAPL/water/air imbibition/drainage cycles. Our
first scenarios (120 days of monitoring), shows that the coupling of physical-chemical, geophysical,
and hydrological monitoring methods allows a global characterization of the contamination and its
behavior during groundwater table variation scenarios. This experiment also demonstrated that in-
creasing the groundwater level variation intensity accentuates the spreading and trapping of the pure
LNAPL phase across the soil porosity, which favors LNAPL volatilization and dissolution processes.
These findings will allow to better identify and combine key LNAPL processes to improve models
and strengthen the recommendations concerning the characterization and monitoring programs for
hydrocarbons polluted sites.

*This work is partly funded by the DEEPSURF project, ANR-15-IDEX-04-LUE” and is included in the
scientific program of the GISFI research consortium (http://www.gisfi.univ-lorraine.fr).
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Understanding and modelling contaminant transport is necessary to assess pollution sources’lifetime
and severity and optimize the remediation strategies. The transfer of contaminants from the NAPL
(Non-Aqueous Phase Liquids) phase to the aquifer is a multi-scale problem with different transport
mechanisms within the various phases and at the interfaces. This two-phase flow problem is, in
particular, driven by mass transfer between both phases, and is generally described by local non-
equilibrium models. Such models at the macroscopic scale include transport equations for each
phase which are coupled through one or several mass exchange coefficients. While these coefficients,
which integrate the impacts of different pore-scale features (pore geometry, phase distribution, flow
velocity), play a key role in the fate of the pollution source, it is usually approximated, for a given
phase saturation, by a constant value estimated from empirical correlations (Quintard and Whitaker
1994, Soulaine et al., 2011). However, it generally shows a transient behaviour and can evolve with
NAPL phase composition and relative solubilities, which remains poorly studied (Shafieiyoun &
Thomson, 2018).
In this work, we start with the numerical modelling of the problem at the pore scale using COMSOL
Multiphysics. The NAPL phase is considered an immobile blob at the pore centre and is composed
of a non-soluble component and one or more soluble components. At this scale, the dissolution is
implemented using Raoult’s law at the interface between phases. The solubilities evolve in a complex
and coupled way as a function of the mass fractions of the considered components, themselves
dependent on time. The change in the NAPL’s volume is modelled using an ALE approach and the
derived equation for the interface velocity. Flow and transport in the water phase are considered
and transport in the NAPL may be taken into account. We study the impact of different factors
(number of soluble components, component diffusions, interface evolution, Péclet number) on the
form and behaviour of the mass exchange coefficient. In the second step, we upscale from the pore
scale to the Darcy scale using a numerical approach, with a focus on the mass exchange coefficient.
The potential implications of replacing this time-and-space-dependent mass transfer coefficient in
a Darcy-scale model with a constant and unique value as well as with a function of different state
variables are discussed.
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Over the past three decades, digital rock physics (DRP) has become a complementary part of the
field of study to understand better the behavior of porous media at the micro-scale. In this study, we
apply the established five-step DRP workflow to a concrete specimen (e.g., Wildenschild et al. 2002;
Schlüter et al. 2014) : (1) Preparation of a high-resolution X-ray computed tomography (XRCT)
volume, (2) tomographic reconstruction, (3) assessment and handling of the X-Ray artifacts (4) seg-
mentation of pore and grain phases, respectively, and (5) solving equations due to the demanded
properties.

Previous studies have shown that under elevated pressure conditions, XRCT can only provide visual
evidence of compression under favorable conditions due to sub-resolution changes, while ultrasonic
velocity measurements, for example, indicate compression of the porous medium more clearly (e.g.,
Madonna et al. 2012; Saenger et al. 2016; Liang et al. 2021). Therefore, we apply the results to a con-
crete specimen based on the published experience with pressure-dependent XRCT of rocks.

Our XRCT scans were performed under confining pressure conditions with a purpose-built X-ray-
transparent pressure cell (Lebedev et al. 2017) at 0.1, 6.5, 13, 26, 36, and 46 MPa. After image post-
processing, i.e., filtering and gray-scale threshold segmentation based on thin sections, the pore,
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and solid phases are analyzed qualitatively and quantitatively to predict the extent of potential com-
paction at elevated pressure conditions. Finally, the effective elastic material properties are modeled
based on the segmented volumes at different pressure conditions and compared with the correspond-
ing laboratory measurements for larger samples.
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In various subsurface systems, the interactions between multi-phase flow and mineral reactions play
an important role in controlling the evolution of porous media. These interactions - especially the
impacts of multiphase flow dynamics on mineral reaction rates - are rarely accounted for in contin-
uum scale models, or are simply corrected via reactive surface area and saturation of the aqueous
phase. However, the relations (e.g., power laws between reactive surface area and water saturation),
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used for the correction are not based on pore-scale dynamics. Our previous study of a single chan-
nel with different levels of roughness showed that the mineral reaction rate in a gas bubble flow is
significantly reduced compared to a single-phase flow system at the same flow rate. The extent of
reduction in reaction rate follows a non-monotonic relationship with respect to water saturation,
in contrast to the traditionally-used monotonic relationship (i.e., a power law relationship). In this
study, we extend our investigations to pore-doublet geometries, to examine how two-phase flow
dynamics arising from competing channels as would be expected in complex porous media affect
mineral reaction rates. For our investigations, we control the two-phase flow dynamics by varying
the air and water flow rates (i.e., capillary number) and the relative difference between the compet-
ing channels. Calcite dissolution rate in these channels is quantified for the two-phase flow cases
with different saturations and the corresponding single-phase flow case. The relationships between
the changes in dissolution rate in two-phase flow cases and the wetted surface area, the interfacial
area, and water saturation are examined to provide insights on improving reaction rate descriptions
in multiphase continuum scale models.
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Smart waterflooding is an enhanced oil recovery technique that has gained great attention in the
latter decades. It consists of tuning the ionic composition of the injected water, to improve the
microscopic displacement efficiency. Hence, the effectiveness of this method strongly relies on the
understanding of chemical interactions between the crude oil, brine and the rock. In this study,
we analyze the brine-rock interactions via simulation of coreflooding experiments using surface
complexation modeling. We investigate the impact of dihydrogen phosphate (H2PO−

4 ) anion in the
calcite-brine interface alteration.

We develop a surface complexation model in geochemical open-source software, PHREEQC to his-
tory match experimental zeta potential measurements, by tuning thermodynamic parameters of ad-
sorption equilibrium. Laboratory measurements of zeta potential were conducted with pure calcite;
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tested brines were seawater (57614.3 ppm) with varying dihydrogen phosphate concentrations (0-
1000 ppm). Zeta potential measurements were conducted via phase-analysis light scattering. Then,
we couple the surface complexation model with a 1D advection-reaction-dispersion model to sim-
ulate coreflooding experiments using PHREEQC. We used the core petrophysical properties from
a carbonate reservoir to account for dispersion. In our geochemical model, we consider dissolu-
tion of calcium carbonate, bulk aqueous speciation, dispersion and surface complexation on calcium
carbonate surface.

Adding dihydrogen phosphate to seawater shows a positive impact on wettability alteration, ob-
served by the change of contact angle between oil and carbonate as well as drop in zeta potential.
The surface complexation model matches experimental zeta potential measurements with a good
accuracy. Carbonate rocks are highly heterogeneous; therefore, they have high hydrodynamic dis-
persion. This is observed in the sigmoid-shape curve for chloride, which is treated as tracer in our
simulations. This is in agreement with coreflooding behavior for carbonates. Corefloooding simula-
tions show calcium carbonate dissolution. In addition, injection of dihydrogen phosphate exhibits
precipitation of hydroxyapatite. During coreflooding simulations, the injected brine decreases zeta
potential in the core. These findings may indicate wettability alteration in the core. We will further
compare these coreflood simulation results to experimental coreflooding tests.
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Microbially-induced carbonate precipitation (MICP) may be used to improve soil strength. The
method relies on the total or partial saturation of the porous medium with a calcifying bacterial
suspension. The project presented here focuses on filling the porosity of granular packings using
bacterial liquid foam in order to achieve low liquid saturation. In addition to saving liquid, the foam
would allow the bacteria to be strategically located, i.e. at contacts between grains, which is expected
to improve the process.
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However, this approach raises the issue of the compatibility of the bacteria with the surfactants used
to stabilize the foam. The challenge is to maintain the ability of bacteria to induce carbonate (CaCO3)
precipitation in their environment while evolving in a high content of surfactants. Most surfactants
are used as cleaners. Although they commonly have antimicrobial properties, some of them are well
tolerated by bacteria.

In this study, we focused on two families of surfactants: saponin and alkyl polyglucosides, i.e. CXM
or CXG, with X = number of carbons, M = maltoside, and G = glucopyranoside. These surfactants
were tested with two bacterial strains, namely Sporosarcina pasteurii (SP) and a strain similar to
Bacillus haynesii (BH ).

The choice of formulation was based on the study of several parameters: bacterial activity and
growth, pH variation, and CaCO3 precipitation.
When monitoring the bacterial activity and growth of the two strains, samples with C8G or C10G
showed much lower activities than those for the control sample (without surfactants). These surfac-
tants inhibited bacterial growth and activity. On the other hand, for samples with C8M, C10M or
saponin, bacterial activity and growth were substantially above those associate with the control sam-
ple. They increased the bacterial activity because the bacteria degraded these molecules, as revealed
by high performance liquid chromatography. Therefore, it appeared that the response of bacteria to
APG surfactants was highly dependent on the molecular structure of the APG: bacterial activity was
optimal when the carbon chain was the shortest and the hydrophilic head was the largest. However,
the experiments with C8M and the BH strain showed variations in pH towards an acidification of the
medium, which was not suitable for the precipitation of CaCO3. The study of bio-carbonation in the
presence of C8M (only with SP), C10M, and saponin surfactants showed a sufficient rate of calcifica-
tion to consider consolidation of a granular packings. Combining all the results, the most convenient
surfactants for the precipitation of CaCO3 were found to be C10M, C8M, and saponin.

Besides, the study of the liquid permeability of the foams confined into the porosity of the granular
packings showed that APGs allowed for an easier delivery of the nutriments though the medium,
as compared to saponin. Therefore, we provided all the information needed to approach granular
column calcification tests.
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Biomineralization, e.g. enzymatically (or microbially) induced calcium carbonate precipitation (EICP)
is a promising geo-engineering method with the potential, for example, to seal leakage pathways in
the subsurface or to stabilize soils. It is associated with an alteration of porosity and, consequently,
permeability. A major source of uncertainty in modelling EICP is in the quantitative description
of permeability alteration due to precipitation, based on commonly applied porosity-permeability
relations [1]. To improve these relations for REV-scale models, we investigate the effect of EICP
on hydraulic properties in microfluidic experiments by measuring the pressure drop to calculate the
permeability and by observing the pore-space alterations with optical microscopy. The experimental
setup and procedure are described in [2]. The results of the presented study show that preferential
flow paths can form under continuous flow conditions and ongoing precipitation [3]. Our aim is to
analyze this effect of strong local inhomogeneity for REV-scale permeability. We expect to quantify
this as anisotropy also in pore-scale numerical investigations based on the images obtained from
optical microscopy.
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We study the mechanisms of advective trapping in composite porous media that consist of circular
inclusions of distributed permeability embedded in a high conductivity matrix. Advective trapping
occurs when solutes enter a low velocity zone in the porous medium. Current multirate mass trans-
fer (MRMT) models consider slow advection and diffusion but do not separate these processes, which
makes parameterization difficult. Transport is analyzed in terms of breakthrough curves measured
at the outlet of the system. We observe that the volume fraction occupied by the inclusion controls
the curve’s peak behavior, while the distribution of permeability is responsible for the shape of the
tail. Using the continuous-time random walk framework, we derive a Lagrangian trapping model
parameterized in terms of volume fraction and the distribution of conductivites in the inclusions.
Then we show that this model is equivalent to a first-order MRMT and to a non-local partial differ-
ential equation for the mobile solute concentration derived by volume averaging of the microscale
transport equation. The upscaled approach, parameterized by medium and flow properties captures
all features of the observed solute breakthrough curves, and sheds new light on the modeling of
advective trapping in heterogeneous media.
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The fluid phase saturation degree is often used to define multiphase flow conditions in porous me-
dia macroscopically. However, the microscopic (pore-scale) fluid phases’distribution pattern can be
crucial and is usually not measured or quantified. For example, the topology and connectivity of
the fluid phases impact the permeability and, thus, relative flow rates. Therefore, they will impact
multiphase flow and related transport processes, including water leaching and drying in soils and
the vadose zone, enhanced oil recovery, and CO2 sequestration in deep geological formations. These
processes will, in turn, impact the fate of nutrients and pollutants in the subsurface, the precipita-
tion and dissolution of minerals, and the extent of microbial activity, to name a few. Still, the link
between the porous medium’s structure –the distribution of pore sizes and their relative positions –
and the pore-scale fluid phase distribution during multiphase flow is still far from being understood.
An essential requirement, at least experimentally, is to obtain direct observations of the displace-
ment patterns. To this end, we use micromodel experiments with quasi-two-dimensional porous
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media. The samples are created from numerically generated geometries of circular posts positioned
in a Hele Shaw-type flow cell and fabricated in PDMS. We vary the medium’s heterogeneity by
controlling the disorder in the circular posts’diameters and the correlation length of their spatial
distribution. In the experiments, we simultaneously inject liquid and air to establish an unsaturated
flow pattern with a connected liquid phase cluster. The liquid phase contains a fluorescent dye, and
the flow cell is illuminated to excite the dye at the appropriate wavelength. We take images of the
emitted light intensity and analyze them to determine the fluid phase clusters’location and geometric
characteristics. We infer their number, position, area, and liquid-air interface length. In addition, we
calculate the clusters’Minkowski functionals. We find that increasing the spatial correlation length
of the posts (or, equivalently, pore sizes) decreases the number of air (the non-wetting phase) clus-
ters while increasing their average area, perimeter length, and distance to the closest neighbor air
cluster. In addition, the roughness of the air-liquid interface is smaller for longer correlation lengths.
These characteristics impact the connectivity and tortuosity of the connected liquid (wetting) phase
and could influence the liquid flow characteristics and, thus, solute transport and mixing processes.
Our experimental study could also be used as a basis for a deep learning approach to derive more
generalized relationships between porous medium structure and fluid phase distribution.
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The transport of solutes in partially and fully saturated nanoporous media such as compacted clays
and tight rocks is a very fundamental process related to contaminant transport in groundwater and
radionuclide migration in the context of nuclear waste disposal. Specifically, the charged surfaces of
minerals induce an electrical double layer (EDL) in the electrolyte by the long-range Coulomb force
and therefore influence the ion distribution within nanopores. The EDL overlap within nanopores
can magnify the impact of the two-way coupling between electrokinetic effects and ion diffusion.
A novel pore-scale numerical framework was developed to simulate ion transport in partially and
fully saturated nanoporous media with consideration of the EDL and thermal effects. This numer-
ical framework directly solves coupled Poisson-Nernst-Planck equations by the Lattice Boltzmann
method (LBM) on GPUs, which can automatically capture the structure of the EDL in nanopores. In
fully saturated conditions, the present study quantitatively characterises the influence of the EDL
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on ion diffusion in compacted clays under different situations. It is indicated that the normalized
volume charge density has a significant impact on ionic tracer diffusion. In clays with a large normal-
ized volume charge density, the EDL has a major impact on ion diffusion. When the ionic strength
of the pore solution and temperature are constant, the flux from the electromigration term can be
negligible. However, once a gradient in ionic strength or temperature is added, the electromigration
process should be considered carefully due to its non-negligible role to balance the alteration of total
flux. For the ion transport in partially saturated nanoporous media, the liquid-vapor distribution is
given by the Shen-Chen LBM in the pore network. Our pore-scale simulations show that the thin
water films on the surface of clay particles have non-negligible influences on ion transport under
the condition of low saturation. The present study could help to improve the understanding of the
mechanisms of ion transport in partially and fully saturated nanoporous media.
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Pore-network model (PNM) aims to capture pore-scale phenomena in a computational efficient man-
ner with the help of simplified porous media geometry. Quasi-static PNM focuses on capillary driven
flow in the system near the equilibrium state, while dynamic PNM takes also the impact of viscous
forces into account to compute transient flow.
System of free-flow coupled with porous medium flow is ubiquitous in natural applications (e.g. the
evaporation of water from partially saturated soil as wind flowing over). To simulate the flow in the
porous medium in such coupled systems, fully implicit dynamic PNM is suitable. That is because it
doesn’t impose restriction on the time step size during solving the flow, which is normally required
by different explicit and semi-fully implicit pore-network algorithms[1][2].
In this study, we introduce a fully implicit pore-network model and discuss the related modeling
and numerical challenges. One main challenge is to deal with the discontinuity occurring in local
relative permeability of phases due to invasion and snap-off in the pore-throat. This discontinuity
causes convergence issues during the simulation. To handle this, we propose approaches such as
different kinds of regularization strategies. Furthermore, the new scheme is verified and validated
for different test cases.
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The increase in plastic production is expected to exacerbate plastic waste disposal in terrestrial
ecosystems. Soil represents a large reservoir for plastic wastes. Once disposed into the soil, plastic
wastes interact with soil particles and biota and affect chemical, physical, and biological processes
in soil (Jannesarahmadi et al., 2023). Microplastics (MPs) with distinct thermal and radiative proper-
ties and filling characteristics can alter energy partitioning over the surface of drying porous media
and thus subsurface thermal regimes. The present study aims to quantify impacts of MPs on latent
heat loss and temperature dynamics in drying sandy media. We conducted a series of evaporation
experiments on sand columns (height: 20 cm –diameter: 8 cm) with grain size ranging from 0.4 to
0.8 mm and density of 2.65 g/cm³. Two types of microplastics with different characteristics and con-
centrations were used: Polyethylene (PE) with 34 to 50 μm particles and density of 0.94 g/cm³ and
Polyvinylchloride (PVC) with particles ranging from 80 to 200 μm and density of 1.4 g/cm³. Mass
loss rates from sand samples with different concentrations of MPs (i.e., 0.5, 2, and 5%) were compared
with drying rates of the sand column without MPs serving as a reference. An array of thermocouples
continuously measured vertical temperature profile in drying sand columns subjected to different
wind and radiative boundary conditions. Airflow was generated by an adjustable fan and shortwave
radiation flux was mimicked using halogen lamps with different intensities. Our preliminary results
show that the presence of MPs with different characteristics alter evaporative loss and vertical tem-
perature profiles in drying sand samples with the surface accumulation of PE particles (with lower
density relative to water) influencing the thermal and radiative properties at the surface of drying
porous media. The study provides new insights into the impact of MPs on energy partitioning dy-
namics over drying terrestrial surfaces and subsurface thermal regimes that could potentially affect
various hydrological and biological processes in soil.
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Hydro-geochemical processes such as transport-induced mineralization are important processes gov-
erning the evolution of many systems in the context of energy-related exploitation of the sub-surface.
These processes can lead to an alteration of permeability, diffusivity and other physical characteris-
tics of the rock matrix that can have significant effects on subsurface solute and gas transport. The
understanding of these phenomena at the pore scale is a prerequisite for the development of predic-
tive conceptual approaches to describe the evolution of the subsurface. Our lab on a chip concept
which combines microfluidic experiments and reactive transport modelling [1, 2] has proven to be
a powerful tool to (i) evaluate the impact of hydrological heterogeneity on nucleation mechanisms
[3], (ii) decode oscillatory zoning exhibited by solid solutions crystallizing in porous media [4], (iii)
unravel the dynamic nature of porosity clogging at perturbed interfaces [5], and (iv) parameterize
porosity-diffusivity relationships [6] with respect to coupled mineral dissolution-precipitation re-
actions. At present, we resolve current controversies on crystallization in confinement addressing
specifically whether nucleation is pore size dependent.
Our investigation focuses on one of the most problematic minerals, barite, encountered in energy-
related sub-surface exploitation [7]. Microfluidics experiments conducted in nano-confined volumes
of solution, i.e., in droplets ranging between 0.3 and 3 nL, showed that nucleation is a probabilistic
event that scales with the volume of fluid. While our statistical analysis shows that inhibition of
barite nucleation will start at pore sizes < 1 µm, theoretical calculations show that the pore size-
controlled solubility [8] effect (a thermodynamic effect) becomes effective only in pores of sizes less
than < 0.1 µm. In a second step, the influence of diffusive transport was also investigated by fostering
the crystallization of barite in a pore network consisting of large and small micrometer-sized pores
interconnected by fine squared capillaries of 1 um2 cross-sectional area. Although preferential min-
eralization was observed in larger pores, at low supersaturation crystallization was observed only
in the fine capillaries. This unexpected behaviour can be explained by the high reactive surface area
(and defects) per unit volume resulting from in an increase in nucleation sites in the capillaries. The
general conclusions of our study are that in porous media the nucleation kinetics of barite is more
and more affected by the surface energy of the substrate as the pore size decreases from micrometric

Page 253



InterPore2023 / Book of Abstracts

to nanometric scale. Consequently, it can be expected that mineralization occurs preferentially in
larger pores in rock matrices but other parameters such as (i) exchange of the fluids w.r.t reaction
time, and (ii) the shape, roughness, and surface functional properties of the pore should also be
considered as they might reverse this trend.
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In the context of climate change, studies of water transfer in bio-sourced materials are becoming
essential in order to meet the multiple challenges of developing high-performance materials over
the long term and preserving resources while limiting greenhouse gas emissions. One of the keys
to supporting these studies is access to the “water status” in these porous materials [1]. However,
the monitoring of their performance over time is often limited to destructive studies or relies on
techniques that are too local or average, or even intrusive.

Here, we present the development of an innovative methodology based on nuclear magnetic reso-
nance (NMR) relaxometry and imaging (MRI) at low and high magnetic fields, respectively, to study
water content and transport during water stress in living materials, from the leaf to the whole plant
scale. The results obtained by the combination of these approaches will be compared with water
transfers in model porous materials such as wood, cellulose, glass beads, etc. Indeed, thanks to NMR
approach, it has been possible to identify the drying mechanisms in wood and to show that bound
water plays a fundamental role, transporting, by diffusion, free water from the interior of the mate-
rial to the free surface, and this during all the drying phase [2]. Another interesting result concerns
the behavior of NMR signal and relaxation times in two contrasted genotypes in term of cellulosic
ratio. This dependence of relaxometry provided an important information on molecular dynamics
directly related to plant resistance [3].

This study has demonstrated the potential and the versatility of NMR relaxation as a means to char-
acterize the microstructure of living porous material and model water transport mechanisms under
different environmental constraints.
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Shrinking and swelling of expansive clay deposits can cause severe damage to infrastructure (Mokhtari
& Dehghani, 2012). Volume change depends on the characteristics of the porous material, such
as clay content, mineralogy, organic matter content, soil moisture conditions and drying history
(Basma et al., 1996 ; Boivin et al., 2004; Puppala et al., 2007). However, predicting the shrinking and
swelling of natural clay deposits as a function of material properties and soil moisture conditions is
not yet possible. Measuring shrinkage and swelling of natural, undisturbed clay samples in a con-
trolled laboratory setting will provide information on the shrinkage behaviour in the field and can
be used to establish models.

To quantify shrinkage and swelling of shallow clay deposits, we have designed a new measurement
set-up based on the HYPROP 2 measurement device (UMS, 2012; Schindler et al., 2015), using cylin-
drical samples (height: 5 cm, diameter 8 cm). The set-up is designed to create minimal disturbance to
the samples during air drying in a climate-controlled room, while measuring volume, water content
and soil water suction every 10 minutes. The volume measurements are carried out with 5 opti-
cal distance sensors that measure the distance to the samples from a rotating robot arm. Distance
to the samples is measured at 15 points per sample on the top and 10 from the side while moving
along the sample. The distance between measurement points varies between 0.5 (on top) and 0.8
cm (from the side). These point data are converted to volume measurements, assuming cone shaped
samples.

The first experiment aims to distinguish shrinkage behaviour of differently prepared samples and to
confirm the likeness between three similarly prepared subsamples. In total 8 samples were extracted
at 1.5 m depth from a fluvial clay deposit. These samples were saturated for half a year with different
solutions: tap water, an instant ocean mix (Cl 16.9 g/L; Ca 0.388 g/L) and a saline calcium solution
(Cl 6.20 g/L; Ca 4.76 g/L). The measurements yield a detailed overview of the shrinkage behaviour.
Total shrinkage differs within the triplicates up to 1.3% (tap water), 3% (instant ocean solution) and
4.6% (saline Ca solution). The samples saturated with tap water and instant ocean mix totally shrink
42-44%. The samples prepared with the saline Ca solution show similar shrinkage rates to the instant
ocean mix samples for the first two weeks of drying. Thereafter, the shrinkage rate of the saline Ca
samples declines, resulting into a cumulative shrinkage of 36%.

The experimental set-up is able to capture the different shrinkage rates of the differently prepared
samples. The shrinkage rates of the duplicate and triplicate samples agree well, with a maximum
shrinkage difference of 4.6% between triplicates. These are very small differences considering that
all samples are natural clay sediments without any form of homogenization. Currently, we are
investigating the reversibility of the shrinkage and swelling. These results will be used to test a
shrinkage-swelling model.

Participation:

In-Person

References:

Basma, A. A., Al-Homoud, A. S., Malkawi, A. I. H., & Al-Bashabsheh, M. A. (1996). Swelling-shrinkage
behavior of natural expansive clays. Applied Clay Science, 11(2-4), 211-227.
Boivin, P., Garnier, P., & Tessier, D. (2004). Relationship between clay content, clay type, and shrinkage
properties of soil samples. Soil Science Society of America Journal, 68(4), 1145-1153.
Mokhtari, M., & Dehghani, M. (2012). Swell-shrink behavior of expansive soils, damage and control.
Electronic Journal of Geotechnical Engineering, 17, 2673-2682.
Puppala, A. J., Pokala, S. P., Intharasombat, N., & Williammee, R. (2007). Effects of organic matter
on physical, strength, and volume change properties of compost amended expansive clay. Journal of
Geotechnical and Geoenvironmental Engineering, 133(11), 1449-1461.

Page 256



InterPore2023 / Book of Abstracts

Schindler, U., Doerner, J., & Mueller, L. (2015). Simplified method for quantifying the hydraulic proper-
ties of shrinking soils. Journal of Plant Nutrition and Soil Science, 178(1), 136-145.
UMS GmbH Munich (2012): HYPROPª—Laboratory evaporation method for the determination of pF-
curves and unsaturated conductivity. Available at: http://www.ums-muc.de/en/products/ soil_laboratory/hyprop.html

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

the Netherlands

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS04 / 320

Magnetic resonance imaging of the swelling of polymeric hydro-
gels

Authors: Didier STEMMELEN1; Feina XU1; Sébastien LECLERC1

1 LEMTA UMR7563 CNRS Université de Lorraine

Corresponding Authors: sebastien.leclerc@univ-lorraine.fr, feina.xu@univ-lorraine.fr, didier.stemmelen@univ-
lorraine.fr

Superabsorbent polymer hydrogels are a class of porous media with only two phases (solid and liq-
uid) that have the ability to swell more than 200 times their original volume when placed in water.
This feature stems from its unique structure which consists of long polymer chains linked together
in a weakly cross-linked network, and the presence of hydrophilic sites along the polymer chains.
During swelling, water molecules come to occupy the hydrophilic sites, resulting in an expansion of
the polymer network. The cross-linking of the polymer chains, although weak, prevents the struc-
ture from breaking at high water contents and gives the hydrogel a certain rigidity. Due to the
ionic nature of hydrogels, their swelling is generally accompanied by complex mechanisms involv-
ing electro-hydro-chemo-mechanical couplings [1]. When a spherical bead of dry superabsorbent
polymer is immersed in water, a transient phenomenon of gel formation is observed on the surface
of the bead with the appearance of lobes, then their coalescence, finally resulting to the same spher-
ical geometry than the original bead but filled with water [2].
The MRI technique, sensitive to the presence of water molecules, is an interesting means to study
the swelling of hydrogels and the associated coupling phenomena. However observing by MRI the
behaviour of a hydrogel immersed in a volume of water is not an easy task because the fully swollen
hydrogel contains more than 99% water. It is therefore difficult to distinguish its interface from the
water in which it bathes. It is thus necessary to add a contrast agent (paramagnetic Cu2+ ions for
instance) to differentiate the NMR relaxation parameters of the solution and the hydrogel [3]. But
the presence of ions in solution can also significantly affect the hydrogel swelling phenomenon.
A preliminary study was carried out to evaluate the swelling of hydrogel beads (polyacrylamide) im-
mersed in copper sulphate solutions at different concentrations. This type of hydrogel has a strong
tendency to capture Cu2+ cations. This adsorption leads to additional cross-links between the poly-
mer chains, which can greatly reduce the swelling capacity of the hydrogel. NMR images were
then taken to describe the swelling kinetics of these hydrogel beads immersed in aqueous solutions
of CuSO4. For this, we used an NMR spectrometer (Bruker 600 MHz Wide Bore) equipped with a
micro-imaging device. These experiments allowed us to follow the swelling of the hydrogel beads
over time: the formation of the gel on the surface of the polymer bead, the gradual disappearance of
the solid polymer core, the appearance then the coalescence of the lobes, and the return to a spheri-
cal geometry of the water-swollen hydrogel. For the tests carried out at high concentrations (Cu2+
>1 mM), complex mechanisms are observed coupling the diffusion and adsorption of Cu2+ ions in
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the hydrogel. It is even possible to observe, after a first swelling phase, a second phase of shrinking
associated with an osmotic drying of the hydrogel.
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Exchange processes at the interface between a porous medium and a turbulent flow field are relevant
in a wide range of natural and industrial systems: Prominent examples for technical applications
range from food drying up to processes within fuel cells. In the environment, the exchange of mass
within the hyporheic zone is vital for the health of aquatic ecosystems, whereas the evaporation
from soils must be considered for sustainable land use. Despite the apparent heterogeneity of these
fields, scalar transport across the interface is driven by a common set of mechanisms, which can be
distinguished in the double-averaging framework (e.g. [1,2,3]): Whereas transport due to molecular
diffusion requires gradients in the scalar concentration field, turbulent scalar transport results from
correlated fluctuations of the flow and scalar field in time. In contrast, dispersive scalar transport is
caused by correlated fluctuations of the mean flow and scalar field in space.

The objective of our research is to contribute to a more comprehensive mechanistic understanding
of scalar transport in the interface region. We (i) identify the regions of influence of individual scalar
transport processes and (ii) analyze the interaction between the fundamentally different processes
within the double-averaging framework.

For the numerical investigation with our in-house code MGLET [4,5], the porous medium is repre-
sented by a static random pack of spheres with uniform diameter. While the advection-diffusion
equation is solved for a passive scalar with a Schmidt number of Sc = 1, the flow field is obtained
from solving the incompressible Navier-Stokes equations. By means of a single-domain Direct Nu-
merical Simulation (DNS), all temporal and spatial scales are resolved both in the free flow region and
in the pore space of the porous medium, which avoids any model assumptions. For a representative
case, the flow field is validated against experimental data [6]. In total, we consider eight different
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simulation cases with shear Reynolds numbers in the range of Reτ = 150–500 and permeability
Reynolds numbers of ReK = 0.4–2.5.

Instantaneous fields (please, find figure attached) provide an intuitive impression of the processes,
which is supported and quantified by the double-averaged statistics of the results: Whereas turbu-
lent scalar transport dominates in the free flow region, dispersive scalar transport takes the leading
role in the topmost sediment layers below the interface, before molecular diffusion becomes most
relevant in deeper regions. The results confirm that the relative importance of different processes
is determined by ReK [7]. Observing that turbulent and dispersive scalar transport hardly co-exist
in any regions, we evaluate budget equations for temporal and spatial fluctuations in the scalar con-
centration field to explain the interaction between the two processes.

The obtained insight is meaningful for the development of hyporheic scalar transport models, as
the described interaction prohibits addressing the problem as a mere superposition of two transport
processes. Also, ecological implications can be derived, as the presence or absence of strong spatial
mean concentration gradients influences the biocenosis in a habitat.
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Subsurface porous systems, like soils and aquifers, are physically and chemically highly heteroge-
neous. Especially on the microscale, chemical hot spots and heterogeneous pore-sizes, which lead
to a wide range of fluid flow velocities and strong local gradients, control the physico-chemical land-
scape. Microorganisms capable of biasing their motion to swim along these chemical gradients –
known as chemotaxis –profit from their ability to navigate towards nutrient hot spots, such as con-
taminant droplets, soil aggregates or plant roots. This ability and their ubiquitous presence in natural
subsurface systems gives them an important role for triggering reactions on the pore-scale for the
availability of nutrients, the degradation of contaminants or soil respiration.
We developed a novel experimental microfluidic platform to study chemotaxis in the presence of
chemical hot spots in porous media under flow conditions. In this multi-layered polydimethylsilox-
ane (PDMS) device, hydrogel features are embedded into the porous medium, acting as diffusive
point sources. The experimental platform is giving both, full optical access to the pore-space and
spatio-temporal control over the physico-chemical landscape. The nutrient plumes formed down-
stream of the hot spots under flow drive the swimming of chemotactic bacteria. By tracking the
swimming of single cells under different flow conditions, we can link the bacterial behaviour to
physical, chemical and hydrodynamic heterogeneities. This enables the study of the response of
chemotactic bacteria to pore-scale chemical gradients and sheds new light onto the transport of
microorganisms in the subsurface.
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We present a computational model to simulate both adsorption and desorption processes interactions
with hydrodynamics. Flow and mass transport equations and various sorption kinetic equations are
solved with Lattice Boltzmann method. The computational developments are used for direct numer-
ical simulation of flow and transport in three-dimensional digitized soil samples and are supported
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and validated by experimentally measured data. The model allows to include the details of contact
surface between adsorbate and adsorbent for computation of sorption rates within porous media.
This modelling approach not only enables an important mechanism to be simulated for real-life ap-
plications, but also provides an enabling computational framework within which the fundamentals
of sorption can be studied. The simulation data are used to drive mathematical formulations that
predict macro-scale sorption rates based on tortuosity of fluid paths, pore velocity distribution and
Peclet number.
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We study the synergistic impact of wettability and viscosity on immiscible fluid displacements in
heterogeneous porous media. Direct Numerical Simulations are performed for viscosity ratio M (of
invading vs defending fluid) ranging several orders of magnitude and contact angles ranging from
very small to very large i.e. from completely wetting to completely non-wetting. The capillary num-
ber is kept constant at =1×10−6 for all the investigations.
We notice different fluid displacement patterns such as fingering and compact displacements when
the Ca is maintained low and by varying the viscosity ratios and the contact angles. For viscosity
ratios greater than 1, the morphology of the displacement patterns is observed to be compact and is
hardly affected by the wettability. On the other hand, at viscosity ratios lower than 0.1, we observe
viscous fingering during imbibition and drainage. When the viscosity ratio moves towards 1, cap-
illary fingering emerges. This intriguing observation suggests that one cannot use the knowledge
about the displacement patterns to comment on the wettability states of the porous medium.
We further quantify the pore occupancy by the invading fluid during imbibition and drainage. Though
we notice similar displacement patterns that occur at lower (M<1) and higher viscosity ratios (M>1),
we notice differences in the pore filling mechanisms by the invading fluid. For M>1, the ‘co-operative
pore filling’is prominent irrespective of the wettability state. For M<1, we notice the dominant pore
invasion mechanism during drainage is ‘channelling’whereas for imbibition, the wetting phase prop-
agates over the surface of the solid grains gradually.
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Tracer experiments are used to assess the transport of solutes and water in brain tissue. Only sparse
information is available about the mechanisms and major pathways of water and some solutes enter-
ing (infiltration, perfusion) and leaving (clearance) the functional brain tissue. Moreover, there are
three main issues with current experimental data when it comes to the quantification of transport:
(1) the
underlying anatomy and transport pathways are complex (e.g. microvascular networks)
but is believed to be crucial in facilitating transport, (2) the measured
tracer transport is usually only a proxy of what we are interested in (e.g. water transport), (3) the
tracer transport can often not be assessed directly but is to be inferred from a proxy signal (e.g. NMR
signal or fluorescence microscope image).

In an attempt to bridge scales, fill in missing data, and connect various data sources, we present
a mathematical model to perform virtual tracer perfusion simulations in brain tissue. We con-
sider the architecture of microvascular networks [1] and a parametrization of the model based on a
combination of experimental data and computational estimation [2]. The mathematical model is a
three-compartment model (vascular, para-vascular, extra-vascular) formulated as a coupled mixed-
dimensional system of partial differential equations. Advanced discretization techniques [3] and
software [4] for flow and transport in porous media with embedded transport network systems al-
low for simulating domains with thousands of blood vessels.

In comparison with two-photon microscopy image data in live sleeping and awake mice [5], we dis-
cuss the role of compartmentalized molecular diffusion and dispersion driven by arterial pulsations.
We show that due to the low volume fraction of the perivascular space, transport into the tissue only
appears enhanced if there is a significant mixing effect due to arterial pulsations. We discuss major
difficulties arising when comparing simulation results to the image data and demonstrate how image
data may be subject to misinterpretation in a lack of careful consideration of supporting information
in the imaging process.
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The vast utilizing of new resource energy such as solar, wind and nuclear power plant are often
together with an shorten tendency of time limit of a project. From the past real cases that can
be found that failures produce not only disaster for medical aspects, but also a waste of investor’s
assets. To prevent all these risks, all of contributors must take care the project in its responsibility.
For reduce further threats in a project, a method can be used with careful judgements. Regardless
of whether subterranean facilities or structures on the surface are utilized for daily human activities,
materials have an indispensable role to play. With the rise in the utilization of artificial materials
for underground structures, engineers must be knowledgeable of the dynamics of brittle materials.
Moreover, fracturing is a critical failure mechanism of brittle materials and is essential for assessing
their performance in underground facilities. Consequently, it is imperative to comprehend crack
growth for the purpose of designing safe and secure concrete structures. This research aims to
explore the risk awareness of a project in the new resource energy industry by studying the fracture
toughness and crack mouth displacement of a concrete specimen to gain an understanding of the
crack mechanism. This study employed semi-circular chevron disk (SCCD) specimens with different
inclined notch crack angles in order to carry out an experimental investigation. The highest load
ever recorded was achieved with a specimen featuring a 60° inclined edge crack. It was observed
that the failure load increased with an increase in the notch crack inclination angle. It is plausible
to suggest a hypothesis concerning the predictability of fractures under particular circumstances in
the renewable energy field.
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Hydrogen is a promising alternative to carbon based energy carriers and may be stored in large
quantities in subsurface storage deposits. We investigate the impact of static properties, which are
density and phase equilibria, as well as the impact of dynamic properties, being viscosity and diffu-
sion coefficients, on the pressure field during the injection and extraction of hydrogen in the porous
subsurface. In a first step, we derive transport properties for water, hydrogen and their mixture using
the Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) equation of state in combina-
tion with an entropy scaling approach and compare model predictions to alternative models from the
literature. Our model compares excellently to experimental transport coefficients and models from
literature with a higher number of adjustable parameters, such as GERG2008, while also showing a
clear improvement over empirical correlations for transport coefficients of hydrogen. In a second
step, we determine the effect of further model reduction by comparing our model against a much
simpler model applying empirical transport coefficients from the literature. For this purpose, hydro-
gen is periodically injected into and extracted out of a dome-shaped porous aquifer under a caprock.
Our results show that density and viscosity of hydrogen have the highest impact on the pressure
field, and that a representative thermodynamic model is essential for modeling the storage aquifer
while keeping the model’s number of coefficients at a minimum. In diffusion-dominated settings
such as the diffusion of hydrogen through the caprock, our developed diffusion coefficients show a
much improved dependence on temperature and pressure, leading to a more accurate approximation
of the diffusive fluxes.
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Porosity is one of the main petrophysical inputs to any reservoir modelling technique, because it
affects both the transport and storage properties of the rock. At the laboratory scale, digital rock
models can be used to investigate the inner structure of the rock by applying non-invasive X-ray
tomographic microscopy. In its most basic application, this approach enables identifying solid ma-
terial (grains) and void space (pores) from the acquired images. The main limitation of the approach
is given by the achievable spatial resolution of the images (voxel size). In the digital rock domain,
microporosity is defined as the pore space that is below image resolution –typically established at
1 micron. In carbonate rocks, the fraction of unresolved porosity can be quite large (up to 40%)[1],
introducing large uncertainties for the modelling of transport and storage processes.

Here, we propose an image-based experimental workflow to map microporosity in rock cores that
uses two distinct X-ray Computed Tomography instruments. For this study, we consider two rock
samples, namely Bentheimer sandstone, a homogeneous sedimentary rock with uniform high poros-
ity and essentially no microporosity (Diameter = 1.2 cm, Length = 4.6 cm), and Ketton Limestone, an
oolitic carbonate with porosity comprising of intergranular macroporosity and intragranular micro-
porosity (Diameter = 1.2 cm, Length = 3.6 cm). The two instruments used are a benchtop microCT
scanner (Bruker skyscan 1273) and a medical-grade CT scanner (TOSHIBA Aquilon 64 TSX-101A
clinical X-ray CT) to provide 3D imagery of the same, registered rock sample at (8x8x8) µm3 and
(27x27x500) µm3, respectively. The latter defines the maximum resolution at which the proposed
workflow can be applied. To this end, a map of the total porosity of the sample (including microp-
orosity) is obtained from differential images by combining dry and water-saturated scans of the rock
sample obtained using the medical-grade instrument[2]. This 3D map is then combined with the 3D
map of resolved porosity obtained upon segmenting the dry image of the rock sample obtained using
the microCT instrument to yield a 3D map of unresolved porosity[3].

Key to the application of the proposed method is the quantification of uncertainties arising from
image noise and image analysis (e.g. re-sampling, segmentation) in each step of the workflow. We
quantify image noise as a function of voxel size and compute its spatial autocorrelation to identify
the minimum voxel size for quantitative analysis. We show that for a medical-grade instrument this
can be substantially larger (5-10 times) than the voxel size of the original image. A similar conclu-
sion is drawn for images acquired using the microCT instrument, although in this case a systematic
drift of grey-scale values is observed that must be corrected for. We compare results obtained upon
application of the full workflow to two rock samples and show that reliable mapping of unresolved
porosity (microporosity) must account for these uncertainties. Furthermore, we discuss procedures
to minimize uncertainties in the estimated porosity maps (resolved and unresolved) at different spa-
tial resolutions.
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Biobased materials have been applied more and more widely in the field of construction, thanks to
their low thermal conductivity and humidity adsorption capacity. The application of them creates a
promising way to lower resources assumption and carbon dioxide emission, contributing to sustain-
able development.
For better application of biobased construction materials, a full understanding of moisture transport
process in building envelopes is of vital importance since it can greatly affect the comfort or discom-
fort that the walls provide to people due to the resulting wetness or heat loss along the walls. Thus,
it has an impact on the ventilation and heating demand, which leads to energy consumption reduce.
However, our current knowledge of these complex processes is still limited. Factually, the moisture
transfer process in the building envelopes is generally not taken into account in the current conven-
tional thermal calculation and energy consumption analysis. The major problem hindering progress
is the lack of information and proper description of water transport and phase changes inside the
porous structure. Measurements remain challenging, in particular considering that the materials are
not transparent and different states of water (free liquid water, bound water, vapor) can coexist. The
most difficult point concerns bound water, i.e., water absorbed inside the molecular structure of cell
walls, which can hardly be detected with standard imaging.
In this study, we prepare samples made by cotton fibres with varies porosities,
then use them in NMR test, the pores in samples are filled with oil to examine if the bound water
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within fibres can be transferred. Following the bound water by NMR, it has been found that there is
a network of contacts between the fibers, which allows to transport the bound water throughout the
system even when the pores are filled with oil. Then the diffusion coefficient can be measured by
analytical solution or finite element method. The diffusion coefficient will vary for different porosi-
ties, which can be linked to the variation of compression, leading to the difference of the fibres’
orientations. Moreover, letting the diffusion direction being vertical to the compression direction,
the value of the longitudinal diffusion coefficient (along fiber axis) can be deduced, and the effect of
diffusion direction on the transfer velocity of bound water within fibres can be noticed. Finally, we
will consider a model material made by compression of cotton fibres, establish a mathematical model
for straightforward analytical predictions of the humidification or drying characteristics of textile
materials. Throughout this study, we can get detailed information of the moisture transfer process
during drying/humidification process, which can provide insight into the underlying mechanism of
the biobased materials, thus paving the way to the application of biobased materials in the field of
construction.
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In coastal seasonal frozen regions, along with the effects of salt spray, tide and rainfall, salt pene-
trates the asphalt pavement through porous media. The inner salt will accumulate and deliver, which
weakens the cohesiveness of the asphalt-aggregate interface and induces diseases such as spalling
and pitting. In addition, the seasonal freeze-thaw cycle causes early damage to the asphalt mixture.
Admixture is an effective means to improve the performance of porous asphalt mixture. Efforts
done by previous researchers have shown ferrocyanide can inhibit salt crystallization and reduce
salt erosion damage of porous materials. Basalt fiber and anti-stripping agent can improve the ser-
vice performance of porous asphalt mixture. However, the types of three additives have not been
applied to freeze-thaw cycles and salt erosion environments, and the specific improvement effect is
unclear. Therefore, this paper focuses on porous asphalt mixture damage resistance with additives
under freeze-thaw cycles and salt erosion.
Admixtures, including crystallization inhibitor, basalt fiber and anti-spalling agent were chosen to
prepare porous asphalt mixture. The samples of porous asphalt mixture with additives were tested
for the splitting tensile strength after 15 freeze-thaw cycles and salt erosion. And scanned the char-
acterization of the initial internal structure after 0, 7, 20 freeze-thaw cycles and salt erosion through
X-ray computed tomography technology. Changes in strength and internal structure were used to
analyze the effect of freeze-thaw cycles and salt erosion action on the porous asphalt mixtures with
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additives. On the basis of the internal structure change, the enhancement performance of porous as-
phalt mixture with additives was evaluated by grey relation analysis and analytic hierarchy process
analysis.
Results showed the performance improvement of porous asphalt mixture with crystallization in-
hibitor is better than anti-stripping agent and basalt fiber asphalt mixture, respectively. The three
types of additives only retard the evolution of internal structure and do not change the damaged
formation of internal structure inside asphalt mixture under freeze-thaw cycles and salt erosion.
Parameters such as air void content, air void number, average void diameter and connective void
content have been applied in characterizing the internal structure of porous asphalt mixtures. The
internal structure damage dominating causative factors of porous asphalt mixture with additives
from large to small are air void number, connective void content, air void content and average void
diameter. The internal damage index was introduced to characterize the performance improvement
of porous asphalt mixture with additives. The smaller the internal damage index, the better the im-
provement of porous asphalt mixture. The internal damage index of porous asphalt mixture with
crystallization inhibitor is the lowest, which indicates resistance to the action of freeze-thaw cy-
cles and salt erosion is good and suitable for designing asphalt mixtures in coastal seasonal frozen
regions.
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GeoChemFoam is an open-source toolbox for modelling flow processes in porous media images. It is
based on OpenFOAM, the open-source Computational Fluid Dynamics (CFD) toolbox, and includes
many additional packages that extend the software to more complex physics, including multiphase
reactive transport, heat transfer and mineral dissolution, which are essential for modelling porous
media applications such as CO2 storage or geothermal energy. Amongst the most popular capa-
bilities of the toolbox is the potential to simulate flow in micro-porous rocks using the multiscale
Darcy-Brinkman-Stokes (DBS) model. The objective of the GeoChemFoam project is to support our
own research, foster new and existing collaborations, like the ones we currently have with Columbia
University and the University of Tohoku, and to provide students around the world with a simulation
platform to advance their own research.
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DiageneticQuantification in Relation to Pore Size Population Us-
ing Digital Rock Technology
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Quantifying reservoir property is one of the most crucial works of petroleum exploration and produc-
tion. Determining transport properties in reservoir rocks requires accurately quantifying the pore
system. The study of the pore structure in porous media is to understand the processes of single and
multiphase fluid flow. Quantification of the pore system in reservoir rocks at large scale is essential
to understand the displacement process in the field to locate the remaining hydrocarbon. To acquire
a better understanding of the diagenesis of reservoir rock and pore structure, a quantitative method
is required. In principle, a representative large-scale multiscale pore structure model for heteroge-
neous reservoirs can be constructed by adding diagenesis and facies in the reservoir modelling. This
study tries to use the detailed pore structure and diagenesis information from high-resolution scan-
ning electron microscopy (SEM) imaging to quantify the diagenesis linked to the reservoir rocks’
quality. This involves the quantification of population of pore and grain size distribution and ce-
ment spatial distribution features of rock samples by categorising them into three different classes.
The North Sea Oil Field data is used as a case study.
Based on the cement feature segmented from high-resolution SEM image, the limit of segmenta-
tion of cement, the connectivity of cement particle was observed and evaluated. Through the pore
size distribution functions fitting, the cubic polynomial exhibits the best fits for pore population
from the North Sea Oil Field data. The digital rock tools are able to provide the details of the pore
structure and associated diagenetic process with lithofacies. The quantitative results can be used
for further analysis on diagenesis process that can be then linked with well logging features at next
study.
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Microscopicflowparameters prediction of shale oil based ondeep
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Abstract:Shale oil is a valuable unconventional oil and gas resource. It has a complex mineral compo-
sition, and rapid and accurate prediction of core flow parameters is crucial for its exploration and de-
velopment strategy. At present, researchers predict flow parameters such as speed,pressure,apparent
permeability,etc. through core experiments that require specific experimental conditions and meth-
ods, which are difficult and time-consuming. Conventional simulation methods for predicting flow
parameters require considerable computational resources. Therefore, deep learning can be used as a
pore-scale simulation prediction method. Considering that the mineral properties of the nanopore
wall of shale oil have a large influence on the flow, a core dataset with organic distribution.
We predict the flow parameters of shale oil porous media by two methods. First,we designed a
convolutional network for the dataset, adopted the structure of SE-ResNet, added the squeeze-and-
excitation (SE) module to the double-layer residual module of ResNet18, and combined the character-
istics of the SE block with the attention mechanism and ResNet to effectively obtain the information
between channels and avoid the problem of gradient disappearance or explosion. Using SE-ResNet
for directly predicting the apparent permeability from images. Another method attempts to couple
a point cloud residual network with flow equations, reconstruct the flow field and predict apparent
permeability. The coordinates of the porous media pore space are used as input to the point cloud
network. Different slip conditions are set for organic and inorganic matter. The loss function of the
neural network is constructed by the NS equation, the continuity equation, and the flow boundary be-
tween organic matter and inorganic matter.Based on the principle of PINN, optimization algorithms
such as gradient descent are used to obtain the weight parameters of neural network connection
and the physical parameters of partial differential equations. Only sparse data acquisition points are
required to predict microscopic flow parameters. The above two methods are well applied in shale
porous media.
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Pore-scale simulation of acidic dissolution in porous media with
sub-resolution porosity using the improved multiphase micro-
continuum approach
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The chemical dissolution of carbonate rocks occurs in multiple natural and industrial processes, such
as the acidizing stimulation of petroleum reservoirs and the geologic carbon sequestration. The dis-
solution dynamic involves multiscale porous structures and complex interactions of multiphase flow,
interfacial mass transfer and heterogenous reactions across various length scales, which is necessary
to advance the mechanistic understanding from the pore-level simulation. The micro-continuum
approach can perform direct numerical simulations of reactive flow in porous samples containing
sub-resolution porosity and avoids mesh dynamic updates during the dissolution process. How-
ever, unacceptable spurious velocities often appear near the gas-liquid interface and the three-phase
contact line region, which limits the use of the micro-continuum approach in capillary-dominated
multiphase reactive flows. In this study, the micro-continuum approach is improved to reduce the
spurious velocities in the simulation of capillary-dominated flow and more accurately predict the
transport and reaction processes. The improved method is validated by a series of static and dynamic
benchmark cases to demonstrate that the improved micro-continuum model can simulate capillary-
dominated multiphase flows with negligible spurious velocities at capillary numbers as low as 10-4
in both simple and complex geometries, 1-2 orders of magnitude lower than the previous micro-
continuum method. As to the interfacial mass transfer, the compressed continuum species transfer
model is introduced to reduce the artificial mass transfer in the gas-liquid interface. The effects of
sub-resolution porosity and gas/water distribution on dissolution dynamics are investigated for dif-
ferent dissolution patterns. The numerical results show that the sub-resolution porosity significantly
impacted the flow, transport, and dissolution processes in heterogeneous porous media.
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Analytical and numerical investigations of imbibition in porous
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The multiphase flow of fluids in a porous media is attributed to viscous, gravitational and capillary
forces. A theory was proposed by Buckley and Leverett for viscous dominated flow during the last
century which is used to estimate the rate at which the injected water moves through a porous
medium. In this work, we study and investigate the phenomenon of imbibition which is the taking
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up of a wetting liquid by a porous solid. We present analytical and numerical solutions for sponta-
neous imbibition in one dimension by the use of fractional flow theory. The solutions can also be
understood as the capillary analog to the classical Buckley Leverett solution and are valid for co-
current displacement, with arbitrary fluid viscosities, as well as for capillary pressure and relative
permeability curves dependent on saturation. We measure the saturation profiles as a function of dis-
tance and time in fluid-filled porous media with some initial wetting fluid saturation. We create a 1-D
model on a numerical simulator to simulate and obtain saturation profiles for the different wettabil-
ity cases assuming horizontal immiscible displacement in porous media. We then match simulation
results with saturation profiles obtained through the capillary dominated flow semi-analytical solu-
tion proposed in literature. The solution can be used to study the influence of wettability, predicting
saturation profiles and production rate characteristics.
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The flow of sub-surface suspensions, and the controls on mobilisation, transport and deposition of
a suspended load are important in natural (ground water migration, hydrocarbon migration, pollu-
tant transport) and industrial (nuclear waste storage, CCS, hydrocarbon recovery) applications. In
all of these areas we seek to understand how and when a suspended load moving through porous
media will be deposited at pore throats; and how this can change permeability, flow pathways, and
ultimately prevent further fluid migration. The inherent complexity of pore networks makes parti-
cle migration difficult to predict. Formation damage describes processes of deposition from a sus-
pended load that reduce the permeability and porosity of a host rock. The processes that lead to
formation damage are challenging to quantify because of the dynamics and opaqueness of host sys-
tems, requiring pore scale processes to be studied via bulk measurements of inlet/outlet pressure
and particle concentration measurements. Formation damage commonly occurs during subsurface
drilling, due to the drilling fluid changing system chemistry which liberates host rock particles and
acts as a source for a relatively high-volume fraction suspended load. We use bespoke in situ flow
cells with a combination of high speed x-ray radiography and x-ray computed tomography to image
and quantify how particles suspended in a single-phase fluid behave in real time. We show how
and where mobilisation, transportation, and deposition from the suspension occurs, how they are
related to flow rates, particle volume fraction, and the (evolving) local pore-network geometry. We
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also compare the observed behaviours to CFD simulations through the same pore network to ver-
ify the simulations accuracy. This information can then be used to make informed decisions when
choosing drilling fluid constituents to limit formation damage. In the future we aim to observe how
salinity and pH impacts formation damage processes.
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Wood, as natural adsorbent and significant building material, features complex biopolymer com-
position and hierarchical porous structure, endowing it with distinguished sorption properties ac-
companied by sorption-induced deformation. In former studies, sorption, deformation and sorption-
deformation interactions have been studied for single-scale materials, but not for materials where
micropores and mesopores coexist. This work, establishing a mesoscopic slit pore between two
slabs of amorphous cellulose with micropores, aims to provide a first attempt at modeling sorption
and sorption-induced deformation in hierarchical porous structure. Specifically, the atomic system
is numerically modeled by a hybrid workflow synthesizing molecular dynamics (MD) and grand
canonical Monte Carlo (GCMC) simulation. Based on the simulation, sorption/deformation mech-
anisms in porous materials with different slit size are clarified. In microscopic pores prevailing in
the cellulose slab, pore filling happens throughout the full relative humidity (RH) range. Under low
RH, adsorption happens mainly by filling existing voids. At high RH, adsorption continues via im-
posing a sorption stress, leading to a swelling and additional sorption of the microporous material.
In the mesoscopic slit pore between the two cellulose slabs, surface sorption takes place, with negli-
gible amount initially but remarkable thickness with increasing RH. Meanwhile, increasing surface
roughness is observed, in response to the varying surface energy caused by the multilayer adsorp-
tion. At a certain RH, the water molecules residing on the opposite cellulose slabs undergo capillary
condensation, which exerts a negative hydrostatic pressure perpendicular to the slab surface on the
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structure, resulting in an increase in slab volume, a decrease in distance between the center of mass
(COM) of the slabs and thus a thinning of the slit pore.
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In the current times, the protection of the environment is becoming more and more important in
all sectors. This also includes agriculture, which has to overcome particularly large hurdles in this
respect, since on the one hand the world population is steadily increasing and thus more people have
to be fed, but on the other hand the usable land is limited. Therefore, the yield must be increased,
which is mainly done through the excessive use of mineral fertilizers, which are extremely energy-
intensive to produce and are harmful to the environment. Therefore, natural, living fertilizers are
searched that form a mutualism with crop plants. Thus, the problems of over-fertilization can be
overcome. Cyanobacteria, ubiquitous phototrophic prokaryotes, are a possible source of biological
fertilizer, mainly because of their ability to fix elemental nitrogen from the atmosphere and to release
it in a usable form into the environment. Among other organisms, cyanobacteria are able to enter
into symbiosis with plants, whereby not only nitrogen but also other nutrients or growth-promoting
substances can be exchanged. Furthermore, cyanobacterial biofilms contribute to an improvement
of the soil condition. By producing extracellular polymeric substances, which consist largely of
polysaccharides, it can positively influence both soil aggregation and soil water retention and thus
reduce soil erosion. In addition, the biofilm can also change the nutrient composition or availability
in soils. Cyanobacteria thus represent a promising environmentally friendly alternative to tradi-
tional fertilizers.
Wheat is one of the most important food grains in the world, so this work investigates the co-
cultivation of common wheat (Triticum aestivum) and cyanobacteria. Diazotrophic strains isolated
from the temperate zone are used as cyanobacteria to investigate the effect of nitrogen fertilization
by cyanobacteria on the growth of wheat. In addition, the influence on nutrient availability will be
investigated by analyzing the pore water. Furthermore, it will be determined whether the use of
cyanobacteria can lead to an increase in water retention in the soil. All experiments are conducted
in typical agricultural soils for a complete growing season of wheat.
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Carbon capture and storage (CCS) has emerged as a principal emissions reduction technology for the
energy transition. Its effectiveness hinges largely on the security of the storage reservoir, which may
be susceptible to leakage through permeable pathways such as abandoned wells and faults. Storage
failure presents risks of environmental impacts, increases atmospheric carbon emissions, reduces
the value of carbon credits, and reduces public confidence in CCS as a viable technology for the
energy transition. Despite the importance of storage security, our understanding of CO2 leakage
and its fate and transport in overburden remains limited, hindering the prediction, detection and
assessment of leaks. There is a need for numerical models capable of accurately predicting the fate
and transport of CO2 in the subsurface. However, traditional multiphase flow models struggle to
describe the buoyant unstable gas flow regime expected at leak sites, motivating the use of other
modelling approaches.
Unstable gas flow is characterized by discontinuous gas clusters and sharp variations in gas satu-
rations in space, in contrast with the smooth variation in gas saturation predicted by continuum
multiphase flow models. Discrete approaches such as macroscopic invasion percolation are bet-
ter equipped to model unstable gas flow and are less computationally intensive, however they are
limited by assumptions of instantaneous gas movement. ET-MIP (Electro-thermal macroscopic in-
vasion percolation) is a general purpose model which couples continuum-based electrical, thermal,
groundwater and chemical species modules with a discrete macroscopic invasion percolation gas
flow module. This coupled approach allows for accurate simulation of slow gas displacement char-
acteristic of shallow subsurface gas releases while simultaneously predicting the dissolution of CO2.
ET-MIP has been validated against bench scale experiments and shown to accurately predict gas gen-
eration, multiphase transport and capillary trapping –all mechanisms which govern the fate of CO2
in the subsurface. However, the model has not yet been applied to gas injections with simultaneous
mass transport. This talk will present validation of ET-MIP against a bench-scale CO2 injection and
dissolution experiment, and explore the migration of leaking CO2 in the subsurface.
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Accurate prediction of solid mineral dissolution during reactive flow in porous media is vital for
a wide range of subsurface applications (e.g., CO2 sequestration [1] and geothermal systems [2]).
Detailed numerical modelling of mineral dissolution at the pore-scale is generally expensive [3] and
that limits our ability to perform comprehensive uncertainty quantification studies to explore the
various sources of uncertainties and its impact on the dissolution process.
In this work, we develop efficient deep learning emulators for geochemical reactions. We build on
an earlier work on reduced order modelling (ROM) using Deep residual recurrent neural network
[4] to develop highly predictive ROM using limited training data. We utilize a U-net architecture to
perform approximate explicit time stepping for the dynamical system. The input features for the deep
learning model are the discrete components of the physical residual which are known to correlate
well with the solution updates over the training samples as well as the unseen validation dataset.
This correlation is governed by the physical equations controlling the evolution of the system. The
second component of the DL emulator is a hierarchical architecture of neural networks, where a
stack of U-Nets is used at every timestep to mimic fixed point iterations in numerical schemes. In
order to stabilize the training, the algorithm starts with a single step update, after which, the first
level U-Nets are frozen, and the next level U-Net is trained and so on.
The developed algorithm is demonstrated on a dataset with different Peclet and Kinetic numbers.
The pore-scale dissolution training and validation datasets are generated using detailed numerical
simulations using the improved Volume-of-Solid method in GeoChemFoam [3] and are available as
an open access repository for a range of dissolution regimes [5].
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Appropriate modeling approaches to quantify gas migration in low-permeability porous media can
assist appraisal of sealing efficiency of caprocks, with key applications in sustainable use of under-
ground energy resources. A variety of models depicting gas movement across low-permeability
geomaterials are available (Wu et al., 2016; Sun et al., 2017, Rani et al., 2018). Some of these models
represent gas migration in low-permeability media as a weighted sum of diverse mechanisms taking
place across the porous system. Parameters associated with these models are envisioned to embed
the chemical, mechanical, flow, and transport features governing feedbacks between gas and the
host rock matrix. Such parameters cannot be easily and unambiguously evaluated via experimental
investigations and are always affected by uncertainty. In this context, modern sensitivity analysis
techniques enable us to diagnose the behavior of a given model through quantification of the impor-
tance and role of model parameter uncertainties onto a target model output.
Here, we rely on two global sensitivity analysis approaches and metrics (i.e., variance-based Sobol’
indices and moment-based AMA indices) to assess the behavior of a recent interpretive model that
conceptualizes gas migration as the sum of a surface diffusion mechanism and two weighted bulk
flow components (i.e., Slip flow and Knudsen diffusion). We quantitatively investigate the impact
of each uncertain model parameter on the evaluation of methane flow, which is, in turn, conceptu-
alized as a random quantity. Considering the paucity of available information, we consider three
diverse characterizations of the probability density function describing the uncertain model param-
eters: (a) all parameters are described by uniform distributions; (b) all parameters are represented
through truncated normal distributions; and (c) the reference pore radius is described by a truncated
log-normal distribution while the remaining parameters are associated with uniform distributions.
We then derive analytically the structure of an effective diffusion coefficient embedding all complex
mechanisms of the model considered and rely on the global sensitivity analysis results to quantify
the relative contribution of each flow mechanism to the overall gas flow.
Our results suggest that, in decreasing order of importance, reference pore radius, reference porosity,
pore pressure, tortuosity, and temperature are the model parameters driving the major features of
the gas flow probability density function. These results remain essentially unaffected by the choice
of probability density function characterizing model uncertain parameters.
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Adsorption inside nanoporous materials has driven large scientific interest due to their key-role in
numerous applications such as in catalysis, adsorption/separation, etc. [3]. Among nanoporous
materials, hierarchical solids are an interesting class in which nanopores ranging from micropores,
mesopores, and macropores are arranged in a continuous fashion [8]. As a result, these hierarchical
nanoporous materials possess enhanced combined adsorption/transport capabilities as larger pores
provide pathway towards smaller adsorption sites. Further, owing to the presence of different pore
sizes, hierarchical nanoporous materials are also useful for size selective applications [9]. For ex-
ample, hollow zeolite shells made by imposing mesoporous cavities over the inherently nanoporous
zeolitic lattice show capacity for size selective catalysis, adsorption and transport [1]. While zeolitic
materials are widely studied for adsorption/catalyis applications, the influence of large external sur-
face areas and the resulting interfaces in hierarchical zeolites have not been widely explored [7, 4].
Further, gas solubility inside confined liquid solvents are often larger than bulk systems [6, 5]. This
phenomena is recognized as oversolubility (liquid-gas mixtures) or preferential adsorption (gas-gas
mixtures) and is never explored comprehensively [2].

Here, we report adsorption in hierarchical zeolites obtained using Grand Canonical Monte Carlo
(GCMC) simulations. Studies on both bulk zeolite lattice and bi-porous zeolite system are discussed
with focus on bulk and surface adsorption. Pure gas binary mixtures of toluene, ethylene and water
were tested for adsorption and gas solubility in liquid toluene and liquid water inside the zeolite
was quantified. The adsorption thermodynamics of the gas mixtures and the liquid-gas solution are
obtained. Further, preferential adsorption of the gas phase species and gas oversolubility in liquid
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solvent under confinement is also explored. The impact of surface on adsorption and the surface
adsorption characteristics are quantified and adsorption characteristics inside bi-porous zeolites with
water only present at the outer surface is also discussed.
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Gas bubbles can form and grow in otherwise liquid-saturated granular media due to various physical
processes, such as corrosion or the microbial decomposition of organic matter. These gas bubbles
are typically non-wetting to the solid grains; as such, it is energetically costly for the gas to invade
the narrow pore throats between grains. If the solid skeleton is sufficiently soft and/or the con-
fining stress is sufficiently low, the gas can instead displace the solid grains to open macroscopic
cavities. These gas cavities form in a variety of soft porous media, including seabed sediments, in-
dustrial waste ponds, and peatlands. An increase in the confining stress can trigger the collapse of
these cavities, forcing the gas into the pore space. A quantitative understanding of cavity collapse is
thus important for characterising the macroscopic mechanics of this three-phase system and for pre-
dicting the rate of gas venting to the surrounding environment. Here, we investigate this problem
experimentally using a packing of hydrogel beads as a model soft porous medium. We complement
our experimental observations with a novel phase-field model that captures the competing effects of
elasticity and gas-liquid-solid interactions (capillarity). We study the deformation-driven collapse
of gas cavities in a 1D setting, identifying the confining stress at which cavities collapse and investi-
gating the reversibility of cavity formation and collapse under fluctuating confining stress.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

Yes, I would like to submit this presentation into the student poster award.

Country:

UK

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Poster / 348

Simulation of transition flows and phase changes in porous me-
dia usingmodified equations of state to obtain the correct surface
tension
Author: Javier Fernández-Fidalgo1

Co-authors: Luis Cueto-Felgueroso 2; Luis Ramírez 3; Abel Martínez 4; Xesús Nogueira 3

1 Universidade da Coruña and Universidad Politécnica de Madrid
2 Universidad Politecnica de Madrid
3 Universidade da Coruña
4 University College Cork

CorrespondingAuthors: xesus.nogueira@udc.es, abel.martinezdiaz@ucc.ie, luis.ramirez@udc.es, javier.fernandez1@udc.es,
luis.cueto@upm.es

The phenomena of phase change and coexistence of two phases of a substance are of great interest
in engineering. The two most widespread ways of describing these phenomena numerically are the
sharp interface [1] and phase field [2] numerical models. The former assume that there is an abrupt
transition at the interface between the two fluid phases while the latter propose a smooth transition
with a thickness greater than zero. The latter approach takes advantage of the same equation of
state (EoS) to describe the thermodynamic properties of both phases. The most widely used EoS, the
Van der Waals EoS [3], while obtaining reasonable results for a wide set of substances, in the case
of water is quite far from the experimental results. The major current challenge for the simulation
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of multiphase and multicomponent pore-scale flow in permeable media is the effect that EoS has
on the effective surface tension. In the present work it is shown that multiphase flow simulations
based on traditional equations of state (e.g. cubic EoS) result in surface stresses that are several
orders of magnitude larger than the actual ones, when intended to simulate problems of interest in
geosciences and engineering where the characteristic length of the problem is much larger than the
physical width of the interface (on the order of nm). A modification of the Van der Waals EoS is
proposed by applying the methodology proposed in [4] with applications to numerical modeling of
phase changes in porous media.
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In electrochemical devices, porous transport layers (PTLs) bridge the gap between flow fields and
catalyst layers. They provide pathways for liquids and gases to be distributed over and removed
from the catalyst layer, provide mechanical support as well has thermal and electrical conductivity.
As the electrical current drawn from such devices is directly linked to the flow of reactants, the
mass transport capabilities of the PTLs become especially critical at high current density operation.
State of the art PTLs are primarily fiber-based (e.g. carbon, titanium) as they satisfy the complex re-
quirements posed by their operating environment. However, in two phase counter flow operation,
undesirable liquid accumulations and subsequent blockage of gas transport pathways can occur. Ex-
cessive accumulations of reaction products or a lack of fresh reagents stall out the electrochemical
conversion, limiting the achievable power density. To overcome these limitations, alterations and
improvements to the base material have been investigated to guide liquids and gases into dedicated
pathways within the porous structure[1–4]. While they show varying degrees of success, they re-
quire additional processing steps, adding cost, and are still limited by both phases having to compete
for the same pore network.
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We explore the synthesis of hierarchical PTLs containing dedicated pathways for the transport of
liquid and gas, realized by a difference in pore sizes on two distinct length scales. While 3D print-
ing is positioned as a promising manufacturing route, currently this method lacks the production
speed and resolution. Therefore our approach is focused on an alternative synthesis route whereby
the porous material is generated by co-depositing a metal and a gas from a solution containing the
metal salt and a source of protons to form hydrogen gas. The hydrogen acts as dynamic template
which, together with the deposition kinetics of metal at high overpotentials, forms a structure con-
taining macroscopic and microscopic pores (Figure 1a). This type of structure has in the past been
used successfully to improve boiling heat transfer[5], and has been postulated to find application in
other electrochemical devices such as batteries or fuel cells[6].
In this talk, I will discuss the necessary development steps to adapt this material for the use in
electrochemical systems. At the core of the synthesis route we conceptualized an approach to manu-
facture self-standing PTLs from this material while preserving its hierarchical microstructure. This
enables its use as transport layer and allowed for the application of a wide range of characterization
methods to link the synthesis parameters to the resulting material microstructure. Structural infor-
mation (Figure 1b) obtained through X-ray tomographic microscopy was used to perform transport
simulations and ascertain the potential of the material as PTL. The simulations showed increased dif-
fusive transport in dry and liquid filled state compared to state-of-the-art materials. Through careful
tuning of synthesis parameters and post treatment steps, the mechanical stability was improved sub-
stantially to the point where the integration in electrochemical systems is possible. If successful,
this could open the door to a new class of PTLs tailored to the transport requirements of a given
system.

Participation:

In-Person

References:

[1] A. Forner-Cuenca, J. Biesdorf, L. Gubler, P. Magnus Kristiansen, T. Justus Schmidt, P. A. Boillat
Forner-Cuenca, J. Biesdorf, L. Gubler, T. J. Schmidt, P. Boillat, P. M. Kristiansen, Advanced Materials
2015, 27, 6317.
[2] C. Csoklich, H. Xu, F. Marone, T. J. Schmidt, F. N. Büchi, ACS Appl Energy Mater 2021, acsaem.1c02454.
[3] Z. Qi, A. Kaufman, J Power Sources 2002, 109, 38.
[4] A. Forner-Cuenca, V. Manzi-Orezzoli, J. Biesdorf, M. el Kazzi, D. Streich, L. Gubler, T. J. Schmidt, P.
Boillat, J Electrochem Soc 2016, 163, F788.
[5] R. Furberg, B. Palm, Appl Therm Eng 2011, 31, 3595.
[6] N. D. Nikolic, K. I. Popov, L. J. Pavlovic, M. G. Pavlovic, Sensors 2007, Vol. 7, Pages 1-15 2007, 7, 1.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Netherlands

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

Poster / 350

Electrode Design Booster Using a Statistical Digital Twin
Author: Mathias Fingerle-Straß1

Co-authors: Ilona Glatt 1; Fabian Biebl 1; Erik Glatt 1; Janine Hilden 1; Sarah Reeb 1; Roman Buchheit 1; Andreas
Wiegmann 1

Page 283



InterPore2023 / Book of Abstracts

1 Math2Market GmbH

CorrespondingAuthors: janine.hilden@math2market.de, ilona.glatt@math2market.de, fabian.biebl@math2market.de,
andreas.wiegmann@math2market.de, mathias.fingerle@math2market.de, roman.buchheit@math2market.de, sarah.reeb@math2market.de,
erik.glatt@math2market.de

Highly performing Li-ion batteries are needed as part of reliable energy storage systems to suc-
cessfully master the transition to renewable energies. To meet this challenge, batteries must be
fast-charging, long-lasting, sustainable, and cost-effective to manufacture, while also offering high
storage capacity. One essential piece of this highly challenging puzzle resides in improving the
microstructure of the electrodes, i.e., on a length scale of a few nanometers to a few hundred mi-
crometers.
The use of direct experimental approaches is difficult at this scale - even sometimes impossible –
and also expensive and time-consuming. Alternatively, running simulations to specifically improve
batteries at these scales is extremely useful. Simulations provide data to be used as reference for
the microstructure of the electrode and help to determine the critical parameters for performance
improvement. Our work is carried out on a complete commercial software environment called Geo-
Dict, which is suitable to perform all necessary steps.
A starting point to improve the microstructure is to reliably reproduce the original material with a
model. We call this model a statistical digital twin when the performance parameters match those of
the original material, and at the same time the geometric properties on the micro-scale match those
of the original material in a statistical sense.
This talk will show how to create a digital twin of an electrode material. Starting from a microCT
scan, all steps up to the validation of the resulting properties will be explained.
All starts with an image stack of an anode material and performing image processing to improve
image quality. Then, the material phases are segmented and the 3D structure is reconstructed. Sub-
sequently, the statistical properties of this imported 3D structure are calculated, such as open and
closed porosity, tortuosity, or diffusivity. Using this data and starting from grains with a certain
shape and size distribution, the volume fraction of these grains is determined and their shape is
adjusted to create an statistical digital twin of the original 3D structure. Finally, the binder-carbon
black (CBD) is added at a certain contact angle to the structure.
The resulting statistical digital twin is validated by comparing its porosity, tortuosity, and diffusivity
to the same parameters of the originally imported 3D structure. To finely adjust the result, an auto-
matic structure generation iteration may be scripted using GeoPy, the Python interface in GeoDict.
As application example, we show a case study that displays how batteries may be improved by 3D mi-
crostructuring approaches. We simulate the structuring of a graphite anode with a laser and describe
how these changes affect crucial parameters of the material, such as tortuosity and diffusivity. This
work was performed during the structur.e project of the BMWK [1]. In this project, laser perforated
electrodes are manufactured and studied experimentally and via simulations to elaborate design
principles for fast-charging anodes. Additionally, this project tested alternative design options, like
laser ablation of the CBD-phase and using a graded grain size distribution in the electrode.
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Wetting film can develop in the corners of pore structures during imbibition in a strongly wetting
porous material, which may significantly influence the two-phase flow dynamics. Due to the large
scale difference between main meniscus and corner film, accurate and efficient modeling of the
dynamics of corner film remains elusive. In this presentation, we develop a novel two-pressure
dynamic pore network model incorporating the interacting capillary bundle model to analyze the
competition between main meniscus and corner film flow in real porous media. A pore network
with star-shaped pores and throats is extracted from the real porous material based on the shape
factor and cross-sectional area, which is then decomposed into several layers of sub-pore-networks,
where the first layer of sub-pore-network simulates the main meniscus flow while the higher layers
characterize the corner film flow. The flow conductance of throats in different layers of sub-pore-
networks are determined by high-resolution two-phase lattice Boltzmann modeling, thus inherently
consider the viscous coupling effect. In addition, the snap off mechanism is incorporated which
may play an important role under low flow rate condition. The accuracy of the developed dynamic
pore network model is validated with both lattice Boltzmann simulation of imbibition in a strongly
wetting square tube and microfluidic experiments of imbibition in a strongly wetting real porous
chip. Then the model is used to simulate imbibition in a strongly wetting sandstone porous medium
and the competition between main meniscus and corner film flow is analyzed. With the increase
of capillary number (flow rate) and viscosity ratio between wetting and non-wetting fluids, the de-
velopment of wetting corner film becomes less significant. Based on these two parameters, a phase
diagram characterizing the competition between main meniscus and corner film flow is proposed,
which may shed light to the design of some porous media related engineering processes, such as
geological CO2 storage.
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The adaptation of additive manufacturing for chemical flow reactors has recently gained momentum
as the manufacturing methods become more advanced and manufacturing equipment is increasingly
affordable.[1] Periodic open cellular structures (POCS) from additive manufacturing have lately re-
ceived growing attention. Compared to randomly structured substrates such as metal foams, POCS
offer an ordered structure, which promises improved flow control and homogeneous flow profiles
at comparably low pressure losses. However, the achievable minimum cell size is still limited to few
millimeters, which results in low specific surface areas compared to conventional metal foams.[2]
Moreover, finely-resolved 3D models that define these POCS require an extensive amount of com-
puting power with increasing resolution and corresponding large file sizes. A scale-up to industry-
relevant sizes is therefore limited. Consequently, the direct definition of micro-features in large 3D
models is infeasible, as STL files that directly define POCS will reach gigabyte sizes for reactors with
outer dimensions of few centimeters and with POCS cell sizes of few millimeters and strut sizes in
the millimeter range.
We have recently shown that the porosity and thus the specific surface area in selective laser melt-
ing (SLM) can be globally controlled via the laser energy density.[3] In this work, we now present a
method to create defined microfeatures, without the need to explicitly define the features in a CAD
model, thus avoiding large file sizes. Our method requires no definition of micro-features in 3D
models such as STL files, but rather makes use of the scan lines, i.e., the path with which the laser
proceeds through the powder bed. By actively controlling the scan line pattern of each layer, repeat-
ing structures are created implicitly. The scan line pattern is defined in the print job file, requiring
only a 3D model of the macrostructure, which may be as simple as a cylinder, thus only amounting
to a file size of few kilobytes.
As example for the simplest form of POCS, a cubic structure is created with cell sizes as small as
400 µm and strut thicknesses of approximately 100 µm. The resulting structures are analyzed by
reconstruction of 3D models from micro-computed X-ray tomography.[4] From the model, the strut
thickness, cell size and specific surface area can be derived, which presents as beneficial compared
to other imaging methods such as SEM, where the analysis is limited to the surface.
Figure 1 presents a model POCS structure, consisting of cubic cells with a cell size of 800 µm. The
strut sizes and specific surface area are approximately 120 µm and 5.6 x 10³ m²/m³, respectively,
which is well in the range of commercial metal foams.
The presented method therefore shows great promise to propel the design of highly active, open-
porous reactor systems to industrially relevant scales with small feature sizes that have sparsely
been reported in literature so far.
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Existing literature suggests the importance of the thermo-osmosis (TO) for an accurate simulation
of pore pressure evolution in heater tests for nuclear waste disposal in clay rock. However, there
is limited consensus regarding the appropriate choice of parameters controlling TO and the extent
of its physical impact. This study will use the ATLAS in-situ heating experiment, a full-scale experi-
ment from an underground research laboratory in Mol in Belgium, to investigate the impact of TO
on the thermal pressurisation in Boom Clay.
The ATLAS experiment was simulated using the open-source code OpenGeoSys. A fully coupled
thermo-hydro-mechanical model combined with an inelastic constitutive model for the host rock
was used. After comparison to published data, a parameter study, using an Assisted-History-Matching
workflow (Buchwald et al., 2020), was performed to obtain a good representation of the in-situ mea-
surements without taking into account TO. Next, the same procedure was repeated with a model
extended to account for TO. The comparison of both groups allows a clearer discussion of the influ-
ence of TO on temperature and pressure evolution in the studied system. The final step - uncertainty
quantification of the TO parameterisation, puts the results in the context of large uncertainty of pa-
rameters documented in the literature. The impact of the said uncertainty will be illustrated by a
range of plausible model predictions.
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Digital Rock Physics (DRP) simulation provides a fast and cheap way to compute relative permeabil-
ity curves of a rock/fluids system. It represents an opportunity to provide more data to Reservoir
engineers and thus help them to have better petrophysical input for their simulations. In a previous
work, we have shown that DRP simulation was predictive for a mixed-wet Bentheimer when coupled
with a wettability anchoring experiment (Regaieg et al 2022). In this work, we first apply TotalEn-
ergies DRP simulation workflow in an operational context on Reservoir sandstone sample while
coupling it with a wettability anchoring experiment. Images representing large volumes with low
resolution are, first, improved with Enhanced Super Resolution Generative Adversarial Networks
(ESRGAN) in order to obtain a large images with high resolution. Then, a pore network is extracted
and TotalEnergies parallel pore network simulator is used for multiphase flow simulations taking
into account the constraints from the anchoring experiment to include wettability information. Sub-
sequently, we compare the results against an in-house SCAL experiment. This allows us to assess
the predictive power of our DRP workflow on a sandstone Reservoir rock. After that, new simula-
tions are performed using a new sample from the same facies without carrying out a new anchoring
experiment. Finally, the simulation results are compared to a second in-house SCAL experiment and
the extrapolation power of DRP simulation is assessed.

Participation:

In-Person

References:

Regaieg, M., Nono, F., Faisal, T. F., & Rivenq, R. (2022). Large Pore Network simulations coupled with
innovative wettability anchoring experiment to predict relative permeability of a mixed-wet rock. Re-
search Square. https://doi.org/10.21203/rs.3.rs-1878809/v1

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

France

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Page 288



InterPore2023 / Book of Abstracts

Poster / 355

Biomineralisation of CalciumCarbonate via Ureolytically Active
Fungi
Author: Jason Eriksen1

Co-authors: Grainne El Mountassir 1; Rebecca Lunn 1

1 University of Strathclyde

CorrespondingAuthors: rebecca.lunn@strath.ac.uk, grainne.elmountassir@strath.ac.uk, jason.eriksen@strath.ac.uk

Over the last 15 years there has been increasing interest in the use of microbially-induced biominer-
alisation processes for a range of civil, structural and environmental engineering applications includ-
ing for rock fracture grouting, soil stabilisation, well sealing, stone and concrete protection/repair
and bioremediation. Most studies have focused on investigating calcium carbonate precipitation via
ureolysis using bacteria, with very few studies investigating other microbes. However, fungi are
also known to induce biomineralisation extensively in the natural environment. One potential ad-
vantage of using filamentous fungi over bacterial-based systems is the ability for fungi to grow in
situ within porous media. Filamentous fungi grow as hyphae that extend, branch out and fuse back
together as the organism searches for nutrients within a porous media, forming a 3D network called
the mycelium, which can subsequently be used as a scaffold for mineral precipitation. The over-
all aims of this research are to (i) identify ureolytically active fungal species which can contribute
to calcium carbonate precipitation and (ii) develop treatment strategies for stabilising sands using
fungal-induced biomineralisation.

An experimental screening programme was carried out using five basidiomycota fungal species na-
tive to the UK: Lyophyllum decastes, Lepista nuda, Pleurotus cornucopiae, Pleurotus ostreatus, and
Pleurotus pulmonarius. Screening was focused on assessing: (i) growth rate via time lapse photogra-
phy and (ii) urease activity using a phenol red assay and monitoring of NH4+ production and Ca2+
depletion in batch experiments. Pleurotus cornucopiae was identified as being the fastest growing
and most ureolytically active of the fungal species screened.

Pleurotus cornucopiae was taken forward to the second stage of the research and the conditions
required for growth within sand columns was investigated. Factors considered included time for
growth of fungal inoculant within broth, growth time within sand column, media grain size, carbon
source, and grain size of carbon source. The treatment methodology has also been investigated with
the goal of achieving mechanical strength improvement. Variables investigated include concentra-
tion of cementation solution, cycle duration, number of cycles and injection strategies. The influence
of these variables on mass of calcium carbonate was determined and optical and scanning electron
microscopy conducted to investigate crystal morphology and mineral distribution within the porous
media. These results demonstrate that improvement in the mechanical behaviour is governed by not
only the distribution of calcium carbonate within a treated medium but also the nature of the crystals
formed via fungal biomineralisation.
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Society is focusing progressively on the introduction of renewable energy systems to replace fossil
fuels which can play a major role in reducing CO2 emissions [1]. Connected to these renewable alter-
natives is the intermittent character. Solar energy, as a pollution-free, inexhaustible, and affordable
energy resource has vast potential [2]. However, one of the barriers for solar energy technology is
rooted in the mismatch between energy supply and demand. Therefore, energy storage is proposed
as a necessity to address this mismatch.
Thermochemical energy storage is a promising candidate for energy storage as it offers a high en-
ergy storage density and almost no heat loss. Thermochemical heat storage is based on reversible
sorption reactions used to store energy. In this study we have looked at zeolite as a heat storage
material due to its high stability [3]. However most research up to now on packed bed reactors for
heat storage has primarily been based on models where the temperature is measured. In this study
we have used a 1.5 T whole-body MRI scanner (Gyroscan, Philips) in order not only the measure the
temperature but also the moisture as this is driving the heat storage reaction. In order to do so we
have made use of a home-built insert which gives is the possibility to simultaneously measure both
the moisture and temperature distribution in our packed-bed reactor. In this study we have made
use of a glass reactor diameter of 60 mm and a length of 75 mm. The material used is the Zeolite 13X.
Both the temperature of the air at the inlet and outlet are measured, whereas we can also control
the RH of the inlet between 0-98% and the the temperature can be up controlled up to 220 oC so we
can also study the recharging. The glass reactor is insulated with 20-30 mm of Rockwool.
From our measurement we see that the temperature front position is ahead of the moisture front posi-
tion. Analyzing the moisture front velocities, assuming 1D instant adsorption, results in an accurate
prediction of the front velocity with respect to the measured moisture front velocity. Comparing
the temperature front velocity to moisture front velocity, it has been shown that the temperature
front travels faster than the moisture front. That the temperature front leads the moisture front can
be understood, since the temperature front velocity is dictated by the forced airflow velocity and
the moisture front velocity is determined by the forced airflow velocity multiplied by a retardation
factor caused by the sorption behavior of zeolite.
Analysing the moisture uptake showed that there is hydration ahead of the moisture front caused by
a second hydration front. This has also been observed in the relative humidity at the outlet, multiple
points of increase are observed, an increase in RH indicates that less water is being adsorbed, which
is caused by a front breakthrough. This confirms that two fronts are present, a main front and a wall
front due to wall channeling caused by a local higher porosity.
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Extensive mine dumps consisting of loosely deposited sands have been created as a result of open-
pit lignite mining, with a risk of soil liquefaction under high water saturation and a corresponding
initiating event. In this context, the saturation spatial distribution and its change are critical factors
in assessing the regional liquefaction potential. It is challenging to map the saturation distribution
at large spatial scales owing to the complex properties of loosely deposited sands. In order to un-
derstand the spatial and temporal variations of saturation in loosely deposited sands, based on the
sensitivity of P-wave velocity to saturation, seismic methods could be employed as a complement to
other techniques. This method often uses empirical correlations established in the lab for the seismic
inversion at the field-scale. However, wave propagation in porous media is frequency-dependent,
especially between the ultrasonic frequency range and seismic frequency range. For the sake of
building the bridge among the different frequency ranges, accurate wave propagation numerical
modeling tools are required. To this end, a set of customizable codes, including poroelasticity and
elasticity, is developed in the FEniCS library, which takes into account partial saturation and poros-
ity dependence of stiffness, permeability, and other quantities. Moreover, the frequency-dependent
poroelastic model and non-Biot damping are implemented by employing a memory variable. First, a
series of synthetic cases are employed to benchmark the code by comparison to analytical solutions,
and the applicability of different models is investigated by plane wave analysis. Then, the applicabil-
ity of the different models is investigated on three different scales: ultrasonic lab-scale measurement,
pilot plant site and field survey. Comparing numerical results and observed data, the poroelastic
model provides better velocity prediction in the ultrasonic measurement scale and pilot plant sur-
vey scale. Nevertheless, the poroelastic and elastic codes have almost identical predictive capabilities
at the field scale but can incorporate different information during parameterization/inversion. The
different results obtained can provide a reliable basis for the migration of laboratory data to the
field.
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Modeling subsurface flow and reactant transport on large (km) scales necessarily involves statistical
descriptions of the underlying pore space. Pore-scale models are one route to the constitutive models
needed to close the macroscopic transport equations, but when the reaction rate is high, classical
upscaling methods fail. Here we describe a different upscaling scheme based on concentration fluxes
rather than concentration fields. The upscaling is based on two observations from finite-volume
(OpenFOAM) simulations of dissolution in perioidic porous materials. First, that the concentration
field in each unit cell of a periodic array can be mapped to a universal spatial distribution that
depends only on the incoming concentration flux. Second, that the shape (and therefore the porosity)
of a dissolving unit cell in one position can be mapped onto a different unit cell at a different
time. These two observations can be combined into an ansatz for the time-dependent
concentration field in a dissolving (initially periodic) array of grains. I will present numerical results
in support of this ansatz over a range of Peclet and Damkohler numbers.

Based on the proposed ansatz, we have developed an REV-scale model for the dissolution of a porous
matrix, which is valid for all Damkohler numbers. The predicted porosity evolution is compared with
pore-scale simulations in the Figure, shows results for a square array of disks at Peclet numbers of 20
(left column) and 200 (right column); the rows have Damkohlet numbers of 0.02, 2, 200, and infinity.
(transport limited kinetics). The symbols indicate the model predictions in different unit cells, and
the solid lines are pore-scale simulations.

At low Damkohler numbers (Da < 1), the REV model can be approximated by a continuum
theory. In both cases (REV and continuum) a single constitutive model is all that is required. It
accounts for the fraction of the incoming flux to the unit cell that is absorbed by the solid. It can be
determined by pore-scale simulations of small samples.

Recently, we have extended the REV model to include a spatially varying macroscopic flow. The key
idea is that the concentration fluxes leaving a unit cell (or REV) are distributed in proportion to the
fluid volume flux. This approximation is valid whenever the REV-scale Peclet number is greater than
1, or when the reactant within the unit cell is well mixed. The fluid velocity can be derived from the
porosity-dependent permeability of the unit cell, which can be determined along with the effective
mass-transfer coefficient from pore-scale simulations on small samples.

This work was supported by the U.S. Department of Energy, Office of Science, Office of Basic En-
ergy Sciences, Chemical Sciences, Geosciences, and Biosciences Division under Award Number DE-
SC0018676, and by the National Science Center (Poland) under
research Grant No. 2012/07/E/ST3/01734.
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Water in natural environments consists of many ions, which exert electric forces on each other. We
discuss whether the coulombic effects are relevant in describing mixing and reaction processes in
natural environments or laboratory experiments. A typical model for electric interactions in dilute
aqueous solutions is the Nernst–Planck equation.

Using FEniCS (fenicsproject.org) and Reaktoro (reaktoro.org), we solve the Nernst–Planck trans-
port and equilibrium reactions of the ionic species in water. By comparing numerical simulations
to reaction-driven flow experiments performed in a Hele-Shaw cell, we show that the electric in-
teractions between ions can be relevant in mixing and reaction processes. We further discuss the
numerical techniques in solving the Nernst–Planck system. In microfluidic experiments considering
the mixing of aqueous fluids or electrokinetic effects, the Nernst–Planck equation can be essential
to describe fluids’ behavior.
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Wetting and drying cycles in porous media are encountered in many natural systems, as well as
engineered systems. Soils are exposed to these cycles many times, as water infiltrates during rain
and dries out afterwards. These cycles are also important in cyclic usage of underground reservoirs,
for example for storage of natural gas or hydrogen [1]. Important during gas storage is to retain
a high injection or extraction potential from the reservoir. This depends largely on the relative
permeability of the liquid and gas phase.

While water largely fills the pores at high saturation, it mostly forms water films on the pore surface
of water-wet rocks at lower saturations. These water films swell ahead of the main displacement
front during imbibition, and can snap off to cause trapping of gas phase clusters in the pore space
[2]. The films can also evaporate into dry gas and precipitate minerals that exceed the saturation
limit onto the pore surface [3]. This can eventually lead to blocking of pore connections and decrease
well injectivity [4]. In porous soils containing clays, wetting and drying cycles can lead to expansion
or shrinkage of the medium itself, leading to a change in mechanical behavior of the soil [5].

In order to understand the likelihood of events such as snap-off or mineral precipitation in porous
media, it is crucial to know how the water films are distributed on the rock surface during dis-
placement processes. Since these water films can have a thickness of a few microns or less, many
imaging techniques, such as micro-computed tomography or optical microscopy are able to capture
those, but are limited in quantifying them. Atomic force microscopy (AFM) is able to detect fluid
films on nanometer scale [6], and with this technique, we can track their configuration on the rough
features of the internal pore surface.

We use AFM to investigate the dynamic behavior of water films in porous rocks during wetting and
drying cycles. Using force measurements, we track the thickness of the fluid film on the surface over
time and characterize the swelling or shrinkage rate at different locations. We relate the observed
dynamics to sub-pore scale events such as triple phase contact point jumps and pore-scale displace-
ment events, which are imaged by dynamic micro-CT (EMCT at Ghent university [7] through the
EXCITE network*). This study will give fundamental insights into the role of water films on mul-
tiphase displacement processes at different length scales, and can be used for construction of more
accurate and physics-based predictive models for multiphase flow in porous media.
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It is estimated that 50% of world oil production comes from naturally fractured carbonate reser-
voirs. One of the biggest challenges in this type of formation is its heterogeneous nature. Besides
the presence of fractures that longitudinally connect the porous media, vugs at different scales and
distributions are scattered throughout the porous matrix. These cavities cause fluid flow character-
istics to significantly differ from those of homogeneous reservoirs and bring the need to evaluate
equivalent petrophysical properties of the system. Permeability is a key property to understand
and predict operations involving one or more phases flowing through porous media. However, for
vugular formations, obtaining representative rock samples to perform measurements is especially
difficult. In addition, interpreting equivalent relative permeability maps can be challenging, since
fluid saturation may not be uniform throughout the porous and vugular space.

Microfluidics approaches by means of artificial porous media micromodels have been widely used for
pore-scale multiphase fluid flow visualizations, in order to relate macroscopic fluid flow properties
to microscopic displacement mechanisms. When these devices are coupled with precise pressure
drop measurements, additional information gathered from permeability determination could lead to
important advances in this area. For example, improving the interpretation of data that are fed into
simulations or that are obtained from core-flooding experiments.

In this study, a microfluidic approach is used to determine the water and oil relative permeabil-
ity curves and phase distribution profiles in 2D micromodels of vugular porous media. It involved
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prototyping a randomly-constricted porous matrix, incorporating different designs of vugs, and mi-
crofabrication of PDMS-glass micromodels. Steady-state water-oil injection experiments were per-
formed in these devices at different fractional flow, monitoring the dynamics of the pressure drop
and visualizing the fluid displacement at the pore scale. Live-image acquisition through fluorescence
microscopy made it possible to examine the evolution of the saturation of water and oil phases. The
direct comparison between the relative permeability curves of well-characterized vugular porous
media and its porous matrix showed that the incorporation of vugs leads to (i) higher equivalent
absolute permeability, especially with longer cavities and higher vug density, (ii) increased oil oc-
cupancy in the porous matrix, due to less efficient water invasion into the porous matrix, and (iii)
higher relative permeability to water, which flows preferentially through the vugular space. These
results are consistent with the oil-wet nature of micromodels, since the vugs are offering less capil-
lary resistance to the flow of the non-wetting phase. Our low-cost microfluidic approach will likely
allow us to systematically study more complex vugular-fractured systems.
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We present a foam displacement model with a separate balance equation for the surfactant concen-
tration in the aqueous phase. We consider the gas mobility that depends on the surfactant concen-
tration and the dynamic behavior of foam as Newtonian. We study traveling wave solutions for
the proposed model considering a high initial water saturation (drainage scenario) and varying the
injected water saturation. The traveling wave solutions are studied using phase portrait analysis

Page 296



InterPore2023 / Book of Abstracts

and validated with direct numerical simulations. For surfactant concentration at the injection and
initial conditions above the Critical Micelle Concentration (CMC), we only found traveling wave
solutions in the case when these concentrations are equal. For surfactant concentration at the injec-
tion and initial conditions below the CMC, we found traveling wave solutions whenever surfactant
concentration at the injection is greater or equal to that at the initial condition.
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Wicking is the spontaneous imbibition due to the negative capillary pressure created at the liquid-air
interface 1. The wicking of simple fluids, such as water and organic solvents is well understood for
a long time [2]. This well defined situation becomes more complicated in the case of complex fluids
with an internal structure on the nanoscale. Then, competitive wetting and confinement effects play
an important role and influence both, the behavior of the complex fluid inside the porous matrix and
the inner structuring of the fluid. The latter can result in changes in phase behavior and other funda-
mental properties. To explore these effects we use bicontinuous microemulsions in the ternary phase
system (water/octane/C\textsubscript{10}E\textsubscript{4}) as model complex fluid and controlled-
pore glasses as confining matrices (CPG). Understanding the influence of geometrical restrictions
yields both, fundamental insights and importance for applications, e.g. decontamination and en-
hanced oil recovery.
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For a deeper understanding of these effects, of the spontaneous imbibition of a bicontinuous mi-
croemulsion and its components into the CPGs is investigated. In our study, we explore the wicking
with the Washburn approach. In this approach the wicking of a test liquid is monitored gravimetri-
cally, as shown on the right side in figure 1. Effects of the traversed matrices are studied by using
various CPGs with pore diameters between 75 –1000 Å and porosities from 55% to 80 %. The natu-
rally hydrophilic surfaces of the CPGs were hydrophobically modified to analyze the impact of the
surface polarity. The bicontinuous microemulsion shows a more universal wicking behavior than
the tested pure liquids.
Imaging techniques (cryo-SEM) and small angle scattering (SANS, SAXS) are used to investigate the
microemulsion phase structure inside the porous matrices. In this talk, the results of these combined
experiments will be presented and discussed.
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The end of single plastic packaging is scheduled in Europe around 2040.
Cellulosic materials such as paper and cardboard are today the only viable bio-sourced alternative,
biodegradable and already recycled, which can reach a mass market. Paper is a multiporous material
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with a large surface area accessible to contaminants. The transport of contaminants via the gas phase
or cycles of (ad)sorption/desorption between the different components (shipping boxes, paper, and
board), between the fibers and finally between the food particles (powder, grains, flake) is supposed
to be the critical factor in food packaging. The roles of the connectivity of voids, micro-, and macro-
pores, and the effects of the entanglement of fibers, specific surface area, surface composition, and
relative humidity are poorly understood.

The aim of the present work is to characterize the 3D microstructure of a new type of paper for
packaging. To reach the desired barrier properties, this new material combines a 200 micron thick
paper with a 20 micron thick MFC film: (i) the paper is made of cellulose fibers with a diameter size
range of a few micrometers and millimeters, (ii) the MFC film is made of a network of microfibrillated
cellulosic fiber with sizes of about 20 to 50 nm in diameter and 500 to 1500 nm in length and ensures
the barrier propeties. The MFC film is sticked on the paper or cardboard following a wet lamination
technique 1.

In the past, several imaging acquisition techniques have been used to characterize the cellulose
material such as paper and MFC film [2,3]. These techniques reveal relevant information about
the microstructure but depend on the object desired to observe and the pixel size achieved by the
source. Therefore, in our case, since the fiber size range is wide and depends on each layer, a single
imaging technique will not reveal the microstructural information of the whole bilayer network.
Thus, several techniques must be combined to accomplish the full 3D characterization of the bilayer
network.

In the present work, the bilayer material has been imaged by either micro or nano synchrotron to-
mography, and using a FIB-SEM. The 3D X-ray images were performed in ID16B and ID19 beamlines
at European Synchrotron Radiation Facility (ESRF). ID16B beamline was used to scan the MFC film
at a pixel size of 25 nm/pixel and ID19 beamline was used to characterize the paper and interphase
between paper and MFC layer at a pixel size of 0.36 µm/pixel. In parallel, the MFC layer was also
scanned using a FIB-SEM technique to reach smaller pixel size (5 nm/pixel) and to highlight details
of the MFC film. Despite some artifacts captured by the imaging techniques which hindered the
segmentation task, we present for the first-time full 3D reconstruction of this new material. The
microstructural properties (porosity profile, specific surface area⋯) have been then computed. The
obtained results suggest that there is no visible pore connectivity in the MFC film which is consistent
with the results of nitrogen adsorption/desorption.
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The knowledge of pore network in a porous medium is critical for the accurate prediction of its
structural properties and transport mechanisms. Non-destructive X-ray micro-/nano-tomography
(micro-/nano-CT) enables the generation of three-dimensional (3D) CT images of a porous medium
at micro and nano scales, thereby providing the opportunity to quantitatively describe the geomet-
rical and topological characteristics of the 3D pore structure with a high-resolution. However, the
nanosized pores in nanoporous media cannot be fully resolved due to the limited resolution. Con-
sequently, the application of micro-/nano-CT imaging on nanoporous media with sub-resolution
pores is underdeveloped. In particular, natural nanoporous media, such as unconventional rocks, of-
ten present more complex pore structures, posing great challenges for the description of their pore
structure. In this study, a small section of natural Haynesville shale rock (1mm thick) was imaged
by X-ray nano-CT with a resolution of 270nm, and the 3D digital image data was then visualized
and analyzed by several image processing techniques to quantitatively extract pore structure in-
formation. A sensitivity analysis and segmentation technique were performed to obtain pore size
distribution (PSD) in segmented pores with a high level of accuracy. On the other hand, a direct
statistical analysis honoring a linear transformation between CT number and pore size was carried
out on the sub-resolution volume. Results showed that the majority of the pores were below 270nm
in equivalent diameter for this rock. The sub-resolution and segmented pores contributed 74% and
26%, respectively, to the total pore volume. The sub-resolution pores ranged in size from 10-270nm,
while the segmented pore sizes ranged from 334nm to 10,114nm. Nitrogen adsorption and mercury
intrusion porosimetry (MIP) were performed in order to validate the results obtained from nano-CT
imaging. Although a discrepancy can be found when comparing different PSD curves, nano-CT
imaging PSD with rational peaks falls in a reasonable range. The inconsistency comes from the as-
sumptions of the different techniques. The calculated specific surface area (2.77×10^7 m^(-1)) was
found to be reasonable compared to the values from nitrogen adsorption (3.02×10^7 m^(-1)) and MIP
measurements (3.17×10^7 m^(-1)). These results indicate the practical feasibility of extracting the
nano-scale spatial pore structure information in a nanoporous material from a single sub-resolution
image. This study offers a workable solution to extract a representative volume of 3D pore space
compared to other available image-based techniques. This will therefore lay a foundation for pore
network extraction in pore-scale modeling, which will be applicable to different types of nanoporous
materials.
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The interaction of gases and liquids in the subsurface has become highly relevant as subsurface car-
bon dioxide sequestration and hydrogen storage have been identified as key technologies to abate
climate change. Gas mobility is affected by capillary trapping1, dissolution[2] and Ostwald ripen-
ing[3], as well as the capillary relaxation of the fluid/gas system, with important consequences for
gas storage applications.

These processes can occur simultaneously within natural porous media and each have their own
characteristic time and length scales. The time and length scales over which fluids relax to capillary
equilibrium within geological porous media are poorly understood[4], particularly in the presence of
small-scale capillary heterogeneity[5]. It is hence unproven whether a sufficient separation of scales
exists between capillary relaxation and trapping, gas dissolution and Ostwald ripening to model
these processes independently.

In this work, we investigated the coupled relaxation processes at the pore scale in a 25 x 45 mm
Bentheimer sandstone sample, using the HECTOR micro-CT scanner at UGCT[6] to image the pore
space at 10 µm resolution. Using a sample that was one order of magnitude larger than typically
used in pore-scale investigations made it possible to study the effect of length scales where viscous
forces and capillary heterogeneity come into play. We conducted core floods with post-drainage
and post-imbibition relaxation, using nitrogen (as model carbon dioxide/hydrogen) and KI brine
at a pore pressure of 50 bar. After each fluid invasion, the sample was isolated and maintained
at a constant pressure. Preliminary results reveal significant differences between the relaxation
processes after drainage and imbibition. Following drainage, the system appears to reach equilibrium
almost instantly, with no visible changes in the fluid distribution being observed over the course of
several hours. This is in stark contrast with the observations made during imbibition, where the
system continues to change even 18 hours after imbibition is stopped.

Understanding relaxation, and all the processes associated with it, has implications for storage secu-
rity and efficiency during carbon dioxide sequestration and subsurface energy storage.
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Landslides in granular soils are often triggered by rainfall; this phenomenon and the underlying
mechanism of water infiltration resulting in increased pore water pressured (reduced soil suction)
and hence lower shear strength has been well documented for natural hillslopes worldwide. Glob-
ally, up to 350 fatal landslides are triggered by rainfall each year and individual events can cause
thousands of fatalities (Kirschbaum et al., 2012). In Europe, up to 3.6 million people live in landslide
prone areas with 8,000 to 20,000 km of roads and railways at risk of landslides, and associated an-
nual economic losses of ~4.7 billion Euros (Haque et al., 2016). In many regions predicted changes
in climate are likely to further impact the stability of slopes, driving the need for novel approaches
for their management and maintenance. This research investigates the potential of engineered soil-
mycelia systems to improve slope stability.

Filamentous fungi grow in the form of hyphae, tubular structures with diameters between 2-7μm.
Hyphae branch out and fuse together forming a complex network, called the mycelium. Mycelia
have attractive characteristics for use in ground engineering: evidence from natural analogues in-
dicates that they can form massive, durable mycelia with individual organisms of Armillaria sp. up
to 10 km2 in size and >1,900 years old found on forest floors in N. America (Ferguson et al., 2003).
Furthermore, mycelia networks are resilient; dynamically responding to the environment and dam-
age or disruption (Fricker et al., 2008). Different fungal species have varying growth requirements
and forgagng behaviour which give rise to different mycelia architecture (e.g. dense diffuse mycelia,
cords, rhizomorphs).

This study investigates the ability of saprotrophic basidiomycota fungal species to contribute to slope
stabilisation. In order to identify suitable fungal species a screening study was conducted which
investigated the ability of a number of different UK native basidiomycota species to (i) grow in non-
sterile soils, (ii) induce water repellency and (iii) bind soil particles together. These were assessed via
time-lapse photography and image analysis, water droplet penetration tests and via soil aggregate
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stability tests. Results show that growth behaviour and resulting mycelium architecture influences
the ability of fungi to bind soil particles. Basidiomycota fungi show promise for enhancing slope
stability by reducing water infiltration during rainfall events, enhancing soil cohesion and improving
soil resistance to erosion.
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The demand for biobased, biodegradable, recyclable, and recycled material is a growing market.
The consumers and policies in European countries encourage the circular economy and the replace-
ment of single-use plastic packaging. Cellulose fibrous materials, as a unique source recyclable and
biodegradable, offer an alternative economical and technological solution to the problems caused by
plastics. However, these materials are multiporous material with a large surface area accessible to
contaminants.
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An alternative to limit the migration of contaminant through these cellulosic materials is to add a
functional barrier to the packaging, such as an MFC film. A MFC film is a thin (typically 20 micron
thick) and dense fibrous network entirely made of microfibrillated cellulose (MFC), whose fiber sizes
range from micrometers to nanometers. These films are biodegradable and recyclable, and can be
employed to coat paper and paperboard by using a technique called wet lamination 1. The wet
lamination combines filtration, pressing, and drying process to produce a multi-scale structures, i.e.
bilayer materials. These materials have promising barrier properties for food packaging [2,3], but
the role of the microstructure on the contaminant transport is poorly understood.

The project aims to understand the influence of the micro-structural features (the connectivity of
voids, nano-, micro-, and macro-pores) of such bilayer material on their barrier properties. For that
purpose, a MCF film of 25 g/m², produced from two sources of MFC has been produced and used to
laminate three base materials: (i) a Gerstar HDS paper (80 g/m²), (ii) a blotting paper (90 g/m²), and
(iii) a Cupforma Natura cardboard (195 g/m²).

In the present work, we evaluate the barrier properties of the handsheet samples such as the ab-
sorption index, water vapor, and oxygen transmission rate. The obtained results are compared to
standard results on the same material without any MFC film and are analysed in the light of mi-
crostructural observations performed by various imaging techniques. The findings suggested that
the MFC film may cover the pores of paper which hinder the absorption of grease molecules, and
the transport of water vapor and oxygen molecules through the fibrous network. The use of MFC as
surface coating on various base papers considerably improve their barrier properties. However, the
performance of the membrane will depend on the basic weight of the MFC film and the fiber size of
the MFC film.
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eX-Poro-HydroDynamique lubrication (or XPHD lubrication) presents a different scientific approach
to dealing with tribological problems. It’s an innovative inter- and multidisciplinary research topic
which offers a promising sliding solution for various applications, such as bearings, thrust bearings,
various guide components, etc. Its applications in both biological systems, and industrial systems :
soft porous squeeze damping or soft porous lubrication are very broad and important. XPHD lubri-
cation is a lubrication mechanism of biomimetic inspiration which features an additional parameter
to the system “the porous media”. It consists of self-sustained fluid films generated within com-
pressible porous layers (CPL) imbibed with liquids in replacement for using the fluid film only as in
the classic lubrication system. Soft and porous structures imbibed with liquids generate a high load
support under compression, the load support is generated through the resistance to flow inside the
porous material. During compression, the resistance to flow and load support increase, the greater
the compression level, the lower the porosity and corresponding permeability. The main objective of
this work is to understand the behavior of the fluid flow inside the porous structures when subjected
to axial compression stress. In the scientific literature, the works studying the flow in compressible
materials are essentially experimental because of their very complex geometrical shape 1, [2], [3],
the CFD (Computational Fluid Dynamics) simulations offer an economical solution to study the per-
formance of this new concept of lubrication. To create the geometry, the morphological structure of
foam samples is reconstructed at different levels of compression rates from 3D X-ray microtomog-
raphy. This is achieved by using a commercial software (Avizo) that allows to process 3D images
and create FE/CFD models suitable for numerical analysis [4]. The numerical simulations of flows
will be performed with the solvers icoFoam and simpleFoam of the OpenFOAM [5] framework for
steady-state incompressible laminar and turbulent flows, making it possible to study different fluids
and porous materials. The performed simulations were made with an open-pore polyurethane foam
with 96% porosity using five compression rates for creating the different geometries. For the fluid we
used water and a hydraulic oil ISO VG 46 to see the impact of the viscosity on the flow. The analysis
of the simulations shows the impact of the solid compression on different parameters, such as the
decrease in permeability as function of the compression rate, the anisotropy of the flow within the
compressible structure and the actual increase in the tortuosity generated by the compression of the
solid and the variation of the porosity.
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An important challenge in up-scaling inertial and compressible flows is the treatment of the non-
linear terms remaining in the closure problems 1. As a consequence of these non-linearities, current
approaches require to solve closure problems that are themselves dependent on the local averaged
flow [2], thus limiting the benefits of the upscaling procedure.
Here, a methodology is proposed wherein the non-linear closure problems are linearized according
to relevant dimensionless numbers using power series. Indeed, dimensional analysis of the closure
problems arising in the volume averaging procedure of inertial and slightly compressible flows indi-
cates that non-linear terms are controlled by dimensionless parameters such as the Reynolds number
and the dimensionless compressibility coefficient [3]. For each order of the power series decompo-
sition, linear and intrinsic closure problems are determined. Finally, the effective properties of the
medium for small values of the dimensionless numbers are obtained by truncating the developments
to the appropriate order. One of the main advantages of the proposed method is that it does not re-
quire to solve the full closure problems for each value of the local averaged flow.
After assessing the validity of this approach against numerical solution of the corresponding non-
linear closure problems, the global permeability tensor, including contributions from inertia (Forch-
heimer term) and compressibility, is determined. Finally, generalization of this methodology to other
types of non-linear flows such as flows with temperature-dependent properties is examined.
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Matrix diffusion is a critical process to capture in many subsurface applications in low permeability
fractured rocks. In most discrete fracture network (DFN) models, a semi-analytical description of
matrix diffusion is adopted in conjunction with Lagrangian particle tracking methods. However,
the solutions to semi-analytical matrix diffusion are based on simple fracture networks, i.e., single
fractures or multiple parallel fractures where fracture spacing is well-defined. Natural fracture net-
works can have spatially variable fracture spacing, orientations, and lengths, which could impact
the accuracy of semi-analytical matrix diffusion, but has not been quantified to date. In this work
we leverage new developments in the dfnWorks software suite to generate discrete fracture matrix
(DFM) models to compare solute breakthrough in DFNs with semi-analytical matrix diffusion and
DFMs with an explicit description of matrix diffusion. We are able to generate high resolution DFM
meshes using a 3D Poisson disc sampling algorithm, where the faces of the fracture mesh conform to
the faces of the matrix mesh. Governing equations for flow and transport in the coupled system are
solved using the Amanzi Multiphysics code. We first verify the implementation of the explicit matrix
diffusion in Amanzi for a single fracture against the semi-analytical solution. Then we systemati-
cally increase the complexity of the underlying networks to determine how well the semi-analytical
matrix diffusion compares with the explicitly captured matrix diffusion and link the accuracy back
to quantifiable fracture network properties.
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Simulating the transport of gasses or liquids through porous media is challenging when the complex
geometry of real systems is to be considered, especially when transport is accompanied by sorption
and/or chemical reactions. This complexity challenges traditional numerical solvers in their ability
to capture the intricate details of the system in an accurate yet feasible manner.

This contribution focuses on creating a mesh-free modeling framework for studying the reactive
transport of volatile organic compounds through the complex micro-structure of papers. Previous
studies 1 show that due to the chemical and physical interactions the organic volatiles exhibit sorp-
tive behavior during their migration through the cellulose-based porous medium. This behavior is
influenced by a combination of material properties, including the polarity of the organic compound,
its diffusivity in the porous and solid phases of the paper, and the paper’s micro-structural features
such as porosity and tortuosity.

The underlying physics of the process is described by a system of non-linear partial differential equa-
tions (PDEs). The PDEs account for the diffusion of organic volatiles through the paper material as
well as the adsorption and desorption of the compounds on the paper’s surface. Due to the non-
linearity of the PDEs and absence of analytical solutions in most of the cases, the inverse problem of
determining the material properties based on experimental data is difficult to solve using regression
models. In our previous work [2], we demonstrated on an example of dimethyl-sulfoxide (DMSO) mi-
gration through paper, how physics-informed neural networks (PINNs) can be successfully applied
to solve inverse and forward problems in the case of one-dimensional transitive transport through
paper.

Based on experimental migration data for DMSO and n-C14H30, current work extends this approach
to two- and three-dimensional systems by incorporating micro-structural information obtained via
micro-CT measurements of paper into the framework of PINNs domain. In this fashion the geomet-
rical features of paper material are implicitly included in the formulation of the governing PDEs.
We further decompose the domain of the solution functions into two parts: one representing the
porous phase of the paper micro-structure, and the other representing the solid phase. We use sep-
arate PINNs to search for the solutions in each phase, merging them together at the interface by
applying boundary constraints that govern the sorption process. On the one hand, this approach
allows for a more accurate representation of the physical system based on the real geometrical data.
On the other hand, using multiple PINNs is beneficial for the systems with complex topology where
the solution functions show discontinuities on sharp interfaces and therefore require more flexible
approximation functions.
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The utilization of microchips to study fluid flow processes in porous media has gained high popu-
larity in recent years. The silicon structures between two glass plates allow the visual observation
of various processes (e.g., EOR and microbiology during underground hydrogen storage) and assess
their suitability for large-scale applications. Nowadays, a wide field of designs ranging from arti-
ficial structures to structures based on µ-CT images is available. The representation of pore space
geometry for a specific rock is critical, which led to good workflows for designing pore structures
from µ-CT images in the past. However, many displacement mechanisms are also influenced by
heterogeneities of rock core samples on the macro scale. Applying existing micromodel design algo-
rithms on strongly heterogeneous rocks often leads to a poor outcome. Relatively large areas with
inaccessible or dead pores could be created, making experimental execution more difficult. This
study extends an existing procedure by adding certain steps to improve the representation of pore
geometry on the microchip. Using the Efros Freeman image stitching algorithm, the mask based
on µ-CT images is homogenized to make optimal use of the area of the microchip. A gradient map
is created based on the petrophysical parameters, which locally transforms the homogeneous mask
into high and low permeable/porous zones. The low permeable domains compose circular shapes
with a transition zone into the high permeable region. The petrophysical properties of the chip were
fitted using pore-scale simulation in an iterative process to the rock sample.
In general, this algorithm is useful for the development of heterogeneous structures for micromodels.
The resulting design combines a high level of pore space representation with the suitability for exe-
cution of complex flow experiments with a focus on visual investigations in porous media.
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The intensity and damage potential of earthquakes are linked to the speed at which rupture propa-
gates along sliding crustal faults. Most earthquakes are sub-Rayleigh, with ruptures that are slower
than the surface Rayleigh waves. In supershear earthquakes, rupture is faster than the shear waves,
leading to sharp pressure concentrations and larger intensities compared with the more common sub-
Rayleigh ones. Despite significant theoretical and experimental advances over the past two decades,
the geological and geomechanical controls on rupture speed transitions remain poorly understood.
Here we propose that pore fluids play an important role in explaining earthquake rupture speed:
the pore pressure may increase sharply at the compressional front during rupture propagation, pro-
moting shear failure ahead of the rupture front and accelerating its propagation into the supershear
range. We characterize the transition from sub-Rayleigh to supershear rupture in fluid-saturated
rock, and show that the proposed poroelastic weakening mechanism may be a controlling factor for
intersonic earthquake ruptures.
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Introduction:
The distribution of red blood cells (RBCs) in the microvasculature is an important factor for the
supply of the tissue with oxygen. It is known that the RBC distribution is spatially and temporally
heterogeneous. One of the causes for the heterogenous distribution are lingering RBCs (LRBCs),
i.e., RBCs which remain temporarily stuck at the apex of diverging bifurcations1−3. However, the
lingering of RBCs has not yet been fully characterized. Therefore, we investigated the behaviour
and properties of LRBC in an in vitro model of a microvascular bifurcation.
Methods:
A PDMS microfluidic device featuring a symmetric bifurcation of microchannels mimicking the di-
mensions of capillaries (channel width 9.6 um) was perfused with rabbit RBCs suspended in a plasma-
like solution (ūRBC ≈ 0.68mm/s, Hematocrit = 10 %)4. An image sequence (Eclipse Ti-e, Nikon) of
4000 video frames of RBCs flowing through the bifurcation was recorded using a high-speed camera
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(395 frame/s, ORCA-Flash 4.0, Hamamatsu). The frames were pre-processed with a custom-written
script4, and every RBC was then tracked by particle tracking velocimetry5 to determine position
and velocity.
The transition time constant (τ ) was used to discriminate between a LRBC and a non-lingering RBC
(NLRBC) where τ is the time spent by the RBC in the bifurcation region divided by the mean time of
all RBCs in this region. An RBC is considered lingering if it spends 50% more time in the bifurcation
region than normal (LRBC τ>1.5 and NLRBCs τ<1.5).
Results:
In total, 378 bifurcation events were tracked. Out of these, 53 (14%) were classified as LRBC. Inspec-
tion of the lateral position of LRBC and NLRBC, indicated that LRBCs were flowing in the center
of the parent vessel (PV, upstream of the bifurcation region), whereas the lateral position of NLR-
BCs was bimodally distributed with the two modes one eight of the channel width away from the
centerline. Quantitative analysis confirmed that 96.2% of LRBCs were within one eighth from the
centerline, whereas only 52.3% of the NLRBCs were in this region. After the bifurcation region, i.e.
in the daughter vessels (DV), LRBCs were positioned closer to the inner wall (98.1% on the inner
half width of the channel). In contrast, NLRBCs were more centered (28.9% on the inner half width).
The mean RBC velocity in the DV was ūNLRBC = 0.31mm/s for the NLRBC and ūLRBC = 0.21mm/s
for LRBCs. In the PV the difference between the LRBC and NLRBC was lower (ūLRBC = 0.70mm/s,
ūNLRBC = 0.67mm/s).
Discussion:
In the PV, the only significant difference between LRBCs and NLRBCs was the lateral position. In
the DV, the LRBCs were slower and stayed near the walls (as opposed to NLRBCs which were faster
and more central). This different behaviour of LRBCs and NLRBCs is expected to result in a bifur-
cation bias in the next diverging bifurcation, which has been described previously as the history
effect3,4. Our results support the presence of the history effect and indicate LRBC should be taken
into consideration when studying RBC distribution in capillary networks.
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Thin, porous media are ubiquitous in several environmental, industrial and engineering fields. Ex-
amples of such media are soil, aquifers, filters, fuel cells, in addition to some biological tissues such
as cartilage. The dynamical behavior of such media is typically described and predicted using mathe-
matical models in the form of coupled, nonlinear, partial differential equations (PDEs). Discretization
of these PDEs leads to high-fidelity models requiring advanced numerical methods to provide sim-
ulations of high accuracy. Despite the huge advances in computational algorithms and computer
chips, simulations might still be time-consuming. This can be problematic for many applications,
such as design optimization, model-based predictive control, or clinical-time constraints.

For thin, porous media, the property of scale separation is naturally satisfied such that fluid’s pres-
sure is almost hydro-static in the small-scale direction. This property has been utilized to construct
knowledge-driven reduced-order models using methodologies such as vertical averaging 1, asymp-
totic analysis [2,3], or rigid convergence analysis [4]. The resulting reduced model is typically a
set of 1D equations describing the leading dynamics, mainly, in the large-scale direction. It has re-
duced computational complexity and provides proper approximations of the high-fidelity solutions.
However, thin porous materials might violate the assumption of hydro-static pressure, e.g., due to
high permeability gradients in the small-scale direction. For such cases, correctors must be consid-
ered to recapture the less effective dynamics. In [3], a knowledge-driven corrector is derived via
asymptotic analysis for the higher-order terms in the asymptotic expansions. This corrector slightly
improves the accuracy as it partially depends on the hydro-static assumption. Thus, we propose a
novel data-driven corrector using projection-based methods, such as the method of proper orthogo-
nal decomposition. For this, we use a training data-set of the errors induced by the reduced model
at those configurations violating the assumption of hydro-static pressure. Numerical examples to
validate the method are also performed.
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Shale reservoirs have very poor porosity and permeability, rich in organic matter and clay minerals,
the primary recovery of horizontal well after volume fracturing is low, and the development effect
of conventional stimulation method is poor, supercritical CO2/H2O mixed fluid huff -n- puff is a
promising technology. As the most extensive gas displacement agent, supercritical fluid CO2 has
the potential to efficiently develop shale oil. Compared with CH4 and N2, CO2 is more easily mis-
cible with crude oil and increases the flow capacity of oil. Supercritical H2O is a better performing
fluid than supercritical CO2, with higher solubility, wider diffusion and better reactivity, which can
improve the coefficient of sweep and the efficiency of oil washing during displacement. This work
aims to establish a microfluidic device to investigate the micro-mechanism of shale oil exploitation
by supercritical CO2 huff -n- puff and supercritical CO2/H2O mixed huff -n- puff. According to the
statistics of typical pore throat data of shale, a nano-scale micro etched glass model is established.
Then, based on the microfluidic, the huff -n- puff process in porous media was analyzed from the
aspects of seepage characteristics, microscopic mechanism and residual oil distribution. The results
show that the micro-mechanism of shale oil production by supercritical CO2 huff -n- puff is mainly
the miscible phase mechanism of dissolution and extraction, the carrying extraction and compres-
sion expansion mechanism. The presence of water has a certain adverse effect on the mixing of
oil and gas. Considering the oil-pore-throat contact relationship, the remaining oil can be divided
into five flow forms: cluster, porous, angular, columnar and film. With the increase of gas injec-
tion pressure, the production trend of different types of remaining oil is different, and the degree of
discontinuous phase of remaining oil is increasing. This work will be of great interest to operators
looking for new ways to improve recovery from shale reservoirs.
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We performed a set of numerical simulations to characterize the influence of mesh refinement and
upscaling on flow and transport properties in fractured porous media. We generated a set of generic
three-dimensional discrete fracture networks at various densities, where the radii of the fractures
were sampled from a truncated power-law distribution, whose parameters were loosely based on
field site characterizations. We also considered five network densities, defined using a dimension-
less version of density based on percolation theory. Once the networks were generated, we upscaled
them into a single continuum model using the upscaled discrete fracture matrix model presented
by Sweeney, Gable, Karra, Stauffer, Pawar, and Hyman (2020). We considered steady, isothermal
pressure-driven flow through each domain and simulated passive/conservative, decaying, and ad-
sorbing tracers using a pulse injection into the domain. We calculated the effective permeability
and solute breakthrough curves for each simulation as quantities of interest to compare between
network realizations. We found that selecting a mesh resolution such that the global topology of
the upscaled mesh matches the fracture network is essential. If the upscaled mesh has a connected
pathway of fracture (higher permeability) cells, but the fracture network does not, then the esti-
mates for effective permeability and solute breakthrough will be incorrect. Local false connections
between fractures due to a coarse mesh result in more solute dispersion in the transport behavior,
but to a smaller degree than if there is a mismatch in global connectivity. False connections cannot
be eliminated entirely, but they can be managed by choosing the appropriate mesh resolution and
refinement for a given network. Adopting octree meshing to obtain sufficient levels of refinement
leads to fewer computational cells (up to a 90% reduction in overall cell count) when compared to
using a uniform resolution grid and can result in a more accurate continuum representation of the
true fracture network.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

USA

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS20 / 383

Numerical methods for simulating flows in biological networks

Author: Tobias Koeppl1

1 Hasselt University

Corresponding Author: tobias.koeppl@uhasselt.be

Network structures can be detected in almost every biological system, since they are often respon-
sible for the transport of fluids, nutrients or oxygen. Such a network structure is for example a
blood vessel network supplying organs with oxygenated blood or removing metabolic waste from
the tissue 1. A further example is the root network of a plant, ensuring the water supply of the
plant.

One way to obtain a realistic model for such processes is based on a decomposition approach. Thereby,
the network structure is separated from the surrounding medium and different models are assigned
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to both domains. Quite often the surrounding medium (e.g. tissue or soil) can be considered as a
three-dimensional (3D) porous medium. In order to decrease computational costs while maintain-
ing a certain degree of accuracy, flow and transport processes within the networks are modeled by
one-dimensional (1D) PDE-systems. A coupling of the network and the porous medium model is
achieved by first averaging the 3D quantities and projecting them onto the 1D network structure.
As a next step, the difference of the averaged 3D and 1D quantities is computed and incorporated
into the source terms of both the network and the porous medium model, where the source term of
the 3D problem exhibits a Dirac measure concentrated on the 1D network [2].

In this talk, numerical solution algorithms for PDE systems arising in the context of this model
concept, are presented. In particular, the performance of a finite difference method with a reg-
ularized Dirac source term is investigated [3,4]. Therefore, elliptic model problems with Dirac
source terms and averaging operators are considered. Theoretical results are confirmed by numerical
tests.
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Due to the complexity of rock structure with features on scales ranging ten orders of magnitude,
the multiscale fractured carbonates require more complex analysis tools than the macroscopic sim-
ulation approaches currently used which have been developed for and validated against siliciclastic
rocks primarily. Digital Rock Technology (DRT) offers a means to determine the system’s transport
properties on a pore-scale basis. DRT allows the investigation of fluid flow mechanisms in a com-
prehensive setting (e.g. single/multiphase flow, reactive flow). Furthermore, pore network models
(PNM) have been used to model complex rocks due to their superior efficiency (improved compu-
tational speed, carbon footprint, and scalability) and ease of characterising the porous media using
representative geometrical and topological statistics. However, current PNM open-source codes rely
on strict definitions of the pore elements with symmetrical convex bodies and pores which can be
challenging or even impossible to define the necessary irregular pore geometries in carbonate. More-
over, PNM does not consider heterogeneous multiscale features like fractures and vugs, which are
difficult to discriminate and segment but have distinctive flow properties that can critically change
the overall system behaviour.

In this talk, we will present a novel machine-learning algorithm for the semantic segmentation of
rock matrix, porous/vugular elements, fractures, and secondary mineralogy, which was optimised
considering its accuracy, complexity (measured using the total number of parameters, number of
operations, run-time, energy consumption, and carbon footprint), and explainability based on the
Green-AI philosophy. After comparing several techniques, shallow machine learning methods were
preferred due to their superior computational efficiency and explainability whilst achieving compa-
rable segmentation accuracy. The workflow proposed is a hybrid algorithm relying on both region-
based and filter-based techniques to achieve the best accuracy and speed. Firstly a 2.5D (slice-by-
slice) analysis is performed to separate pores from larger features, with the size threshold selected
via a Gaussian mixture model. Subsequently, the micro-fractures and pores are separated via wa-
tershed, and the resulting elements are separated into pore elements and over-segmented fracture
elements. Following this procedure, pixel-level segmentation is performed to distinguish and po-
tentially separate large fractures and vugs, using this more computationally intense method only
on the uncertain areas, hence optimising performance. The matrix class is also analysed to identify
secondary mineralogy, which has the potential to alter wettability.

Each feature class is further segmented into instances and idealised, creating a multiscale network.
The pre-existing open-source codebase is expanded by increasing its flexibility to complex geome-
tries and introducing multiscale features, which will remove one of the main weaknesses in current
approaches. Moreover, fracture elements are also modelled distinct from pores, observing the typical
flow regime. Validation of the algorithm against the solution via direct simulation methods (namely
the finite volume method) and experimental results of known samples is ongoing.

The outcome of this research is that of a resource-efficient and explainable algorithm that can discrim-
inate between pores, fractures and vugs (and optionally secondary mineralogy) enabling automatic
linking of the semantic segmentation result with the pore-fracture-vug network extraction, hence
improving the modelling accuracy.
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CO2 storage at climate-relevant scales will involve rapid deployment of projects worldwide in di-
verse geological settings, with each involving several millions of tons injection per annum. CO2

transport also can be varied, with pipeline transport being supplemented by direct injection from
ship or other land-based transport. Successful projects should have low risk of injectivity loss to
be cost-effective for commercial implementation. Salt precipitation has been identified as a mecha-
nism for injectivity reduction in the near wellbore region, especially for saline aquifer storage. Salt
crystals can accumulate in pore throats as injected CO2 evaporates residual water, which reduces
permeability and blocks flow. Although salt precipitation can be treated effectively, poor manage-
ment can lead to unwanted well shut-in and additional costs to industrial projects.

Salt precipitation has been documented to some extent in the field and has been extensively studied
in experimental and numerical studies. Industry-standard simulation tools, both commercial and
open-source codes, have the capabilities to model permeability reduction due to salt precipitation.
Although the phenomenon does not appear to be a showstopper, one main challenge is to under-
stand under what circumstances salt precipitation will require potentially costly intervention. First,
CO2 storage projects in saline aquifers to date have injected relatively small volumes of CO2 and
therefore negligible salt precipitation. Secondly, little is known about the impact of hysteresis under
cycling CO2 injection (e.g. direct injection from ships) that could enhance the risk of salt precipita-
tion. Another challenge is understanding the correct laboratory protocols for experimental studies,
which has been shown to have a significant impact on conclusions related to permeability reduc-
tion. Finally, it is often not clear how to translate lab observations in simple idealized systems to
predictions at the field scale where geology, wellbore construction and multiphase flow behavior is
significantly more complex.

In this study we perform a comprehensive review and analysis of knowledge, data and simulation
capabilities related to salt precipitation and the realistic impacts for CO2 storage injectivity. Using
benchmarked simulation tools, we extend current analysis from small, pilot-scale injection in ideal-
ized settings to large-scale commercial deployment, particularly under cyclical injection conditions
and heterogeneous flow conditions. We propose directions for future experimental and simulation
studies to close remaining knowledge gaps. We also suggest guidelines for assessing and managing
salt precipitation for large-scale CO2 storage in realistic settings.
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The characterisation and quantification of fractures are essential for the analysis of naturally or
artificially fractured porous media. Moreover, fractures and faults can dominate flow across scales,
from the reservoir to the core scale. Fractures often dominate flow at a larger scale, whilst, at the
micro-scale, pore and micropore physics are highly important, and the fractures can act as a cross-
scale link. The current study uses micro-CT images as the input for the flow analysis of fractured
geological media, emphasising naturally fractured carbonates.

The method selected for this analysis is pore network modelling (PNM). This simulation approach ide-
alises the porous medium as a network of elements (traditionally only focused on pores) connected
by throats, significantly improving the cross-scale analysis capability and computational efficiency.
Additionally, fractures have been modelled via discrete fracture networks (DFN) that can integrate
multiple resolution scales. However, it is only recently that research has begun on integrating frac-
ture and pore networks of data extracted from micro-CT scans, with fractures modelled with their
characteristic flow physics (for instance, modelling the intra-fracture flow as a Couette rather than
Poiseulle problem, as is typical for pore throats).

The current work integrates the discrete fracture network (DFN) and pore network, maintaining the
size characteristic of each fracture element from DFN, hence maintaining improved interpretability,
robustness and efficiency. The known issue of the intra-fracture impedance is solved by introducing
a novel empirical relationship that accounts for the relative differences between the connection and
position of every fracture-adjacent throat. Artificial neural networks and stochastically fitted pa-
rameterization solutions are considered and compared. The data for training, validation and testing
is obtained by analyzing varied real and semi-synthetic micro-CT cases, using the direct simulation
(via the finite element method algorithm implemented in the OpenFOAM code) and using the results
as ground truth.

This analysis result improves the prediction accuracy and efficiency of network models when tack-
ling fractured porous media and cross-scale analysis, particularly improving the flow boundaries
between fractures and pores and harmonising with previous research concerning pore-to-pore flow
and fracture network flow.
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Legacy nuclear sites typically feature subterranean volumes of radiologically contaminated soil, and
concrete containment structures that have deteriorated over time. Disturbances caused by surface-
level decommissioning operations exacerbate the risk of radionuclide release into the environment
via contaminated groundwater. Sub-surface hydraulic barriers are needed to mitigate this, but are
conventionally installed by excavation, which would require safe handling and disposal of large
quantities of contaminated soil, and increase the radiation exposure of workers. Cementitious grouts
can instead be injected into the ground to form barriers in situ, but the high viscosity of cements
requires injection pressures that risk inducing ground heave, which can further damage weakened
containment structures, creating additional leakage pathways. Colloidal silica (CS), however, is a
novel grouting material with water-like viscosity, allowing it to be injected at minimal pressure to
fill free porosity in the soil without any ground disturbance; after a time it will then transition into
a rigid hydrogel with no change in volume. Unlike cement, CS is non-toxic and environmentally-
friendly, has nano-scale particle size, allowing superior penetration, and has precisely controllable
gelation time. CS gel’s very low hydraulic conductivity facilitates its use as a hydraulic barrier, but
CS also strengthens weak soils and has potential as a chemical barrier, being able to trap radioactive
ions of Cs-137 and Sr-90 via chemical sorption. Additionally, CS may be suitable for other decom-
missioning applications, such as encapsulating radioactive waste canisters, or as a spray coating for
contaminated dust.
These advantages give CS potential to make aspects of nuclear decommissioning cheaper, faster, and
safer, but its application has thus far been limited. This research contributes to the case for CS’s use
in nuclear decommissioning by characterising the behaviour of the grout, working with industry to
identify applications for it in decommissioning, and identifying ways of modifying and improving its
properties to best fit these and to reduce its cost. Here, the results of compression tests are presented,
showing how a range of factors and additives improve the mechanical properties of CS-grouted soil:
compressive strength increases continuously with curing time, and samples cured in sea water (0.6M
NaCl) are stronger than those in fresh water, with further improvement on increased concentrations
and valences of salt (e.g. CaCl2). Kaolin clay additive also increases strength and may be used to
partially replace silica mass to reduce cost. Combining CS with hydrophilic polymers also greatly
increases flexibility. Shear vane tests show how CS is able to re-heal after damage, and pH, salinity
and the presence of dissolved silica are used to enhance this. Increasing compressive strength im-
proves CS’s ability as a soil stabiliser, and increasing flexibility and re-healability gives it resistance
to cracking and other damage. Ways to improve CS’s water retention, hydraulic conductivity, and
sorption capacity are also under investigation.
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Pore-scale studies of fluid flow in porous media are of critical importance for a wide range of en-
ergy and environmental science applications, including geological sequestration of CO2, groundwa-
ter remediation, hydrocarbon production, underground energy storage, and evaluating geothermal
systems. X-ray micro-CT analysis is the most widely used method to visualize and quantify pore-
scale features across multiple length scales, but poses two important challenges: first, the trade-off
between sample size and resolution and second, the extremely large data size. In this study, we pro-
pose a novel pore-to-core modeling methodology that combines super-resolution and multi-scale
pore network modeling that aims to address these limitations of x-ray CT scanning and improve the
representation of micro- and macro-pore connectivity.
We applied the proposed method to Upper Jurassic carbonate core plugs from the Middle-East, which
are representative of subsurface heterogeneity, and have bi-modal porosity distribution comprised
of micro- (pore size < 10 µm) and macro-pores. First, we obtained micro-CT images of the entire core
plug (one-inch diameter and three-inch long) at a resolution of 30×30×30 µm3/voxel. Guided by this
overview scan, we then drilled miniplugs (0.5-millimeter diameter and one-inch long) representative
of the main pore-scale rock types and obtained micro-CT images at a resolution of 6×6×6 µm3/voxel.
The miniplug CT images were then segmented into micro-pore, macro-pore and solid phases under
the supervision of the prior extracted from the high-resolution SEM images with a resolution of
100×100 nm2/pixel. The pair of segmented miniplug volume and the corresponding sub-volume in
the full plug CT image was used to train a deep-learning network model to improve the accuracy
of the segmentation of full plug CT volume. Finally, a large multi-scale pore network model of the
full plug was obtained by pore network stitching (Kohanpur & Valocchi 2020), which included the
macro-pore network from the full plug and micro-pore network elements reconstructed from the
SEM image using multiple point statistics.
Because the training image pairs of the deep leaning network are low-resolution CT image and
high-resolution segmented images, the applied of super resolution method improves the accuracy
of the full plug segmentation, which is evident from the comparison of segmentation based on mini-
plugs. The multi-scale pore network stitching method allowed the simultaneous representation of
micro-pore and macro-pore network elements while maintaining the topological features of the het-
erogeneous pore structures effectively. The flow property values computed from the large stitched
pore network model showed significantly improved match of pore size distributions and absolute
permeability values compared to lab measurements.
To the best of our knowledge, this is the first time the combination of SR-segmentation approach and
2D-3D pore volume reconstruction has been applied to generate multi-scale pore network models
that are representative of micro- and macro-scale heterogeneities. The pore networks obtained from
this methodology cover multiple length scale from pore-to-core and can be applied in a wide variety
of pore-scale studies for multi-phase flow property predictions and simulations.
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Abstract
Reliable segmentation and identification of pore space and matrix on core micro-CT images leads
to a more accurate digital rock physics characterization/analysis. Segmentation of digital images is
key step for the subsequent prediction of petrophysical and fluid properties (such as porosity, per-
meability, fluid saturation and fluid and rock topology). There are two major categories of methods
to segment 2D micro-CT images, the first one is traditional thresholding methods, and the other in-
cludes Machine Learning (ML)-based techniques. According to the recent studies, it has been proved
that ML-based methods are superior to traditional thresholding due to their nature and merits like
lower computational time and cost. In particular, deep learning (DL)-based techniques are often
better suited to the complicated problems of segmentation of micro-CT images. As a result, the aim
of this research is to present an effective hybrid DL technique and compare it with other traditional
image segmentation methods. Three DL based segmentation techniques, two traditional supervised
encoder-decoder structures named as U-net and Seg-Net and a hybrid structure called U-Seg-Net,
are trained, validated and compared utilizing four different sandstone samples (Parker, Berea, Leop-
ard and buff Berea sands). Parker and Leopard datasets are used for training models. For validation
phase, other two samples are utilized as blind datasets. The advantages and disadvantages of each
of the implemented DL-based models are carefully investigated. The results of models are compared
by several validation parameters, including Intersection-Over-Union (IOU), Jaccard coefficient (JC),
Precision, Recall and F1-score. Although the four sandstone data sets are completely different, our
proposed model performed perfectly on all of them. Numerical value of IOU, JC, Precision, Recall
and F1-score for training phase are reported as 80.18, 94.84, 99.56, 99.52 and 99.54, respectively. Con-
sequently, it is concluded that our represented U-Seg-Net model is applicable for segmentation of
rock micro-CT images and its results are applicable to properly characterize porous media parame-
ters.
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The conversion of anthropogenic CO2 emissions into valuable products in gas-fed electrochemical
reactors using electricity from renewable sources is a promising solution to combat global warming.
To move the chemical industry towards a closed carbon cycle, the usage of gas diffusion electrodes
(GDEs) will help overcome mass transport limitations in electrochemical CO2 reduction.1[2]
Most gas-fed electrochemical reactors suffer from the flooding of GDEs within a few hours of opera-
tion, which effectively prevents stable long-term operation.[3] However, parameters which favor or
prevent flooding events are not yet fully understood In addition, investigation and visualization of
these parameters is challenging in conventional electrochemical reactors. In this work, we present
a microfluidic model structure with multi-scale porosity featuring heterogeneous surface wettabil-
ities to represent the behavior of a conventional GDE realistically. We establish a gas-liquid-solid
phase boundary within a conductive, highly porous structure. A literature-known catalyst layer
composed of silver nanoparticles and Nafion binder enables the realistic reproduction of conditions
at gas-liquid-solid-interfaces seen on GDE surfaces. Especially conditions in which electrodes are
partially or fully flooded can be readily investigated by our in-operando visualization method, al-
lowing the study of wetting phenomena with confocal laser scanning microscopy. We show, that
wetting of the catalyst layer is not fully reversible and demonstrate the influence of different pore
sizes on GDE flooding. Application of electric potential results in the destabilization of the phase
boundary and partial flooding of the electrode, thus, electrowetting is shown to have a major in-
fluence in the durability of GDEs. The influence of catalyst and binder on the advancing wetting
front was investigated seperately using 3D saturation curves. This allows insights into the wetting
state of electrodes based on correlations between the course of the saturation curve and the actual
visualized wetting state.
Moreover, fluorescence lifetime imaging microscopy facilitates the observation of reactions on the
surface of the model electrode, for the first time enabling the identification of active GDE areas, while
at the same time visualizing the wetting state of the electrode. The presented results lay the founda-
tion for the optimization of GDEs towards long-term operation of full-scale gas-fed electrolyzers.
With the aid of our microfluidic model, in-depth investigations on multi-phase wetting phenomena
as well as reaction mapping are made possible, both of which are challenging or even impossible
to obtain in conventional reactors. In addition, our findings may advise the design of and process
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conditions for larger-scale electrochemical processes. Parts of these results were recently published
by our group.[4]
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Extended research is necessary in view of delivering safe, sustainable and publicly acceptable solu-
tions for the management of radioactive waste across Europe now and in the future. In light of this,
a full understanding of the migration behavior of corrosion gases in clay rock environment is of
fundamental importance for the reliability of scenarios predicting the long-term safety of geological
repositories. The Callovo-Oxfordian clayrock, studied in France as a potential hostrock, presents the
complex aspect of having a pore size distribution predominantly mesoscopic (nm), transition scale
where different processes occur and interplay. Due to the low permeability of clayrock, the pro-
duced gas is expected to accumulate as a distinct gas phase which may attaint important pressure.
The pressurized gas phase may desaturate the surrounding clayrock by displacement of pore water
along gas flow paths, but also by the diffusion of water vapor throughout the gas phase.

In order to better understand the impact of key transport processes occurring in gas migration in clay
material, pore-scale direct numerical simulations taking into account the capillary-dominated two-
phase flow, the evaporation and condensation at liquid - gas interfaces, the diffusion of water vapor in
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the gas phase as well as the specific feature of nanoporous materials (Kelvin effect) are proposed. The
work has been carried out using the Smoothed Particle Hydrodynamics (SPH) method, a Lagrangian
and meshless method which has emerged as an efficient and reliable tool for simulating complex
fluid flows, like those found in porous media at the mesoscopic scale. A novel drying algorithm with
Kelvin effect, which drives the local thermodynamic equilibrium between the fluid phase and the
gas phase at nanoscale, has been implemented in a two-phase flow and non-deformable solid phase
SPH code, initially developed at IRSN.

Different flow conditions will be first investigated for a 2D isolated pore, with and without capillary
effect and/or Kelvin effect, and validated against analytical solutions. To highlight key drying be-
haviors occurring within pores as a function of pore geometry and throat size, we set up a series
of standardized simulations over representative geometries of pore doublet. Dynamic capillary ef-
fects on pore refilling will be also discussed. Then evaporation-diffusion-condensation model will be
used for simulation of drying of 2D heterogeneous pore networks. The impact of the Kelvin effect
and of some dynamic capillary effects on the desaturation of the porous material will be investi-
gated. This development should indeed serve as frameworks for upscaling. We will discuss more
particularly, and compare to similar studies, the impact of drying and kelvin effect on gas drainage
patterns.
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Additive Manufacturing techniques become increasingly important in the fabrication of geometri-
cally complex structures. In particular, 3D-printing allows the production of curved and overhanging
geometries, which are otherwise difficult to obtain. In order to produce membranes with this degree
in freedom of design, this requires the development of inherently porous 3D-printable materials.
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With the principle of polymerization-induced phase separation (PIPS), porous networks can be pro-
duced from UV-active resins of different compositions.1[2] While these materials enable the fabrica-
tion of porous objects, the polymerization kinetics and the associated development of the pore sys-
tem are not yet fully understood. While pore formation and phase separation phenomena were previ-
ously investigated for systems containing vesicles, nanoemulsions or colloidal gels, polymerization-
induced phase separation from homogeneous solutions such as those needed for 3D-printing is not
yet fully understood.[3]
In this work, a resin for porous printing was developed and modified to enable the study of pore
formation by use of confocal laser scanning microscopy. Pore formation during PIPS was tracked
in real-time, giving insight into the development of porosity of the printed parts. We show the dif-
ferent pore structures of the final cured part that can be obtained by slight alterations to the resin
composition. During the PIPS process, the development of porosity and tortuosity shows distinct
differences in these samples, giving further insight into the role of different components of the resins.
Here, we vary the amount of porogenic solvent and are able to show, that printing times as well as
pore structure are drastically influenced. Comparing the time it takes to fully 3D-print a sample
object and perform detailed analysis on the final part, e.g. by electron microscopy, our method gives
the opportunity to investigate small samples in a short amount of time. One measurement with our
proposed method takes less than ten minutes, while a typical 3D-print of a test piece alone can take
up to an hour. Thus, this technique enables rapid screening of different resins as well as furthers the
understanding of pore-forming processes such as PIPS.
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Biogeochemical reactions taking place at the fluid-solid interface in porous media are central to a
broad range of natural and engineered processes. As dissolved reactants are depleted at the interface,
transport limitations can limit reactant availability and reduce effective reaction rates across the
plume. Reaction efficiency is thus conditioned by the mixing action of advection and diffusion. We
analyze the impact of chaotic advection, which has been recently established to occur spontaneously
in three-dimensional porous media [1,2], on fluid-solid reaction efficiency compared to fully-mixed
conditions. The efficient exploration of the bulk of the pore space associated with chaotic mixing
leads us to conceptualize excursion times [3] of solute to the reactive surface as a stochastic restart
process [4], such that advecting-diffusing reactant positions are randomly restarted homogeneously
across the domain over a characteristic time scale that depends on flow and geometry. Processes
that restart under some condition have received much attention in the context of search strategies,
where it is known that they can increase the efficiency of the underlying process. We show that flow
shear at no-slip solid interfaces sets the restart rate and controls the increase of reaction efficiency
with Péclet number. This has the surprising consequence that, while chaotic advection sets the stage
for enhanced reaction efficiency, the increase is insensitive to the “strength” of chaos as quantified
by the Lyapunov exponent. The theoretical predictions are in excellent agreement with numerical
simulations of reactive decay at solid surfaces in a crystalline porous medium, over a broad range of
Péclet and Damköhler numbers.
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Nuclear energy will play a key role in the UK’s strategy to achieve net zero carbon by 2050. How-
ever, the high cost and intergenerational burden of decommissioning and waste management re-
mains high and there is a need to reduce the costs of decommissioning and clean-up. Nuclear site
decommissioning involves the retrieval and handling of various radioactive waste forms. Removal
of particulate wastes, such as contaminated concrete and soils, represents a potential hazard in terms
of radiation exposure for the workforce and the surrounding environment. This may be due to the
accidental release of airborne or groundwater-borne radioactive particulates during waste recovery
and transport, or to the loss of radioactive debris upon retrieval. The development of innovative
techniques to reduce hazard in decommissioning operations is therefore a critical aspect of site de-
commissioning.

This study explores the suitability of colloidal silica, in combination with in-situ electrokinetics, to
remediate contaminated soils by promoting migration of radionuclides into grouted soil volumes,
prior to their removal. Colloidal silica is an aqueous suspension of silica (SiO2) nanoparticles, with
average particle size <100 nm. The creation of siloxane bonds (Si –O –Si), typically triggered by
the addition of an electrolyte accelerator, leads to the formation of a solid-like network of silica
nanoparticles in the form of a hydrogel. Previous work on colloidal silica gel has proved its potential
to form low-permeability hydraulic barriers against fluid migration, and to inhibit the diffusion of
radionuclides through the gel, making it a promising material for use in retrieval operations.

Here we present research to determine the potential for electrokinetics, in combination with colloidal
silica grouting, as a low energy remediation technique for radioactively contaminated soils. Experi-
ments were carried out using electric field gradients ≤ 1 V/cm, to satisfy the low-energy requirements
that make electrokinetic remediation advantageous over other remediation methods. The effect of i)
applied voltage and ii) groundwater chemistry on the mobility of two types of radionuclides, namely
Cs and Sr, was assessed. These small-scale laboratory experiments demonstrate that electrokinetics
can be used to mobilise radionuclides (Cs and Sr) within the ground and trap them within a rela-
tively small volume of grouted soil that can be readily removed. As well as inhibiting groundwater
flow, and thus advective migration of radionuclides in the soil, the grout also increases the sorp-
tion capacity in the ground, reduces the risk of airborne migration of radioactive particulates during
excavation, and can be readily incorporated into cementitious or vitrified wasteforms.
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For a wide range of engineering applications such as transpiration cooling, filtration processes, heat
exchangers and geothermal engineering, understanding how porous media with different topologies
interact with turbulent free flows is crucial. For this purpose, the focus is on the efficient design, oper-
ation and optimisation of such engineering applications and relies on comprehensive understanding
of the exchange of mass, momentum and energy across the interface between the porous medium
and the free flow.

A controversial point of discussion is whether the transport at the interface is mainly diffusion or
advection controlled. It is demonstrated that a viscous sublayer exists close to the permeable wall
only when the intrinsic permeability of the porous medium is small compared to the viscous length
scale of the fluid 1. If this requirement is fullfilled, a direct proportionality between the strain rate
at the interface and the velocity difference between the interfacial velocity and the Darcy velocity
inside the porous domain can be derived as an empirical boundary condition for coupling the porous
media region and the free flow at the interface [2]. With the increase of the permeability Reynolds
number [3] turbulent fluctuations start to penetrate into the porous media region, which is known as
turbulent pumping, while simultaneously the porous media topology also affects the turbulent flow
in the free flow region [4]. Due to visual accessibility inside of the porous model and the possibility
of achieving high porosity, a triply periodic minimal surface topology is used as porous medium.
Thus investigating both the penetration of turbulent fluctuations and the dependence of the porous
media topology on the turbulent free flow is possible.

In this talk results of highly resolved PIV measurements are presented for such a porous periodic
topology adjacent to a turbulent fluid flow, for both inside the porous medium region and at the
interfacial region. It will be discussed (a) how the periodicity of the triply periodic minimal surface
model influences the interfacial layer of the free flow, (b) how the flow field behaves inside the
periodic porous region and (c) which flow phenomena occur at the interface of the porous medium
and the free flow, specifically emerging vortices.

Participation:

In-Person

References:

1 S. Hahn, J. Je, and H. Choi. Direct numerical simulation of turbulent channel flow with permeable
walls. Journal of Fluid Mechanics, 450:259 –285, 2002.

[2] G. S. Beavers and D. D. Joseph. Boundary conditions at a naturally permeable wall. Journal of Fluid
Mechanics, 30(1):197–207, 1967.

[3] W. P. Breugem, B. J. Boersma, and R. E. Uittenbogaard. The influence of wall permeability on turbu-
lent channel flow. Journal of Fluid Mechanics, 562:35–72, 2006.

[4] K. Suga, Y. Okazaki, and Y. Kuwata. Characteristics of turbulent square duct flows over porous media.
Journal of Fluid Mechanics, 884, 2020.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Germany

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

Page 328

http://Figure1
http://Figure1


InterPore2023 / Book of Abstracts

399

Coupled Geochemical-geomechanical Processes in CO2 Seques-
tration Reservoirs in Southeast, US
Authors: Zhuofan Shi1; Jack Montgomery1; Charlotte Garing2; Lauren Beckingham1

1 Auburn University
2 University of Georgia

CorrespondingAuthors: zzs0040@auburn.edu, charlotte.garing@uga.edu, leb0071@auburn.edu, jmontgomery@auburn.edu

Geological CO2 sequestration is currently one of the promising solutions to mitigate atmospheric
CO2 and to minimize climate change. When CO2 is injected and dissolves into formation brine, the
brine pH becomes lower. These acidic conditions can be highly geochemically reactive for the miner-
als in the storage reservoir. CO2 induced mineral reactions may alter the transport and mechanical
properties of the formation, impacting injectivity and reservoir security. It’s important to under-
stand how fast the reactions are and the impact of reactions on formation properties. The present
study investigates mineral dissolution rates and changes in porosity, permeability, and stiffness in
core samples mimicking CO2 sequestration systems in southeastern United States. Representative
sandstone samples were tested in this study and implications for SE regional storage formations
considered. We conducted core flood experiments in a custom-built triaxial core holder equipped
with in-situ acoustic transducers at a temperature of 50˚C and pressure of 100 bar. During the ex-
periments, the differential pressure across the core was continuously monitored and used to infer
changes in the permeability of the core sample due to mineral reactions. The aqueous effluent sam-
ples were periodically collected, and their composition were measured using ion chromatography.
Ion concentrations were used to infer column scale mineral dissolution rates and the evolution of
mineral volume fractions. Changes in the material stiffness were detected via acoustic wave veloc-
ities. These changes in stiffness can be correlated to changes in the mineral volume fractions and
degradation of sample cementation. Before and after the experiments, 3D images of the core sam-
ples were captured via 3D X-ray Computed Tomography to determine the changes in porosity, pore
connectivity, and the evolution of mineral surfaces.
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Simulating fluid flow in reservoir models is an expensive and time-consuming task. Given the
inherent uncertainty in most measurements used as inputs for these models, it is customary to
perform stochastic modeling in order to reduce and quantify the uncertainty. Recently, a new
class of machine learning algorithms referred to as operator learning has been developed. These
algorithms, such as DeepONets and Fourier Neural Operators, can learn mappings between two
infinite-dimensional spaces. However, these approaches suffer from data inefficiency as they require
thousands of training observation pairs in the input and output domains which is computationally
prohibitive. Physics-informed DeepONet has been proposed as a remedy to this problem. In this
paradigm, DeepONets are regularized by underlying physical laws in a manner similar to Physics
Informed Neural Networks (PINNs), hence the name. Physics-informed DeepONets can learn the so-
lution operator mapping between a set of initial and boundary conditions to the full spatio-temporal
solution making it a powerful tool for parametric PDE learning. Here, we investigate the applica-
bility of Physics-informed DeepONets to an immiscible two-phase fluid flow problem through a 1D
porous medium. We provide two test cases. First, we attempt to learn the solution operator mapping
of an initial condition to the entire spatio-temporal solution of all possible initial conditions. Second,
we test Physics-informed DeepONets to learn the solution operator mapping of a boundary condi-
tion to the entire spatio-temporal solution of all possible boundary conditions. Our results show
that with a small sacrifice in accuracy, enormous gains in speed can be achieved, as this approach
can solve thousands of PDEs in a fraction of a second.
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Geological storage of hydrogen (H2) and carbon dioxide (CO2) is pivotal for a successful energy
transition toward a diversified low-carbon economy and a net-zero emission future. Wettability of
reservoir rocks in the presence of formation fluids and H2 or CO2 is a controlling factor of gas mo-
bility, residual trapping, and efficient storage. However, the influence of different brine types (salt
type and concentration) and gas contamination on wettability is rarely reported in the literature.
Therefore, this paper presents the results of a set of experiments using a microfluidic chip of differ-
ent diameters (50, 70, 90, 110, and 130 µm) measuring CO2/brine and N2/brine advancing, receding,
and static contact angles for different brine types and mixing ratios (10%, 30%, and 50%) at constant
conditions (P=14.7 atm and T= 22 ℃). The experiments were conducted using a constant brine rate
at 0.1 µL/min during imbibition. A sophisticated Matlab code was built to measure contact angles
from live videos of the microchips, allowing the generation of multiple data points with controlled
upscaling.
The measurements indicate the channels are strongly water-wet for all the tested brine with CO2.
The advancing and receding contact angles vary from 9.5° to 38° and from 6.5° to 29°, respectively.
The contact angles slightly increased with increasing brine salinity varying between the different
types of salt (NaCl, MgCl, and KCl). The MgCl2 demonstrated the highest values of contact angles.
The contact angles increased with increasing the mixing ratios between CO2 and N2 from 10% to
50% and decreased with channel diameters. Higher hysteresis was observed with a higher mixing
ratio indicating a significant impact of contamination on the storage process.
The presented experimental approach depicts a time-effective technique to investigate crucial influ-
encing parameters using microfluidic chips for effective and successful underground CO2 sequestra-
tion.
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Pore-resolved direct numerical simulations (DNS) are performed for turbulent open channel flow
over a randomly packed porous sediment bed over a range of permeability Reynolds numbers of
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ReK = O(1-10) representative of aquatic systems. A fractional time-stepping based fictitious do-
main method (Apte et al. 2008) is used to simulate flow over spherical sediment particles on Cartesan
grids by enforcing the rigidity and no-slip condition on the particle boundaries. The DNS predictions
are compared with the experimental data of Voermans et al. (2017) to show excellent agreement of
mean and turbulent flow quantities. A space-time averaging methodology is used to compute the
Reynolds stresses, form-induced stresses, and pressure fluctuations. Shear layer and turbulent shear
stress as well as Reynolds and form-induced bed-normal stresses increase with ReK . The peak val-
ues of the form-induced stresses were found to occur within the top layer of the sediment bed for
the Reynolds numbers studied. The sum of turbulent and form-induced pressure fluctuations at the
zero-displacement planes are statistically similar and can be well approximated by a t− location-
scale distribution fit based on high-order statistics, providing with a model that could potentially
be used to impose boundary conditions at the SWI in reach scale simulations. A continuum model
based on the volume-averaged Navier-Stokes (VANS) equations is developed by defining smoothly
varying porosity across the bed interface and modeling the drag force in the porous bed using a mod-
ified Ergun equation with Forchheimer corrections for inertial terms (Wood et al., Annual Review of
Fluid Mechanics, 2020). A spatially varying porosity profile generated from the pore-resolved DNS
is used in the continuum approach. Mean flow and Reynolds stress statistics and net momentum
exchange between the free-stream and the porous bed are compared to show very good agreement.
The continuum VANS approach allows for significant reduction in computational costs, thereby al-
lowing to study hyporheic exchange of mass and momentum in large scale aquatic domains with
combined influence of bedform and bed roughness.

Funding from US Depart of Energy, Office of Basic Energy Sciences (Geosciences) under award
number DE-SC0021626, Pacifict Northwest National Laboratory’s internship program, as well as US
National Science Foundation award \#205324 are gratefully acknowledged.
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Fungi are the largest source of biomass within soils, yet fungi are frequently neglected within the en-
vironmental microbiology and environmental science research disciplines (Gadd et al., 2007). Fungi
are known to play vital roles in soils: as symbionts with plants, as decomposers and in elemental
cycling. Furthermore, basidiomycota fungi have been shown to successfully degrade organic con-
taminants in soils (Bezalel et al., 1996) and more recently have been proposed as a novel nature-based
solution within the field of ground engineering (El Mountassir et al., 2018; Salifu et al., 2022).

One of the significant challenges in the deployment of fungi within civil and environmental engi-
neering applications is the ability to understand, control and optimise the growth of fungal networks.
To date, much of the work on fungal-soil interactions has been carried out in 2D systems where
growth of the fungus/fungi is promoted to occur at the soil-air interface by compaction of soils. This
study investigates the 3D fungal networks that are created within complex soil media (solid soil
particles, carbon substrate, air and liquid phases) by also considering fungal growth with depth into
soils.

A series of column experiments were conducted investigating the ability of various UK native ba-
sidiomycota species to grow with depth. Nutrients were emplaced in varying spatial arrangements
within the soil. A methodology was developed in this study to characterise the fungal networks
developed within the soil by: staining fungal hyphae, preparation of resin impregnated soil samples,
optical microscopy and image analysis. Biochemical analysis was also carried out to determine hot
water extractable carbohydrate as an indicator of microbial biomass with depth. The development of
this methodology to characterise fungal networks allows us to more readily understand differences
in growth behaviour between different fungal species and the differences in mycelia architecture
that can exist with depth. This will be of critical importance for identifying fungal species that have
the potential to be applied at larger-scales both for ground and environmental engineering applica-
tions.
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Detailed insight into the structure and electrokinetic transport of electrolyte solutions in nanocon-
finement is hard to obtain. Experimental techniques are often either limited in their accessible res-
olution or their interpretation relies on models and assumptions that may not hold in nanocon-
finement. Molecular simulations can in principle provide such insights, but the simulation results
depend sensitively on the model input. Consequently, both the experimental and computational
literature contains various contrasting data.

In my talk, I will focus on two aspects of simulating nanoconfined electrolytes. First, I will present
an effective method to use unambiguously interpretable experimental data to tune simulation input
and I will use these simulations to provide new insight into the coupling between ion adsorption
and transport 1.

Second, I will present a method that allows the surface charge distribution on a non-conducting
material to evolve in time, thus mimicking the effect of surface reactions in chemical equilibrium [2].
Such reactions are universally assumed to have no notable influence on interfacial fluid properties,
regardless of the simulation time, surface material, or temperature considered. Our simulations
show that accounting for surface reactions can strongly and qualitatively affect ion adsorption and
electrokinetic properties.
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Understanding the mechanical behavior and fluid flow properties of porous media composed of
packed particulate has numerous applications within the physical sciences and engineering, being
pertinent to the study of naturally occurring geo-materials, such as sedimentary rocks, and engi-
neered media, such as fuel cells and catalysts. Both manmade and geologic granular porous media
often exhibit pronounced spatial variability in their component particle sizes, which in turn, imparts
internal heterogeneities in porosity, permeability, capillarity and mechanical strength within the
particle column. Numerical methods for the simulation of pore-scale fluid flow or granular mechan-
ics (e.g., Lattice-Boltzmann, finite volume and discrete element methods:) have enjoyed widespread
application over the past decade, owing to the proliferation of both commercial software and open-
source libraries through which such models can be readily deployed. Coupled with advances in
volume imaging of real porous media (i.e., x-ray microcomputed tomography), workers are now
able to probe such processes numerically within highly heterogeneous pore networks, providing a
wealth of insights into the key physical properties of a wide range of porous materials [e.g., 1-3].
Despite these developments, objective methods for the generation of synthetic porous media char-
acterized by grain-scale heterogeneities in particle size, mirroring those observed in both naturally
occurring and manmade porous materials (i.e., layering, grading, lenses, nested pore structures /
intragranular and matrix porosity) remain limited. The availability of such a framework is concep-
tually attractive, as it provides the means to introduce conditional heterogeneity into computational
fluid dynamics and discrete particle scale mechanical simulations, providing experimental control
over spatial variability in particle size for such studies.

In this work, we present a method capable of simulating granular media which can represent pore-
scale heterogeneities commonly observed within a wide variety of natural (i.e., geologic) and man-
made porous materials alluded to above. Here, we utilize a modified implementation of the sequen-
tial deposition algorithm from the classic material physics literature towards the generation of highly
heterogeneous 2D and 3D particle beds (sphere packs), amenable to computational fluid dynamics
(CFD) and the initialization of discrete element model (DEM) based mechanical simulations. The pre-
sented approach utilizes closed form analytical solutions for the detection of linear and rotational
collision between the mobile and static particle pack, meaning that it is computationally efficient and
amenable towards the generation of granular porous media containing large numbers of elements.
We demonstrate the power of the approach using finite volume CFD simulations of immiscible fluid
flow using a range of heterogeneous pore systems generated using our novel framework.
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Carbon dioxide (CO<sub>2</sub>) had contributed more than 66% to global anthropogenic green-
house gases (GHG) emissions since the preindustrial era, resulting in the current climate crisis (1).
The global CO<sub>2</sub> emissions from the burning of fossil fuels increased about 6% in 2021
compared to 2020, reaching 415.7 ppm in 2021 (1,2). In this way, carbon capture, storage and uti-
lization technologies have been proposed to mitigate the CO<sub>2</sub> accumulation in the at-
mosphere. Alkaline earth metal oxides, as calcium oxide (CaO), have been proposed as sorbents of
CO<sub>2</sub>, where 1 mol of CaO chemically interacted with a stoichiometric equivalent of
CO<sub>2</sub> to form a calcium carbonate (CaCO<sub>3</sub>) (3). However, its main draw-
back is the low cyclic stability due to sintering, altering the morphology and the CO<sub>2</sub>
sorption capacity in the first 20 cycles of carbonatation-calcination (4,5). The synthesis of micro
and nanometer sized CaO particles has been proposed to reduce the sintering decay and increase
both the dispersion between particles and the external surface area (6). The synthesis of CaO par-
ticles and Ca(OH)<sub>2</sub> precursor has been studied through different processes as chem-
ical precipitation, thermal decomposition, sol-gel and hydrothermal processes (7). However, the
microwave-assisted synthesis has shown advantages due to its simplicity, time, reproducibility, and
energy efficiency. In addition, it has shown an interesting control over the morphology and size of
particles due the rapid and homogeneous heating by microwave irradiation, a result of the collision
and reorientation of charged particles. However, this technic has not been reported, to the best of
our knowledge, for the development of CO<sub>2</sub> sorbents (8–11).
In this work, Ca(OH)<sub>2</sub> was obtained by microwave-assisted synthesis, using Ca(CH<sub>3</sub>COO)<sub>2</sub>
and NaOH as precursors. The synthesized conditions over the precipitate recovery and the particle
size were evaluated with a central composite design. After the Ca(OH)<sub>2</sub> calcination at
750 ℃, CaO microstructures with particle sizes >1 μm were obtained. The formation of CaO was con-
firmed by FT-IR, XRD, TGA-DTA and DLS techniques. The calcium-based sorbents showed potential
for CO<sub>2</sub> capture at high temperatures, with capacity values of 13.82 mmol/g at 875 ℃,
until the CaCO<sub>3</sub> formation. Moreover, CaO sorbents exhibited an enhanced reversibil-
ity of more than 90% at moderately CO<sub>2</sub> high pressure (8 bar), suggesting a superficial
interactions between gas-CaO and CO<sub>2</sub>-CO<sub>2</sub> molecules. Multiple opera-
tion cycles of CO<sub>2</sub> capture at different temperature and pressure are currently being
conducted to evaluate the use of CaO microstructures in post combustion capture systems.
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In a full-scale CCS, millions of tons of CO2 must be stored underground. Injection of dry or un-
dersaturated (with respect to water) CO2 leads to dry-out of the brine formation water and salt
precipitation, particularly in the near wellbore region, causing reduced injectivity and deteriorated
reservoir rock properties. We report a series of microfluidic experiments on glass- and geomate-
rial (real rock) microchips representing matrix and fractured systems to provide insights into some
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open questions regarding the pore-scale physics and dynamics of CO2-induced salt nucleation, pre-
cipitation, and growth in porous media. The study is complemented with LBM reactive transport
simulation of nucleation and growth to further elucidate the evolution dynamics from precipitation
of single crystal to eventual clogging of flow pathways. The results introduce two interrelated phe-
nomena –self-enhancing of salt growth and water film salt transport, which together remarkably
intensify the rate and amount of precipitations. It is shown that salt crystals, although at different
rates, grow in both aqueous and gas phases. The pore-scale observations indicate that the trapped
water films in porous or fractured media have enough continuity and conductivity to transport resid-
ual brine to an evaporating front and cause an increase in the rate and amount of precipitated halite
crystals. The results also indicate that CO2 phase states and pressure-temperature conditions control
the magnitude, distribution, and precipitation patterns of salt precipitates. Injection of gaseous CO2
resulted in higher salt precipitation compared to liquid and supercritical CO2. The thermodynamic
conditions influence salt precipitation via water solubility in CO2, maximum water flux into the CO2
stream, and balance between the imposed viscous forces and capillary-driven backflow. The mutual
impacts of the continual growth of salt crystals toward the injection point, the affinity of salt bod-
ies to become connected, access to brine pools via conductivity of water films, porous structure of
many salt bodies, imposed capillary suction towards the evaporation front, concentration gradients,
in addition to the extent of CO2-induced salt accumulations suggest that the salt precipitation during
injection of CO2 into the geologic formations can be a critical phenomenon with a complex interplay
on coupled THMC processes. The research outcome highlights processes and dynamics crucial to
consider when investigating salt precipitation induced by CO2 injection, as this phenomenon has
implications for injectivity and containment. For better reservoir-scale numerical modeling, such
mechanisms must be incorporated and scaled up in the reservoir simulator, along with a represen-
tative physically-sound scale-aware clogging model. We provide insights into the applicability of
present clogging models and porosity-permeability relationships for predicting dynamics changes
induced by solid accumulation in pore space. Present-day reservoir-scale simulators of salt precipita-
tion consider mechanisms such as water evaporation into CO2 and capillary backflow of water into
the dried zone, suggesting only a limited impact on the porosity and permeability. Additionally, the
current approach for modeling salt precipitation using the volumetric method in the reservoir-scale
numerical simulator may not reflect the required physics for investigating salt precipitation induced
by CO2 injection.
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Pore-blocking efficiency is a key factor when dilute and stable emulsions are used as flow diver-
sion agents to increase oil recovery and reduce water mobility in preferential flow paths. Emulsion
plugging occurs when droplets of the dispersed phase are trapped in the pore throats as they flow
through porous media. The droplet capture phenomenon is highly dependent on the drop-to-pore
size ratio, the dispersed phase concentration, and the capillary number. Therefore, understanding
the transport of droplets and the physical mechanisms of pore-blocking at the micro-scale is funda-
mental for a proper design of emulsion flooding as an enhanced oil recovery (EOR) method. The
performance of oil-in-water (O/W) emulsions as pore-blocking agents was investigated by study-
ing the transport of oil droplets through transparent porous media. To this end, a 2D PDMS/glass
porous media micromodel with varying constriction sizes was used. O/W emulsion systems with
two distinct drop size distributions were formulated to conduct the tests at different capillary num-
bers. The tests were performed by recording the injection pressure response during the sequential
flow of an aqueous phase, followed by emulsion (oil drops dispersed in the aqueous phase) and then
by a second slug of the aqueous phase. The association of microfluidic devices and imaging tech-
niques provided a robust methodology, combining accurate pressure measurements and pore-scale
visualization of the droplets’capture phenomenon during emulsion flooding. Detailed visualization
of the flow was achieved by high-speed image acquisition at different stages of the test to identify the
droplets’capture mechanisms and their capture/release dynamic in the pore throats. Droplets larger
than the pore constrictions were captured by the straining mechanism, while the smaller ones were
adsorbed on the pore walls, blocking the flow paths by droplet accumulation (bridging). At low cap-
illary numbers, a larger number of droplets were captured in the pore throats because of the stronger
capillary forces. As the capillary number was increased above a threshold value, the viscous force
was large enough to overcome the capillary resistance and the droplets were able to deform and
re-enter the flow stream. This behavior was quantitatively demonstrated by comparing the mobility
of the emulsion to that of the aqueous phase. Finally, a pore-scale visualization study was also con-
ducted in a radial porous media micromodel to evaluate the performance of emulsion flooding with
varying capillary numbers. The relationship between mobility control and the capillary number was
investigated aiming to define the desired location of the pore-blocking.
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Precipitation and growth of solid phases during a reactive fluid flow and solute transport are critical
in many natural and industrial systems. Mineral nucleation and growth is a prime example where
(geo)chemical reactions give rise to geometry evolution in porous media. The precipitation reac-
tions can reduce the amount of void space, alter pore space connectivity and morphology, modify
tortuosity, deteriorate permeability, and change the fluid flow and solute transport. Additionally,
precipitation events reshape the available surface area for growth, leading to changes in reactivity,
reaction progress, and reaction rates. The target is to ideally limit the mineral growth in many ap-
plications, such as avoiding damage to reservoir permeability due to solid precipitation near CO2
injection wells. In other cases, maximizing mineral growth in porous media can be highly favor-
able, such as sealing fractured caprocks or increasing mineral trapping in the sequestration sites.
Understanding, controlling, and predicting this reactive transport phenomenon is challenging be-
cause it requires coupling flow, transport, and chemical processes often characterized by different
temporal and spatial resolutions. Nucleation is the pre-growth process that controls the primary
position of any mineral precipitation and subsequent growth dynamics. Mineral nucleation is a
probabilistic process where crystals might nucleate anywhere given similar conditions, such as sur-
face properties, supersaturation, and temperature. It is imperative to use a probabilistic approach
or an upscaled physically sound representation to understand the effect of mineral precipitation
on porous medium hydrodynamics. Motivated by the importance of incorporating stochastic dy-
namics of nucleation and growth kinetics in studying various multiphase and multiscale processes
occurring in geo-environmental and geo-energy systems, this paper provides numerical and exper-
imental insights into the recently proposed probabilistic nucleation model. We present laboratory
experiments (microfluidic and flow-through column reactor) and pore-scale reactive Lattice Boltz-
mann Method (LBM) numerical simulations. As variations in the properties of the porous medium
are intimately linked to the spatial distribution of the precipitation events, we quantify the evolution
of experimental and numerical modeled systems at different physiochemical conditions by mapping
the disorder of the system (Shannon’s entropy) induced by the spatial mineral distributions across
time. We use experimental and numerical results to show the importance of the spatial and temporal
location and distribution of nucleation and growth events, particularly when the interplay among
several determining parameters is inevitable. The results show that probabilistic nucleation con-
tributes to broad stochastic distributions in both amounts and locations of crystals in temporal and
spatial domains.
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The drying of heterogeneous porous materials is accompanied by capillary pumping from large to
small pores which results in the surface remaining partly wet, guaranteeing an almost constant
drying rate. At certain degree of saturation, the capillary pumping is turned off and the material
experiences a decreasing drying rate. A two-component two-phase Lattice Boltzmann model 1 is
used at pore scale to simulate the convective drying process of a dual porosity layered porous ma-
terial showing the influence of inflow air speed (Re number), inflow vapor concentration difference
from the liquid-vapor interface and contact angle. Using these parameters, a universal scaling law
is derived which allows predicting the drying rate during the constant drying period [2].
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The conditions for capillary pumping are derived based on simulation of the drying of a system of
two (and four) connected channels of different size. Sequential drying of the channels from large
to small guarantees a maximal drying rate, and is controlled by the capillary pressure difference
between the channels and the fluid permeability of the connecting pores. An analytical model at
pore scale is developed based on this interaction between capillary channels where the drying across
the boundary layer is modelled with a mass transfer coefficient. This analytical model is applied to
the drying of real porous materials, like ceramic brick and calcium silicate stone. The former material
shows from start a high drying rate and dries out over several days, while the second material needs
hundreds of days to dry. Using the developed drying model and a known pore size distribution,
the drying curve for these two materials can be predicted with good agreement. Finally, we use this
new model as a toy model to design the pore structure of materials to meet expected drying patterns,
showing that the presence of well-connected coarse pores of different sizes promotes a fast drying
of porous materials.
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In recent years, water alternate emulsion injection (WAE) has been explored as a potential enhanced
oil recovery method. Emulsion drops may block the pore throats diverting the aqueous phase to-
wards oil-containing pores. The efficiency of the method strongly depends on the drop size distribu-
tion and interfacial properties of the emulsion. Emulsions are thermodynamically unstable systems
and their characteristics can be affected by various reservoir conditions such as temperature, salin-
ity, and surfactant adsorption on the rock walls.
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The alternative explored in this work is the use of a dispersion of microcapsules with a biopolymer
(gellan gum) thin shell as an alternative to emulsions. Microcapsules, which can also block throats
in the porous medium and produce the same positive damage effect as emulsions, are less suscep-
tible to reservoir conditions since their shell acts as a physicochemical barrier against coalescence
and drop breakup during flow through the pore space. Moreover, the mechanical properties of the
microcapsule shell can be adjusted by changing the polymer structure, leading to different flow re-
sistance.
To compare the mobility reduction caused by the dispersed phase of an o-w emulsion and a microcap-
sule suspension with the same diameter distribution, we performed experiments using a miniatur-
ized Bentheimer core, which allowed faster parametric analysis of the effect of different parameters
on the flow behavior. The pressure difference was monitored during the injection at constant flow
rate of slugs of the water, followed by a slug of the dispersion (o-w emulsion or microcapsule sus-
pension), followed by a second slug of water. The ratio of the water permeability between the first
and second water slug was evaluated as a function of drop size distribution and shell properties. The
results reveal the optimum microcapsule properties to achieve a desired mobility reduction.
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We consider a classic problem of acoustic waves reflection at the interface between two visco-poroelastic
saturated materials.

Decomposing the wavefield into downgoing and upgoing plane waves, we write down explicitely the
polarisations for all waves (P-, Biot-, Sv- et Sh-waves). In analogy with the elastic case, the reflection-
transmission-conversion (RTC) coefficients can then be obtained as a function of frequency and
incidence angle 1. With a simple matrix form, the algorithm presented is suitable for conventional
computations of multilayered stacks.

For low frequencies, an analytic approximation is derived for RTC coefficients at normal incidence.
Contrary to a usual assumption found in the literature [2], numerical simulations show that the
second-order term in (square-root of) frequency cannot always be neglected.
In particular, it is shown that this leads to a quasi-linear behaviour of the RTC coefficients in the range
of seismic frequencies and values of parameters typical of marine poroelastic sediments.
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While irreversible thermodynamics has proven his relevance in modelling of flows through porous
media, explicit and usable formulations based on thermodynamics remain few and hard to extend.
Yet thermodynamics offers powerfull concepts to achieved the coupling of the wide variety of pro-
cesses occuring in porous media. This work proposes to apply the principles of irreversible ther-
modynamics to compositional multiphase flows through porous media and to derive from them a
formulation that encompasses the most usual models.

Starting from a clean decomposition of the porous media system between the volume of matrix, the
volumes of fluids and the interfaces, the entropy is assumed to be a Euler homogeneous function of
first order of the total internal energy, the total mole numbers of each component, the volumes of
each fluid, the areas of each interface. The entropy balance equation is then derived from the energy
and mole balance equations.

The local entropy production brings out a term that summarizes the exchanges of mechanical work
between fluids and interfaces. Such a dissipation term, counting for the interface displacements
and deformations, gives a proper definition for the interface equilibrium assumption : interface
dissipation is zero, interface transformations are reversible. We show how that interface equilibrium
assumption is fundational for the common idea of capillary pressure curve. Indeed, it appears that
all the capillary pressure curves in a given porous media derive from a unique convex potential.
Although the two phase case is trivial, for three and more phases, this result is strongly structuring,
possibly conflicting with some capillary models proposed in the litterature.

The other entropy production terms are related to energy and mass transfers. They come in the form
of flow-force products and are compatible with usual laws like Darcy’s law for the fluid velocities and
Fourier’s law for the thermal conduction. The exception is the molecular diffusion where the more
classical Fick’s law (driven by the gradient of concentration) is not compatible with the positivy of
entropy production expected by the second principle. Instead, we have to consider generalizes Fick’s
laws or Maxwell-Stefan diffusion that are driven by the gradients of the chemical potentials.
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In order to ensure the usability of such of modeling, we conclude by proposing a closed formulation,
based on a fixed set of primary variables related to the temperature and the chemical potentials. The
data of the model are the coefficients for flux-gradient laws, the equations of state for the fluids and
the “capillary” potential. The total entropy of the local system is provided and the entropy balance
equation derivation is natural thanks to the choice of primary variables.
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Considerable experimental evidence in a variety of porous materials (concrete, ceramics, bones,
rocks) that undergo infinitesimal deformations makes it clear that material moduli depend on the
density (identified as density dependence of Young’s modulus).
The phenomean of material damage is a consequence of the inhomogeneity of the body as material
properties detieriorate with deformation.
This is especially relevant for subsurface flows through geological media which have experienced
deformation over millenia.
However, the most widely used models for subsurface flow (such as Darcy/Brinkman model) typi-
cally assume that the porous medium is a rigid skeleton. Even if one moves onto theories of poroe-
lasticity, the porous solid is assumed to be a linearized elastic solid with constant values of material
properties such as Young’s modulus.
Within the framework of linearized elasticity, modelling damaged porous media with a density de-
pendent Young’s modulus is inconsistent and untenable due to the assumption of infinitesimal dis-
placement gradient. However, it is possible to incorporate density-dependent material moduli in the
framework of implicit constitutive theories where the kinematic variable (strain) is expressed as a
function of the stress.
Such a viewpoint remains unexplored in the context of flow of a fluid through porous media, and
we shall
illustrate the effect of damage by comparison with existing theories that ignore it completely.
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Reservoir evaluation is essential for oil and gas exploration and development. In order to reveal-
ing the mechanisms behind the oil recovery enhancement practices, the pore scale investigations
on multiphase displacement behavior with help of digital core technology have attracted lots of re-
search interest.
In this paper, the two phase displacement behavior in the porous media were studied on the pore
scale. Digital rock technology was employed to reconstruct successfully the complex pore structures
in the rock. Then the single-phase flow characteristics, including the velocity and pressure distri-
bution, were investigated to validate the methodology. Then the water displacing oil process in the
porous media was scrutinized with help of the state-of-the-art Computational Fluid Dynamics (CFD)
software of Fluent. The Mixture model was employed to simulate the two phase flow process and
three key influential factors, including interfacial tension, wettability and displacement pressure, on
oil displacement efficiency are numerically studied.
In the single phase simulation case, the seepage characteristics of the fluid flow in porous media is
studied, and the results show the complex and changeable orifice-throat flow channel results in non-
uniformity and changeability of flow. The obtained rock absolute permeability agrees perfectly well
with the measurement result, which validates the methodology employed in this paper. In the water
displacing oil simulation cases, parameter studies on three influencing factors indicate that displace-
ment pressure is the most direct factor affecting displacement efficiency, while interfacial tension
is an important factor hindering flow, and the favorable water wettability can effectively improve
displacement efficiency. In summary, the methodology described in this paper could reproduce
transport characteristics in porous media in the pore scale, analyze important effective physical pa-
rameters, and therefore provides an accurate and effective alternative method for reservoir research
and evaluation.
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The understanding of water transfer in heterogeneous porous media such as soils is at the center of
many issues such as water resource management. In the macroporosity as opened cracks, earthworm
burrows free surface flow can be a dominant (Sammartino et al., 2012). Very little is known about the
physical processes involved in infiltration, whether it is the form of streamflow, continuous films in
the macropore (Keven and Germann, 2013) or the “active” macroporosity during a flow and also the
exchange mechanisms at the macropore interface (Katuwa et al., 2015). Answering these questions
on a small scale is crucial because, for example, the filling rate of a macropore is closely related to
colloid filtering, water retention phenomena. The last decades many models have been developed to
model flow in macroporosity such as dual porosity with Kinetik Dispersive Waves models (Di Pietro
et al., 2013) or conceptual approaches to film flow as in Nimmo et al. (2010). However, these models
still do not explain all of the observed flows made by imaging techniques (Sammartino et al., 2015 ;
Lissy, 2019).
In this paper, we focus on the modelling and simulating free surface flow in a cylindrical microtube
taking into account the physicochemical properties of the matrix and at the interface between the
matrix and the macropore. Indeed, organic matter is known to generally impart hydrophobic prop-
erties to soils. In an impervious microtube surface, a rich range of flow shapes has been identified:
droplets, thin films or rivulets and notably, there is a regime leading to complete wetting (Beltrame,
2018). In the present work, the mesopore surface is porous and fluid transfer may appear through
the interface between the macropore and the soil matrix.
The model is based on the long-wave approximation with a free surface. The soil matrix wettability
is taking into account using disjoining and conjoining pressures as presented in Beltrame (2019).
The linear classical flux condition on the liquid/porous interface as used in Ding and Liu (2011) does
not yield if a hydrophobic coating is present: the flux depends on the matrix moisture too (Doerr
et al., 2000). Our present model takes into account wettability at the surface and also in the porous
matrix (Beltrame and Cajot, 2022). Thus, the dynamics, both in the matrix and in the macropore,
are governed by a gradient type equation (Thiele, 2018) where free energy terms characterize the
wettability.
Using numerical simulation and bifurcation diagrams, a rich behavior is brought to light. Notably,
several flow regimes in a microtube are in competition and complex spatial organization appears
showing clusters of annular drop trains. In addition, the interaction between the flow in micro-
tube and the imbibition in porous matrix leads to non-linear phenomena. In particular, decreasing
the saturation in the porous matrix may slightly increase the flow rate in the microporosity for
specific parameters. This non-linear analysis highlights the crucial role of wettability in the fluid
transfer.
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Underground Hydrogen Storage (UHS) has the potential to play an important role in the transition
to renewable energy resources. In geological hydrogen storage, safety and efficiency are principal
factors. We want to be able to get back as much as possible of the stored hydrogen and it is important
that the seal can hold the injected hydrogen. One of possible leakage paths is through caprock. Hy-
drogen can migrate through the caprock within the pore solution. H2 molecules which are extremely
small, can diffuse (or even advect) through pores and/or fractures of the seal. To do a throughout
risk analysis, we need to assess the amount of hydrogen loss through caprock. Therefore, hydrogen
transport properties in caprock in terms of uptake ability and diffusion are extremely important.
However, due to the safety concerns of working with hydrogen gas (high diffusivity, low interac-
tion energy, invisible flame, etc.) there is few data on the interaction of hydrogen gas with different
natural settings. In this work we provide hydrogen uptake capacity of several natural materials
(several Norwegian and international caprock samples). We used high-pressure gas adsorption ana-
lyzer to obtain the hydrogen sorption isotherms and hydrogen diffusion coefficient for the shale and
clay samples. The data can be used for risk assessments of geological hydrogen storage in depleted
hydrocarbon reservoirs and saline aquifers.
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Introduction
Understanding the fundamental mechanism of the hydromechanical process and fluid leakage is
crucial in modeling fractured reservoirs. Traditional simulation methods often assume impermeable
and rigid fracture walls, which neglects the effects of fracture deformation and fluid leakage. This
work introduces a Darcy-Brinkman-Stokes method to capture the effects of fracture deformation
and fluid leakage in modeling the fluid flow in fractured rocks.

Methodology
To deal with the multiscale feature in fractured media, we employ the Navier-Stokes equation to
model the fluid flow within the fractures and use Darcy’s law to represent the flow with porous
media. We then apply the stress-seepage model, based on Biot’s poroelasticity theory and Terzaghi’
s effective stress theory, to capture the geomechanical deformation. Specifically, we use the Darcy-
Brinkman-Stokes method to achieve this goal, in which a unified equation is deployed to model the
flow both in the fractures and the porous media. By tuning the range of the porosity and permeability,
the Darcy-Brinkman-Stokes can mimic the Navier-Stokes equation within the fracture and Darcy’s
law within the porous media. We then conduct various sensitivity analyses to investigate the leakage
effects by varying the fracture and matrix permeability, fracture roughness, effective normal and
shear stress, and Reynolds number.

Results and Conclusions
The velocity and pressure profiles demonstrate the eddy area’s exits, which significantly block the
fluid leakage between the fracture and matrix. We also observe the apparent effects of the degree of
the fracture roughness, effective normal and shear stress, and inertia on flow predictions in modeling
the fluid flow within the fractures. The hydraulic properties can be significantly affected under high
fracture roughness, high matrix permeability, high effective normal stress, and low Reynolds number
condition. We then verify the observations in laboratory tests. The lab tests demonstrate that the
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proposed method can predict the permeability well under different effective normal and shear stress,
fracture roughness, inertia, and Reynolds number. Regarding the effective shear stress condition, the
fracture aperture and permeability can be enhanced even with the increase of the effective normal
stress. This situation could occur as long as more openness of the fracture caused by shear dilation
exceeds the closure induced by the increase of effective normal stress.

We develop a fully coupled model to capture the hydromechanical behavior and fluid leakage in
modelling two phase flow in fractured rocks. To our knowledge, the fully coupled framework is de-
veloped and applied to characterize fracture aperture displacement, further permeability change,
and fluid leakage between fracture and matrix at the pore scale in fractured rocks for the first
time.
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1. OBJECTIVE/SCOPE (25-75 words)
High-quality digital rock porous images are required hours to obtain using micro-Computed Tomog-
raphy ( -CT), while low-quality digital rock images only take a few minutes. To reduce the scanning
time while keeping the high-resolution pore structures, we propose an Attention-Res-UNet-based
Wasserstein generative adversarial network with gradient penalty (WGAN-GP) to rapidly restore
noisy -CT images to their clean counterparts.
2. METHODS, PROCEDURES, PROCESS (75-100 words)
There are mainly four steps within our workflow. Step 1: We extract numerous subsamples from the
original rock image with data augmentation techniques to obtain sufficient training datasets. Step
2: train the Attention-Res-UNet-based WGAN-GP using the low-resolution rock porous images and
the corresponding high-resolution rock porous images, in which the generator is composed of a Res-
UNet with attention mechanism, and the loss in each layer is extracted to boost the predictivity, as
shown in Figure 1. A VGG loss is combined to enhance the capability of capturing important features.
Step 3: we conduct high-resolution Navier-Stokes simulations for the generated high-resolution im-
ages and the corresponding ground truth to calculate the permeability and relative permeability.
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Step 4: We then compare the calculated physical properties and the difference maps between the
generated images and the ground-truth images. If the physical properties are significantly different
and the difference maps contain large errors, we need to check the accuracy of the Attention-Res-
UNet-based WGAN-GP.
3. RESULTS, OBSERVATIONS, CONCLUSIONS (100-200 words)
Two datasets on 2D and 3D rock porous images demonstrate that the proposed Attention-Res-UNet-
based WGAN-GP can successfully boost the resolution with minor errors. We further compare the
performance of the proposed model with traditional Super-Resolution GAN (SRGAN) and Enhanced
Super-Resolution GAN (EDSR). Our proposed method achieves the highest accuracy with the same
dataset. The Attention-Res-UNet-based WGAN-GP outperforms other models because 1) the indi-
vidual loss in each layer is combined with the final loss, which helps the network generate better
feature representation at each layer; 2) the attention mechanism helps the network capture the most
relevant features; 3) the residual block’s utilization in Res-UNet alleviates the gradient vanishing
problem and boosts information exchange across different layers; 4) the pre-trained VGG network
helps the network to extract high-level features, and 5) the use of WGAN stabilizes the training pro-
cess by surpassing the Jessen-Shannon divergence.
4. NOVEL/ADDITIVE INFORMATION (25-75 words) no more than three sentences
We propose a novel super-resolution approach using Attention-Res-UNet-based WGAN-GP to boost
the resolution of 2D and 3D rock porous images, which is superior to the traditional models regard-
ing accuracy and efficiency. This method enables us to obtain high-resolution rock porous images
for real-time analysis.
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Energy transition and the current ambition of the geothermal industry requires the exploitation of
currently used sedimentary aquifers in adjacent sites and the exploration of new reservoirs in distant
locations or deeper underground layers. In new areas, physical, mechanical and thermal properties
of rock are needed for correct reservoir characterization and implementing a geothermal project
safely and economically. The problem is that most of the available data come from hydrocarbon
wells that are not necessarily in a favourable place for geothermal activities. Geothermal projects do
not normally generate rich datasets and the lack of appropriate methodologies to convert downhole
logs to rock properties slows down the increase in the number of geothermal doublets. Hence, it is
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often impossible to predict rock properties with sufficient accuracy to evaluate geothermal project
performance and reduce uncertainties in quantifying the risks of induced seismicity and drilling. In
this study, we aim at predicting rock thermal properties including thermal conductivity, and thermal
diffusivity based on wireline logs. Ultrasonic techniques are increasingly being used in various fields
such as mining, geotechnical, civil and underground engineering. As they are non-destructive and
easy to apply, they are employed both in situ and in the laboratory to characterize the dynamic
properties of rocks.
Many studies have shown that the thermal conductivity of a porous rock depends mainly on the
mineralogical composition, porosity of the rock, presence of fluids filling the pores, and ambient
temperature and pressure. Porosity and thermal conductivity play an important role in the transport
properties of fluid-rock interactions and the characterization of building materials. To inspect the
relation between acoustics and rock thermal properties, rock samples from three wells in the North
sea have been studied. Our results confirm the correlation between thermal conductivity and P-wave.
In addition to P-wave, the travel time of S-wave through these sandstone samples has been recorded.
The major difference between P and S waves is that due to their wave movement, P waves travel
through any kind of material, whether it is a solid, liquid or gas. On the other hand, S waves only
move through solids and are stopped by liquids and gases. For this reason, S waves are sometimes
referred to as shear waves because they are unable to alter the volume of the material that they pass
through. This also accounts why fewer S waves are recorded than P waves. The difference between
P and S-waves could be representative of total void space within rock. The increase in Vp-Vs means
the volume of non-solid part of the rock increases that is why shear wave cannot propagate through
the samples as good as P wave.
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Numerical simulations of reactive transport in fractured porous media are necessary for several en-
vironmental and engineering applications. Networks of fractures may behave as shortcuts for the
transport processes, whereas chemical reactions trigger mineral dissolution and precipitation that
alter the porous medium and fracture walls locally. This will either cement flow paths or open new
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ones, impacting the global flow regime.
In this talk, we present an approach to simulate reactive transport in fractured porous media, where
dissolving and precipitating minerals might alter the flow characteristics. Our numerical solution
strategy is based on a discrete fracture-matrix model with a mixed-dimensional representation of
the fractured media. The model equations consist of coupled partial differential equations for the
fluid flow, heat transfer and solute transport and non-linear algebraic equations representing the
chemical reactions. The mineral dissolution and precipitation are formulated as a complementarity
problem. The partial differential equations are discretized using finite-volume methods, and the re-
sulting non-linear system of differential-algebraic equations is solved by Newton’s method.
Numerical tests illustrate our model’s ability to capture the tightly coupled physical and chemical
processes and the two-way interaction with the fractures. Moreover, we discuss application of our
framework to simulations representative of, e.g., geothermal field cases, where stability and compu-
tational cost become major concerns.
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The predictive power of numerical approaches for the analysis of flow fields and, e.g., radionuclide
migration, depends on the quality of the underlying pore network geometry. Validation of the ob-
tained simulation results can only be performed with a limited number of methods. Positron emis-
sion tomography (PET) is a suitable technique that has been established in geomaterial sciences in
recent years. The employment of appropriate radiotracers allows the analysis of advective transport
and diffusive flux in a variety of complex porous materials.

In addition to the visualization of time-resolved transport patterns, the quantitative and statistical
analysis of transport controlling parameters is currently in the focus of investigations using PET
techniques. First, local transport properties can be extracted from single voxels or voxel layers of
the flow tomograms. Second, the analysis of spatially correlated data sets, e.g. density data from
micro-computed tomography (µCT) analyses, is the focus of interest. The purpose is to statistically
compare the range of material heterogeneity with the range of transport heterogeneity and to derive
generalizable conclusions.

Using low-permeability potential host rock types for underground radioactive waste repositories
as examples, we analyzed the heterogeneity of the flow field at the laboratory scale 1. Reliable
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predictions of diffusive flux heterogeneity are critical for assessing sealing capacity. We identified
diagenetic and sedimentary subfacies components based on the concentration of diagenetic minerals
and grain size variability, and quantified their pore size distributions and pore network geometries.
The resulting generalized pore network geometries are used in digital rock models to calculate ef-
fective diffusivities, using a combined upscaling workflow for transport simulations [2]. Diffusion
experiments analyzed with PET confirmed the simulation results and provided quantitative insights
into the heterogeneity of diffusive flux. We introduced a statistical treatment of the PET and µCT
tomographic datasets based on the spatial variability of both PET tracer concentrations and rock
density. Targeting a generalized applicability, we present and discuss results on diffusive flux in
different lithotypes. The focus of the comparison is on quantitative analysis of propagation hetero-
geneity and the correlation with data characterizing compositional homogeneity. Here we discuss
possibilities of statistical evaluation of data from µCT analysis and their potential for correlation
with PET analysis methods.
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Freeze-drying is investigated based on a non-isothermal pore network model of coupled heat and
mass transfer 1. Simulations were carried out using image data from X-ray tomography (µ-CT)
of freeze-dried maltodextrin, which was originally prepared with a solid content of c = 0.2 w/w
solved in water [2]. Freeze-drying was conducted at a shelf temperature of -18℃ and a chamber
pressure of 10 Pa [3]. The experimental parameters were used in the pore network simulation in
which a domain size of 100x100x250 µm3 was considered. The pore network simulation provides
data about the dynamics of the pore scale resolved sublimation front propagation as well as local
temperature and pressure evolution and vapor diffusion rates. It can be shown and analyzed for
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the first time how the sublimation front travels through the pore network in dependence of pore
size distribution and various different process conditions. For this purpose, different temperature
and pressure conditions were applied at the boundaries of the pore network. Besides µ-CT image
data, also regular pore networks with different pore size distributions (monomal and bimodal) were
implemented. The latter option is faster than imaging and image processing and allows to study more
fundamentally different scenarios. This way, the evolution of the sublimation front can be studied
at the limits of i) heat and ii) mass transfer controlled freeze-drying regimes as well as intermediate
situations. As a result, the conditions for the formation of either flat or structured sublimation fronts
can be provided. The outcome of this study can thus be used as a base for the prediction of material
collapse.
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Understanding and mastering gelation of biopolymer is important for controlling the structure of
the gels and open the way to the design of micro-objects with a gradient of physical properties. In
this study, we investigated the gelation between a calcium solution and a suspension of biopolymers.
We showed that spontaneous osmotic flow through the gel controls its formation and can be used
to a create concentration gradients.

For this purpose, we developed a quasi-bidimensional cell in which the suspension of aggregates
at mass fractions below its gel point is brought into contact with a calcium solution. The diffusion
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of calcium into the system allows the biopolymer to gel. We observed the propagation of the gela-
tion front by microscopy. This front followed the classical diffusion-reaction laws, with a short-time
regime limited by the reaction, and a long-time regime limited by the diffusion. We also used flu-
orescently labelled polymers to quantify the local concentration during the diffusion of calcium in
the aggregate suspension.

Very surprisingly, the gelation mechanism induced a solvent flow from the biopolymer suspension
to the calcium solution. This flow was characterized by the tracking of micrometric particles. A
consequence of this flow was a local increase of the polymer concentration in the gelation front. We
explain this phenomenon by the difference in chemical potential between the aggregates’suspension
and the calcium solution. However, by analogy with osmotic phenomena in U-tubes, this implies
that the forming gel acted as a semi-permeable membrane for calcium ions.

We illustrated the interest of his osmotic phenomenon to produce fibers based on protein fractal ag-
gregates with a core-shell structure. The suspension of aggregates was co-injected with a solution of
calcium chloride. Sol-gel transition of the suspension was induced by diffusion of calcium ions in the
jet and ionic cross-linking of the proteins. The production of these fibers required a precise control
of both hydrodynamic and physicochemical conditions, that were systematically investigated. Hy-
drodynamic instabilities competed with the gelation kinetics. Increasing the calcium concentration,
several regimes were observed: swollen, dispersed, and shrunk fibers. In the first regime, homo-
geneous fibers were obtained. In the last one, osmotic phenomena led to a spontaneous core-shell
structure with a dense shell.
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Multiphase flow in porous media is an important process in a variety of Earth science applications,
from groundwater remediation to subsurface CO2 and H2 storage. The associated pore-scale flow
dynamics have been the subject of active research for decades, due to their non-linear nature and the
difficulty of measuring and modeling them in the complex pore geometries of geo-materials. While
progress in X-ray micro-computed tomography (micro-CT) has enabled to investigate the morphol-
ogy of fluid distributions and menisci (Singh et al. 2019), measurements of the underlying flow
dynamics (i.e. flow velocity fields) have remained impossible. This is because state-of-the-art micro-
velocimetry techniques either require optically transparent porous samples with index-matched flu-
ids, or do not currently provide the necessary spatial and temporal resolutions.
In this work, we present a breakthrough in 3D X-ray particle tracking velocimetry applied to capillary-
dominated drainage in porous sintered glass and Ketton limestone samples. The method builds fur-
ther on our lab-based X-ray velocimetry method (Bultreys et al. 2021), extending it to synchrotron
micro-CT at the TOMCAT beamline of the Swiss Light Source. Time resolved tomography at 250 ms
per tomogram and 2.75 µm voxel size was used to track µm-scale tracer particles in the non-wetting
phase while it was injected into the pore space at a constant low flow rate. Our results showed that
Haines jumps caused fluctuations in the flow field of the non-wetting phase, with local velocities
exceeding the interstitial (injection) flow rate by up to two orders of magnitude. In accordance with
previous studies based on, e.g., pressure measurements, the main fluid displacement during Haines
jumps took place on the order of 1 to a few seconds. Subsequently, the resulting velocity fluctuations
decayed over tens of seconds. Contrary to prior studies, our results also give insight into the spatial
structure of the fluctuations. The velocity fluctuations originating from Haines jumps propagated
through the porous medium as rolling waves with speeds on the order of mm/s - much slower than
the speed of pressure waves (i.e., the speed of sound in the non-wetting phase, ~km/s) –accompanied
by retraction of fluid menisci in locations away from the main Haines jump. Such velocity waves
reached long distances into the porous medium, with decay lengths exceeding 30 times the char-
acteristic pore size, where the velocity magnitude was still an order of magnitude higher than the
injection rate. This indicates the possibility for long-range non-local effects due to capillary insta-
bilities during drainage. Successive Haines jumps reactivated flow paths in the same regions, which
appeared to have similar decay times.
The results presented here are the first pore-scale velocimetry measurements of (unsteady) multi-
phase flow in rocks and possibly in any 3D porous material. The study sheds light on the spatial and
temporal structure of capillary fluctuations in 3D porous media, which are of central importance in
newly emerging upscaling theories for multiphase flow (McClure et al. 2021).
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Many applications of nanoporous materials require their porosity to be filled with liquid. This is
notably the case in heterogenous catalysis or in electrochemistry. In all cases, it is essential to deter-
mine whether the porosity is uniformly filled or whether the liquid is excluded from specific pores.
In a macroscopic context, wetting is well predicted in terms of the different energies of the wet and
dry surfaces. By contrast, the conditions for wetting of nanoporous solids are still poorly under-
stood. It is unclear whether or not macroscopic physical concepts apply at scales close to molecular
dimensions. Moreover, the geometry of porous media can be complex with pores with a variety of
sizes and connectivity. Besides the spontaneity of the pore space liquid invasion, other important
questions concern the kinetics of the problem in relation with the permeability of the different pores,
which makes the question even more challenging.
In the present study, we investigate the nanometer-scale wetting of nanoporous materials. Specifi-
cally, we focus on carbon xerogels with two families of pores, namely, mesopores with sizes around
20 nm coexisting with micropores having almost molecular dimensions. We perform capillary-rise
experiments of water in these materials, and we use synchrotron Small Angle X-ray Scattering
(SAXS) to investigate the process at nanometer scale in a space- and time-resolved way. Different
materials are considered with different meso- and micro-porous structures. We also report capillary-
rise experiments on materials with water-saturated micropores by preliminary adsorption of water
vapour. All experiments were performed at the Belgian DUBBLE station (BM26) at the European
Synchrotron Radiation Facility.
Our results reveal a two-stage wetting process, with a diffuse water front coming first, followed by
a sharp front lagging a few millimetres behind. The SAXS data shows that the diffuse front cor-
responds to the early filling of the molecular-sized micropores, while the sharp front corresponds
to the later filling of the mesopores. The two water fronts propagate according to a √t law, which
is typical of a Washburn model whereby the wetting kinetics is limited by viscous dissipation. We
use independent water adsorption experiments to estimate the capillary suction into the micropores,
from which we infer their permeability.
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A significant part of the overall energy consumption is related to the provision of heat –for heat-
ing of buildings and tap water as well as for industrial processes (e.g. around 54% for Germany in
2010-2020 1). Considering this as well as the fact that this thermal energy is still mainly provided
using fossil fuels (above 70% for Germany in 2020 1), energy transition is also a transition of the heat
supply.
One challenge concerning this heat transition is the storage of thermal energy. Depending on the
application and energy source, targeted storage times can be over short (hours) as well as long peri-
ods (seasonal). Additionally, thermal energy can be stored and used directly, or conversion to and/or
from a different energy form is involved (e.g. power-to-heat).
A highly promising way to store thermal energy is by converting it to chemical energy using re-
versible gas-solid reactions. The energy stored as chemical potential utilizing the endothermal de-
composition of a solid to a solid and a gas can be recovered at any chosen time –minutes or years
after the storage process –as long as the components are kept apart from each other and any other
potential reaction partners. To recover the stored energy, gas and solid are recombined and the
exothermal formation of the initial solid compound takes place, releasing the stored thermal energy.
Depending on the chosen reaction system, a wide range of storage temperatures can be covered
(sub-zero [2] to above 1000 ℃ [3]).
Due to the necessity of a high accessible surface area of the solid reaction partner, these storage
materials are porous media mainly consisting of (consolidated) granular matter. According to the
thermodynamic equilibrium of such reactions, solid temperature and reaction gas pressure are de-
pendent on each other: The higher the reaction gas pressure, the higher the equilibrium temperature.
It is therefore imperative for the application of the materials in thermochemical energy storage to
evaluate solid properties such as thermal conductivity and permeability to the reaction gas. How-
ever, as the storage process involves the transformation of one solid to another, these properties
change significantly as the solid structure is changing.
Our contribution aims to improve the understanding of the impact of the structural changes of ther-
mochemical storage materials on the transport properties of the porous medium. Based on exper-
imental results on reactor as well as particle scale, we discuss the evolution of the solid structure
with a focus on the effects on the reaction behaviour.

Participation:

In-Person

References:

1 Report of AG Energiebilanzen e.V., Anwendungsbilanzen zur Energiebilanz Deutschland, May 2022
[2] Muthukumar, P. and Groll, M., Metal hydride based heating and cooling systems: A review, Interna-
tional Journal of Hydrogen Energy 35(8) (2010) 3817-3831.
[3] André, L. et al., Screening of thermochemical systems based on solid-gas reversible reactions for
high temperature solar thermal energy storage, Renewable and Sustainable Energy Reviews 64 (2016)
703-715.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Germany

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

Page 359

http://Figure1
http://Figure1
http://Figure1


InterPore2023 / Book of Abstracts

MS10 / 433

3D Pore Roughness Extraction Technique: From 1.0 (2D) to 2.0
(3D)
Authors: Yiteng Li1; Xupeng HeNone; Zhen Zhang1; Marwa AlSinan2; Hyung Kwak3; Hussein Hoteit4

1 King Abdullah University of Science and Technology
2 Saudi Aramco
3 Aramco
4 King Abdullah University of Science & Tech (KAUST)

CorrespondingAuthors: xupeng.he@kaust.edu.sa, zhen.zhang.1@kaust.edu.sa, yiteng.li@kaust.edu.sa, hussein.hoteit@kaust.edu.sa,
marwa.sinan@aramco.com, hyung.kwak@aramco.com

OBJECTIVE/SCOPE
Surface roughness is a sneaky troublemaker for interpreting pore size distribution from NMR T2
responses. Thus, it is of vital importance to characterize surface roughness and quantify its effect
on NMR T2 relaxation. In our preceding work, the 3D pore roughness was evaluated by weighted
averaging of the roughness measurements of 2D thin sections. This work presents a new-generation
pore roughness extraction technique for real 3D surface roughness measurement.

METHODS, PROCEDURES, PROCESS
This work aims to develop a novel image-based roughness extraction method measuring surface
roughness from a 3D benchmarking surface. The proposed workflow has four main steps, including
the voxel surface diagnosis, smooth surface reconstruction, benchmarking surface generation, and
3D roughness parameterization. The first step is to examine if any vacancies or discontinuities exist
on the voxel surface. A topology fix operation will be applied if necessary. Then we use the spherical
harmonic method to reconstruct the smooth surface and the benchmarking surface with the volume
conservation constraint. Height variations between two surfaces are evaluated, as a metric of surface
roughness, and then converted to a 3D surface plot for roughness parameterization. We characterize
the surface roughness using the pore roughness coefficient (PRC), defined in our previous work, and
a 3D PRC value will be evaluated for each pore structure.

RESULTS, OBSERVATIONS, CONCLUSIONS
The accuracy of the proposed method is first validated with regular pore shapes (e.g. spherical, cube,
tetrahedron) with smooth surfaces. As expected, the surface plots exhibit horizontal planes across 0,
implying the proposed method can handle any pore shape even free of roughness. Then we measure
the surface roughness of synthetic rough pores designed in our previous work, and compare 3D PRC
values with the previous ones. Numerical results demonstrate another expectation that 2D image
thin sections may not fully capture the roughness heterogeneity and anisotropy in the 3D space.
It is worth noting that the key to the success of roughness measurement is the determination of
the benchmarking surface from which the surface height variations are calculated. When creating
the benchmarking surface, it is necessary to examine if the created surface excludes the fine-scale
textures as much as possible and meanwhile the volume enclosed by the surface remains the same.
In the end, the proposed method is applied to measure the surface roughness of real pore structures;
a physically meaningful T2 correction factor is derived as a function of roughness intensity.

NOVEL/ADDITIVE INFORMATION
We improve our image-based pore roughness extraction method to measure surface roughness di-
rectly from 3D benchmarking surfaces. The proposed method is robust, regardless of pore shape,
surface roughness heterogeneity, and anisotropy. Thus, this work offers an accurate and effective
approach to characterizing the surface roughness of pixelated porous structures.
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The capillary pressure defines the difference in pressure
between the non-wetting and wetting fluids. The capillary
pressure is part of the flow governing equations and its
definition can have a profound impact on the nature
of fluids displacement in a multiphase flow environment.
Conventionally, the capillary pressure - saturation relationships
are determined under equilibrium conditions which signify that
all the fluid-fluid interfaces that exist at the pore-scale maintain
a static configuration at a certain instant in time. However,
there exist experimental and numerical evidences that state
that the dynamic nature of fluid flows indeed play a prominent
role in defining the trends of the capillary pressure - saturation
relationships. In this work we develop a first of a kind semianalytical
model to predict the capillary pressure - water
saturation curves during piston-like drainage displacement by
integrating the dynamics of fluid flow based on fundamental
laws of fluid mechanics.

The proposed semi-analytical model can potentially be
incorporated into existing multiphase flow
simulators to rapidly compute the capillary pressure at various
saturations of the flow medium under dynamic flow conditions.
The presented semi-analytical model has been validated
against experimental and numerical data sets available in
literature at various flow conditions and considering different
sets of fluid properties. We noticed a satisfactory match of the
results predicted by the proposed semi-analytical model
against the literature data. After performing a holistic
sensitivity analysis, we notice that the properties of the porous
medium, fluids and the fluid-solid interactions play a significant
role in defining the trends of the capillary pressure - saturation
curves.
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Modelling of multiple fractures in hydraulic fracturing is of importance for creating a complex frac-
ture network and enhancing the productivity of resources in underground reservoirs. In this work,
multiple hydraulic fracturing in low permeability media is studied by extended finite element method
(XFEM) and the governing equations for fluid flow and elastic rock are introduced. Two robust al-
gorithms are presented to couple the two media (rock and fracturing fluid) for discretized model in
plane strain condition. The algorithms include: 1) stress transfer from fluid to rock matrix and 2)
evolution of fracture opening width, resulting in the change of fluid pressure. An iterative process is
demonstrated for the interaction of the two media to promote convergence. The coupled model for
multiple hydraulic fracturing is developed to express the interaction between the model parameters,
combined with the process of fracture propagation. To verify the results, the shadow effect between
fractures is analysed by showing the stress change alongside the propagating fractures.
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CO2 flow in porous media often results in poor reservoir sweep efficiency. To mitigate this problem
alternate injection of a polymer solution and CO2, known as Polymer-assisted Water-Alternating-
Gas (PA-WAG), is applied. The objective of PA-WAG is to improve mobility control, thus sweeping
a larger part of the reservoir. Therefore, it is of great importance to study the effect of CO2 and
polymer interaction to address the feasibility of PA-WAG.
The objective of this study was to investigate the impact of CO2 dissolution on (a) physical polymer
properties (e.g., viscosity and pH), and (b) elastic instabilities of polymer flow in porous media. The
following experiments were performed. Firstly, an ATBS-based polymer (SAV 10) solution was pre-
pared in synthetic seawater in an oxygen-free environment. The polymer solution was afterward
saturated with CO2 at the reservoir conditions (i.e., T=40 degrees Celsius and P=20 bar) and then it
was forced through a capillary while maintaining the same temperature and pressure. Consequently,
the apparent viscosity and pH were recorded in real time over the course of 29 days. The CO2 molar
concentration in the polymer solution was around 0.3 mol/L which was the solubility limit of CO2
in water at the reservoir conditions. Secondly, the polymer solution with and without the dissolved
CO2 was injected into a microfluidic system of periodic arrays of circular pillars in a staggered layout
at negligible inertial effect. Apparent viscosity was measured at various shear rates (or Weissenberg
numbers). Moreover, the instabilities of polymer flow through porous media were visualized using
an inverted fluorescence microscope connected to a high-speed camera.
As a result of the flow of CO2-saturated polymer into the capillary, the viscosity dropped to around
53.5 of its initial value after one day but recovered some of it, and after 29 days, the polymer main-
tained around 83.5 of its initial viscosity. The initial decrease was due to the formation of carbonic
acid and neutralization of the charges on the polymer backbone leading to a decrease in both pH
and viscosity. The recovery of viscosity was because of the evolution of the ammonium ion due to
the hydrolysis of the amide groups resulting in an increase in pH as well as viscosity. Moreover,
the CO2 dissolution had the following impacts on the viscoelasticity of the polymer: (a) under a
rheometer, it delayed the onset of shear-thinning from 4.2 1/s to 10.0 1/s (b) in the microfluidic, it
also delayed the onset of shear-thickening from 15.5 1/s to 20.5 1/s. Elastic flow instabilities beyond
the onset of shear-thickening were evident from visualization of the flow streamlines. We present
the mechanism of the elastic instability and characterize it based on strong temporal fluctuations in
pressure drop.
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In the work of Lundström et al 1, a new concept of stormwater storage in sponge-like porous bodies
(SPBs) is suggested: down-flow and up-flow SPB storage. The analytical and numerical results of the
analysis based on the first principles argue that the studied up-flow model can capture and control
the stormwater runoff for various conditions of Swedish design rainfalls. In the present research
study additional work on the existing model is carried out.

The model presented 1 consists of a solid cylinder (radius δ) surrounded by an inner and outer porous
annulus (radii a and b respectively, where b>a). The inner and outer porous media is made of thin ver-
tical cylindrical fiber rods with dimensions Ri,Ro « a, b, δ, where Ri and Ro represent their respective
radii. For such a model of the water uptake, the governing equation is the Darcy Law, and the flow
is mainly driven by the capillary action (∆p ∝ 1/R). Further advances of the model are presented in
this research including the diffusion of water into the dry soil, for which the diffuse-front modeling,
as done by Zarandi and Pillai [2] (Richard’s equation), is applied. The corresponding set of equations
for the motion of liquid fronts for each of the channels with the corresponding boundary conditions
are given and the pressure quantities are averaged over the cross-section. Numerical integration is
carried out in MATLAB. The diffuse-front model is resolved with COMSOL Software using Porous
Media Flow Module. The numerical simulation results will be validated against the experimental
measurements planned on a physical up-flow model in the laboratory setting. Similarly, to the work
of Lundström et al 1, the model storage inflow rates and volume absorption will be plotted against
time and compared to the Swedish design rainfall data.

References:
1 Lundström, T. Staffan, et al. “Dynamic distributed storage of stormwater in sponge-like porous
bodies: Modelling water uptake.” Water 12.8 (2020): 2080.
[2] Zarandi, Amin, and Krishna M. Pillai. “Application of Sharp-and Diffuse-Front Models for Pre-
dicting Mass Gain and Saturation in Fibrous Wicks.” (2018).
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Renewable energy sources have a significant disadvantage as building blocks of a decarbonized en-
ergy system: they rely heavily on weather conditions, which can cause fluctuations in energy gen-
eration. To address this issue, hydrogen (H2) is increasingly being seen as a viable way to transport
excess energy generated by renewable sources, preventing imbalances in energy supply. However,
storing H2 is a challenge due to its low volumetric energy density, which requires large storage sites.
Underground porous media, such as confined aquifers and depleted hydrocarbon reservoirs, seem
to be the most feasible option for H2 storage.

Enabling the large-scale implementation of underground storage of hydrogen requires a multidis-
ciplinary effort, including the study of multiphase flow processes during the injection of H2 into
underground porous media. Our main goal is to numerically investigate how the displacement of
brine by hydrogen affects recovered gas purity, and losses due to hydrogen dissolution and residual
trapping.

We focus on the processes of capillary trapping and spatial heterogeneities in the hydraulic proper-
ties of the medium. To evaluate the spreading of the saturation front due to spatial heterogeneities,
we model the immiscible displacement of brine by hydrogen. Understanding front spreading due to
viscous and gravitational instabilities is important because spreading can enhance hydrogen disso-
lution and entrapment. We simulate multiple cycles of H2 injection/production over a test volume,
incorporating hysteresis in the relative permeability to study how this condition impacts hydrogen
dissolution, purity, and recoverability. We compare cases with and without hysteresis to investi-
gate the role of viscous forces and heterogeneity alone. These cycles also help us understand the
balance between fingering stability and gravity override. Finally, we perform a dynamic reservoir
simulation on a more realistic reservoir geometry, taking into consideration the elements already
discussed.
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Solute mixing in porous media plays a fundamental role in a variety of contexts, e.g., environmen-
tal risk assessment, geochemical reactive transport. Mixing dynamics are strongly impacted by the
heterogeneity of the hosting porous media which leads to inhomogeneity of concentration within
the spreading and the mixing volume. Considering Darcy’s scale heterogeneous formations, we de-
velop a randomly dispersive lamellae approach in which the variability in the dispersion rates of the
lamellae that constitute a solute plume is recognized as a fundamental aspect of the mixing dynam-
ics. The framework allows rending the inhomogeneity of the concentration distribution within the
mixing volume before the late time well-mixed condition is reached. Furthermore, In light of the
hidden (data scarcity) and heterogeneous nature of environmental porous formations, the degree
of mixing of a solute plume is uncertain. The proposed randomly dispersive lamellae framework
represents a strategy to quantify the latter. We test our approach for mildly to highly heterogeneous
formations.
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Imaging fluid flows provides valuable physical insight, especially for complex fluids as emulsions,
foams and dispersions. Unfortunately, high temporal and spatial resolution of flow in porous media
still poses a grand challenge. In this study, we present a multiscale approach to study the spatio-
temporal flow dynamics in realistic porous media of Pickering emulsions stabilized using attractive
desulfated cellulose nanocrystal nanoparticles.

We take advantage of the rapid scan rate of a laser scanning confocal microscopy (LSCM) to cap-
ture flow through 3D granular porous media at high spatial and temporal resolution. We show that
steady flow of such emulsions exhibits large-amplitude oscillations in pressure gradient which can-
not be explained by geometric straining models, filtration models, or continuum rheological models.
Using a custom-built micro-sandpack apparatus coupled with confocal microscopy, we present mea-
surements that reveal localized spatio-temporal flow patterns of emulsions characterized by: par-
ticle attachment and deposition to nearby grains, droplet deposition, jamming of droplets within
the throat, and release. The deposition/jamming/release is cyclical and corresponds precisely to the
gradual-then-rapid changes in pressure gradient. The relative influence of particle loading on re-
ducing the overall permeability of porous media and pressure gradient signature was evident. With
higher particle loadings, the existence of nanoparticle deposits leads to more effective reduction of
relative permeability of porous media and substantially higher pressures gradients were required to
release the emulsion plugs.

Photonic force microscopy confirms the strength of droplet-droplet attraction and also reveals a
new phenomenon, the formation of chains of nanoparticles which tether droplets together. The
chains preserve strong attraction between droplets at nonzero separation distance and are likely to
contribute to the persistence of droplet attachment to grains and of droplets deposited on droplets,
which facilitates jamming.

These observations contribute to a growing body of evidence indicating complex spatiotemporal dy-
namics of Pickering emulsion flow through porous media, which cannot be described by the existing
models. Flow of emulsions through porous media is important across a spectrum of scientific fields
and applications including drug delivery, agriculture, oil and gas, and water treatment. With an ini-
tial application of a powerful multiscale approach, we provide measurements of evolving emulsion
microstructure, local droplet velocity, precise measurement of droplet-droplet interaction, and lay a
foundation to answer open questions about Pickering emulsion flow through porous media.
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Vegetation like trees and grass is known to have a cooling effect that naturally enhances the thermal
comfort for pedestrians in cities. While shadowing and transpiration by vegetation cool the urban
environment during daytime, the blocking of cooling to sky by longwave radiation during night and
increase in relative humidity might have an adverse effect. Also, while urban wind cooled by trees
may have a cooling effect at downwind urban places lacking vegetation, dense trees may decrease
the heat removal by ventilation from streets due to wind blocking effect. To study these complex
interactions, a detailed vegetation model is needed to take into account the momentum, heat and
moisture transfer processes taking place at different scales.

The authors developed over the years an urban microclimate model, coupling (1) a computational
fluid dynamics (CFD) model for air, heat and moisture flow in the air domain, (2) a longwave and
shortwave radiation model for radiative exchange between urban surfaces, sun and sky, (3) a cou-
pled heat and moisture transport model for moisture transport in building facades, soil, pavements,
and (4) a wind driven rain model. The set of equations is solved in OpenFOAM and the model is
open source (urbanMicroclimateFoam at the Chair of Building Physics). Vegetation is modelled as a
porous medium by introducing sink and source terms in the momentum, heat and moisture transport
equations. The momentum sink is modelled by introducing a drag coefficient that depends on leaf
area density. The heat and moisture transport from leaves is modelled by a leaf model depending on
leaf area density in each vegetation cell, and the model accounts for convective and latent heat, and
vapor transport depending on stomatal resistance. Solar radiation shadowing is modelled using a
radiation attenuation model, while longwave radiation is modelled using a view factor method. Spe-
cial shapes for trees based on Lidar information are introduced, limiting element discretization and
taking into account the growth of trees. A special interface model is introduced for the modelling
of heat and moisture exchange between grass, air and soil.

The model has been validated and applied to different case studies. In a first case study we analyze
the influence of tree size on the pedestrian thermal comfort in street canyons. An optimal tree age
of around 20-30 years is found, maximizing shadowing and transpirative cooling, while not blocking
heat removal by air flow. A second example shows that, depending on wind direction, trees can cool
down city parts down-windward, even when no trees are present at these locations. A third example
shows the redevelopment of parking spaces as green areas on St. Helene island in Montreal and the
possible cooling effects during heatwaves.
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Introduction: This work aims to conduct, interpret and derive the multi-phase fluid flow behaviour
more efficiently and feasibly from microfluidic experiments. The goal is to conduct SCAL experi-
ments using a microfluidic setup on a chip. Additionally, interpret the in-situ results, where the
parameters influencing the multi-phase fluid flow in porous media, such as wettability, capillary
pressure, and relative permeability, are measured simultaneously. There are numerous economic
and technical advantages of this approach. Conventionally, SCAL measurements are conducted
through core samples using X-ray and multi-phase fluid flow parameters in porous media are mea-
sured separately. These properties can be simultaneously determined in digital rock physics (DRP)
by applying micro-CT imaging but with high costs.
Materials andMethods: The steady-state method was utilised in this study and re-designed for mi-
crofluidic flooding. The measurement was conducted using one oleic and one aqueous phase, apply-
ing different fractional flow steps, mimicking the range of varying water saturation in the reservoir
during the depletion process (imbibition). The used microchip has a synthetic pore-structure design
with circular grain shapes. The measurements conducted are visible in real-time using a microfluidic
approach.
Results: The experimental results show that it is possible to adapt the microfluidic flooding for con-
ducting and interpreting SCAL measurements. An additional advantage of this method is that the
wettability and capillary pressure could be successfully determined by means of image processing
using only the data obtained from the steady-state method in a microchip. Since the measurements
are visible live, and images of the microchip are captured with the desired frequency, the image
processing facilitates the understanding and interpretation of multi-phase fluid flow in porous struc-
tures, which is not possible with cores. Overall, to overcome the technical and economic limitations
of digital rock physics, the application of SCAL through microchips representing the porous media
is a good alternative.
Addition: The SCAL-on-Chip is a promising approach to contribute in describing and analysing
multi-phase fluid flow on a Darcy- and pore-scale. Image processing contributes to developing more
feasible interpretation tools for estimating wettability and capillary pressure. It provides the possi-
bility to derive mathematical models of the relationship between multi-phase flow characteristics.
The derivation of a general function between the measured properties could be possible with ma-
chine learning and a sufficient amount of experiments using pore structures that closely resemble
porous media.
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The use of foam technology is a potential solution to control gas mobility in highly heterogeneous
reservoirs. However, achieving stable CO2-foams under reservoir conditions can be challenging
since the high solubility in water of supercritical CO2 enhances coarsening and coalescence of con-
fined bubbles. Coarsening is characterized by the evolution of foam structure due to gas diffusion
between bubbles, changing the average bubble size and foam texture. When foam texture coarsens,
gas mobility control is impaired, and it can also affect foam rheology (Nonnekes et al., 2015). While
most studies have focused on the dynamics of foam texture, which results from the balance between
foam generation and destruction, few works have tried to evaluate foam coarsening for confined
foams. In this presentation we will show the main results from a micromodel experiment where
CO2-foam coarsening was reduced by using nanoparticles and/or a CO2/N2 gas mixture. A zwitte-
rionic surfactant was used as base foaming agent, and different foams containing CO2 were injected
into a micromodel at high pressure (10.3 MPa) and high temperature (60 ℃). Pressure drop, foam
texture (bubble density), bubble growth regime, and flow characteristic were quantitatively assessed
and related to gas mobility reduction obtained by gas trapping during the co-injection of gas and
foaming fluids at 50% foam quality. Image analysis was performed without stopping the foam exper-
iment or using a dye for image analysis, and used to calculate bubble density and size distribution of
the foam confined in dead-end pores areas of the micromodel. The results showed that the CO2-foam
stabilized only by surfactant showed poor behavior in porous media, while an improvement in both
foam texture (bubble density at the inlet of the micromodel) and gas trapping was obtained using
the nanofluid (Lopes et al., 2021). A larger decrease in gas mobility was obtained with CO2/N2 gas
mixture, achieving the highest increase in pressure drop, which was attributed to the large number
of trapped bubbles (2x higher than with nanofluid). This result suggested that using a gas mixture
would be suitable to control gas mobility in high-permeability channels and to block thief zones. The
coarsening rates (change in trapped bubble area with time) were reduced in both cases, indicating
that the initial foam texture determined the resistance to flow (Façanha et al., 2022). The attempt to
combine both strategies for reducing coarsening showed that nanoparticles decreased the pressure
drop of the foam generated with the N2/CO2 mixture. Hence, injectivity concerns that might arise
when injecting a gas mixture with a surfactant solution could be overcome by adding nanoparticles
to the aqueous phase. The results of this work suggest that a minimum pressure gradient for strong
foam generation can be achieved by simply tackling the foam destruction mechanisms rather than
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changing injection conditions, showing the complexity of foam injection projects. Therefore, inves-
tigating the mechanisms of foam destruction at pore scale is fundamental for tailoring CO2-foam
properties for field applications.
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Foam-assisted water alternate gas injection (FAWAG injection) could be a promising technology to
assist gas mobility control, consequently gas management in surface facilities of ultra-deepwater
fields in the Brazilian offshore (Vieira et al., 2020). In these fields carbon dioxide (CO2) concentra-
tion in the gas stream varies, which can negatively impact foam stability, accelerating its destruction
(Abdelaal et al., 2020). However, the impact of CO2 concentration in the gas stream is seldomly evalu-
ated. In this work, we evaluate the impact of CO2 concentration in the gas phase on foam generation
and foam strength (apparent viscosity) in porous media.
To this end, we conducted coreflood experiments where gas phase and surfactant solution were
co-injected through Indiana limestone under relevant conditions (temperature –65 C, pressure –10
MPa and superficial velocity –3.5 x 10-6 m s-1). Four different gas compositions were used for the
tests, namely nitrogen (N2), CO2 and two CO2-N2 mixtures (10 mol%, 50 mol%). Two commercial
zwitterionic surfactants (CAHS –cocamidopropyl hydroxysultaine and CB –cetyl betaine) were used
at 0.5 wt.% concentration (active matter) as foaming agents. The experiments were carried out with
the core mounted in vertical position and the injection direction was bottom-to-top.
Our results have shown that increase in CO2 concentration in the gas phase decreased overall ap-
parent viscosity ( foam), but no linear correlation has been found. Maximum foam values for CB
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ranging from 30 mPa s-1 for CO2-foam to 170 mPa s-1 for N2-foam. For CAHS, maximum foam
values ranged between 70 mPa s-1 and 170 mPa s 1 for the same conditions. Gas composition also
impacted transition foam quality (fg), however, the changes in foam behavior as a function of gas frac-
tion seemed to be dependent of the structure of zwitterionic surfactant. For CB surfactant, increased
CO¬2 concentration in gas phase (10 mol% and 50 mol% CO2-N2) shifted foam transition quality to the
lower gas fractions (from 0.6 to 0.4), indicating that coalescence was favored under these conditions. The
apparent viscosity of the foam formed between CO2 and CB surfactant solution did not present a clear
transition, and it remained constant as a function of foam quality. Under the same conditions, fg for
CAHS was shifted to the right (0.5 to 0.7), indicating that resistance to coalescence increased as a
function of CO2 concentration on the gas phase for this surfactant. Another important observation
was that from a gas fraction of 0.9, foam apparent viscosity was independent of gas composition.
That meant that N2-, gas mixture- or CO2-foam had the same foam apparent viscosity (CAHS ~ 20
mPa s-1, CB ~ 10 mPa s-1), indicating that this regime was dominated by limiting capillary pressure.
These findings suggest that for FAWAG project gas stream has considerable variation in CO2 concen-
tration, the surfactant chosen not only needs to tolerate salinity and temperature of the reservoir,
but also needs to maintain a high fg* under these changing gas composition conditions.
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Despite being major contributors to global CO2 emissions, fossil feedstocks are finite natural re-
sources frequently used to produce high value goods including fuels and plastics. One alternative is
to replace fossil feedstocks with renewable agricultural feedstocks due to their ability to sequester
carbon during growth. While a promising alternative, the use of food crops as feedstocks brings its
own set of challenges. Recent emphasis has been placed on deconstruction of agricultural residues,
such as corn stover, into fuels and chemicals. Polysaccharides from lignocellulosic plant cell walls
can be converted to glucose, but biomass recalcitrance to enzymatic hydrolysis presents a practical
challenge to this pathway. Pretreatment steps help improve enzymatic access to plant cell walls and
once optimized, allow for these processes to be scaled. Nuclear magnetic resonance (NMR) relax-
ometry is applied to corn stover to gain a better understanding of these systems and the impacts
of pretreatment. These measurements directly measure water adsorption in anatomical fractions of
corn stover. NMR transverse T2 relaxation time distribution measurements indicate multiple water
populations, which vary with anatomical fraction and water adsorption. Measured T2 data are used
to calculate thermodynamic properties of Brunauer-Emmet-Teller (BET) adsorption theory using a
model to estimate mono and bilayer relaxation. T2 data are used directly to determine rotational dif-
fusion correlation times indicating adsorption interaction strength. T1−T2 longitudinal-transverse
relaxation time correlation measurements quantify differences in the molecular level structural order
of the adsorbate surface water as a function of water activity, i.e. relative humidity or water vapor
partial pressure. The T1/T2 ratio provides a measure of the surface energy related to the adsorption
strength and surface diffusive mobility of the water adsorbate, and differentiates the anatomical
fractions. The results indicate that direct measurement of NMR relaxation times can be used to char-
acterize corn stover biomass water adsorption, which are data relevant to biomass processing and
handling. These procedures may be extended to pretreated lignocellulosic materials to study how
morphological changes impact adsorption, and applied to monitor enzymatic hydrolysis progress in
situ.

Figure 1. Corn Stalk MRI. A 1 mm thick transverse slice taken of a hydrated corn stalk with a 25x25
mm field of view over 128x128 pixels for a resolution of 195 µm/pixel.
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The three major concerns of today’s society that relates to the energy sector are sustainability, secu-
rity, and affordability for a growing population. Tackling the challenges that come along with that,
requires a multiscale approach where modeling results incorporating the governing physics from the
smallest scale can be translated into larger, more distinct scales to understand macroscopic systems.
The tool of choice to predict the underlying microscopic behavior of multiphase fluid flow in porous
media is pore-scale modeling. The vast number of variables that describe chemical, thermodynamic,
and mechanical effects between fluids as well as the fluids-solids interactions require computation-
ally very expensive simulations that may take months even with cutting-edge high-performance
computing. This problem raises the question if classical computers are suitable for these kinds of
simulations or if other, faster computing systems might be applicable. In the last two decades, theo-
retical concepts describing the use of quantum computing to simulate natural phenomena have been
developed and the first quantum computers have been created. In contrast to classical computers
that rely on a binary system for computation and data transfer, i.e., classical bits that can either be
zero or one, quantum computers make use of quantum mechanical effects such as superposition and
entanglement that potentially increase the computational efficiency exponentially. Superposition
means that rather than zeros and ones, bits in quantum computers, so-called qubits, can have a lin-
ear combination of both different states at the same time based on a probability-related concept of
amplitudes. The second important concept is entanglement, which describes the close correlation of
two quantum particles to each other independent of their location which makes it possible to math-
ematically compute the value of one entangled qubit by knowing the value of the respective other
one. This becomes important in describing the working principle of quantum computers and how
we can translate the computation results into our classical understanding for interpretation. These
quantum mechanical effects are primarily responsible for the exponential increase in computational
power with respect to classical computers by two to the power of n qubits (2^n). For example, to
describe one of the four distinct states of a two-bit system such as 00, 01, 10, and 11, we would need
the values of two classical bits, the first one to the left and the second one to the right. In order to de-
scribe the same states quantum mechanically with two qubits, we would need four values instead of
two because of the principles of superposition and entanglement: a00, b(01+10), c(01-10), d11, where
a, b, c, and d are coefficients. Therefore, two qubits contain four classical bits of information. This
presentation introduces quantum computers and their potential applications and pitfalls concerning
pore-scale modeling. It highlights methods of solving complex partial differential equations such as
the Navier Stokes equation as well as discrete modeling with the Lattice Boltzmann Method quantum
mechanically. Particular emphasis is made to the applicability of quantum algorithms to study solids
precipitation during fluid flow in porous media with carbon sequestration applications.
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Electrical and acoustic properties are significant petrophysical properties. We present a comprehen-
sive investigation of the effects of minerals and pores on electrical and elastic properties based on
the multimineral and multiscale digital rocks. A novel hybrid modeling method, which combines
X-ray CT scanning technique (XRCTST) and quartet structure generation set method (QSGSM), was
proposed to construct multimineral and multiscale digital cores. In order to analyze the impact fac-
tors of electrical and acoustic properties, a number of synthetic digital rocks with various volume
fractions of minerals and pores were constructed. By comparing the resistivity and elastic moduli of
all models, it is concluded that the volume fractions of clay minerals and pores have greater effects
on the electrical and acoustic properties, while quartz, feldspar, and calcite only have slight impacts
on the elastic parameters and no effect on the electrical property.
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Understanding the reservoir behavior is vital knowledge required for various aspects of the reser-
voir management cycle such as production optimization and establishment of the field development
strategy. Reservoir simulation is the most accurate tool for production forecast, but often it is very
expensive from the aspects of computational time and investment in the model building process. In
this work, the machine learning methods for accurate production forecast that honor the material
balance constraints are presented.

Page 375



InterPore2023 / Book of Abstracts

The presented approach uses two machine learning methods and one semi-analytical approach
namely Capacitance Resistance Model (CRM). The first machine learning method is the powerful
Generalized Additive Models (GAM) approach, which uses splines as basis functions for the repre-
sentation of the solution. The advantages of splines are the smoothness of the underlying functions
with continuous derivatives, and the easy way of constraining splines to monotonic and convex
shapes. Another advantage of GAM is its explainability capabilities, which are inhered from the
Generalized Linear Models. The second machine learning approach is a combination of Long Short-
Term Memory (LSTM) and Convolutional Neural Networks (CNN), which are proven to be a good
choice for time series predictions. The common extension of the two methods is the material balance
constraints in the form of a CRM model, where rates are the corresponding machine learning solu-
tions. Such constraints are necessary during the training process to avoid unphysical solutions and
to honor conservation laws. The constrained GAM approach belongs to a broad category of Physics
Informed Machine Learning (PIML) methods, while LSTM-CNN with constraints is part of Physics
Informed Neural Networks (PINN).

The implemented approach was applied to the publicly available data with an existing history-
matched reservoir model for the offshore field with several injectors and producers. This allowed
us to thoroughly analyze the results of the study for communication between wells. Splines used
in the GAM model have the option to be a function of one or multiple features, while Neural Net-
works naturally define communication between features through hidden layers and weights. Such
flexibility allows taking into account inter-well connectivity, using inter-well distances, production
and injection rates, and average reservoir properties, which are analogs of transmissibilities in a
simulation model. The average properties are obtained through the construction of Voronoi grids
around wells.

Machine learning is improving at solving difficult problems, while it often suffers from nonphysical
solutions and unexplainable models. The presented machine learning methods hold the properties
of explainable statistical regression models, in the case of GAM, and highly tunable time series pre-
dictors, in the case of LSTM-CNN. Both methods provide powerful predictability capabilities within
material balance constraints. By no means does it try to replace the reservoir simulation but offers
a complementary solution, which is reliable and necessary in cases where there is no full reservoir
model available.
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Foam-assisted water-alternating-gas is a promising technology to control gas mobility in carbon-
ate reservoirs. Maintaining the stability of the foam since its generation is key to achieve this goal.
It has been widely demonstrated that the high water-solubility of the carbon dioxide (CO2) favors
coarsening and coalescence phenomena, negatively affecting the stability of foams formed with this
gas (Farajzadeh et al., 2012). CO2-foam stability can be improved by mixing the CO2 with other less-
soluble gases, such as nitrogen (N2) or methane (CH4), generating stronger foams, also improving
mobility control (Siddiqui and Gajbhiye, 2017). The choice for a suitable surfactant is also funda-
mental for the generation of stable foams. Zwitterionic surfactants such as cocamidopropyl betaine
(CAPB) and cocamidopropyl hydroxysultaine (CAHS) are good candidates for their strong tolerance
to salinity and temperature, and lower adsorption on carbonate rock surface in high-salinity condi-
tions compared to anionic surfactants. The aim of this work was to evaluate the potential of two
zwitterionic surfactants (betaine and sultaine) to generate strong foams in bulk and at core-scale us-
ing CO2-rich gas mixture. Experiments were carried out under high-pressure and high-temperature
(HPHT) conditions (65℃ and 10MPa) using 0.5wt% of surfactant (active matter) and 40mol% CO2
mixture with nitrogen. We evaluated foam texture and stability in bulk by sparging the gas from
the bottom of the surfactant solution, and foam apparent viscosity at core-scale by co-injecting the
fluids through low- and high-permeability Indiana limestone cores. Core flood experiments were
performed from top-to-bottom at 3.5 x10-6 m/s Darcy velocity at varied foam qualities (fg). Bulk
foam experiments showed that foams formed at HPHT were highly stable (decay of less than 10% of
foam height) throughout the experiment (7200 s), suggesting that both surfactants stabilized foam
despite having 40mol% concentration of CO2 in the gas phase. It was also observed that the coarsen-
ing rate obtained in bulk were similar for CAPB (6.3 mm2/s) and CAHS (6.4 mm2/s). Regarding the
core flood experiments, we demonstrated that CAPB and CAHS surfactants were able to generate
strong foam at HPHT using a CO2-N2 gas mixture. For CAPB surfactant, maximum foam apparent
viscosity was 83 mPa.s (at fg=0.6) for the high-permeability core and 35 mPa.s (at fg=0.5) for the
low-permeability core. The same parameters for the CAHS surfactant were 80 mPa.s (fg=0.6) and
13 mPa.s (fg=0.4). The formation of strong foam in porous media corroborates with the high foam
stability and low coarsening rate obtained in bulk. These results confirm our observations in micro-
model experiments, where we showed that using a gas mixture would improve foam texture and
strength (Lopes et al., 2021) and slow down coarsening (Façanha et al., 2022). Our results suggest
that the presence of CO2 as a contaminant in the gas phase would not completely destabilize foam at
10MPa and 65℃, and good mobility control could be achieved for projects with similar gas streams.
Additionally, we showed that bulk experiments at HPHT correlated well with pore- and core-scale
experiments, indicating that foam physical behavior could be understood across scales using these
techniques.
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Adsorption of CO2-CH4 binary mixtures in permeable media plays an important role in CO2-enhanced
shale gas recovery and geological storage of CO2. Grand Canonical Monte Carlo (GCMC) simula-
tions enable the examination of the physics of adsorption in nanopores with high fidelity. GCMC
tracks the motion of every molecule, which results in computational expense that rises rapidly with
domain size. This limits the size of computational domains that may reasonably be simulated using
GCMC. The lattice Boltzmann (LB) method is, on the other hand, a mesoscopic simulation paradigm,
which tracks the statistics, i.e., distribution function, of packets of molecules instead of individual
ones. As such, LB may be used to bridge scales between micro-scale (atomistic simulations) and
macro-scale. In this work, we use a cubic equation of state (EoS), namely the Peng-Robinson EoS, to
inform the intermolecular forces in the LB framework via a pseudopotential model. This is done in a
multicomponent multiple-relaxation-time LB framework where the tunable parameters are adjusted
based on benchmark atomistic simulation data. We use the validated LB model to study competitive
adsorption of CO2-CH4 binary mixtures in slit nanopores. These simulations incorporate intermolec-
ular forces and the adsorption behavior under confinement and progressively examine larger and
more complex media to examine the amount of CH4 that is produced while CO2 is being stored in the
media at fixed pressure and temperature conditions. The results show the dynamics of adsorption in
different stages of CO2-enhanced shale gas recovery and geological storage of CO2. This multiscale
simulation framework helps bridge the adsorption behavior of binary systems across scales.
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Reservoir scale modelling of vuggy and fractured porous media requires upscaling and determining
their equivalent permeability. The effect of vugs and fractures on single flow behaviour in porous me-
dia is still not fundamentally understood. Direct simulation models combining Darcy flow through
the porous matrix and Stokes flow through vugs and fractures have been developed in recent years.
This approach is computationally expensive, since the geometry configuration of vugs and fractures
needs to be well described in the model. Moreover, experimental validation of the predictions is also
challenging.
In this work we propose a workflow that combines experimental measurements using vugular mi-
crofluidic porous media models with different vugs configurations, solution of Brinkman formula-
tion 1 with an extra term that accounts for the drag force generated by the top and bottom walls
of the micromodel, and machine-learning methods to predict permeability of vugular porous media
solely based on image of the pore structure. The relevance of the geometric features and vug con-
nectivity taken from the binary image to the machine learning model is assessed to investigate the
aspects of vug morphology that contribute to the higher observed permeability.
As a first step, the Brinkman model [2] with the drag-correction term is validated by comparing the
predictions to experimental measurement of permeability of different vuggy porous media micro-
model [3]. The Brinkman solver is then used to construct a training data-base with different vugs
configuration, relating the geometry of the porous media to its equivalent permeability. The accu-
racy of the data-driven model is tested by comparing its predictions to the ones obtained by solving
Brinkman model using different porous media configurations not included in the training data set.
The data-driven model allows predictions of permeability of vuggy porous media at a fraction of
the computational cost associated with direct simulation. The validation of the proposed workflow
for single phase two-dimensional porous media allows its extension to 3D configurations and multi-
phase flow.
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Permanent CO2 storage in basalts by means of mineralisation is a promising cost-effective way to
achieving reduction of carbon emissions in view of climate change mitigation. CO2 is dissolved
in water before injection in the subsurface, resulting in increased trapping safety, since solubility
has already taken place. Storage of dissolved CO2 in basalts at shallow depth has additional ad-
vantages such as rapid mineralisation (1-2 years), reduced drilling and monitoring cost and lower
risk of leakage and induced seismicity events. However, large-scale application of this storage tech-
nology would require substantial amounts of water making it not ecologially viable. The use of
seawater as a solute is an ideal alternative that is explored since recently in Iceland. Recent studies
on basalt-seawater-CO2 interaction showed that the efficiency of carbon mineralisation in seawa-
ter remains significant. Batch reactor testing revealed a total mineralisation of 20% of the initial
injected CO2 within five months, corresponding to carbonation rates similar to those observed in
basalt-freshwater-CO2 interaction experiments (lab and field).
Carbon mineralisation can substantially alter the pore space of the basaltic material, resulting in
reduction of porosity, flow properties, and consequently overestimation of the injection and storage
efficiency. While geophysical monitoring is not yet available, information on the reservoir properties
of basalt remains limited. In this work, the impact of CO2 mineralisation on the hydromechanical
properties of a basaltic sample is studied. For the first time, injection of CO2 dissolved in saline
water is considered in view of a more ecological application of the technology at large scales. First,
the flow properties of the material are measured in the lab before and after a 2-month exposure to
dissolved CO2 under field-representative conditions. The experimental results show a permeability
reduction of half an order of magnitude, suggesting porosity reduction due to mineral precipitation.
Image analysis of x-ray tomographies of the tested sample before and after CO2 exposure show a
total porosity reduction. To better understand the evolution of the pore network before and after
mineralisation, pore network simulations are performed on the real 3D porosity of the material ac-
quired from the x-ray images. Two types of porosity are considered, macro-pores and micro-pores
(solid matrix porosity). Reduction of the size of macro-pores does not impact flow. To reproduce the
post-exposure flow results, decrease of the solid matrix porosity is required, revealing that carbon
mineralisation is more prone to take place in the micro-pores.
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Salt precipitation from evaporation is a key factor for soil degradation in arid and semi-arid regions.
Evaporation-induced water movement transports dissolved salt ions to the surface of the porous
medium where they accumulate. When the solubility limit is reached, salt starts to precipitate and
forms crusts on top (efflorescence) or inside (subflorescence) of the porous medium depending on the
type of solute in solution. The aim of this study was to non-invasively investigate the development
of subflorescent MgSO4 crusts in evaporating porous media. In particular, micro-X-ray computed
tomography (XRCT) was used to investigate the development of the volume fraction of precipitated
salt, brine, and air and single-sided unilateral nuclear magnetic resonance (NMR) measurements
were used to determine high-resolution near-surface water content profiles during evaporation. In
a first step, sand packings with deionized water and MgSO4 solution with an initial concentration
of 0.96 mol/L were evaporated while periodically making XRCT and NMR measurements. It was
found that void, brine, salt, and sand could not be segmented in the XRCT images because of limited
contrast between the brine and the salt phase. However, a downward movement of the evaporation
front was observed using unilateral NMR, which involved salt precipitation that deformed the top of
the sand. To avoid deformation, porous sintered glass with similar porosity, intrinsic permeability,
and internal surface area as the sand packings were prepared in a second step. It was found that
evaporation of deionized water was similar for sand and sintered glass, which was related to the
similar evaporation conditions and properties of the porous media. In contrast, evaporation of saline
solution and salt crust formation differed in both porous media. The delayed crust formation in
sintered glass was attributed to the smooth surface and to the highly supersaturated magnesium
sulfate solution, which reduced nucleation and thus hindered crust formation. XRCT measurements
on the sintered glass sample showed that salt crystals grew into the void space that was not occupied
with liquid before. This suggests that film flow supported crystal growth, which needs to be analyzed
in more detail in future studies. It is concluded that the surface properties of the porous medium
and properties of the highly supersaturated solution (i.e., viscosity) significantly affect evaporation
of MgSO4 solution and the formation of subflorescent MgSO4 crusts.
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In order to slow the rapidly deteriorating climate crisis we need to drastically increase our use of
cleaner, more renewable energy sources. Given that renewable sources are often subject to seasonal
variations, the question of what to do with the excess energy has the potential to be answered by
underground hydrogen storage systems. The transport of CO2 and natural gases in underground
reservoir systems has been widely studied (Ma et al., 2021), however due to hydrogen’s unique
physico-chemical properties new problems and uncertainties arise. The storage security of under-
ground hydrogen is largely determined by the quality of the dense porous-rock formation known
as the caprock which sits on top of the storage site. To assess the potential for leakage, theoretical
models need to be developed which can propagate the uncertainty in the spatially varying struc-
ture of the caprock (Ma et al., 2018) through to the macroscopic hydrogen transport dynamics. Our
approach is to model the transport of hydrogen in the caprock as a diffusion-uptake process with
an oscillatory boundary condition to account for the seasonal variations. We quantify the spatio-
temporal variations in hydrogen distribution by modelling the diffusivity as a Gaussian random
field. Using a Green’s function approach (Price et al., 2022) we derive a perturbative solution for
the time-averaged variance in the 1D concentration profiles of hydrogen and compare the solution
to numerical approximations from Monte-Carlo simulations. Our results show that the uncertainty
in the concentration of hydrogen increases non-monotonically with the correlation length of the
diffusivity fluctuations. The peak variance in hydrogen concentration occurs when the correlation
length is comparable to the steady-state penetration depth of hydrogen into the caprock. The pre-
dicted variance can be used to bound the uncertain concentration profile in a credible interval and
our method provides a computationally cheap way to achieve this.
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In 2013, Lester et al. questioned for the first time the existence of Lagrangian chaos at pore-scale in
3D steady laminar flows through porous media. Ten years later, the ubiquity of chaotic advection has
been largely demonstrated experimentally and numerically, in many porous architectures. In this
talk, we review some of the main findings associated to chaotic mixing, and outline the consequences
for conservative and reactive transport. We present a possible theoretical framework that allows to
relax the classical macrodispersive vision of mixing and provide quantitative prediction of transport
processes in porous media.
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We present in this talk an effective model for transport processes in periodically perforated elastic
media, taking into account also cyclic elastic deformation as it occurs e.g. in lung tissue due to respi-
ratory movement. The underlying microscopic problem consists of a linear elasticity equation for the
displacement within the Lagrangian framework, posed on a fixed domain and a diffusion equation
for the concentration within the Eulerian framework, posed on the current deformed domain. After
a transformation of the diffusion equation onto the fixed domain, we derive the upscaled model by
means of a formal asymptotic expansion. The system is nonlinearly coupled through effective coef-
ficients, which also take into account the periodic microstructure. We develop and study numerical
methods for our problem and perform simulations that are inspired by a bioengineered microdevice
which is able to reconstitute critical lung functions (Lung-On-A-Chip). The simulations shed light
into the sensitivity of the model with respect to several experimental parameters such as frequency
or magnitude of the cyclic mechanical strain.
This is joint work with Markus Gahn (Heidelberg), Nicolas Neuß (Erlangen) and Maria Neuss-Radu
(Erlangen).
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Understanding multiphase flow through porous media is an important study in many scientific and
engineering processes. An example of such process is corrosion of steel inside reinforced porous ma-
terials, such as soil or concrete, where air-water distribution at the steel surface is directly related
to corrosion mechanisms and has a great impact on durability of reinforced structures 1.
Prediction of water movement throughout unsaturated porous materials is generally based on tra-
ditional models relying on a macroscale modelling derived using representative elementary volume
(REV) concept [2]. However, such models are not capable of providing detailed insight into water
distribution at the steel-porous media interface which is crucial to understanding of relevant degra-
dation mechanisms such as corrosion.
One approach that overcomes mentioned limitation of macroscale models is direct numerical simu-
lation of multiphase flow directly at pore scale [3]. Such approach is based on solving Navier-Stokes
equations where in addition to inertial, viscous, and surface forces, model accounts for interfacial
tension and wall adhesion effects while fully resolving motion of the interfaces between different
phases. Moreover, these models are capable to account for complex microstructure heterogeneities
of real pore structures obtained by pore-scale imaging, such as X-ray microtomography or FIB-SEM
techniques. Combining detailed resolution of pore-scale multiphase processes with realistic 3D ge-
ometry of pore space has large potential to improve our understanding and lead development of
improved macroscale models by upscaling microscale mechanisms to obtained more accurate macro-
scopic properties required for practical large-scale modelling [4].
Thus, the aim of this work is to use direct numerical simulations of multiphase flow to improve
our understanding of air-water distribution at interface between porous media and embedded steel.
Main focus is on capillary driven multiphase flow using pore scale images with nano- to micro-scale
resolution. Influence of different geometries, both synthetic and realistic 3D pore structures, as well
as different flow conditions and different fluid-solid properties (gas/liquid - porous skeleton/steel)
will be investigated.
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Wettability alteration is a widely accepted mechanism in enhanced oil recovery where modified salin-
ity water improves oil mobilization in porous media by making reservoir rock more water wet. The
equilibrium between phases in the Crude Oil-Brine-Rock (COBR) system defines the wettability state
of the rock. As these properties will depend on the type of rock and crude oil it is crucial to identify
each of these elements’ role in the wettability alteration for a given reservoir. Contact angle mea-
surement is an established qualitative approach to measuring the wettability state of a solid surface.
In this research, we outlined a 25-1 fractional factorial design and conducted a series of dynamic
contact angle measurements over 560 hours (3-4 weeks) to investigate the effect of chalk materi-
als (reservoir and outcrop samples), brine chemistry including salinity (ranging from approximately
3000 to 50000 ppm), sulfate and magnesium concentrations (ranging from 0 to 700 and 0 to 1200
ppm, respectively), and different crude oil samples on wettability alteration. After initial contact
angles were measured, 20 rock slices were aged for 4 weeks in two different crude oils at 70 ℃. Then
contact angles were measured again and rock samples were distributed amongst bine samples with
a varying composition according to the experimental design, at the same temperature. For the next
560 hours measurements were done in the same way at regular intervals. During the aging phase,
outcrop samples showed a more marked transition to oil wetness than the reservoir samples, which
indicated a higher tendency to absorb polar components from the crude oil. It was also observed that
the crude oil with a higher Total Acid Number (TAN) was able to alter the wettability more toward
the oil-wet state for both types of rock samples. Consequently, it was observed that the wettability
modification towards water wet is more easily achieved in the rock samples aged with the lower
TAN crude oil. It was also noted that wettability alteration is a complex function of brine chemistry,
where total salinity and individual ion concentration play a role. It should be noted that results
obtained on reservoir rock samples contradict the general understanding in the literature, which
has been developed primarily based on the results on outcrop samples. These results can be used
to screen suitable reservoirs for wettability alteration based on their specific rock and fluid proper-
ties. Moreover, it provides evidence that injection water can be modified to alter wettability toward
water-wet to enhance oil production through imbibition and viscous force mobilization.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Denmark

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Poster / 466

Experimental Investigation of CO2, Lean and Flue Gas Injection

Page 386



InterPore2023 / Book of Abstracts

in a Tight Danish North Sea Oil Reservoir

Authors: Rasoul Mokhtari1; Ali Talaei1; Karen Feilberg1

1 DTU Offshore

Corresponding Authors: altal@dtu.dk, rasoulm@dtu.dk, klfe@dtu.dk

Most of the Danish oil and gas is produced from Upper Cretaceous reservoirs, located in the North
Sea. The rock is composed of chalk with some clay minerals as a minor impurity. Chalk is commonly
considered tight, although it typically has high porosity. However, to adjust to the increasing de-
mand for hydrocarbons, extraction of petroleum from less favorable reservoirs like the tight, high
porosity low permeability mixed sediment formations in the Lower Cretaceous is needed. Lower
Cretaceous oil reservoirs in the Danish part of the North Sea, are not suited to any water-based re-
covery method due to the depth and low permeability. The only practicable recovery method could
be gas injection, and one of the targeted gases for injection could be produced gas which has good
compatibility with the reservoir fluids. Another option could be the captured flue gas from indus-
trial sites which have almost 13% CO2 content. A pure CO2 injection is also an attractive option
since depleted oil and gas reservoirs are potential sites for CO2 storage projects and more CO2 will
become available in the future. Therefore, this research aims to evaluate the potential of lean gas,
flue gas, and supercritical CO2 injection, as well as the effect of injection pressure on incremental
oil recovery in a Lower Cretaceous oil reservoir. In this study, a core plug from the Tuxen formation
in the Lower Cretaceous without any open longitudinal fractures was selected after CT scanning of
the core sample. To exclude the effect of rock quality on recovery results, a single core plug was
re-used for all experiments. Porosity and permeability were measured before each experiment and
these properties showed no change between experiments. In each experiment, the saturated core
plug was aged in crude oil for four weeks under reservoir conditions (P and T). The dead oil was
then displaced by live oil. The gas injection experiments afterward were conducted at two different
pressures, 250 and 350 bar, at the reservoir temperature of 85 ℃. The results show that pure CO2 has
the best sweep efficiency, followed by lean gas and flue gas. By comparing the pure CO2 and flue
gas (Mixture of 13% CO2 and 87% N2) results, it is obvious that the high N2 content has a negative
effect on final recovery. Injection pressure shows a remarkable effect on lean gas efficiency due to
higher miscibility in crude oil at elevated pressure but has a minor effect on pure CO2 and flue gas
results. Results suggest that CO2 injection is an attractive solution for enhancing oil recovery in
tight chalk reservoirs not only because of its higher sweep efficiency but also considering its high
storage efficiency and the increasing demand for CO2 storage projects.
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Storing CO2 in the depleted North Sea chalk reservoirs represents a potentially attractive and cost-
effective way to reduce the environmental consequences of emissions of CO2. In this study we
present a comprehensive investigation of CO2 injection in chalk under different in-situ conditions
which includes characterization of 1) the response of chalk to CO2 injection in the short and long
term, and 2) the response of seismic measurements to various flow and mechanical alterations. The
experiments are carried out on core material from a specific target reservoir in the Danish North
Sea and the core plugs are saturated with relevant formation water and mounted in a pressurized
injection cell at varying temperatures. Supercritical CO2 is injected into the core and the produced
CO2 volume, the seismic response, and the chemical composition of the produced brine are mon-
itored. The brine samples are analyzed for Ca2+ and other major ions in the formation brine and
show the extent of calcite dissolution in the core plugs as well as other minerals being produced as a
consequence of CO2 injection. In addition to the injection experiments, static experiments are pre-
sented where brine-saturated core plugs are stored for three months in contact with CO2 directly, in
contact with brine in equilibrium with CO2, and with CO2 injected into the core. The core material
is investigated by CT-scanning before and after the experiments and exposed to geomechanical test-
ing to measure the extent of any rock material alteration. The knowledge gained through advanced
core flooding, static exposure experiments, CT imaging, and geomechanical experiments can help to
de-risk CO2 injection and storage in chalk reservoirs and will be helpful for de-risking other types
of carbonate reservoirs for CO2 storage.
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Abstract: Lithium-ion (Li-ion) batteries play a major role in the electrification of many business
sectors as well as public and private transportation. Although being a mature battery technology,
the manufacturing of Li-ion batteries has still room for optimization. A relevant example is the pro-
cess step of electrolyte filling that comes with unwanted pore-scale effects such as gas entrapment.
However, the underlying physics can be hardly studied using experiments, leading to the necessity
of enhancing mesoscopic modeling and simulation methods.
In this context, the lattice Boltzmann method has recently gained importance for studying flow in
complex porous media. It comes however at the cost of large computational expenses, especially
when simultaneously simulating flow in structurally resolved pores at different length scales. There-
fore, homogenization methods have been developed to circumvent the explicit modelling of pores at
the smallest length scale, but describe the flow by a Darcy-Brinkman-type approach instead where
only the mean permeability of the medium is considered.
In this work, we present such a homogenized lattice Boltzmann method (HLBM) that combines a
grayscale approach with the multi-component Shan-Chen model. It enables simulations of multi-
phase flow in heterogenous porous media by physically modelling fluid-fluid and fluid-solid interac-
tions even at sub-resolution scales. The HLBM presented here shows special advantages: the interfa-
cial tension and wetting conditions are not affected by the homogenization and physical properties
are continuous across interfaces between different porous media.
The model was validated using different test cases for single- and two-phase fluid flow. The results
are in excellent agreement with the corresponding analytical solutions where available. In addition,
the HLBM was applied to electrolyte filling of Li-ion batteries. On the one hand, it was used to study
the influence of the nanoporous and partially permeable carbon-binder domain on the electrolyte
flow. On the other hand, it was used to study flow in a fully homogenized separator microstructure
with local heterogeneities.
All in all, it is shown that the HLBM can be applied to study multi-phase flow in porous media from
which the pore sizes differ by orders of magnitude, without fully resolving the microstructure. This
speeds up simulation times significantly. Thus, the HLBM is an efficient approach that can be applied
to energy storage materials, but is not limited to it.

Acknowledgement: This work received funding from the European Union’s Horizon 2020 Research
and Innovation Programme within the project DEFACTO [grant number 875247]. The simulations
have been carried out on the Hawk at the High-Performance Computing Center Stuttgart (HLRS)
[grant LaBoRESys], and on JUSTUS 2 at the University Ulm [grant INST 40/467-1 FUGG].

Keywords: Lattice Boltzmann method, porous media, Li-ion batteries, electrolyte filling

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Germany

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

Page 389



InterPore2023 / Book of Abstracts

Poster / 469

Nano-scale imaging and modelling of gas transport in clay-rich
mudstones
Author: Xin ZhongNone

Co-authors: Lin Ma ; Sarah Haigh ; Andrew Masters ; Kevin Taylor

CorrespondingAuthors: lin.ma@manchester.ac.uk, andrew.masters@manchester.ac.uk, kevin.taylor@manchester.ac.uk,
sarah.haigh@manchester.ac.uk, xin.zhong-6@postgrad.manchester.ac.uk

Hydrogen is considered to be a sustainable and clean energy carrier that holds significant potential
to replace fossil fuels and hence enable an energy transition to meet the net-zero target set in the
Paris Agreement in 2015. Large-scale underground hydrogen storage (UHS) in geological formations
such as salt caverns, porous aquifers and depleted hydrogen reservoirs, can provide the predicted
required scale of storage and is currently an area of focus. The sealing ability of mudstone caprocks,
including marl, shale, argillite, claystone and mudstone, is a primary consideration for safe and se-
cure storage of hydrogen, especially in the case of porous rock hydrogen storage. Additionally, an
understanding of hydrogen-sealing capacity of mudstones is also important in the development of
safety cases in the deep geological disposal of nuclear waste. In these systems, hydrogen gas may
form due to the anoxic corrosion and degradation of steel canisters used in the underground radioac-
tive waste repositories, resulting in the accumulation of pressure leading to rock deformation, gas
migration and potential gas and other solute leakage. In both applications, therefore, hydrogen gas
transport behaviour in clay nanopores is an essential parameter to understand in assessing the long-
term behaviour of mudstone caprocks and seals.
Current transport models characterizing the geological transportation of subsurface fluids are not
sufficient to understand the complex transport pathways and mechanisms in clay-rich rocks at
nanoscale, owing to the lack of nano-scale quantitative measurement and images of the gas trans-
port phenomenon. With recognition that 3D micro-scale X-ray computed tomography (Micro-CT)
and Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) commonly used for pore network
modelling are insufficient to describe the clay-rich mudstones of nanometric pore sizes, Transmis-
sion Electron Microscope (TEM) can be adapted to provide microstructural information for its high
magnification. This research will thus implement TEM microscopy to image the fluid’s physical
interactions and chemical reactions with clay-rich mudstones. Progressively, while experimental
investigations of gas transport behaviours are deemed challenging in replicating the actual porous
structures at a magnitude of tens of nanometres typical for clay-rich mudstones, molecular modelling
with accurate established force fields describing the system’s inter- and intramolecular relations in
nanometre pore-scales could provide a representation of the physio-chemical coupled processes in
the gas-rock system by implementing TEM imaging results as inputs.

Core samples extracted from the Lias clay formation deposited in Eastern England are adapted for
common caprock representations in this study, where preliminary Scanning Electron Microscopy
(SEM) tomography unveiled the microstructural pore morphologies while Energy Dispersive Spec-
troscopy (EDS) analyses identified numerous mineral compositions, allowing nano-scale clay spec-
imen selection within the rock matrix. With the combination of FIB-SEM milling preparation and
static TEM imaging, clay lattice fringes and pore topography were obtained for quantitative charac-
terizations aiding future hydrogen gas transport examinations in clay-rich mudstones at nano-scale.
This research thus aims to provide unique quantifications and images, hence compare with and cor-
relate the findings to the macroscopic imaging and modelling to provide further insights for current
model improvements, contributing to the new era of our energy future.
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The motivation for the present study stems from visualizations of the PTFE distribution in the gas
diffusion layer (GDL) of Proton Exchange Membrane Fuel Cell (PEMFC). The GDL is a fibrous carbon
layer treated with polytetrafluoroethylene (PTFE), by drying a layer saturated with a solution of
PTFE particles, to improve hydrophobicity1. During the fabrication, internal surfaces appears to be
hardly covered homogenously causing a mixed wettability in the medium, indeed PTFE distribution
strongly depends on evaporation conditions2. In this context, the objective of the present work is
to study the pattern formed by fluorescent particles (1µm) in porous media after the evaporation of
the water.

Using a SUEX resin microchannel, we studied the effect of the presence of particles on the evapora-
tion dynamics in a single channel3. The experiments showed that the kinematics is slowed down by
the presence of the particlesdue to their effect on the thickness of the corner films. They are thicker
with pure water than in the presence of particles, at small concentrations, which results in smaller
vapour partial pressure gradients in the channel entrance region. Here, the work is extended con-
sidering a two-dimensional network of interconnected channels as model porous medium.

To this end, an experimental set up was developed to study the effect of the particles presence in the
model porous medium, see Figure 1, and their respective deposit. The drying process is analyzed
from optical visualizations, while the deposit is observed under the microscope with confocal green
light.

Different parameters were varied in order to better understand the particles preferential regions of
deposit and their relation with the drying pattern. For example, changing the wettability of the
chip’s material completely changes the localisation of the deposit. The particles concentrate in the
channels closest to the top edge of the network (open edge of network), while the concentration
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is decreasing further away in the network. Another variable that was changed, was the total pres-
sure. Using an oven to perform the drying under partial vacuum condition (100mbar) and at ambient
temperature, the invasion pattern is very different from the one obtained at the atmospheric pres-
sure under diffusive evaporation condition and the deposit is more homogeneous throughout the
micromodel (Fig 2).

In the next step, the experimental set-up will be improved so as to perform the experiment under a
green light allowing to track the particles. This should allow us to explain how the liquid displace-
ment influences the particle deposition Finally, it is expected that this will help establish drying pro-
cedures leading to improved GDL’s hydrophobicity properties for better fuel cell operation.
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For the field development planning for carbon capture and sequestration and the underground
storage of hydrogen, it is important to have a consistent set of relative permeability and capillary
pressure-saturation functions. Regulatory requirements and minimum standards of operators may
require conducting these measurements with well-established industrial protocols which have been
developed over 3-4 decades, in many cases for good reasons because of the long-standing experience
how non-standard workflows can result in systematic mistakes and unacceptably large uncertainty
ranges.
However, because of the specific thermophysical and molecular properties of carbon dioxide and hy-
drogen, and a potential impact on wetting properties, ripening phenomena etc. which all potentially
impact relative permeability, it may be required to perform respective measurements with the actual
fluids and not with model fluids, which may be a challenge for traditional measurement protocols.
For instance, in steady-state type of measurements a large fluid volume needs to be injected which
can be a challenge. Although there are precedence cases where steady-state experiments for CO2
have been successfully demonstrated, the more convenient type of experiments are the unsteady-
state type of experiments. However, the unsteady-state type of experiments are more difficult to
interpret and the simple analytical interpretation is deceptive with respect to systematic errors and
large model-based uncertainty ranges.
By using inverse modelling on a synthetic data set which serves as the ground truth, we demonstrate
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how unsteady-state experiments conducted at a single flow rate and without measuring in-situ sat-
uration profiles can result in uncertainty ranges many times larger than the instrumental error. By
using in-situ saturation profiles and multiple flow rates to properly constrain the inverse model, we
demonstrate that the uncertainty ranges can be reduced to that of the instrumental error, which is
in the range of a few percent.
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We developed a theoretical and numerical model to study dispersion effects in two-dimensional
porous media gravity currents experiencing drainage along their bottom boundary. The need for in-
cluding dispersion comes from experimental observations of miscible gravity currents experiencing
either local or dispersed drainage. In either case, it is found that significant dispersion may arise
leading to the appearance of distinct bulk and dispersed phases. For the case of local drainage, we
derive an analytical model starting from mass- and buoyancy-balance in both bulk and dispersed
phases. The dispersion severity is characterized by quantifying the amount of fluid that appears
in the dispersed phase or, equivalently, the spatial separation of leading fronts of the bulk and dis-
persed phases. Results for gravity currents with local drainage show that the severity of the disper-
sion depends on flow conditions upstream of the (local) fissure, as well as the fissure dimension and
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permeability. The extension of our results to the case of distributed drainage shall also be discussed.
The theoretical model is corroborated with reference to complementary COMSOL numerical sim-
ulations. COMSOL results are used to specify, in the theoretical model, the value of entrainment
parameters that characterize mass transport across the bulk and dispersed phase interfaces. The
COMSOL simulations are performed for various source and drainage conditions. Generally, a good
agreement between theory and numerics is found.
Finally, the implications of our work to real geological flows in energy sectors i.e. H_2 storage in
depleted gas reservoirs are briefly highlighted.
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Shales play an important role in the sustainable engineering of the subsurface, both as sources of
low-carbon intensity natural gas and as seals to carbon/hydrogen storage reservoirs. Their geome-
chanical properties are of particular interest as they allow for designing operational protocols that
either prevent failure (and thus leakage) or induce optimal fracture geometries for gas flow. A major
challenge is that shales are extremely heterogeneous, with spatial scales often spanning over ten or-
ders of magnitude. Capturing this heterogeneity with any single existing instrument is not feasible,
due to an inherent trade-off between resolution and field-of-view. We propose an AI-assisted hy-
perspectral imaging workflow, whereby geomechanical properties of shales can be mapped rapidly
over hundred-meter cores with O(100 µm) resolution. The workflow relies on the hypothesis that
an implicit link between infrared (IR) spectra and mechanical properties exists. Here, we validate
this hypothesis for immature shale specimens from the Green River Formation and link IR spectra
to acoustic velocity, acoustic scattering coefficient, and X-ray attenuation (a proxy for density). The
implications are an ability to extrapolate beyond point or line measurements in the lab to scales
relevant to field operations, enabling higher precision and more sustainable development of the sub-
surface.
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Shear displacement of fractures in porous rock leads to fracture dilation influencing the flow field.
This is an important mechanism in e.g. enhanced geothermal systems, where the fracture aperture
determines the heat extraction performance of the reservoir. To predict shear dilation in a fractured
reservoir, the shear displacement needs to be calculated first, since the dilation directly depends on
it. This can be done using analytical solutions depending on far field stresses, or with mechanical
solvers. Analytical solutions exist for simple test cases of isolated fractures, and approximations from
far field stresses calculate the local shear and normal stress on the fracture with Cauchy’s equation.
However, we expect that using these two leads to wrong results in complicated fracture patterns, be-
cause the interaction between fractures is neglected. This is the main reason why mechanical solvers
like boundary element methods, extended finite element methods (XFEM) and extended finite vol-
ume methods (XFVM), all of which resolve the mechanics locally by solving for stress equilibrium,
were developed.
We compare results based on approximating the local stress at the fractures by the far field stress
with those relying on spatially resolved stress fields obtained with a mechanical solver. While the
former are computationally much cheaper, the latter are more accurate and more flexible. Our goal
is to describe the accuracy and range of application of current cheap approximations regarding shear
displacement. To obtain reference solutions we used a solver based on XFVM, in which the fractures
are embedded manifolds of lower dimension represented by special discontinuous basis functions.
These functions have the property that the displacement gradient is continuous over the fracture
segments, which simplifies the computation of traction and compressive forces across the manifold.
The results show that the shear displacement of a single fracture in a rock matrix is well represented
by far field stress approximations. In two intersecting fractures the behavior of the fracture slipping
at higher pressures is approximated well by using an adaptation depending on the fracture length. In
conjugate fractures, on the other hand, the far field approximation overestimates the shear displace-
ments. The importance of locally resolved stresses is highlighted by simulation results of a model
with a layer-restricted fracture pattern mapped in the Hornelen basin in Norway, that is, large dif-
ferences can be observed in the resulting aperture distributions obtained with resolved vs. global
stress field approximations.
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The reservoir rock in subsurface applications such as geothermal or hydrocarbon reservoirs, geolog-
ical carbon sequestration or nuclear waste deposition is often fractured. When fractures are present,
they can potentially dominate flow and transport in those applications. It is therefore necessary
to characterize the relevant fracture parameters, particularly the fracture apertures, as good as pos-
sible to reliably predict performance and assess risks. However, direct measurement of fracture
parameters is difficult. Usually, only data from sparsely located wells and seismic measurements is
available. Therefore, indirect methods such as outcrop analogues, geological models and production
data become crucial.

Ensemble-based data assimilation is a widely used technique in subsurface applications to match
production history, reduce uncertainties in model parameters and improve simulation results. In this
work, we use the ensemble smoother with multiple data assimilation (ES-MDA) (Emerick & Reynolds,
2013). As an iterative ensemble smoother, ES-MDA is suited for (at least weakly) nonlinear systems
(Evensen, 2018) and various studies have successfully applied it for reservoir characterization (e.g.
Emerick, 2016; Ranazzi & Sampaio 2019; Todaro et al., 2021).

In this study, we use a 2D fracture geometry with more than 3500 individual fractures obtained from
aerial photographs of an outcrop (Odling, 1997). We therefore assume that the fracture geometry is
known a priori except for the fracture apertures. In our model, each fracture has a different aperture
which is constant over the fracture length. We consider a scenario where all fractures have an
initial fracture aperture which is a function of the fracture roughness. We then apply a constant
far field stress, such that fractures open due to shear dilation and close due to normal stress. The
exact fracture apertures are however unknown due to uncertain model parameters (e.g. fracture
roughness or rock properties).

We use ES-MDA based on flow and transport data to reduce the uncertainties regarding fracture
apertures and study the influence of the prior ensemble on the performance of the data assimila-
tion framework. Calculating the individual realisations of the prior ensemble with a geomechanical
simulator is expensive. A purely stochastic approach on the other hand does not incorporate all
geological knowledge. As a compromise between those two methods, we propose to generate the
prior ensemble based on geomechanical far field approximations which do not rely on geomechan-
ical simulations, while geological knowledge still is incorporated to some degree. Compared to the
purely stochastic approach we expect that the required number of realisations is smaller, if such a
prior ensemble is employed, since it tends to be closer to the reference.
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Dense non-aqueous phase liquids (DNAPLs) are common organic contaminants for soil and ground-
water systems, originated from industrial waste. Once disposed of incautiously, the DNAPLs migrate
into the deep subsurface through different geological media. Therefore, the prediction of DNAPL mi-
gration requires specialized methods depending on the media. In this study, an integrated model that
considers the different geological media including unconsolidated soil (US), weathered rock (WR),
and fractured rock (FR) was developed from a detailed field investigation at a testbed in the Republic
of Korea. At the testbed, various techniques of pumping tests, groundwater monitoring, and geo-
physical loggings and seismic surveys were implemented to represent the distinguishing feature of
each geological media in the model. For example, the results of the neutron porosity logging and
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core loggings were utilized for the realization of a 3D heterogeneous porosity field; the fracture
properties such as orientation and aperture size were utilized to generate discrete fracture network
(DFN) planes; Hydraulic connectivities of major permeable fractures detected by a series of image
loggings and pumping tests were fully reflected into the model. After the process of building the in-
tegrated site characterization (ISC) model, hypothetic DNAPL transport was simulated for 100 years.
The DNAPL transport and fate during the simulation time were quantitatively evaluated with the
1st and 2nd spatial moments, an indicator that assesses the spatial distribution of DNAPL mass. Ad-
ditional to the base case, the evaluation for tens of cases varying the parameter in association with
WR and FR conditions was conducted to perform a sensitivity analysis. As a result, the permeability
anisotropy and structural differences in WR, where the greatest part of DNAPLs resided, were the
most influencing factors on DNAPLs migration. They governed the location of the main fracture
entrance that most DNAPLs entered, then, dramatically changes the vertical and horizontal distri-
bution of DNAPLs in FR. In the future, the importance of each factor will be quantified and ranked
by adopting a global sensitivity analysis.
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Electrochemical cells like batteries are complex heterogeneous layered structures, and each layer is
frequently porous. This brings out central questions like; how many and which interfaces play a
role in energy conversion? And, how do we define and measure this role? In other words, how do
we describe the interplay between the various fluxes of heat, mass and charge in each layer? Most
often the cell is treated as being isothermal, while this is clearly not the case when electric current
is drawn. A systematic thermodynamic procedure is not only useful to model energy conversion
and transport. It is needed, as current models and procedures frequently are insufficient. We have
chosen to describe the energy conversion using non-equilibrium thermodynamic theory 1. This
classical theory offers a consistent way to obtain flux-force relations, whether they are based on
ionic fluxes and their driving forces, or on the neutral component fluxes and their conjugate driving
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forces. The full set of transport coefficients can be derived directly from the entropy production 1,
as well as from corresponding fluctuation dissipation theorems [2].

Using the lithium battery as an example, we first demonstrate how the various transport coefficients
are interrelated [3]. We next present numerical values for a typical battery electrolyte as obtained
from molecular dynamics simulations. Electrolyte models, assuming independent movement of ions,
fail to capture the Onsager conductivities by a large amount. Using the solvent ethylene carbonate
as a frame of reference, the co-solvent diethyl carbonate is moving across the electrolyte, contrary
to current views, and create chemical potential gradients that need be overcome during operation.
In addition, it is also likely that thermal gradients have an impact on battery voltage [4].
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Kidney stone disease (nephrolithiasis or urolithiasis) is a highly prevalent disease that affects up
to 15% of the population worldwide. Epidemiology studies have demonstrated that the prevalence
of kidney stone disease significantly varies according to age, gender, race, and geographic loca-
tion, and continues to increase linearly over the last several decades. Traditional methodologies
involving characterization of the uroliths involve either surface studies using microscopy or semi-
or fully destructive techniques, such as thin sections analysis or X-ray powder diffraction. However,
recent studies show that internal structures are the key to understanding the physicochemical in-
teractions behind the formation and design of the future treatments of kidney stones. Furthermore,
in recent years, a new paradigm called GeoBioMed, which integrates the fields of geology, biology
and medicine, has emerged. The GeoBioMed paradigm involves techniques and approaches from
geology such as stratigraphy or advanced imaging methods like super resolution autofluorescence
microscopy or X-Ray microtomography.

In this work, we characterize three mineralogically varied urolith samples, including uric acid, cal-
cium oxalate-monohydrate and calcium oxalate dihydrate stones, by using digital rock analysis.
High-resolution 3D microtomography images of the samples were acquired and normalized to Hounsfield
Units based on pre-calibrated scans. After that, images are segmented to assess and quantify resolved
and unresolved pores. Next, we apply pore-network analysis to extract the morphological features
of pores with respect to topology. As a result, we extract a full set of common descriptors commonly
applied to reservoir rock, such as porosity, permeability, surface area, tortuosity and resulting cap-
illary pressure curves by modelling the mercury intrusion experiment. At last, we compare these
parameters with a variety of sandstone and carbonate samples.

The resulting data provides insights into the internal structures of kidney stones and the potential
applications for a variety of state-of-art digital rock physics techniques recently developed to inves-
tigate the porous samples within the scopes of geo- and material sciences.
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RepoTREND –A Program Package for Safety Analysis of a Final
Repository for Radioactive Waste

Author: Tatiana ReicheNone
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RepoTREND (1,[2]) is a new simulator designed to model the processes in a final repository for
radioactive waste in different geological formations. RepoTREND provides functionalities for sim-
ulating the release of contaminants and their migration through the near-field and far-field to the
biosphere, including the estimation of the radiological consequences for a human and the environ-
ment. RepoTREND is modularly designed and provides computational modules for the simulation
of the processes in each subsystem of a final repository.

For a typical repository model the model area is extremely heterogeneous. During a simulation of
the processes in a repository for radioactive waste, numerous different effects have to be considered
additionally to the basic process (two phase contaminant transport). Various physical models that
use different equations and variables have to be implemented. Specific challenges in developing the
structure of a simulator program are to enable a flexible choice of models for different regions of
the modeled area, their combination during a simulation and an easy way to extend the program by
new models and effects. The program code of RepoTREND is designed as a framework for solving a
general nonlinear equation set. Different physics are realized as models in a library form.

Therefore, a model is defined by certain equation(s) of state and certain routines for taking account
of the relevant effects, organized as a library of equations and a library of effects. This code structure
makes it easy to incorporate new equations and effects.

Different models can be assigned to different grid blocks. Any grid block is defined by its own set of
equations. The coupling of physical models is described in implicit manner: directly solve the linear
couplings between variables by including all equations (block rows prepared for any grid block) in
the same matrix system.

This concept ensures:
–the implementation of new effects in an easy way according to the predefined pattern,
–flexibility, transparency and reusability in extending and developing the program code.
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CO2-electrolysis (CO2ELY) is a promising technology to harvest the temporal surplus of renewable
energy and convert CO2 into valuable non-fossil feedstock for green chemistry. CO2ELY is similar
to water electrolysis. CO2-gas is fed to the cathode to be electrochemically reduced, e.g. to CO, with
an adapted catalyst. We employ time-resolved synchrotron X-ray tomographic microscopy (XTM)
to study operando the complex water dynamics during CO2ELY and its relation to electrochemical
performance. Water plays an essential role as a reactant for the CO2 reduction reaction (CO2RR) in
alkaline conditions, while condensed water can block gas exchange in the gas diffusion layer (GDL).
Water is further involved in the process through vapor adsorption/desorption, capillary fingering in
the GDL and hygroscopic swelling of the polymer electrolyte membrane.
A zero-gap electrolyzer with a bipolar membrane (BPM) in forward bias 1 - alkaline at the cathode,
acidic at the anode - is studied. The membrane is sandwiched between two porous electrodes based
on carbon paper GDLs. The cathode GDL additionally carries a microporous layer. This membrane
electrode assembly is clamped between two polar plates containing flow channels for gas and water
at the cathode and anode, respectively. A custom-made miniature electrolyzer with an active area
of 10 mm2 is used for XTM [2]. This miniature cell is mounted on the rotating sample stage of the
TOMCAT beamline at the SLS, Paul Scherrer Institut, Villigen PSI, Switzerland. During electrochem-
ical operation, fast tomographic scans (1s/scan) of the active region are recorded every minute for
45 min with a voxel size of 2.75 um. The concurrent electrochemical performance is measured and
related to the liquid water evolution and gas bubble formation within the cell. Beyond qualitatively
correlating the imaging results to the electrochemical data, the different phases in the image data are
segmented to study the evolution of the liquid water configuration in detail. Due to substantial de-
formation of the sample during acquisition, i.e. strong membrane swelling with GDL compression,
differential segmentation methods are not applicable. We extend machine learning segmentation
(e.g. Weka [3], usually 2D) to exploit information in all four dimensions at once.
Imaging reveals the multilayer system of 0.8 mm-wide flow channels, GDLs, microporous layer, cat-
alyst layers and the BPM, particularly resolving the inter-fiber GDL-pores in the range of 20 um. The
temporal resolution allows tracking the evolution of liquid water. It is a delicate balance between
feeding the CO2RR with reactant water and not blocking the gas transport. Water condensation is
observed in the GDL and, more severely, creates blocking slugs in the flow channels at the cathode.
Additionally, hygroscopic swelling of the membrane together with catalyst delamination and BPM-
interface fracturing is observed.
The presented experimental results help to better understand water dynamics during CO2-electrolysis
to ultimately yield higher power density and stability. The results further reveal important degrada-
tion processes, particularly in the BPM. The combined electrochemical and imaging data can further
inform modeling to accelerate the search for optimal operation parameters.
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The cleaning and decontamination of various porous surfaces (e.g., concrete, tarmac, wood, etc.) is
a challenging and multidisciplinary problem for both fundamental understanding and a wide range
of industrial, medical, urban, everyday-life and disaster-response applications 1. The role of such
processes is particularly crucial in cases where contaminants (such as chemical substances and bio-
logical pathogens) are extremely harmful and pose serious risks to human health. Indeed, attempts
to decontaminate porous materials might lead to a partial redistribution of the unwanted substance
within the porous matrix instead of a complete removal. As a result, cleaning operations could fur-
ther contribute to the contaminant/pathogen spread, and the substance might remain a long-term
hazard for people coming in contact with the contaminated medium.
In this work, we present surface-washing experiments modelling the decontamination of porous
media using a rig equipped with camera-based (spatially resolved) and in-line UV-Vis diagnostics.
The model porous surfaces used are manufactured in our laboratory by sintering packings of soda-
lime glass beads of various size distributions onto solid glass frames. The obtained composite struc-
tures are then directly incorporated in a surface-washing apparatus [2].
The contaminant agent is simulated by a dyed passive tracer, either disodium-fluorescein or methy-
lene blue. These aqueous solutions are released onto the free porous surface of a water-saturated
medium in the form of droplets. The surface-washing is simulated by a thin gravity-driven water
film flowing over the inclined porous-glass plane.
The space-time evolution of the contaminant field across the porous medium and its interaction with
the cleansing flow are then tracked by direct image analysis based on dye-attenuation using multi-
wavelength illumination spectra. This technique enables us to study the tracer spreading (advection,
diffusion, dispersion, and absorption) over a wide range of concentrations. Additionally, an inline
UV-Vis spectrometer is used to monitor in real-time the contaminant concentration in the washing
effluent.
Our experiments provide insights into the fundamental physics governing the cleaning process, such
as the role of initial conditions (e.g., ingress of contaminant, wet/dry substrate) and the impact of
process parameters on the decontamination efficiency (e.g., necessary amount of cleansing resources
and washing time). Importantly, they demonstrate a decontamination-induced redistribution of the
contaminant within the porous matrix.
Finally, we provide some fundamental considerations regarding the choice of the optical method in
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a dye-attenuation context. In particular, we discuss how the factors such as the light source, the
dye absorbance, the camera-response, and the medium void-fraction distributions complicate the
accurate tracking of the contaminant simulant.
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Dissolution of solid mineral in porous media due to the introduction of reactive fluids is of utmost
importance for a wide range of subsurface applications, including CO2 storage, geothermal systems,
fuel cell technology, and enhanced oil recovery. The conditions of the injection process as well as
the mineral properties strongly influence the resulting dissolution pattern, leading to compact, uni-
form, wormholing, or channeling dissolution that change the permeability and flow properties of the
reservoir. In this work, we present a comprehensive analysis of the impact of pore-space heterogene-
ity on the various regimes during acid injection at the pore-scale using numerical simulation. Our
fast, efficient dissolution numerical model, based on the Darcy-Brinkman-Stokes method within the
OpenFOAM toolbox in GeoChemFoam, is used to run 2D simulations of dissolution on ultra-large
synthetic, stochastically created geometries with varying levels of pore-space heterogeneity. For
each model, the influence of flow and reactive conditions on the local dissolution is characterized.
We observe that heterogeneities in the pore space facilitate the development of local flow instabili-
ties that result in wormholes and channels due to the existence of preferential flow paths. These flow
and reactive parameters are extracted with mage analysis and used to train a deep neural network to
predict the porosity and permeability changes on Darcy-scale grids. This is the first work to directly
compare pore and Darcy scale model results for reactive dissolution systems, giving insight into the
interplay between flow, reaction, and heterogeneity across scales.
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CO2 injection in deep aquifers is a way to perform CO2 storage, but it requires an impervious over-
lying formation called caprock to avoid any catastrophic leakage. The post-injection CO2 bubbles
accumulate rapidly at the aquifer-caprock interface, creating a multiphasic situation and drying the
caprock interface. Due to the thinness of the pore size distribution, this drying can lead to the for-
mation of nanoscale capillary bridges, meaning that the entire water-bearing caprock is put in a
capillary state, i.e., liquid under negative pressure (tension) [1, 2]. Therefore, the evolution of geo-
chemical reactions and the dynamics of liquid-air partitioning must be capillary-corrected.
To study the capillary-driven mass balance and its associated geochemical features, capillary wa-
ter bodies were experimentally investigated within synthetic lab-on-a-chip pore models with per-
fectly controlled inner geometries. As shown in Fig.1, these experiments are carried out using
nano/microfluidic chipsets designed based on two feeding micro-channels connected by a series
of nano-channels. These nano-channels, etched in a silicon wafer, have a depth varying from 5 to
100 nm and allow us to control or change the capillary states and relative humidity (RH) of a flowing
aqueous solution of known composition.
The capillary features of the solution were investigated by employing the 5 nm depth channel and
tuning the relative humidity at 50% (capillary evaporation) and 80% (very close to capillary equilib-
rium). We observed that water boiled in the big reservoir (micro-channels) behind the nano-channels
after 60 days at 80%, while no significant evaporation was measured. Meanwhile, permanent cap-
illary evaporation occurs in nano-channels maintained at 50%, and the corresponding kinetic rate
was measured. These experiments give insights into the coupling between pore-size-controlled and
capillary-controlled geochemistry in porous media, which will be discussed.
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Material failure and fracture growth are phenomena that without a doubt have significant impact
on industry and society alike. They dictate how long structures will last and what loads they can
withstand, critical topics to consider in any engineering project. While some analytical formulations
have shown partial success in describing and predicting material failure, numerical studies of Fiber
Bundle Models (FBM) and Random Fuse Models (RFM) have given many interesting results, and are
still frequently used in research today 1. The fiber bundle model represents materials as a system of
Hookian springs that break when critically stressed. A 2D fiber bundle is similar in structure to a
cross section of a pours material, and while many explore flow through capillary fibers [2-4], others
study the mechanical strength [5-6]. Global Load Sharing (GLS) is a type of fiber bundle where all the
fibers in the bundle carry the same amount of load. This is similar to what would happen if a perfectly
rigid material is stressed. However, if a material is flexible, the load will be focused more locally. In
such a situation, Local Load Sharing (LLS) is more appropriate. To give some physical intuition of
these extremes of GLS and LLS, consider eating a cake with a spoon. The cake is flexible and breaks
locally around where the spoon is pushed through the cake. Compare this to what might happen if
you use the spoon to try to take a piece out of a brittle cracker. There would be no spoon shaped
hole in the cracker, because the stress from the spoon would not remain local, but be distributed
globally. LLS has properties similar to that of a soft materials where as GLS is more similar to hard
materials. Keep in mind however that soft/hard is different from elastic/brittle and that both GLS
and LLS are capable of behaving elastically and brittley. The way LLS distributes load onto fibers is
by grouping adjacent broken fibers in to groups called clusters. The fibers on the perimeter of each
cluster are then given the load that would have been carried by the broken fibers in the cluster. This
behavior leads to crack growth, as large clusters are more likely to grow even larger because their
perimeters are stressed as a function of cluster size. This study explores a new way to distribute
the load in the bundle that further elaborates on the idea of crack propagation. Our method, first
suggested by Kjellstadli [7], is closely related to LLS but uses a non-uniform load distribution over
the perimeter of clusters. LLS already has a mechanism for crack enhancement, but our method
targets fibers individually as opposed to entire perimeters. We let fibers with fewer neighbours take
on more load than fibers with more neighbours. Our implementation is a generalized model that
contains LLS as a limit. When tuning the model away from LLS, the model produces clusters that
are more solid, as opposed to the more fractal clusters commonly seen in LLS.
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Iodinated Contrast Media (ICM) are organic compounds, widely used during X-ray procedures for
medical imaging 1. ICM are connected with diseases, such as hyperthyroidism or hypothyroidism,
due to the iodine ions bound to the chemical molecule [2]. Moreover, in aquifer system, ICM can
form toxic intermediate products during photodegradation or Managed Aquifer Recharge processes
1.
Nano-scale zero-valent iron (nZVI) can efficiently dehalogenate ICM and turn ICM into non-toxic
products 1. The chemical reaction between ICM and nZVI is impacted by several factors, such as
the initial concentration of nZVI, the presence of oxygen in the subsurface environment (i.e., the
occurrence of anaerobic versus aerobic conditions) and the pH of fluid phase. Although several ex-
perimental studies have analyzed the reaction kinetics between ICM and nZVI at laboratory scale
under batch conditions ([3],[4],[5]), few studies have investigated the interaction between ICM and
nZVI under flow conditions. In this framework, Zhou et al. [6] performed both batch and column ex-
periments in order to identify the reaction mechanism and kinetics of diatrozate (DTA) dehalogena-
tion using sulfide-modified nZVI (S-nZVI) under anaerobic conditions. The authors also proposed
a pseudo-first-order kinetic model to interpret the batch experiment outcomes. However, the pro-
posed model cannot adequately reproduce the experimental results obtained under flow condition.
Here, we cast the batch experiment of Zhou et al. [6] within a stochastic framework and (i) provide
Maximum Likelihood estimates and associated uncertainties of characteristic parameters driving the
underlying kinetic mechanisms and (ii) assess the way uncertainty associated with model parameters
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propagates into uncertainty in quantifying the temporal evolution of DTA concentration. Finally,
we propose a new kinetic model able to describe the interaction between DTA and S-nZVI under
flow conditions. The new kinetic model which includes advective-dispersive transport, sorption and
desorption to and from the reactive surface (S-nZVI), dehalogenation of DTA by S-nZVI, adequately
reproduces the experimental results.
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We use high resolution numerical direct numerical simulations to study flow and transport in a full
length porous column, solving the Navier-Stokes and advection-diffusion equation to fully resolve all
processes at pore scale. The data is used to take a very close look at interfacial and mixing processes
at unprecedented resolution, enabling us to accurately track mixing interfaces, quantify incomplete
mixing and reactions and study boundary effects to gain a deeper understanding of the origin of
anomalous behaviors that cannot currently be measured in laboratory experiments.
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Recent Advances in Modelling Reactive Interfaces in Pore-Scale
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Micro-continuum modeling enables the simulation of coupled multi-physics processes including
multiphase flow and reactive transport at the pore scale. One key feature is the ability to move fluid-
solid (e.g. mineral dissolution or precipitation) and fluid-fluid interfaces (e.g. dissolution of gaseous
species in aqueous phase) using fixed-grids only, i.e without the need to remesh the grid when the
mapping of phases evolves. The displacement of such interfaces relies on an accurate description
of mass transfer between the two phases. Various approaches have been proposed to model, on
the one hand, the reactive mass transfer at the solid surface, and on the other hand the transfer of
species across the interface between two immiscible fluids. In this presentation, we discuss the recent
progress made to simulate such processes under thermodynamic equilibrium and non-equilibrium.
We review the Continuous Species Transfer techniques, the Volume of Solid approaches, and we
introduce a new tentative to combine these two models into a unique framework.
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In wells for carbon capture and storage (CCS), fractures can develop in the cement due to strong
thermal shocks upon pressurized CO2 injection into the subsurface. The network of these fractures
forms leakage pathways that can impair well integrity, and thus impede successful geological storage
of CO2. In this study, we investigate how thermal shocks affect cement integrity under unconfined
and confined conditions. Solid cylindrical samples (Φ3 x 7 cm) and samples of the same size but with
a hole (Φ4 mm) in the middle are used. All samples are prepared using class G cement with 35%
BWOC silica flour by Halliburton AS Norway, in accordance with API specification 10B-2. In uncon-
fined experiments, we either quench the solid sample into cold water or inject cold water through
the hollow-cylindrical sample to induce thermal shocks. In confined experiments, we mount the
hollow-cylindrical sample in a triaxial deformation setup with confining pressure and axial stress,
then inject cold water to induce the shocks. Before the shocks in all experiments, samples have been
heated to 130℃. The temperature of the water is 5℃ to achieve a strong thermal shock as possible.
We produce eight cycles of thermal shock in all experiments. To study the extent of cracking, we use
a micro-computed tomography (μ-CT) scanner to characterize the network of pores and fractures in
the cement before and after experiments.
Under unconfined conditions, fractures develop in cement after thermal shocks in both quenching
and injecting-through experiments. Both experiments generate sufficient thermal stresses to cause
cracking in cement. In quenching, multiple fractures are initiated at different orientations. However,
by injecting cold water through the sample, only one longitudinal fracture is created. This fracture
is intersected with the injecting hole, where most thermal stresses are built up. The volume ratio
of pores and fractures in samples increases to 2.74% by quenching and 1.84% by injecting through
respectively, from 0.38%. Compressive strength decreases from 97.9 MPa for intact samples to 53.9
MPa after quenching, and 83.6 MPa after the injecting-through experiment. Under confined condi-
tions, we carry out injecting-through experiments to bring about thermal shocks under 1.5 and 10
MPa confining pressure. We haven’t observed any failure in cement integrity under either confine-
ment. Instead, compressive strength increases by 6.2% and 7.2%, and the volume ratio of pores and
fractures decreases by 7.7% and 18.2% after the experiment under the confinement of 1.5 and 10 MPa,
respectively. This means the presence of confining pressure not only hinders the adverse effects
of thermal stresses on cement integrity but also compacts the samples. Higher confining pressure
causes more compression to the sample, then resulting in greater strength.
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Petrophysical rock properties (i.e., porosity, absolute and relative permeabilities) are key information
for any reservoir characterization and represent fundamental input parameters for the simulation
studies. To access to such information typically core analysis are needed. Although core analysis
tests are an accurate way to obtain such properties (Gaafar et al. 2015), there are cases where these
tests are not accomplished or not profitable to oil companies. Firstly, laboratory experiments can
take a long time to be completed. Secondly, core plugs can be scarce, damaged or unsuitable for
the tests. Recently in order to obtain reliable petrophysical properties from core plugs even when
they are no longer suitable for laboratory experiments, digital rock physics techniques (DRP) may
represent a as a powerful approach to obtain these parameters. DRP has progressed at rapidly and
is becoming an indispensable tool for rock physics analysis even if the comparison between DRP
results (micrometric scale) and laboratory tests (centimetric scale) needs the implementation of an
additional upscaling method. DRP investigates the physical fluid flow properties of porous rock com-
bining modern macroscopic imaging with advanced numerical simulations. The implementation of
an upscaling method is required to validate DRP results (micrometric scale) and laboratory tests
(centimetric scale). In this context, we propose a novel methodology (Miarelli and Della Torre 2021)
allowing the digital characterization of rock properties at the plug scale. In particular, the developed
workflow valorizes and combines different technologies (Figure 1): (i) micro-CT scan, (ii) advanced
image processing, (iii) machine learning (Menke et al. 2021, Jouini et al. 2021), (iv) Computational
Fluid Dynamic (CFD) numerical simulation. The first step of the methodology consists of acquiring
micro-CT low-resolution scan of the entire core plug; then, machine learning techniques are applied
to decompose the digital plug (derived by image processing on micro-CT scan) in reference element
of volume(REV)-type equivalent blocks, determining the optimum number of REV type and their
locations. One or several high-resolution 3D fine-scale images are used to derive the petrophysical
properties of each REV type from individual fluid flow simulations at the pore scale. The resulting
REV-type properties are then scaled up to the core plug scale. Finally, the scaled-up results are com-
pared to the results of core analysis tests. The overall methodology is validated on a heterogeneous
carbonate rock.
The structure of the implemented workflow allows to improve every single step to adapt the proce-
dure to every different core plug rock types. In this sense, the developed workflow could be further
upgraded in several ways. From the detection side of texture analysis, increasing REV attributes
number, including spatial point process (Weil et al.2006), could better cluster analysis results. Opti-
mal value for clusters number can be investigated adopting supervised machine learning technique
instead of unsupervised ones. The developed workflow can be expanded to two-phase flow proper-
ties, using volume-of-fluid(VOF) approach, in order to evaluate relative permeability and capillary
pressure of drainage and imbibition processes (Heyns and Oxtoby 2014;Brackbill et al. 1992;Shams
et al. 2018) by an accurate modelling of low capillary or tension surface-dominated flows.
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Sandstone and carbonate H2-wettability is an important factor that defines structural and residual
trapping capacities and significantly influences multi-phase fluid dynamics in the rock. An increas-
ing number of studies have evaluated this wettability by performing contact angle measurements
on quartz and calcite; however, the reported data is fraught with uncertainty.
We show clearly that surface contamination is the main cause of this widespread data dispersion.
Incorrect cleaning methods were used, resulting in falsely high contact angle values. We used the
surface cleaning method commonly used in the surface chemistry community to observe that in the
presence of hydrogen, the water contact angles on clean quartz and calcite substrates are zero in all
conditions (i.e., different pressures, temperatures, and salinities) using the sessile drop method and
Molecular Dynamics (MD) simulation.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Saudi Arabia

Acceptance of the Terms & Conditions:

Click here to agree

Page 412



InterPore2023 / Book of Abstracts

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

493

Experimental Investigation of Oil Recovery Mechanisms Using
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Objectives/Scope:
Assessment of the recovery mechanisms in mixed-wet systems, such as carbonate and shale reser-
voirs, has gained a significant attention by the industry. Wettability of oil-brine-rock systems is a
crucial petrophysical property that impacts fluid distribution and multiphase flow in hydrocarbon
reservoirs. Microfluidics is a unique technology that can provide direct visualization and assessment
of flow mechanisms at the pore scale. However, mimicking mixed-wet systems becomes a limitation
to this technology. In this work, we investigate the influence of wettability on oil recovery using
microfluidic devices mimicking formations with single and mixed wettabilities for the first time.
Methods, Procedures, Process:
The microfluidic devices were designed to replicate the actual pore-network of an oil-bearing reser-
voir rock, obtained from thin-section images of a core. The microdevices were built out of silicon due
to their compatibility with organic solvents, such as oil. A novel technique was used to construct
the microfluidic substrates with controlled wettability, including water-, and mixed-wet systems,
imitating pore-network formations with variable pore-throats.
Results, Observation, Conclusions:
Several sets of comparative experiments were performed to investigate the wettability effect on oil
recovery at the pore scale. Fluid flow was conducted in two silicon-based microfluidic devices hold-
ing the same pore-network structure but differed in the wetting state. The first microdevice had a
hydrophilic silicon-based surface which did not undergo any surface modification processes, mimick-
ing a water-wet system. While the second microdevice underwent selective wettability alteration by
depositing perfluorodecyltrichlorosilane (FDTS) on selective zones of the silicon-based micromodel
surface. This created multiple hydrophobic spots on surface, mimicking a mixed-wet system. The
flow experiments conducted shared identical conditions: water injection in oil-saturated microde-
vices. Results showed a reduction in the oil recovery and thus a higher remaining oil saturation in
the mixed-wet compared to the water-wet microdevice with distinct phase distributions. The results
highlight the importance of using accurately designed microdevices to mimic mixed-wet formations
when evaluating oil recovery, as single-wetting state microdevices may under-, or over-estimate the
recovery process.
Novel/Additive Information:
This work presents an assessment of oil recovery mechanisms in mixed-wet systems using microflu-
idic devices. Microfluidic devices with mixed selective wettability using FTDS coating to alter the
substrate surface are demonstrated for the first time. Tuning the wetting state of the microdevices
to mimic the mixed-wet characteristics of reservoir rocks can enhance the understanding of multi-
phase flow behavior and recovery mechanisms in mixed-wet reservoirs, including carbonates and
shales.
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In underground hydrogen storage, pore pressure cycling due to annual or more frequent gas pro-
duction (depletion) and injection leads to changes in the stresses acting on the reservoir rock, which
in turn lead to rock deformation. Although inelastic deformation has an important effect on the
physical properties of the rock, its effect on rock mechanical and transport properties is not well
understood. To investigate the effect of inelastic strain, triaxial cyclic axial compression experi-
ments were carried out on Castlegate and St Bees sandstone samples with 26% and 20% porosity,
respectively. This was done using the Harpers THMC Flow Bench at Heriot-Watt University at
4.5 MPa, 10.5 MPa, and 19.5 MPa confining pressure. Permeability tests were carried out at key
differential stress points throughout the compression tests. 3D images of the whole specimens be-
fore and after the cyclic loading experiments were obtained by performing X-ray micro-computed
tomography scans, and digital core models were established to quantitatively characterize the geo-
metric topological features of the two sandstones. The results show that the total axial strains of the
two sandstones after cyclic loading ranges from 0.98–1.42% and 0.82–1.17%, respectively. The more
porous Castlegate sandstone shows greater inelastic strain than the St Bees sandstone (0.47 to 0.85%,
compared to 0.23–0.62%, respectively). However, upon stress changes, the Castlegate permeability
shows lower permeability loss (19-46%) compared to St Bees Sandstone (~70%). In both sandstone
samples, the first cyclic loading event produced the most significant inelastic strain and therefore
permeability loss. Microstructural evidence based on CT analysis indicates that inelastic compaction
in the Castlegate sandstone is controlled by a combination of intergranular cracking and intergranu-
lar slip, with the former dominating. Some of the large pores were compacted to form smaller pores
due to intergranular slip, causing a decrease in the permeability of this sandstone, and the inelastic
compaction became more pronounced as the confining pressure increased. In contrast, for the St
Bees sandstone, inelastic compaction is mainly controlled by intergranular and intra/transgranular
cracking. In addition, broken grains in the pores and throats were responsible for the decrease in
permeability.
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A six (+1) field formulation for flow in porous media with frac-
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A domain decomposition approach for flow simulations in poro-fractured media using non-conforming
meshes is presented. Fractures in a porous medium can either act as preferential flow path, either
represent barriers for the flow. When a geometrical reduction approach is used, as, e.g. in a Dis-
crete Fracture and Matrix (DFM) model, fractures are represented as planar interfaces embedded in
a three dimensional porous matrix. A formulation with six independent pressure variables and an
additional field for the flux at fracture intersections is proposed to de-couple the problems on each
fracture and in the bulk domain. A suitable cost functional is then minimized to recover the global
solution. Each field can be discretized independently from the others, and on an independently built
mesh. As the pressure solution in the porous matrix can be discontinuous across barrier interfaces,
the eXtended Finite Element method with discontinuous enrichment functions is used to describe
this kind of irregular behavior on a mesh non conforming to the irregularity interface.
The proposed approach has the advantage of a strong robustness to geometrically complex configu-
ration and allows to take advantage of parallel computing techniques.
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A trickle bed reactor (TBR) is one of the most common reactor types in the chemical and petroleum
industries. A TBR accommodates a catalyst particle packing with two-phase gas-liquid flow moving
co-currently downward. The catalyst particles provide a large surface area for sufficient contact of
the liquid and gas phases containing the reactant. A proper distribution of the gas and liquid among
the catalyst particles will provide the desired particle wetting efficiency, which is essential for the op-
timal operation of a TBR. This becomes more important in slender TBRs, i.e., low column-to-particle
diameter ratio. Slender TBRs are favorable when proper heat control over the reactor is required.
The small column diameter in the slender TBR highly affects the gas-liquid distribution and causes
the liquid and gas flow to move through preferential regions. Therefore, a detailed understanding of
the local phase distribution and particle wetting is crucial in designing a slender TBR. This research
uses Magnetic Resonance Imaging (MRI) to characterize the gas-liquid-solid distribution and the
particle wetting efficiency for a two-phase trickle flow inside a slender TBR of 21mm inner diameter
randomly filled with 3mm mono-disperse spherical particles. The 3D liquid distribution images from
single-phase and two-phase flows are obtained using a 3D Fast Low Angle-Shot (3D FLASH) imaging
sequence of MRI. The acquired images are post-processed to calculate the local saturation field and
wetting area fraction of each particle. It is investigated to see if preferential flow in a slender TBR
could lead to a preferential local wetting of the particles’surface.
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Visual observation of flow and transport processes in fractures require transparent replicas. Quite
easily realized are parallel plate models which pose only a quite rough approximation and require
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certain geometric conditions /TSA 87/. A better representation can be gained by impressions from
real fractures, either by forming the free space, a common technique (e.g. /PER 95/) but rather effort-
ful, or by epoxi imprints of the fracture surfaces (e.g. /WIN 20/). Accurate surface measurements
and determination of contact pressures indicate, though, that several imprints of the same locations
may show significant differences /STI 20/.
A rather new class of transparent physical models has been made possible with the introduction of
reasonably accurate 3D-printers. Hydraulic tests with principle models of single fractures as well
as DFNs have been established quite early (e.g. /ISH 19/, /SUZ 17/). Realistic single fracture replicas
still pose a problem, though.
Three steps are required for the production of a fracture replica by this method:
1. 3D-scanning of the fracture surfaces
2. Preparation of a printable digital model of the fracture
3. Printing out the digital model
This procedure has a lot of appeal as it rather elegantly avoids the problem of air enclosure and
bubble evolution between resin and fracture surface. Moreover, it is possible to add features to the
digital model that facilitate hydraulic tests such as connectors to inflow and outflow tubes. The
method allows even for repeating destructive tests. Since it was intended to cover the whole produc-
tion process of this method, a 3D-scanner as well as a 3D-printer have been acquired accordingly.
However, new challenges appear also at all three stages of production. One obvious point is the
accuracy. The coordinates of a fracture surface can of course only be sampled at a limited number
of scanning points. On the same scale, also the dimensional accuracy of the 3D-Printer is restricted.
Less evident is the problem of alignment of the two fracture surfaces. Snapping points at a distance
of less than one millimetre have been found in a printed fracture of a 7 x 10 cm size, suggesting a
possibly serious impact on the aperture distribution by misalignment. Another point concerns the
general ability of plastics to take up water. This phenomenon affects printed resin material to a con-
siderable extent in that weight and size change with time. Details and solutions to these problems
are addressed in the present paper.
In closing, the repeatability of an actual tracer test in a printed fracture replica is investigated. The
experimental setup consists of an upper and a lower part. Transport of a colored solution in the
fully water-filled replica has then been observed with an industrial camera and repeated three times.
Grayscale images were acquired every 10s. The post-processing includes a segmentation of each im-
age and a statistic evaluation for all pixels. This statistic provides information for each pixel stating
with which probability there was tracer measured at this spot or not.
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In this study, we illustrate key features of transport in heterogeneous fractured aquifers, when
the fluid-rock diffusive exchange is a significant player, like in the case of heat transport. This
advective-diffusive behavior is determined by the combined effects of flow velocity heterogeneity
in the fracture system, and diffusive exchange between the fluid in the fractures and the rock ma-
trix. In this context, the temporal evolution of the response to a pulse injection exhibits a post-peak
pre-asymptotic regime, with a slope that deviate from the traditional signature of matrix diffusion.
This deviation is driven by the variability of both velocity field and fracture aperture field. We il-
lustrate the impacts of these two factors, under different conditions of heterogeneity and fracture
network connectivity. We derive theoretical models that predict the pre-asymptotic tail under three
extreme cases that can be related with specific network structures, i.e., networks dominated by large
or small fractures, networks with highly or poorly channelized flow. These theoretical predictions
are compared with results from numerical simulations in different sets of three-dimensional discrete
fracture networks. Based on the numerical and theoretical results, we determine that the combined
observation of solute and heat transport responses allows classifying the network in terms of con-
nectivity structure, and partially characterizing the fracture aperture variability in terms of upscaled
parameters.
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The safety against radioactive waste stored deeply in the underground is principally at risk where
groundwater can attack the metallic waste canisters. For a performance assess-ment of a geological
repository, it is therefore imperative to know the groundwater flow system over the projected life-
time of the repository. According to the current legislation in Germany, this will be a million years
/STA 17/.
Over the past million years, several cold ages have occurred and have brought permafrost conditions
basically to all potential sites for a radioactive waste repository in Germany (e.g. /VAN 93/). It can
therefore be expected quite safely that any conceivable repository will sooner or later be subject to
these conditions again. This is significant because permafrost will have a considerable impact on
groundwater flow as the ground freezing tends to sepa-rate aquifers in the underground hydrauli-
cally from the surface.
However, it is also known that even under permafrost conditions there are local volumes of unfrozen
ground, called taliki, connecting the surface waters with unfrozen aquifers. Flow of contaminated
waters from a possible leakage in the repository could thus be directed towards such taliki and reach
the surface concentrated in single spots (e.g. /JOH 16/). Taliki are thus a key feature in the assess-
ment of a possible exposure of the biosphere to harmful radioactive substances.
Talik formation is presently quite intensively investigated in the framework of global warm-ing and
thereby refers to melting processes (e.g. /PAR 18/). In case of geological storage of radioactive waste,
by contrast, the question is rather, where open taliki will remain in an otherwise increasingly freez-
ing ground. Taliki are not accessible to direct observation even though they can be detected by
laborious field work. Insight into the processes of talik formation might therefore alternatively be
gained by numerical modelling.
A surprisingly large variety of mathematical formulations can be found in the literature that describe
groundwater flow under freezing conditions including ice formation and may be applied to the prob-
lem at hand. To ensure that all relevant processes are appropriately addressed in an own model of
choice, though, general balance equations for groundwater and heat flow are developed from scratch
without prematurely introducing assumptions and restrictions. These balance equations are supple-
mented by constitutive equations and equations of state (EOS) covering also sub-zero temperature
conditions. Additionally, a computationally less demanding set of EOS valid in the temperature
range between 20℃ and +60℃ and hydraulic pressure up to 20 MPa has been developed. The en-
suing math-ematical model is then numerically realised in the framework of the code COMSOL
Mul-tiphysics.
For realistic boundary conditions at the model surface, the air temperature evolution over the last
400,000 years determined from ice cores from Antarctica /JOU 07/ has been adapted to the location of
present Germany. Heat flux from inner earth can be shown to be approx-imately constant over this
time period of time. First results from modelling ground temperatures during the beginning of an ice
age confirm a thermal shadowing of the cooling ground under large aquatic surface features.
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Understanding two-phase flow in porous media is highly significant in many fields of science and
engineering in terms of both theory and practice. Fundamentally, pore-scale immiscible displace-
ment is governed by the wettability of the pore-wall, which in turn, influences the distribution and
transport of the fluid phases at the micro- to macro-scale. Whilst two-phase transport mechanisms
in strongly-wetting and weakly-wetting systems are well described, there is a general lack of under-
standing of the fluid invasion protocol in mixed-wet regimes 1, as spatial heterogeneity in surface
wettability gives rise to additional complexity in terms of the governing physics of the immiscible
fluid flow. Snap-off is a major pore-scale immiscible fluid transport and immobilization mechanism
which occurs during imbibition, which causes the entrapment of the non-wetting phase owing to
the presence of strong interfacial forces. It is governed by pore geometry and pore surface wet-
tability. Indeed, it is important to recognize the relative influences of each of these factors when
attempting to characterize such instabilities. Most research conducted hitherto has studied snap-off
under mono-wet conditions; the work of Zhao et al., however, sheds the light on the understanding
of snap-off in partial wetting conditions [2]. In addition to these systems, many naturally occurring
pore networks exhibit sharp wettability contrasts across their pore walls (e.g. wettability altered
mixed-wet carbonate reservoirs). In this work, we propose that such wettability contrasts can give
rise to fluid interfacial instabilities capable of producing snap-off-like behavior (i.e. droplet forma-
tion) within pore-systems exhibiting invariant geometry (i.e. straight capillary tubes).
To investigate the behavior alluded to above, we perform high-speed microfluidic experiments and
complimentary computational fluid dynamics (CFD) simulations. Microfluidic experiments are con-
ducted within uniform (circular) capillaries with a sharp wettability contrast perpendicular to the
flow axis, whereby the inlet side of the capillary is superhydrophobic and the outlet portion is hy-
drophilic. By injecting deionized water into the air saturated capillary, we are able to record the
occurrence of a novel instability, whereby the injected fluid phase dislocates at the juncture be-
tween the aforementioned wetting regimes. Additionally, finite volume CFD simulations have been
performed to probe the nature of this novel interfacial instability over a range of capillary num-
bers and wettability contrasts. Our results demonstrate that for strong wettability contrasts at low
displacement rates (i.e., low capillary numbers), as the interface reaches the boundary between the
two distinct wetting regimes, it elongates, enhancing meniscus curvature, which eventually leads
to snap-off of the injected fluid phase. This phenomenon has wide-reaching implications towards
numerous fields, such as those concerned with bio-fluid dynamics, hydrocarbon recovery, and CO2
sequestration, as well as potential applications within microfluidics / lab-on-chip diagnostics, pro-
viding the ability to generate droplets using sharp wettability contrasts in lieu of constrictions in
pore or channel geometry.
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Micromodels are 2D transparent model porous networks allowing for observations and quantifi-
cation of numerous phenomena involved in fluid flow in porous media. In the context of energy
studies, such as for CO2 storage or geothermal energy, micromodels are increasingly used. At the
pore scale considered (i.e., roughly 10 - 100 μm for the micromodel), effects of surface and interfacial
properties are enhanced when compared to larger scales. From an experimental point of view, being
able to control wettability is thus crucial to gain in representativeness of micromodels so as to better
understand diphasic and multiphasic flows in porous media.

This study focuses on the development of polymer micromodels with an increase of representativity
by means of a spatially heterogeneous wettability obtained from localised silica coatings. Manufac-
turing involves photoetching, hot embossing of a COC polymer material (Cyclic Olefin Copolymer),
localised deposition of a thin layer of silica (SiO2) by plasma polymerisation of TEOS
(Tetraethyl orthosilicate) and closure of the micropattern by lamination. The surface treatment al-
lows for a decrease in wetting angle from 87° (drop of water in air on untreated COC) to 30° (on
treated COC). These steps have been optimised and the analyses show the stability of the surface
treatment over several weeks. The model porous devices developed are designed for atmospheric
pressure and ambient temperature working conditions. The resulting micromodels are used to show
the influence of wettability heterogeneities on single and multiphase flows in a porous medium
through several experiments, including the injection of a water-in-oil emulsion**.

** See also presentation “Tortuosity-governed droplet transport in a microfluidic porous network”
(Elliot SPEIRS, Nicolas PANNACCI, Marie-Caroline JULLIEN, Maxime MOREAUD)
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As countries around the world are trying to transition away from fossil fuels to renewable energy
sources, short- and long-term storage of an increasing, yet unsteady, renewable energy supply be-
comes a major challenge. Further, as provision of heat is a major part of industrialized countries’
energy needs, storing heat energy, in applications such as the capturing of excess heat from indus-
trial processes or concentrated solar power plants, has the potential for great increase in energy
efficiency.
Among the available heat storage technologies, thermochemical heat storage provides a large energy
capacity for short- and long-term storage. To further develop the technology, DLR is developing
models and simulations as well as experimental characterization methods for thermochemical heat
storage. More specifically, storage in the CaO/Ca(OH)2-System is investigated because of the low
price and environmental friendliness of the reactants.
However, a major challenge to modelling such systems, is the restructuring of the powder bed during
repeated cycling, i.e., repeated charging and discharging of the reactor. This happens through me-
chanical and chemical alteration of the powder bed. The three dominant effects are, the compaction
of the bed from the gas flow, the expansion/shrinkage of the powder particles through water up-
take/release and the agglomeration of powder particles, where bonds between the particles form,
solidifying the bed.
To model the compaction and solidification of the powder bed during cycling, we present an elasto-
plastic mechanical model based on the Drucker-Prager-Cap yield surface, which has been used previ-
ously for powder compaction, see e.g. 1. The changes in the powder bed during cycling are modeled
by hardening mechanisms, i.e., a changing yield surface, corresponding to powder compaction and
agglomeration, respectively. While the exact mechanism of the agglomeration is yet unknown, it
can be characterized by mechanical measurements.
Then, the plastic model is coupled to a reactor model, simulating the heat and mass transport, as
well as the thermochemical reaction using a model, similar to [2]. This enables the study of the pow-
der bed dynamics under different boundary conditions during cycling, such as pressure drop, water
vapor fraction and reactor geometry.
In this contribution, we will present a parameterization of the model based on experimental data,
that was obtained from a test reactor, and the parameterization of the mechanical model, i.e. the
plastic yield surface, is done via flow tester experiments.
Then, we will show simulation results with an emphasis on investigating the irreversible effects of
continuous cycling on the powder bed. This includes the compaction of the powder bed during the
pressurization of the reactor, the possible emergence of hysteresis effects in the deformation of the
powder bed under repeated cycling, as well as degradation through irreversible structural changes,
such as powder agglomeration.

Page 422

http://Figure1


InterPore2023 / Book of Abstracts

Participation:

In-Person

References:

1 Wu, C.-Y & Ruddy, O.M. & Bentham, A.C. & Hancock, B.C. & Best, Serena & Elliott, James. (2005). Mod-
elling the mechanical behaviour of pharmaceutical powders during compaction. Powder Technology.
152. 107-117. 10.1016/j.powtec.2005.01.010.
[2] Nagel, Thomas & Shao, Haibing & Singh, Ashok & Watanabe, Norihiro & Roßkopf, Christian &
Linder, Marc & Wörner, A & Kolditz, Olaf. (2013). Non-equilibrium thermochemical heat storage in
porous media:
Part 1 –Conceptual model. Energy. -. 10.1016/j.energy.2013.06.025.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Germany

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

MS06-B / 504

Direct nanoscale investigation of calcite dissolution kinetics

Authors: Chiara RecalcatiNone; Martina Siena1; Monica Riva1; Alberto Guadagnini1

1 Politecnico di Milano

Corresponding Authors: monica.riva@polimi.it, alberto.guadagnini@polimi.it, chiara.recalcati@polimi.it, mar-
tina.siena@polimi.it

We illustrate experimental protocols designed to acquire Atomic Force Microscopy (AFM) images
for the nanoscale investigation of key patterns of mineral dissolution reactions at solid-fluid inter-
faces. These reactive processes are critical in numerous scenarios of application in natural porous
systems as they drive alterations of fundamental properties of the host solid matrix (e.g., permeabil-
ity, porosity, and storage capacity). Advanced high resolution imaging techniques such as the AFM
or the Vertical Scanning Interferometry (VSI) enable direct observation of crystal surfaces subject
to reaction and document the presence of several local processes that contribute to the space-time
development of the reaction. The action of these processes, in turn, yields marked spatial hetero-
geneities in the strength of reaction rates even at such very small scales, thus hampering the pos-
sibility to exhaustively represent material flux across the crystal surface through an average rate
value. In this framework, a stochastic characterization of the reaction kinetics is then important to
account for such spatial variability. We consider different setups designed to mimic conditions that
are typical of natural scenarios of environmental concern, such as (i) diffusion-dominated and (ii)
surface-controlled conditions. The former are typical of (extremely) low velocity/stagnant regions
(e.g., dead-end pores), whereas the latter resemble flowing areas. We show through qualitative and
quantitative analyses that data obtained via the proposed experimental settings can be readily em-
ployed for the evaluation of reaction rate maps that are then well suited for interpretations grounded
on stochastic characterization approaches.
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Sequestration of captured CO2 in geological formations to reduce its content in the atmosphere is
one proposed solution to mitigate global warming. This solution, generally referred as carbon geo-
sequestration (CGS), involves the injection of CO2 into depleted reservoir or saline aquifers. The
success of CGS relies on many technical aspects, including CO2 plumes extension, gravity segrega-
tion, capillary trapping, and well’s injectivity. Well’s injectivity, which refers to the ability of the
injected CO2 to flow near the wellbore zone, is crucial in the design of CGS operation as it constrains
the maximum flow rate at the well. In the case of depleted reservoir, pressure of the reservoir can
be as low as 20 bars. In the other hand, to fulfill a minimum volume flow rate, CO2 is injected
with pressure higher than 50 bars. This pressure difference near the well bore causes the CO2 to
undergo both a considerable adiabatic depletion and a phase transition, reducing the temperature of
the fluids and the rock. The co-existence of both CO2 and brine, at relatively high pressure and low
temperature may bring the system in hydrates stability zone and led to a CO2 hydrates formation.
This crystallization can increase the volume of immobile phases in the pore-space. Consequently,
the relative permeability of the rock to CO2 can be drastically reduce. In the worst scenario this can
lead to the complete clogging of the injection wells.
The formation of CO2 hydrates in partially saturated porous media has been widely investigated at
local scale using high resolution micro-computed tomography (micro-CT). To a lesser extent, the re-
duction of CO2 injectivity has been explored under flowing conditions in coreflooding devices. The
purpose of this work is to trigger and observe the formation of CO2 hydrates in sandstones under
flowing conditions, and to evaluate the loss of CO2 injectivity during the crystallization process as a
function of initial water saturation. Experiments have been conducted using a high throughput ex-
perimentation setup (CAL-X 1) equipped with a coreflooding device allowing running experiments
on small rock plugs, with respectively length and diameter of 2 cm and 1 cm. It uses X-ray to live-
monitor changes in fluids saturation. Experiments of hydrate formation have been conducted at
25 bars and 5℃, for different initial brine saturations, and on various rock-types, targeting differ-
ent porosities, permeabilities and clay content. Relative permeabilities curves accounting for the
formation of CO2 hydrates in the porous media were interpreted from those experiments.
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Latex particles are used in the inkjet printing industry to improve printing quality. Although the
end state of the particle transport has been investigated extensively, limited do we know about the
dynamic process due to its small spatial scale and short temporal scale within the thin porous media.
Thanks to the advance in microfluidic fabrication, we are able to combine fluorescence microscopy
and fluorescence recovery after photobleaching (FRAP) techniques with microfluidic experiments for
direct observation on the dynamic process of particle and solute transport into thin porous media
in a magnified scale. The experimental observation complies with phenomena seen in real paper
substrates and theoretical predictions of the extended DLVO theory revealing the impact of particle
clogging, hydrophobicity alteration.
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Solute transport in porous materials is important in many natural and industrial applications, such
as soil contamination and subsurface CO2 storage. While in many cases there is more than one
fluid phase (”partially unsaturated” conditions), most studies focus on the simpler case of the single-
fluid phase (”saturated”). This study investigates the effect of spatial correlations in pore sizes on
fast two-phase displacement under an unfavorable viscosity ratio (viscous fingering regime), using
Direct Numerical Simulation (DNS). We consider immiscible fluids and simulate transport in the
invading (lower viscosity) fluid phase. Considering the short timescale of invasion compared to
that of solute transport, for computational efficiency and avoiding the transient velocity streamlines
affecting transport, the latter is simulated only once the fluid phase distribution reaches steady-state.
Analysis of the developed DNS model shows that spatial correlation affects solute transport via the
distribution of mobile and trapped regions. The Probability Density Function (PDF) of pore-scale
Peclet number shows a bimodal variation with (1) highly advective and (2) highly diffusive regions.
While for the saturated case transport is mainly controlled by advection, the creation of stagnant
zones in the partially-saturated case focuses the solute into narrow regions. The numerical results
show that the inclusion of a second fluid phase increases dispersivity, and reduces breakthrough
time with a sharp gradient of solute concentration between stagnant and flowing regions.
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Structural changes of the pore space and clogging phenomena are inherent to many porous media
applications. However, related mathematical investigations remain challenging due to the degen-
eration of the hydrodynamic parameters. In this research, we apply an appropriate scaling of the
unknowns and work with porosity-weighted function spaces. This enables us to prove solvability of
a coupled flow and transport problem with degenerating, but prescribed porosity field, permeability
and diffusion tensor. Moreover, we conduct numerical simulations for the combined, degenerating
flow and transport problem. As discretization method, lowest order mixed finite elements are used
and stability of the numerical scheme is shown. Under certain additional regularity assumptions,
convergence (with optimal order) can be proven. Our numerical results confirm that optimal con-
vergence is obtained for the transformed variables whereas the non-transformed variables might not
converge.
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A safe and efficient hydrogen storage mechanism will be crucial for the successful transition towards
a green hydrogen economy. Underground storage of hydrogen can be a viable option for short to
long-term storage to meet the fluctuations in energy demand. However, there is limited understand-
ing of the pore-scale displacement and trapping mechanisms for hydrogen-brine systems, especially
in heterogeneous rocks at reservoir conditions. Our recent experimental study 1 allowed us to un-
derstand the trapping of hydrogen within the pore space of a homogeneous sandstone rock and
showed dissolution of hydrogen in the resident brine after injection and production of hydrogen at
subsurface conditions. In this work, we build on these findings and use X-ray micro-tomography
to study the pore-scale fluid displacement processes during cyclic injection of hydrogen in a lay-
ered sandstone rock sample. We investigate how the presence of a thin and low permeability layer
between two high permeability zones in the rock sample affects fluid displacement processes and
hydrogen trapping. The results indicate that hydrogen preferentially occupies the higher permeabil-
ity zones, and the residual hydrogen saturation increases in subsequent cycles. The findings from
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this experiment contribute towards the selection of the most suitable subsurface formations for un-
derground hydrogen storage. Extending our research to perform time-resolved synchrotron X-ray
imaging experiments will provide additional insights into the dynamics of pore-scale processes in
layered reservoirs during underground hydrogen storage.
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The injection of foams into porous media has gained importance as a method of controlling gas
mobility. The multilayer structure of the porous medium raises a question about its efficiency in
dealing with layers of different permeabilities. The present work shows the existence of a single
traveling wavefront in a two-layer porous medium for a simplified model derived from a realistic
two-dimensional one. Besides the necessary conditions for the solution’s existence, we prove that
the traveling wave velocity is a weighted average of the velocities as if both layers were isolated.
All theoretical estimates were validated through one- and two-dimensional simulations. Finally,
we estimated the order of magnitude of the characteristic time the traveling wavefront needs to
stabilize.
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Low cost hydrogen production is essential to meet global hydrogen production targets by 2050.
Therefore research into alternative water electrolysis device design may lead to reduction in cap-
ital costs. One emerging alternative to the capital cost is the use of membraneless electrolysers. In
particular we focus on diverging flow through membraneless devices which utilise cell and porous
electrode geometry to separate hydrogen and oxygen without a separator or membrane. They can
also utilise alkaline conditions allowing for lower cost catalyst and construction materials.

However, the technology is not commercial and the influence of the design of the device and the
manufactured porous electrode properties are unknown. Computational fluid dynamic simulations
(OpenFOAM) using the volume of fluid method is used to model the two-phase flow of hydrogen
and oxygen bubbles coupled to electrochemistry. Different device geometry, porous electrodes, flow
and current density are varied to investigate their impact on the cell potential.

Electrolyte flow distribution and scaling of the devices are investigated, which are highly dependant
on the sizes of the pores, electrode gaps and higher Reynolds number flows. The initial results show
that there is an interplay between the pore size and the electrode length in order to maintain uniform
flow across the electrode, which is important to reduce bubble blockage of the electrode surfaces. The
effect of the electrode microstructure on the current density distribution are evaluated and strategies
to avoid bubble accumulation are discussed. Changes to the porous electrode morphology through
advanced manufacturing techniques, along with the wettability and device flow geometry could lead
to higher efficiency, low capital cost water electrolysis.
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The influence of pore-body-to-pore-throat aspect ratio on emul-
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The structure of the porous media may be an important factor to be considered in designing effective
displacement agents for tertiary oil recovery and soil remediation. Rock properties such as pore-
body-to-pore-throat aspect ratio, coordination number, and pore-size distributions are known to
impact multiphase flow in porous media. In addition, pore geometry can affect emulsion sizes and
their stability in the presence of an emulsion phase. The present study deals with the immiscible and
near-miscible fluid displacement under different flow regimes and in pore systems with well-defined
geometrical properties.

In order to investigate the influence of rock properties, we developed a lab-on-a-chip approach based
on optical and fluorescence microscopy. With this approach, we are able to decompose rock struc-
tures with respect to classical petrophysical parameters. In this study, we focused on the pore-body-
to-pore-throat aspect ratio and pore-body distances and varied these properties in otherwise generic
pore structures. In this frame, we designed and used several sets of glass made microfluidic. Distilled
water and surfactant solution with different salt concentrations as the aqueous phase and decane as
the oleic phase were used during these experiments. Different designs of pore structures next to
several fluid compositions give us better insight into fluid displacement in pore scale.

We observed how aspect ratio impacts emulsion formation, its texture, and stability over time. We
analyze the data on the basis of residual oil saturation, emulsion formation, and velocity calculation
on the first contact and throughout the displacement process. By increasing the aspect ratio, we
observed that the remaining oil saturation at first contact, front velocity, and emulsion stability are
also increasing. Regardless of the aspect ratio, the emulsion formed at the first contact displacement
happened in the out-of-optimum condition. Besides, lower trapped oil was observed by increasing
the distance between pores.
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Bioremediation of nonaqueous phase liquid (or NAPL) contaminants may be accelerated with the
presence of chemotactic bacteria that can preferentially migrate toward NAPL upon detecting its
chemical gradient. In a heterogeneous porous media 1, chemotactic bacteria accumulated in dead-
end pores near NAPL ganglia trapped in low-permeable regions; however, no retention was seen
in bacteria near NAPL surfaces distributed in the high-permeability area or along preferential flow
pathways. Groundwater flow is a critical feature of contaminated sites in the subsurface and its
influence on bacterial transport and chemotaxis remains a challenging aspect to predict.
In this work, we investigated the impact of fluid velocity on chemotactic response at the pore scale
using a combination of microfluidic experimentation and continuum modeling. A bacterial suspen-
sion flowed parallel to a flat NAPL-water interface over a range of typical groundwater flow rates
(0.5-10 m/d) in a T-shaped microfluidic device. In chemotaxis experiments, the side capillary in the
T-shaped channel (50 μm in opening) was filled by a NAPL mixture containing chemoattractant naph-
thalene. Soil bacteria Pseudomonas putida G7 (PpG7), chemotactic to naphthalene, were introduced
in the main microchannel. At a fluid velocity of 0.5 m/d, greater densities of PpG7 were seen in the
vicinity of the NAPL-water interface. As flow velocity increased to 10 m/d, we observed near the
interface reductions in bacterial density and residential area (i.e., where normalized bacteria density
>1).
In continuum modeling, bacterial transport was described by a modified diffusion-convection equa-
tion. The diffusion coefficient (Db) represented uniform spreading in a bacterial population due to
motility. For chemotactic bacteria, a chemotactic velocity as a function of chemical concentrations
and bacterial intrinsic properties (e.g., chemotactic sensitivity coefficient χo), was added to convec-
tion to account for biased migration toward the NAPL source. Simulations indicated that chemotaxis
was suppressed in flow as diffusion and sensitivity coefficients (Db, χo) were both reduced to dif-
ferent extents as fluid velocity increased. Bacteria near the NAPL surface experienced shear stress,
which might interfere with reorientations in bacterial trajectories so that their swimming became
more aligned with flow direction in higher flow velocities [2]. Therefore, reductions in bacterial
retention near the NAPL-water interface might stem from the modifications in cell motility due to
shear. Bacteria in contaminated subsurface environments are often subject to groundwater flow
whose influence on bacterial transport is vital for the implementation of bioremediation. This work
revealed that bacterial chemotaxis in shear flow was hampered to a greater extent than predicted
by convection. Findings from this study can aid in assessing the significance of chemotaxis in cell
navigation of contaminated subsurface aquifers.
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Most CO<sub>2</sub> geological storage sites, such as saline formations and depleted hydrocarbon
reservoirs, rely on structural trapping provided by the caprock and fault gouge material as one of
the trapping mechanisms. Clay- and quartz-rich caprocks are expected to be water-wet at reservoir
conditions and create a positive capillary pressure to ensure CO<sub>2</sub> trapping. However,
most experimental studies so far have limited to either temperature lower than 60℃ or pressure
lower than 25 MPa posing uncertainties about high-temperature and high-pressure conditions. This
study shows the result of water imbibition experiments in synthetic caprock at temperature equal or
larger than 60℃ and pressure equal or larger than 25 MPa. The results show spontaneous imbibition
of water droplets in synthetic caprock partially saturated with supercritical CO<sub>2</sub> and
water. Thus, the results show that caprock building minerals remain water-wet to CO<sub>2</sub>
at typical temperature and pressure reservoir conditions. The results indicate that clay- and quartz-
rich caprock and fault gouge are expected to develop a positive entry and breakthrough pressure
(i.e., P<sub>CO2</sub> - P<sub>w</sub> > 0 MPa), thus, favoring CO<sub>2</sub> structural trap-
ping.
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Image acquisition techniques are increasingly being employed for material characterization. For ex-
ample, X-ray Mirco-Computed Tomography (µCT) can be seen in multiple works that study media
such as reservoir rocks [2,3], and fibrous and woven materials [4,5], to cite a few. This sort of ap-
proach usually involves 3D numerical simulations at the microstructure, which is represented as a
grid of voxels, to compute the effective properties of the sample. For µCT scans, these simulations
can be significantly large and with high memory allocation, to the point that clusters or even super-
computers might be required. One of the ways to perform these simulations is via the voxel-based
Finite Element Method (FEM), where each voxel is taken as an element, thus eliminating the task
of meshing the domain, and favouring the adoption of lightweight matrix-free schemes. We have
been exploring memory-efficient implementations of such method for Numerical Homogenization,
as it can be seen in 1, where massively parallel (GPU) solvers are detailed for thermal conductivity
and elasticity analyses. We have also recently implemented solvers for other phenomena, such as
Stokes flow in porous media, to compute permeability. The motif in these implementations is not
storing data that can be recomputed on demand, and tackling the trade-off in computational cost
with acceleration provided by graphics cards. Here, we aim to present how our solvers can be used
to characterize segmented µCT samples with personal hardware in a sensible time frame. Image-
based meshes with hundreds of millions of voxels can be studied with less than 8 GB, taking seconds
or no more than a few minutes per simulation. This enables analyses on µCT images with upwards
of 4003 voxels in desktop computers equipped with relatively accessible GPUs. It will be shown that
even a personal laptop can be used for thermal conductivity or electrical resistivity analyses of such
dimensions. Further, a case-study in the context of Digital Petrophysics will be presented, where
the electrical resistivity, linear elastic stiffness, and absolute permeability of sandstone µCT samples
are computed employing our tools and methods, in workstations equipped with a single GPU, of
either 8 or 12 GB RAM. These analyses would not be feasible with such limited memory allocation
if not for the matrix-free approach, nor would they take minutes if not for the massively parallel
solver.
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Groundwater contamination caused by nonaqueous phase liquids (NAPLs) is a significant environ-
mental concern as NAPLs are ubiquitous and persistent pollutants, remaining recalcitrant to biore-
mediation due to their low solubility and limited bioavailability. Chemotaxis, the biased migration
of motile bacteria toward chemical gradients, may facilitate remediation of NAPLs by transporting
pollutant-degrading bacteria to residual contaminant sources trapped within the soil matrix. Greater
accumulation of chemotactic bacteria was observed in Gao and coworkers’study near NAPL con-
taminants at the juncture between different permeability regions in a heterogeneous micromodel 1.
Bacterial distributions in the pore space were influenced by chemical gradients and fluid flow, whose
combined effect on bacterial transport is not well characterized in porous media. In this work, we
aimed to investigate the transport mechanism of chemotactic bacteria from moving pore water into
stagnant micropockets formed by oil-phase contaminant ganglia.
Chemotactic bacteria (Pseudomonas putida G7) were introduced at varying fluid flow rates (0.2-
56 m/d) into a dual-permeability microfluidic device contaminated by NAPL. Bacterial suspension
flowed preferentially through the highly permeable area while the low-permeability regions retained
NAPL, which served as contaminant sources. Bacteria showed accumulation in micropockets near
junctures of high- and low-permeability zones due to chemotaxis. However, accumulation in mi-
cropockets was initially increased and then decreased as pore fluid velocity increased in each trial.
Convection in porous media did not simply override chemotaxis as previously observed in bulk liq-
uid [2]; instead, higher pore velocity brought bacteria closer to NAPL sources than diffusion alone
and triggered stronger chemotactic response by creating steeper chemical gradients. The optimal
pore velocity, in terms of maximum bacterial accumulation, depended on the time scale of exposure
to chemicals. Bacterial exposure time to chemical gradients was estimated to be τe=L⁄Vp , where
L was characterize pore dimension and Vp fluid velocity. When exposure time exceeded response
time (~ 2 s in Pseudomonas putida [3]), bacteria in bulk flow did not have sufficient time to bias
their swimming directions in response to the presence of NAPL contaminants. Our results indicated
that in heterogeneous porous media chemotaxis could be enhanced by fluid flow rather than merely
being suppressed and chemotactic bacteria would lose their advantage when their exposure time to
chemicals was below the threshold of response time.
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Results from this study suggest that accumulation of NAPL-degrading bacteria in porous media mi-
cropockets will facilitate biofilm formation and enhance bioremediation. The dimensionless group
of parameters comparing response time to exposure time will aid practitioners in determining an
appropriate pore water velocity to use in delivering chemotactic bacteria for in situ bioremedia-
tion.
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The trapping behavior of gases in porous rock plays an important role in many subsurface processes
such as underground storage of carbon dioxide and hydrogen, and the production of hydrocarbons.
Over the last decade several laboratory studies have demonstrated that the trapping behavior of gas
can be different than that of an immiscible liquid [1-7]. It is challenging to experimentally measure
the trapped gas saturation (Sgr) in the laboratory, as the gas compressibility, partitioning/solubility
and diffusion effects largely impact the spatial evolution of fluid and gas phases. The uncertainty
in Sgr is often so large that it could have significant impact on field development decisions. Exper-
iments with 3D pore scale imaging have already revealed details of physicochemical processes. In
the particular case of trapped gas saturation, it is furthermore important to develop a more general
understanding of gas dynamics at the pore scale, i.e. an understanding of dynamic processes, which
requires then 4D imaging (3D + time).

The pre-equilibration of liquids e.g. brine with gas is necessary to measure Sgr [6]. However, it
has been observed that trapped gas still dissolves over time –the mechanism of which is not fully
understood yet [1, 6]. Here, we present a 4D high resolution X-ray CT imaging technique in a study
covering the effective in-situ behavior of a range of gases, including compressed air, CH4 and H2,

Page 435

http://Figure1


InterPore2023 / Book of Abstracts

inside the porous media. Using a novel laboratory-based micro-CT scanner it was possible to acquire
dynamic 3D images with high time resolution, which allows us to capture the intrinsic time scales
of the gas dynamics.

The experiments confirmed the previous findings of a continuously decreasing gas saturation with
more equilibrated brine injected, which even continued after the brine injection was stopped, result-
ing in very low (near zero) Sgr values 1. We find systematic differences between the gases studied.
We divided the observed dynamics in two different regimes, the capillary trapping regime where the
gas pathways from inlet to outlet are disconnected by snap-off, and the dissolution regime. We found
more capillary trapping and also faster dissolution for CH4 and H2 than for compressed air.

From previous studies, based on pore scale occupancy and the relevance of diffusive transport [4, 5],
Ostwald ripening is playing an important role, impacting the gas dynamic behavior. In this work, we
found more supporting evidence for this interpretation. The dissolution time scale follows a trend
that can be captured in the product of diffusion coefficient and gas solubility in the liquid measured
by Henry law constant.
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Coupled flow and deformation in fractured media is often modeled by the classical dual-porosity
poroelasticity theory. The latter is based on the Barenblatt hypothesis of pressure equilibrium in-
side the rock matrix. This is a reasonable assumption if the characteristic time scales for pressure
propagation in the matrix are comparable or smaller than the characteristic fracture time scales. Un-
der large permeability contrasts between the fracture and matrix domains, these conditions may not
be met, and the flow and deformation behaviors are dominated by non-equilibrium effects, which
manifest in long-tails in flux responses. Using volume averaging, we derive a multicontinuum ap-
proach that accounts for pressure non-equilibrium in the rock matrix, and compare it to the classial
dual porosity approach. We use explicit analytical solutions to identify the dominant time scales
and time regimes, and to evaluate the scaling behaviors of the flux response in consolidation and
production scenarios. The flux evolution at a production well is characterized by decay behaviors
that are different from the classical dual porosity approach. These behaviors are related in the pro-
posed multicontinuum theory to the permeability contrast and the permeability distribution across
the matrix blocks.
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We present a fully coupled chemo-hydro-mechanical variational phase field model for simulating
fracture initiation and propagation, including chemical reactions in cementitious systems. In a stag-
gered approach, we coupled three subprocesses: (i) fluid flow in porous media, (ii) reactive transport,
and (iii) mechanical deformation of fractured porous media using the variational phase field.

We use the geochemical package PHREEQC 1 coupled in an operator-splitting approach with a finite
element transport solver to calculate chemical reactions in thermodynamic equilibrium (dissolution
or precipitation) while taking into account changes in porosity. We couple mechanical deformation
and fluid flow using the fixed-stress splitting approach. For chemical damage, we introduce a variable
to a constitutive relation that represents a degree of chemical damage ranging from zero (intact)
to one (damaged material). The chemical damage variable represents changes in porosity caused
by chemical reactions independently from the phase field variable that represents the mechanical
damage [2]. Additionally, as effective diffusion and hydraulic conductivity increase in the presence
of fracture and changes in porosity, phase field variable, and chemical damage should impact the
hydraulic conductivity [3] and the diffusion coefficient [2, 4, 5].

We conducted different benchmarks to demonstrate the model’s capabilities and properties to cap-
ture the fracture initiation and propagation due to chemical reactions. The proposed model was
implemented in the open-source finite element framework OpenGeoSys [6, 7]. The research work
has been conducted in the frame of the EURAD project (in particular in the WP MAGIC).
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Depending on the geographical and geological setting, geothermal energy is one of the few renew-
able energy sources that can supply a constant and reliable source of low-carbon heat and electric-
ity. In the UK, the greatest potential for power generation from geothermal resources is limited to
high-heat producing granites in SW England. It has long been known that there is the potential for
geothermal energy extraction from Cornish granites. However, until recently, project development
has been slow, with the United Downs Deep Geothermal Power (UDDGP) project being the first one
to be developed in the UK. The UDDGP will operate on the principal of producing hot fluids (>170℃)
from the Porthtowan Fault Zone (PFZ), which is hosted in the Carnmenellis Granite, at ~4.5km depth
and re-injecting the fluids using a subsequent well intercepting the same fault zone at ~2.5km depth.
Project viability is dependent on how much fluid is stored within the PFZ and surrounding rock mass
(porosity), and the ability of fluid to flow through it (permeability).

Granite is considered a low porosity and permeability rock, where fluid flow through it is usually
controlled by fractures. The presence of mineral veins, as well as hydrothermal alteration of the
surrounding rock mass, is evidence that hot fluids have passed through the PFZ (and other similar
fault zones in Cornwall) in the past. Although hydrothermal alteration is common, its importance in
granite-hosted geothermal resources has received little attention to date. In this research, we aim to
understand how hydrothermal alteration may affect the transport properties of the PFZ, by measur-
ing the petrophysical properties of samples of unaltered and hydrothermally altered Carnmenellis
Granite.

Samples were collected from a fault zone at Holman’s test mine (a mine which is situated within
the Carnmenellis granite), analogous to that of the PFZ. Porosity was measured using Nuclear Mag-
netic Resonance (NMR), and permeability was measured using a combination of steady state and
unsteady state methods, on both intact and fractured material. All experiments were conducted at
room temperature, and permeability experiments were conducted at confining pressures between 4
–34 MPa.

We found that the porosity of the hydrothermally altered material (10%) is much higher than that of
the unaltered material (1%), and that the matrix permeability of the hydrothermally altered material
is ~4 orders of magnitude higher than that of the unaltered material. However, the permeability
of fractured hydrothermally altered samples is lower than that of fractured unaltered samples. We
suggest that the results from the fractured samples is due to the altered material being weaker and
more ductile than the unaltered material, and under confinement, asperities deform more, which
leads to a reduced aperture and consequently permeability.

Our results demonstrate that the altered material has the potential to store significant amounts of
hot fluid in the subsurface, and that there may be an important contribution from the matrix in terms
of flow, outwith the fractures. Crucially, our results highlight the importance of fully characterising
the reservoir so that accurate resource predictions can be made.
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Subsurface CO2 storage is a means to limit emissions to the atmosphere and global warming. Resid-
ual trapping, which occurs when brine invades the pore space occupied by the migrating CO2 plume
and creates disconnected CO2 ganglia, is one of the mechanisms by which significant amounts of
CO2 can be stored safely in the subsurface 1. Experiments on rock samples show that larger amounts
of CO2 can be residually trapped in the presence of both oil and water [2], suggesting depleted hy-
drocarbon reservoirs are suitable sites for CO2 storage. However, reservoir conditions and fluid
compositions vary widely, leading to different three-phase displacement mechanisms and residual
trapping from miscible to immiscible conditions. Further, mass transfer between phases may change
the amount of residually trapped CO2 over time.

A residually trapped gas-bubble distribution will undergo mass exchanges through Ostwald ripening.
It is a process that leads to mass transfer from bubbles having a higher chemical potential to bubbles
with a lower chemical potential. Our previous study on three-phase ripening [3] has highlighted
that the ripening of gas bubbles in the presence of oil and water can lead to different residual gas
volumes in the two liquids and different order of bubble loss during evolution. In this work, we will
analyse the impact of partial gas miscibility on ripening evolution.

This study uses a chemical-potential difference and level-set based methodology [3-5] that calcu-
lates mass transfer between bubbles through diffusion paths in oil and water and across oil/water
interfaces. We use the Peng-Robinson equation of state to calculate gas bubble fugacity at reser-
voir conditions. We perform simulations on different idealised 2D homogeneous and heterogeneous
porous media. In the 2D heterogeneous medium, we simulate oil-water-gas-water invasion cycles
to generate residual phase volumes. We also use 3D pore-space images of a water-wet sandstone to
simulate Ostwald ripening in near-miscible conditions on residual three-phase fluid configurations
with isolated oil and gas ganglia obtained after a water-alternate-gas invasion cycle. We quantified
the evolution of pressure, volume, surface area, and the number of residual bubbles, for different
initial fluid distributions and saturations.
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Our results show that the gas-liquid interfacial tensions, gas-liquid contact angles, and oil-water
capillary pressures determine the residual gas bubble sizes in each liquid phase. Specifically, we find
that the equilibrium volume of bubbles in the oil phase, as well as the range of bubble volumes in oil
and water, are smaller for near-miscible conditions than for immiscible conditions. This decrease is
due to larger gas-liquid contact angles in the near-miscible case creating smaller gas bubble pressure
differences and less mass transfer (and lower mass transfer rate) even though the ratio of gas-water
to gas-oil interfacial tensions increases with partial miscibility. During fluid redistribution, we also
identify cases where the bubble coarsening leads to capillary instabilities and three-phase double
displacements (e.g., oil displaces a gas bubble that displaces water), which can lead to lower residual
gas trapping.
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The characterization of adsorbents has been long established in material science. However, the in-
terplay of adsorptive and mechanical response (such as induced strain and stress) at high pressure
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and high stress is relatively new. The typical dilatometer test used in adsorption science is just one
particular case of the full range of poroelastic response with varing fluid (pore) pressure and exter-
nal total (or confining) stress. Here we show a general method to measure directly the adsorption
stress developed by adsorbents in the presence of a non-zero effective stress consistent with the
Biot theory for poroelastic solids. The method follows an extension of a procedure to measure the
Biot coefficient for non-adsorptive materials. We show the application of the method for compacted
activated carbon and synthetic monolithic porous carbon (carbon xerogel) in the presence of He,
CH<sub>4</sub> and CO<sub>2</sub>. Helium serves to measure the base poroelastic response
in the absence of adsorption. The adsorbates, methane and carbon dioxide, help measure the ad-
sorptive response. The method can be also extended to other adsorbents such as clays, zeolites and
kerogen.
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Human activity influences largely the unsaturated vadose zone. Located above water tables, the
vadose is impacted by pollution, typically from agriculture and industrial activities. Therefore, un-
derstanding contaminant transport in the vadose zone is crucial for water resources management.
However, there is still a lack of comprehension on dispersion in unsaturated porous media, and the
subject remains an active research topic. Classical models such as advection-diffusion equation of-
ten fails to predict the dispersion, notably because of the increased heterogeneity in the multiphase
system. Particularly, the link between the nature of the multiphase flow, the phase configuration in
the porous medium and the dispersion stays unclear. Notably, experimental techniques often strug-
gle to gather significant number of data and to consider long time dispersion. Therefore, we propose
a multiscale multipoint statistic algorithm (MPS) to generate porous media images at different satu-
ration of immiscible fluids. Generated images are based on experimental observations of immiscible
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multiphase flow air/water in a complex porous structure. To evaluate the representativeness of MPS
generated images, we first analyze structural properties like the grains and air clusters size and ge-
ometry. These properties, compared to the experimental image’s ones, show a good match. Then,
flow and transport are computed using Lattice-Boltzmann simulation in both experimental and gen-
erated images for different saturation. The resulting velocity distribution and concentration profile
are very comparable. Particularly, the variances of the concentration profiles are very well repro-
duced. These results shows that MPS algorithm are willing to capture and reproduce the main pore
scale features that govern flow and transport in a complex porous media. Therefore, the MPS algo-
rithm could be used to generate a large number of images based on experimental images to study
transport in unsaturated porous media. Notably, it allows more statistical coherence that leads to a
better understanding of the link between two-fluid phase configuration and transport. Furthermore,
we generate larger images (in comparison to experimental data) which allow us to get more insight
on long time dispersion.
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In this work, we present an efficient 2D/3D Finite Element implementation to simulate the propaga-
tion of elastic waves, in the time domain, in porous media. The input data for our solution are binary
images, of which each voxel can be solid or pore. We consider regular structured meshes composed
of cubic elements, compatible with the image-based approach. Our implementation takes advantage
of this regularity for the integration over each element. In addition, we lump the mass matrix to
make it diagonal and use an element-by-element technique so that we never have to assemble and
store the global mass and stiffness matrices. This strategy aims to provide large-scale simulations
with low memory consumption. We use the Leapfrog technique for temporal integration, an explicit
technique whose main feature is to improve numerical stability. We tested the implementation in
different scenarios, such as oblique propagation of wave beams and oblique incidence on solid/solid
interfaces. Furthermore, we apply the implementation described here to calculate the effective wave
velocities of rock samples from their microtomographic images. We compared the results with the
Finite Element elastostatic analysis.
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Thermodynamic properties of fluids confined to nanopores differ from those observed in the bulk. To
investigate the effect of nanoconfinement on compressibility of water, we measured water adsorp-
tion isotherm concurrently with compressional and shear ultrasonic velocities for two nanoporous
glass samples. These measurements yield the longitudinal and shear moduli of the water-saturated
nanoporous glass as a function of relative humidity and allow estimation of the bulk modulus of the
confined water using the Gassmann theory. The modulus estimated from the experimental data is
noticeably higher than that of bulk water at the same temperature and exhibits a linear dependence
on the Laplace pressure derived from the relative humidity. Our findings obtained for water, which
is a polar fluid, agree with previous experimental and numerical data reported for non-polar fluids,
suggesting that irrespective of their structure, confined fluids are stiffer than bulk fluids. Accounting
for fluid stiffening in nanopores may be important for accurate interpretation of wave propagation
measurements in fluid-filled nanoporous media, including in petrophysics, catalysis, and other ap-
plications in process sensing.
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4D X-ray tomographic microscopy (XTM) offers the possibility to obtain detailed insights into the
water removal process through gas diffusion layers (GDL) of polymer electrolyte fuel cells (PEFC)
[1-4]. Recent work on droplet formation and detachment cycle [5, 6] has provided insights into the
inter-action between a percolating water cluster feeding a droplet on the GDL surface and allowed
the cal-culation of the capillary pressure in the water cluster via surface curvature analysis. The
work of Mu-larzcyk et al. [6] was limited to the analysis of a single percolating water cluster using
a small active area of 0.005 mm2. Here we extend the previous study by using a catalyst coated
membrane with 8 small active areas (0.0625 mm2) thereby, allowing the analysis of the development
of multiple perco-lating water clusters, in addition to increasing statistics [7].

An operando XTM cell was imaged at the TOMCAT beamline of the Swiss Light Source with a scan
rate of 1 Hz for 180 s after a current jump from OCV to 1 A/cm2 at 30℃ cell temperature and 100
% relative humidity of anode and cathode feed gases. In total 11 water breakthrough points were
identi-fied that percolated from the 8 isolated active areas through a Toray TGP-H-060 GDL (10 %wt
PTFE). This presentation will discuss the percolation process of individual water clusters with respect
to their through-plane and in-plane growth to identify correlations between the water volume, the
local pore structure and the stability of the water cluster –droplet network (see Figure 1).
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Coal bed methane (CBM), also known as coalbed gas, has drawn much attention lately as an alter-
native energy resource. Production curves of CBM reservoirs are very different, however, from the
ones of hydrocarbon conventional reservoirs (Wang et al., 2011). As emphasized by several studies
(Mostaghimi et al., 2017), transport and poromechanical properties of coal are strongly driven by
topological and morphological features of its pore space.
The cleat-matrix system compartmentalizes the transport and mechanical properties of coal. Knud-
sen and surface diffusions prevail in the nanometer-sized pores of the matrix, while molecular diffu-
sion and two-phase Darcy flow occurs mainly within the cleat network. All these transport mecha-
nisms induce mechanical couplings related to both (i) the pore pressure changes which may alter the
effective stress and consequently impact the bulk volume of the coal and (ii) the sorption processes
which contribute to swell or shrink the coal matrix (Bertrand et al., 2017). The inherent couplings be-
tween the physical processes at stake and the multiscale features of coal need to be explored further
to better assess the macroscopic response of the coal matrix and the sorption induced volumetric
deformation.
We present a 3D model coupling a discrete element model and a pore network model specifically
developed to describe the different diffusion mechanisms involved in coal matrix as well as the as-
sociated adsorption induced deformations. The material is assumed to be saturated with gas and
diffusion occurs through the combination of Knudsen diffusion within the pore space, surface diffu-
sion at the solid surface, and adsorption-desorption at the pore-solid interface. The model is hydro-
mechanically coupled in the sense that changes in pore pressure produce hydrostatic forces that
deform the solid skeleton, while deformation of the pore space induces pore pressure changes that
promote interpore flow. Sorption induced deformations are taken into account by considering an
additional pressure term related to the concentration of gas within the medium (the so-called solva-
tion pressure). The implemented transport models are verified against analytical solutions describing
diffusion in porous media with and without sorption-desorption, and a comparison is made with a
swelling experiment performed on a coal specimen to illustrate the relevance of the proposed ap-
proach for describing adsorption induced deformation.
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Diffusiophoresis [1, 2] referring to the colloidal particle migration triggered by gradients of local
salt concentration, has been established in the recent years as an efficient particle manipulation tool
in relatively simple microfluidic setups such as plane channels [3], dead-end pores [4], Y-shaped
channels [5], vertical diverging pores [6], etc. Owing to the fact that the particle velocities depend
logarithmically on the solute concentration gradients, small variations in the concentration fields
can result in significantly large diffusiophoretic particle motion [2]. However, despite the recent
investigations hardly anything is known about its effects in the field of flow and transport in porous
media. Spatial heterogeneities and complex fluid-phase distributions are quite ubiquitously found
across spatial scales ranging from pore-scale to field-scale. These have a strong impact on the flow
and transport of dissolved solutes through porous media giving rise to rich heterogeneous solute
landscapes that provide local gradients of solute concentration, a prerequisite for diffusiophoretic
motion. Following this motivation, we perform pore-scale simulations to understand the effects of
diffusiophoresis at pore-scale in partially saturated media for varying degrees of fluid saturation and
quantify their impact on the macroscopic particle transport. We envision that by exploiting the het-
erogeneous solute landscapes, particle motion can be controlled in an efficient manner. Depending
on the sign of the diffusiophoretic mobility, determined by the size and surface charge of the col-
loidal particle, localized particle entrapment or removal can be achieved systematically. Our results
that are pioneer in the field of diffusiophoretic transport through porous media, will pave the way
to attaining controlled particle manipulation through porous media.
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Understanding the role of Stern layer ions is crucial for assessing the ionic transport in nanochannels
at high ionic strengths. Currently, MD simulations are one of the most promising tools to offer a
realistic picture of the ionic behaviour close to charged surfaces where the Stern layer is located
[1,2]. Experiments (like streaming potential and titration), on the other hand, are modelled using
mean-field theories, like the Poisson-Boltzmann [3-6]. In this work, we show how the results of
experimental investigations, interpreted using mean-field theories can be used to validate the results
of MD simulations.
Specifically, a charged amorphous silica surface in contact with an electrolyte will be considered.
The Stern layer is defined as the layer that starts at the surface of the silica and extends to a position
where Poisson-Boltzmann starts to be valid. In the Stern layer, which has a thickness of a few Å,
it is impossible to assume that ions are point-like, as this leads, especially at high ionic strengths,
to unrealistic ionic densities. To account for a Stern layer, it is customary, in mean-field models, to
model this region of space as a capacitor. The difference between the electric potential at the silica
surface and the electric potential at the end of the Stern layer is then said to be equal to the surface
charge density divided by the Stern layer capacitance (in F/m^2). The value of this capacitance
can be estimated by modelling either by titration or by streaming potential measurements, for this
capacitance is the only adjustable parameter in the model. We will show, in a first step, how the value
of this Stern layer capacitance influences the ionic transport in streaming potential measurements
and affects titration results. In a second step, we will compare the value found for the Stern layer
capacitance with the results obtained from MD simulations. As the Stern layer capacitance is a
function of both the Stern layer thickness and its permittivity, we will be able to discuss the value
of the relative permittivity in the Stern layer.
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Imbibition is important physics in nanoporous media, related to many energy and technology areas,
e.g., fuel cells, water desalinization, bio-sensor, hydrology, hydrocarbon recovery, CO2 geo-storage,
underground hydrogen storage, etc. The classic theory to describe the spontaneous imbibition dy-
namics is the Lucas-Washburn (L-W) equation, while the classic theory to describe the electrocap-
illary imbibition is the Lippmann equation and the Young –Lippmann (Y-L) equation. However,
whether these classic theories are still valid at nanoscale have not been rigorously examined yet.
Therefore herein, we experimentally investigate the dynamics of spontaneous and electrocapillary
imbibition in nanoporous media. For spontaneous imbibition in hydrophilic nanoporous media in
the absence of evaporation, spontaneous imbibition height is linear with square root of time and
a larger pore size causes a faster imbibition, which are consistent with the L-W equation; in con-
trast, for spontaneous imbibition in hydrophilic nanoporous media in the presence of evaporation,
this linear relationship is deviated from linearity at early stages and a modified L-W theoretical
model is derived to incorporate the evaporation effect. For electrocapillary imbibition in hydropho-
bic nanoporous media, counterintuitive voltage polarity dependence and electro-dewetting phenom-
ena are observed, indicating that the Lippmann and the Y-L theory are invalid to describe the funda-
mentals of electrocapillary imbibition at nanoscale. Hence, the underlying mechanisms responsible
for these two novel physics are explained by electrical double layer charging, Faradaic reactions and
others.
These insights will provide significant guidance on various applications relevant to energy transition,
such as energy storage and conversion devices, water desalination, batteries and fuel cells.
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Microemulsions have been attracting great attention for their importance in various fields, includ-
ing nanomaterial fabrication, food industry, drug delivery, and enhanced oil recovery. Atomistic
insights into the self-microemulsifying process and the underlying mechanisms are crucial for the
design and tuning of the size of microemulsion droplets toward applications. In this work, coarse-
grained models were used to investigate the role that droplet sizes played in the preliminary self-
microemulsifying process. Time evolution of liquid mixtures consisting of several hundreds of wa-
ter/surfactant/oil droplets was resolved in largescale simulations. By monitoring the size variation
of the microemulsion droplets in the self-microemulsifying process, the dynamics of diameter dis-
tribution of water/surfactant/oil droplets were studied. The underlying mass transport mechanisms
responsible for droplet size evolution and stability were elucidated. Specifically, temperature effects
on the droplet size were clarified. This work provides the knowledge of the self-microemulsification
of water-in-oil microemulsions at the nanoscale. The results are expected to serve as guidelines for
practical strategies for preparing a microemulsion system with desirable droplet sizes and proper-
ties.
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dia : solver challenges
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In the subsurface, fractures are discontinuities in the medium in the form of narrow zones. Frac-
tures are very numerous and present at all scales, with highly varying sizes and permeabilities. The
permeability of the neighboring rock matrix is generally about two orders of magnitude lower than
that of the fractures. This is why fractures are preferential channels for flow and, therefore, play a
vital role in a large number of industrial and environmental applications.

One commonly used geometrical representation of fractured porous media is the discrete fracture
matrix model (DFM) in which fractures are represented as manifolds of codimension 1. The model
for single-phase flow in DFMs is described in 1, where Darcy’s law in the fractures includes an
additional source term that takes into account the coupling with the rock matrix.

Meshing the fracture network is carried out thanks to a specialized surface mesh generator called
MODFRAC [2]. The surface mesh is then used as input for a volume mesh generator named GHS3D
[3]. We developed nef-flow-fpm, a mixed hybrid finite element (MHFE) code for simulating steady-
state incompressible single-phase flow in 3D DFMs. The MHFE method is conservative and leads
to a square, sparse, symmetric, positive and definite linear system. Both direct [4, 5] and iterative
[6, 7] solvers are integrated in nef-flow-fpm. Our code has been validated on a test case from the
benchmarks in [8].

Because of the growing geometric complexity in large fracture networks, test cases recently pro-
posed in the literature are mainly 2D, or 3D but with a limited number of fractures. In this talk,
with the help of nef-flow-fpm, we analyze the computational costs from simulations with fracture
networks of increasing complexity. The goal is to assess the performance of the linear solvers men-
tioned before and the challenges they face. We propose large-scale test cases, up to 87 329 fractures,
generated with a genetic algorithm [9]. As expected, direct solvers suffer from large memory con-
sumption, while iterative solvers may need a large number of iterations. Thus, we conclude that it
is necessary to develop a dedicated, robust and efficient linear solver for even larger networks with
more than one million fractures [10].
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Hydrocarbon-rich unconventional reservoirs are vital resources for the anticipated growth in en-
ergy demand. Spontaneous imbibition is a primary mechanism for improving shale fracturing and
wettability alteration treatments in these ultralow-porosity and permeability reservoirs. Therefore,
enhancing the efficiency of spontaneous imbibition is crucial to achieving higher recovery and de-
laying the decline in production rates. This study assesses the potential of surfactant-assisted spon-
taneous imbibition at multi-scale lengths, including Darcy- and pore-scales.
The proposed methodology consists of three main phases: Surfactants assessment, Darcy-scale, and
pore-scale spontaneous imbibition. In this study, we selected three surfactants representing three
different types of surfactants: cationic, anionic, and zwitterionic. Surface tension, interfacial tension,
and contact angle are determined during the surfactant assessment. Then, we performed Amott Cell
spontaneous imbibition experiments for all the surfactants in addition to the baseline on Berea sand-
stone rock. Finally, we assessed the performance of surfactant-assisted spontaneous imbibition at
the pore-scale level using CT imaging. A micro-flow cell was used to perform the flooding while
imaging with the CT scanner.
All surfactants reduced the interfacial tension and had variable contact angle results. However, the
surfactants overall did not improve the spontaneous imbibition in Berea rock compared to the base-
line. Cationic surfactants are comparable to the baseline results, as contact angle measurements
showed that this surfactant slightly increased the rock’s hydrophilicity. The other surfactants re-
duced the capillarity performance, leading to lower spontaneous imbibition. Segmented CT images
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were used to estimate the plugs’ initial oil and water saturations. Wetting and nonwetting phases
were labeled and quantified by voxel counts. The change in oil saturation in the matrix was then
calculated over time. The constructed production curves showed variations in the performance of
the surfactants in enhancing oil recovery. A thorough discussion is provided to correlate the Darcy-
scale spontaneous imbibition with the pore-scale results.
New insights into the fundamental mechanisms of spontaneous imbibition with various surfactant
types were obtained. The provided study demonstrated that pore-scale analysis could improve the
interpretation of production curves obtained by conventional Amott cell experiments. Multi-scale as-
sessment helps understand how different surfactants enhance or hinder the process of spontaneous
imbibition, leading to more optimized recovery.
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Aiming at the changes of temperature field and velocity field caused by high temperature and high
pressure fluid injected into reservoir porous medium during heavy oil thermal recovery process,
based on Darcy’s law, thecoupled equation of heat flow in porous media was established by the finite
volume method. Based on the REV-scale porous media model, the effect of permeability and volume
fraction of porous media and the injection pressure of hot fluid during thermal recovery on the heat
flow coupling heat transfer process in porous media was studied. The results showed that the effect
of increasing the permeability on the heat transfer of porous media was better than increasing the
inlet pressure, increasing the solid volume fraction and increasing the thermal resistance, resulting
in a decrease in heat transfer. Increasing the pressure of the injected hot fluid could increase the
heat transfer rate.
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Brine leakage resulting from induced fractures during CO2 storage in deep geologic formation from
pressure buildup during injection or existing faults in the far field risk contamination of the shal-
low aquifers used for drinking and other economic activities. Our past investigations studied the
effects of uncertainties in the hydraulic parameters of the storage zone on the plume development
and methods for optimal monitoring of leakage and pressure release through brine extraction. One
of the main challenges in validating such methods is the unavailability of field data, as no such
events have occurred. In our past and ongoing research, for these types of problems, we have used
intermediate-scale testing systems where some field complexities can be mimicked to generate high
spatially and temporally resolved data under highly controlled laboratory environments. This paper
presents a study of the effects of uncertainties of the caprock fractures on brine plume development
using this approach. A novel intermediate-scale testing system was developed to couple a fractured
caprock to a geologic formation with two overlaying aquifer layers representing the shallow and
intermediate zones over the caprock. The fracture network was designed using predefined geosta-
tistical parameters, and a realization of the random network was etched into a plexiglass sheet. The
etched channels were filled with sand to obtain the needed transmissivities to create a hydraulic
leakage pathway. By injecting tracers at four different fracture initiating points, it was possible
to activate different leakage pathways and plume configurations. The 1.3m x1.3m fracture zone
was hydraulically connected to the eight-meter-long soil zone with the shallow and intermediate
aquifer layers. The aquifer was packed with six well-characterized test sand types to create spatially
correlated random fields for the two zones with different mean and variance of the log hydraulic
conductivities. Bromide was introduced as a tracer representing the leaking brine, and the plume
along the intermediate stratigraphic zone was tracked through aqueous sampling. Aqueous sam-
pling in the shallow zone was performed using a high spatial resolution grid with 448 ports. The
data collected for four leakage scenarios were used to validate and verify a new numerical model
that couples the fracture and the aquifer zones to simulate the migration of the leakage plume. The
model was used to conduct the uncertainty analysis by varying the parameters of the fracture zone
represented as an equivalent porous medium. This paper presents the experimental system design,
the coupled model, and the results from the uncertainty analysis.

Participation:

In-Person

References:

Page 454



InterPore2023 / Book of Abstracts

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

USA

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Poster / 541

Distributed sensing formonitoring greenhouse gas loading to the
atmosphere throughdisturbed soil: Intermediate-scale testing
Authors: Tissa Illangasekare1; Ana Maria Ilie1; Yaobin Yang2; Kenichi Soga2; Richard Whalley3; Adriana Torres-
Ballesteros3; Xiaoxian Zhang 3; Trautz Andrew4

1 Colorado School of Mines
2 University of California Berkeley, Berkeley, CA, United States
3 Rothamsted Research, Harpenden, United Kingdom
4 ERDC, Army Corps of Engineers, Vicksburg, MS

CorrespondingAuthors: adriana.torres-ballesteros@rothamsted.ac.uk, andrew.c.trautz@erdc.dren.mil, xiaoxian.zhang@rothamsted.ac.uk,
soga@berkeley.edu, richard.whalley@rothamsted.ac.uk, ailie@mines.edu, tissaharischandra@gmail.com, yangyaobin@berkeley.edu

The fundamental hydrologic processes that govern soil moisture dynamics in the vadose zone have
a dominant effect on the transport and atmospheric loading of key greenhouse gases contributing to
global climate change and related water issues worldwide. Drivers such as precipitation and heat and
mass fluxes at the land surface impact vadose zone soil moisture distribution, which control the trans-
port pathways and rates of water vapor and other greenhouse gases. A combined laboratory and
field study is in progress to develop and apply a spatially distributed sensing technology to be used
in agricultural and other plant environments. A part of this study is to test integrated sensing tech-
nology that uses embedded and fiber optics-based sensing and wireless sensor technologies under
various soil and climatic conditions. Testing was done in an intermediate-scale three-dimensional
porous media tank (4.2m x 2.4 m x0.42, where the temperature and water mass flux boundary con-
ditions can be controlled. These tests will be upscaled to a longer test length of ~8 m in a coupled
porous media and climate-controlled wind tunnel facility where the climate conditions in the near-
surface boundary layer can be controlled. The goals of the tank experiments were to develop test
methods and to test the hypotheses that fractures in soils will enhance greenhouse loading from the
subsurface generated from geo-biochemical reactions. The tank was packed with a heterogeneous
configuration using five well-characterized uniform silica sands with the effective sieve numbers
#110, #70, #30, #40/50, #20/30, and #12/20, respectively. Spatial and temporal variations of soil mois-
ture were monitored using embedded soil moisture sensors. A layer of silt with a high clay content
was placed on the topsoil surface with the goal of creating thermal fractures using heat lamps. The
silt layer was instrumented with fiber optical cables at two depths to monitor the fracture propaga-
tion from the soil surface into the silt layer. In two separate experiments, methane and CO2 were
injected at the bottom of the tank using a distributed set of ports and allowed to migrate through the
heterogeneous formation, and the gas concentrations at the soil surface were measured using three
soil-gas flux chambers. The gas concentrations were also measured within the soil profile. In addi-
tion to the soil moisture sensors within the tank, the soil water tension within the silt was recorded
continuously using precision micro tensiometers with the least disturbance to detect moisture vari-
ations during crack development from drying. The findings suggest that the testing methods were
successful, and the data will allow testing the hypotheses on whether the fractures affect the gas
loading to the atmosphere. The generated data will be used to validate numerical models to further
testing of this hypothesis under possible field conditions and climate scenarios.
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Analyzing the physics under the same imaging condition is hampered by the domain difference
between digital rock images from micro-computed tomography (micro-CT). Different scan devices,
scan conditions, and sample conditions (dry/wet samples) are frequently to blame for domain dif-
ferences in micro-CT rock images. Unpaired domain transfer by Generative Adversarial Network
(GAN) is a method that reduces domain differences by transferring the image style from one to an-
other without the requirement of paired images. Herein, we develop a pseudo-3D domain transfer
network, Pseudo-3D Semantic CycleGAN (3D-PSCycleGAN) that transfers the rock domains with
the user-defined semantic information in a 3D manner while only requiring 2D computational re-
sources. The 3D stacking effect that is present in 2D networks without fail is eliminated by the
pseudo-3D transmission. The 3D-PSCycleGAN opens up a way to analyze digital rock images under
the same condition to avoid any bias or inconsistency.
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Hypothesis: in-situ recovery is an alternative to conventional mining, relying on the application of
an electric potential to enhance the subsurface flow of ions. The governing physics of electrokinetic
transport are electromigration and electroosmotic flow, which depend on the electric potential and
excess charge adhered to mineral surfaces, respectively. Hence, mineral occurrence and its associ-
ated zeta potential should be the governing parameters that affect the efficacy of EK-ISR. Theory
and Simulations: The governing model includes three coupled equations: (1) Poisson equation, (2)
Nernst–Planck equation, and (3) Navier–Stokes equation. These equations were solved using the
lattice Boltzmann method within X-ray computed microtomography images. The effects of mineral
occurrence, zeta potential, and electric potential on a complex 3-dimensional synthetic iron ore were
evaluated. Findings: Although the positive zeta potential of chalcopyrite can induce a flow counter
to the direction of electromigration, the net effect is dependent on the occurrence of chalcopyrite.
However, the ion flux induced by electromigration was the dominant transport mechanism, whereas
electroosmosis made a lower contribution. Overall, Electrokinetic in-situ recovery is a promising
technique that can be controlled because the dominant ion transport mechanisms are electromigra-
tion and diffusion. The former term depends on the applied external electric potential, and the latter
term depends on the lixiviant injection.
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Recent years have recorded an increase of the rainfall intensity which is met by a reduced infiltration
capacity causing severe surface runoff, flooding, and groundwater depletion. Thus, the ecosystem
functions of groundwater aquifers are at risk. The project Smart-SWS couples flood protection and
drought management by infiltrating flood waves into porous aquifers close by (Flood-MAR). The
water held back in flood retention basins is conditioned in the infiltration ditch to meet the qual-
ity criteria for groundwater recharge. Laboratory experiments to select suitable materials for the
conditioning of the infiltrated waters are run. Here, the focus is on the removal of colloids and
particles. As the infiltration is at irregular time intervals, we expect and test extended drying pe-
riods. A GIS-based site selection scheme has been developed and applied to select pilot sites. It
respects (hydro)geological features as well as all kinds of protection zones and agricultural, munic-
ipal, and industrial use cases. To meet the pronounced asymmetry of infiltration (rapid infiltration
requires high hydraulic conductivity) and long term storage (works best with low flow velocities)
geotechnical measures like sheet pile walls or sand/cement injections are required. The concept is
based on a minimum invasive approach: groundwater flow should not change at normal conditions
and stagnation of groundwater has to be prevented. A hydrogeochemical model is developed to
assess the reactions along the infiltration path and their effects on the integrity and stability of the
aquifer.
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Underground Hydrogen Storage (UHS), as an emerging large-scale energy storage technology with
great compatibility with hydrogen economy, is at the centre of research attention in recent years.
To investigate the feasibility of implementing UHS in porous reservoir such as aquifer or depleted
hydrocarbon reservoirs, geochemical reactions brought by the presence of hydrogen in subsurface
and their influence on hydrogen loss and reservoir integrity is heat-debated by many researchers.
Among these geochemical reactions, calcite dissolution is one of the most important as it can not only
affect the petrophysical properties of rocks, bring about substantial hydrogen loss, but also raise the
pH value and release CO2 which trigger more biotic and abiotic reactions. There are already many
experiment and modelling studies focusing on this topic. However, none of these studies succuss to
model this reaction in a physical dynamic setting, leading knowledge gap between simulation results
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and experiment observation. This is because the current models describing fluids-solid reactions are
using ad-hoc surface area parameters during the reaction process. The influence from ion move-
ment raised by surface charge and convection pressure gradient are also ignored. Herein, we use a
novel pore-scale reactive transport solver by coupling fluid flow with geochemical reaction. The gov-
erning equations includes: (1) Poisson equation, (2) Nernst-Planck equation, and (3) Navier-Stokes
equation. These equations were solved using the lattice Boltzmann method within X-ray computed
microtomography images for a sandstone reservoir containing 10 vol% calcite, where Phreeqc is
used to simulate geochemical reaction. By doing so, the effects from real-time pore morphology and
mineral surface charge on the calcite dissolution kinetics, for the first time, are investigated under a
transient condition. This study provides fundamental information on UHS in reservoirs containing
sensitive minerals and facilitate the screening of potential UHS sites.
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Due to its benefits of miscibility and diffusivity with oil, which results in recovering most of the
oil within its swept zone, gas EOR is typically used to reduce decline in oil production. However,
gravitational segregation, gas channeling, and viscous fingering are frequent occurrences during gas
EOR operations. This results in a low mobility ratio and poor volumetric sweep efficiency, which
adversely affect oil production, particularly in highly heterogeneous deposits. Foaming the injected
gas, either by generating it in-situ or by alternating injection cycles of foaming solution with the
gas, is a typical technique for preventing these issues. In order to reduce fingering, foams are gen-
erated to flow deeply within the formation layers. Furthermore, foams migrate into relatively small
pores to block highly permeable layers and divert gas flow to establish a more uniform propagat-
ing front. This is key to improving volumetric sweep efficiency. With all these beneficial qualities
of foam, it must remain stable in the porous media to produce positive results. Nanoparticles are
positioned to be the focus of research related to foam stabilization, even under harsh reservoir con-
ditions. In addition to increasing stability, surfactants and nanoparticles enhance foam EOR by the
combination of their abilities to alter wettability, decrease IFT, decrease oil viscosity, and mitigate
asphaltene deposition. In this work, a more specific and realistic foam investigation was carried as
it was designed for an existing carbonate geological deposit, located in Volga-Ural region, Russia. In
this work, a more specific and realistic foam investigation was carried as it was designed for an ex-
isting carbonate geological deposit, located in Volga-Ural region, Russia. An advanced technique of
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high-pressure microscopy (HPM) was used to examine the stability of N2 and CO2 foams at reservoir
conditions in the presence and absence of nanoparticles. The experiments were carried out at vapor
and supercritical conditions. Furthermore, core flooding studies were performed to investigate their
effect on oil displacement and mobility control in both real and artificial core samples. Our results
indicated that foams produced at 80% quality were more stable than foams produced at 50% qual-
ity because the bubble size was significantly smaller while bubble count was higher. Additionally,
foams under supercritical conditions (sc) exhibited greater stability than foams under vapor condi-
tions. This is because at supercritical conditions, gases have a density similar to that of liquids and
this helps to strengthen the foam lamella by enhancing the intermolecular contacts between the gas
and the hydrophobic part of the liquid phase. In the core flooding experiments, an initial displace-
ment efficiency of 48.9% was recorded for scCO2 and the use of foam allowed us to increase the total
displacement efficiency up to 89.7% in the artificial core model. In the real core model, CO2 foam
injection increased oil recovery during CO2 injection from 37.7% to 66.6%. The results of this study
showed that nanoparticles-enhanced foams have the beneficial potential for EOR purposes and for
the mitigation of early gas breakthrough which was noticed after injecting about 0.14 PV during
scCO2 injection.
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One of the toxic greenhouse gases that significantly alters the climate is CO2, and it may be possi-
ble to lower its emission by sequestering it in an appropriate geological subsurface formation. For
a secure and effective sequestration, it is necessary to answer questions relating to enhancing the
reaction rates of rock minerals to speed up sequestration, understanding the critical reservoir pa-
rameters involved with geochemically induced changes and how they affect mineralization, and the
affinity of rock minerals for dissolution or precipitation in the presence of CO2 and reservoir brine.
Depleted oil and gas fields and deep saline aquifers are the most practical storage locations, while
the latter is preferable because it is widespread and has a great storage capacity. However, inade-
quate rock mineral assessments, heterogeneities in the underlying characteristics, and insufficient
knowledge of CO2 geochemical reactivity with in-situ minerals are some of the major obstacles to
its development for CO2 storage. Hence, this study focuses on mineralization trapping mechanism
of CO2 by simulating the sequestration of at least 48 million tons of CO2 over a five-year period
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in a saline aquifer. The effectiveness of CO2 mineralization trapping for the siliciclastic aquifer for-
mation was characterized in relation to the impacts of injection period, pressure, temperature, and
salinity. The ability of the aquifer to inject, mineralize, and store significant amounts of injected CO2
for a duration of 1000 years was studied using a numerical simulator. This study also analyzed the
geochemical induced changes such as pH and porosity changes that occurred due to mineralization.
Our results showed that while increasing the injection period appears to increase the efficiency of
CO2 mineralization trapping, this is only the because there is more CO2 available in the formation,
as a comparison with the volume of CO2 injected yields a contrary result. Additionally, the findings
in this work can provide the appropriate mineralization temperatures at which each of the simu-
lated minerals can either dissolve or precipitate. Calcite and dolomite mineralize more effectively
at medium and lower temperatures, despite the fact that reaction of other minerals such as illite,
kaolinite, k-feldspar and quartz will be more favored at high temperatures. Porosity and pH showed
only slight variations, but they were sufficient to indicate the dynamics of mineral reactivity and
mineralization trapping efficiency.
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Fingering instabilities develop when a low-viscous fluid displaces a high-viscous fluid in porous
media. Fingering promotes deep contamination of groundwater, limits the efficiency of hydrocarbon
recovery and geological CO2 storage, and creates non-uniform coatings. Classical Hele-Shaw studies
on viscous fingering have not addressed the role of surface wettability heterogeneity, a common
property of many natural and engineered solid surfaces. Wettability defects affect features of wetting
dynamics, including contact line pinning and residual wetting films. These features may influence
the flow behavior and fingering instabilities in Hele-Shaw cells.

This study aims to investigate the effect of wettability heterogeneities on flow behavior in Hele-Shaw
cells, with specific attention to fingering phenomena. We construct radial Hele-Shaw cells with pat-
terned solid surfaces containing wettability heterogeneities. The wettability defect is treated using a
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commercial silane water repellent and has a water/air contact angle = 97 compared to a = 29 for
a clean glass surface. We use a stencil cutting machine to create stencil patterns, which enables effec-
tive wettability patterning of a large surface area. Then we conduct fluid displacement experiments
in the cell and analyze the fluid flow control mechanisms exerted by wettability heterogeneities. A
syringe pump (Chemyx Fusion 200) maintains a constant injection rate, and a digital camera (Nikon,
D5500) positioned over the radial Hele-Shaw cell records the displacement. Experiments consider
the effects of the density and distribution of wettability heterogeneities, flow rates, and fluid pairs
(air and water/glycerol, water and mineral oil) on fingering phenomena.

Results show that uniformly/randomly distributed wettability defects can roughen the advancing
front, broaden finger growth regions, and increase displacement efficiency for the condition of air
injection into a water/glycerol mixture. However, the distribution and orientation of wettability
heterogeneities also determine whether viscous fingering will be suppressed or promoted. Fingers
are promoted and narrower in cases where elliptic wettability defects are oriented radially, and the
displacement efficiency Ef can be as low as 0.508. However, defects perpendicular to the flow direc-
tion suppress finger growth and can increase the displacement efficiency to as high as Ef = 0.936. A
lower flow rate supplements the effect of capillarity and wettability, thus strengthening the impact
of wettability heterogeneities. More surprisingly, stable displacement instead of viscous fingering is
observed when water injects into a more viscous mineral oil in Hele-Shaw cells with wettability het-
erogeneities. We present a linear stability analysis that attempts to explain this phenomenon.

Our experiments provide insights into the wettability control on fingering behavior in porous me-
dia and have implications for a number of industrial applications, such as the interpretation of core
flooding data, reservoir applications involved during geological CO2 storage and hydrocarbon recov-
ery, as well as potential manipulation of fingering phenomena in microfluidics and advanced porous
materials.

Participation:

Online

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

China

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS09 / 550

Wettability effect onflow-drivendeformationusinghydro-mechanically
coupled pore network model
Author: Min-Kyung Jeon1

Co-authors: Tae-Hyuk Kwon 2; Joo Yong Lee 1

1 Korea Institute of Geoscience and Mineral Resources
2 Korea Advanced Institute of Science and Technology (KAIST)

Corresponding Authors: t.kwon@kaist.ac.kr, jyl@kigam.re.kr, mkjeon@kigam.re.kr

Page 462



InterPore2023 / Book of Abstracts

Wettability has an enormous impact on the effectiveness of enhanced oil recovery (EOR) techniques
and geologic carbon storage (GCS). Water flooding or carbon dioxide injection in EOR or GCS im-
poses pore pressure on the media, which can induce deformation or even failure of porous media.
Experimental studies have shown that wettability is a key factor in determining flow patterns along
with fluid characteristics and injection conditions. However, most previous research has been con-
ducted in non-deformable media. As some studies performed in deformable media are limited to
macroscopic scale, pore-scale study on simultaneous deformation or failure by immiscible flow is
still lacking. This study attempted to examine the effect of wettability on hydromechanical behavior
using pore-scale modeling. Fluid injection pressure alters the porous structure by mechanical defor-
mation, causing a change in flow characteristics with the re-distribution of pore pressure. Therefore,
a two-way coupling between hydraulic and mechanical behavior is required to mimic this process.
To achieve two-way coupling, force equilibrium at each node was assumed in pore network model
and block-spring model. Flow pattern and mechanical behavior under various wettability were ex-
plored using a two-way hydro-mechanically coupled pore network model.
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Fluid flow in fractured porous media is concerned with various processes in science and engineering,
including transport, chemical and mechanical processes, etc. Direct numerical simulations of fluid
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flow can investigate pore-scale processes and flow mechanisms in fractured permeable media. How-
ever, the tremendous computational costs prevent these methods from being applied to larger-scale
models. On the contrary, pore network modelling is efficient and applicable to simulate large-scale
porous media and handle thousands or even millions of pores simultaneously (Blunt, 2017). But
currently, the pore network method can only be used in porous media without fractures.

In this work, we propose a new model to explicitly incorporate fractures into pore networks to rep-
resent fractured porous media. A new fracture matrix pore network model (FM-PNM) is developed
to efficiently simulate the fluid flow properties in fractures associated with the pore matrix. The
fractures are simplified as ideal planar cuboids with properties of aperture, width, length and ori-
entation, which are then transformed into fracture pipe networks. The pore matrix is represented
by a topological network of pore bodies (nodes) connected by pore throats (bonds). These two net-
works are coupled together to create a single nested network which is topologically equivalent to
the fractured porous medium. The permeability of the coupled network (FM-PNM) is benchmarked
by Lattice Boltzmann simulation for various structures of pore matrix and discrete fracture networks
(Latt et al., 2020). A reasonable agreement was achieved which demonstrates the value and efficiency
of the fracture matrix pore network model.
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Li-Ion batteries are widely used for energy storage mediums because of their high volumetric and
gravimetric energy capacities and proven mature technology level suitable for mass production.
However, they have one key problem which is the heat generation during charging and discharging
cycles. As the cells are getting too hot or too cold, battery life and performance decreases. If the heat
generated from the batteries are not dissipated, there is even risk of explosion. To model the thermal
behavior of the battery package one first needs to figure out the heat dissipated from a single cell,
which can be set as an heat source value for the thermal modeling for the battery package. This can
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also be achieved with electrode scale continuum scale models, where Li transport in electrolyte and
charge balance and Li diffusion in porous electrodes are modeled. However, electrode scale model
would be over detailed to combine with a system level model.
First, cell level 2nd degree Thevenin’s equivalent circuit model 1 was developed under Matlab (fig. 1
and fig.2).

Figure1. Thevenin’s equivalent circuit model concept

Figure2. Thevenin’s equivalent circuit model developed under Matlab

The model requires Open Circuit Voltage (Uoc) vs State of Charge (SOC) relationship as an input.
The parameters Ro represents contact/ohmic resistance of the cell, R1-C1 represents cell polarization,
R2-C2 represents diffusion process [2], which are determined by fitting terminal voltage (Ut)-SOC
measurement. Different from the lead acid batteries the Li-Ion cells have exponential decrease in
the terminal voltage when the terminal voltage is approaching the cut-off voltage. To mimic this
behavior, the equivalent circuit components (R,C values) are not set to constant values, they are
varying as a function of SOC.
The developed Thevenin Model is able to calculate SOC, Uoc, Ut, state of health (SOH), remaining
capacity, useful capacity [3], thermal power and generated heat. The main purpose of building an
equivalent circuit model is to calculate thermal power generated by the cell (Thermal_Power=(Uoc-
Ut)* I_current) [4,5].
Battery Package level simulation is carried out with setting thermal power of Thevenin model as a
heat source to model temperature distribution. Thermal conductivity properties are taken from [6].
This is achieved with Comsol finite element simulation software (fig. 3).

Figure 3. Temperature distribution within the battery package with active air cooling

Total system model is created to model system dynamics with varying terminal current. Total sys-
tem model is composed of Grid Connection, Auxiliary Load, Power Control System, Power Manage-
ment System, Convertors, HVAC System, Battery Management System and Battery Package. The
developed equivalent circuit cell module is set in the heart of the battery package module. During
operation the main heat sources are battery packages. The temperature distribution of the total
system is calculated with FEM simulator.

The advantage of this approach is that the experimental data can be perfectly fitted to the model data.
The drawback of this approach is that the heat that is generated during charge/discharge process is
assumed to be homogenously distributed at the outer surface of the cell.
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The adsorption of ionic species at the interfaces between rock and brine, and between brine and
non-aqueous phase liquids (NAPL) such as crude oil, can significantly impact the mobility of these
substances in porous media. In this work, we present a set of simple benchmarks to evaluate the ac-
curacy and consistency of existing mathematical models and thermodynamic software in predicting
the chemical interactions at these interfaces. We also propose a new open-source implementation
of surface complexation models in REAKTORO with practical applications in enhanced oil recovery
(EOR), carbon capture and storage (CCS), and ground water remediation. These models, which take
the form of Langmuir isotherms in their simplified form, are commonly used to model rock-brine
interactions and explain experimental observations such as electrophoretic mobility, streaming po-
tential, and chromatographic retention of ions. However, there is currently no systematic compari-
son among the various forms of surface complexation models and their numerical implementations.
To address this gap, we suggest a range of rock-brine mixtures including natural and artificial cal-
cite, sandstone, and clay minerals in contact with brines of different compositions, and solve these
systems using Langmuir, ion exchange, Constant Capacitance (CC), Diffuse Double Layer (DDL),
Triple Layer (TL), and Charge-Distribution Multisite Complextion (CD-MUSIC) models in Phreeqc,
Geochemists Workbench, Visual Minteq, and ORCHESTRA. We compare the results with our own
numerical and analytical solutions. In addition, we present a general formulation of surface com-
plexation models in REAKTORO, addressing issues with the existing numerical implementations
related to the explicit calculation of the double-layer composition and the assumptions made about
the thickness of the double layer. Our new implementation and benchmarks provide a comprehen-
sive, consistent, and numerically efficient framework for modeling interactions between charged
interfaces and their impact on multiphase flow and mechanical behavior in subsurface porous me-
dia.
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The dissolution trapping of CO2 in water, often accelerated by gravity-driven convection of overlying
CO2 plume in high permeable water-saturated rocks, can ensure safe long-term sequestration of
CO2 but can take thousands of years in low permeable rocks (< 1 mD). We hypothesize that in
naturally fractured reservoirs, even with low to no fracture network connectivity, the density-driven
convective flux of CO2 in the water-saturated vertical fractures can reduce the required time for
dissolution trapping to several years to few decades depending on fracture density. We validate the
numerical model with pressure decline curves obtained in a novel experimental setup, in which the
lateral area of a brine-saturated low-permeable chalk core (< 1 mD) is in contact with supercritical
CO2 in a closed PVT cell at reservoir temperature and pressure of a Danish North Sea chalk field.
Our model consists of CO2 transport with advection and diffusion and the continuity equation for
a slightly compressible system of brine with dissolved CO2. The solubility of CO2 and the density
of CO2-water mixture are modelled with Phreeqc, which utilizes the Peng-Robinson equation of
state for the fugacity of CO2 and water in the gas phase and the Pitzer model for the activity of
CO2 and other ions in the aqueous phase. We also use the default values of partial molar volumes
in the Phreeqc database and validate the results against published experimental data for CO2-brine
solubility and density. We then solve the equations both in our in-house finite volume solver (with
TVD scheme for the advection term and backward Euler for time) and COMSOL multiphysics (finite
element with added artificial diffusion for numerical stability). We model the 2D dissolution of CO2
in a water saturated fracture (with rough surfaces) and show that for a fracture aperture in the
range of 0.03 to 3 mm, a long fracture will be filled with CO2-saturated brine in less than a few
days. We then show that these saturated fractures serve as boundary conditions for fast dissolution
of CO2 in the low-permeable matrix with diffusion-controlled mechanisms for permeabilities less
than 1 mD and convection-dominated flow for permeabilities higher than 10 mD. We also discuss the
implications of the results on the capacity of the Danish waterflooded chalk reservoirs for the storage
of CO2 without displacing the formation fluids, which is currently not allowed in Denmark.
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Quasi two-dimensional approximations of interfacial curvature, present in current network models
of multi-phase flow in porous media, are extended to three dimensions. The effect of each principal
radii of curvature on displacement is analysed using high resolution direct numerical simulations
on synthetic geometries, for both uniform and mixed-wet wetting states, and the analysis is used
to calibrate network model extensions. A fully three-dimensional consideration of interfacial cur-
vature is shown to be a key step in improving the physical accuracy of network models. Finally,
the calibrated network model is used to obtain predictions of relative permeability and capillary
pressure for a water-wet and a mixed-wet Bentheimer sandstone, and compared to experimental
measurements, where the inclusion of three-dimensional interfacial curvature yields more accurate
predictions.
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Hydrogels are polymeric materials that can absorb large amounts of water, swelling and increasing
considerably in size. They are used in a wide range of applications, including some in which the
hydrogel is required to absorb liquid under pressure. For example, for soil remediation and water
storage in agriculture, hydrogels maybe located deep underground and must withstand the mechan-
ical stress from the soil while swelling the water and at the same time absorbing any heavy metal
ions present in the soil.
In this work we study the influence of confinement and interaction between hydrogels beads during
their swelling. A large cylindrical vessel was used, where a single hydrogel can swell freely without
interaction with the side walls. A initially dry hydrogel bead, diameter (2.8 ± 0.2) mm, is submerged
in an aqueous solution containing a small amount of dissolved fluorescein, which allows UV light
visualization but does not affect the swelling. A top piston is placed in contact with the hydrogel.
The piston can move vertically with negligible friction until it reaches a force sensor at a fixed and
controllable height H. H determines the vertical confinement and is varied between 4 and 12 mm.
The force exerted by the hydrogel on the piston is measured during swelling. Three different kinetic
regimes were identified in the swelling of a single hydrogel bead, independent of the confinement
H: 1) “flower like” swelling, in which the hydrogel bead presents a dry core surrounded by a wet
shell of wavy geometry due to a surface instability; 2) isotropic and homogeneous swelling and 3)
confined swelling, after the hydrogel bead reaches a size equal to H and swells under compression
in the vertical direction. The force exerted by the hydrogel bead on the piston was found to increase
with confinement (as H decreases). The pressure exerted by the hydrogel bead on the piston agrees
with Maxwell’s viscoelastic model at constant strain. The measured pressure and deformation at
long times show an elastic behavior for all the values of H studied. Finally, the influence of interac-
tions between hydrogels in confined media is studied varying the total number of hydrogels beads
(NH) between 5 and 30. It is observed that, for a given H, the force exerted on the piston increases
with the number of hydrogel beads present in the cell. However, the total force depends linearly on
the number of hydrogel beads until NH=20.
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Counter-current flow can be encountered under quite general conditions in two D or 3D two-phase
flows in fractured medium. It may describe the imbibition of a wetting fluid replacing a non-wetting
fluid inside the rock matrix. As the first order term of the driving transport equation drops-out, the
resulting transport equation is a singular non-linear diffusion equation.
Although the early time solution of such equations is quite well known, it turns out that the long-
time asympotics describing the asymptotic decay of the overall non-wetting fluid saturation is less
known.
In that contribution, we develop a general self-similar solution, the time dependance of which is a
power law of time, with an expoennt related to the NAPL rel perm decay at law NAPL saturation.
The spatial part of the solution can be computed using a suitable fixed point algorithm that solves a
non-linear eigenvalue problem. In stratified media, a complete analytical solution can be developped.
In the genral case, numerical tests performed with accurate complete simulations confirm the rel-
evance of that solution for many matrix block shapes. Consequences about the matrix to fracture
overall fluw are also expected.
As the convergence of the solution to its asymptotic appears to be quite slow, a perturbative ap-
proach was developped to get a firther understanding of that observation. That allows us to develop
an asymptotic solution under the form of a series of time power-laws that may describe the NAPL
overall saturation decay once lower than 40% of its initial value.
Such solutions may be used to look for physically based proxys of matrix to fracture exchanges well-
suited for developping an averaged description when considering a population of matrix blocks of
random sizes and shapes.
In that talk, we will present previous findings published in following paper, as well as more recent
results. Douarche, F., Braconnier, B., Momeni, S., Quintard, M., & Nœtinger, B. (2022). Counter-
current imbibition and non-linear diffusion in fractured porous media: Analysis of early-and late-
time regimes and application to inter-porosity flux. Advances in Water Resources, 169, 104319.
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Viscous coupling during simultaneous flow of different fluid phases has a significant impact on their
flow through porous media. In this work, a new multiscale strategy is proposed for multiphase flow
in porous media. We use the interfacial continuum equation to simulate two-phase flow at pore
scale and obtain empirical terms for the viscous coupling inside individual pores under variaous
wettability conditions, interfacial distributions, and viscousty ratios. The hydraulic conductance
of different fluid phases is validated by comparison with the mobilities computed using the lattice
Boltzmann modeling. The mean value of relative error in hydraulic conductance predicted from
our empirical model is less than 1%, compared to the other viscous coupling equations with errors
more than 11%. The empirical coupling terms are then used in a dynamic pore-network model to
efficiently simulate two-phase flow through porous media at core scale. It is shown that including
viscous coupling leads to better predictions of relative permeability.
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Carbon capture and storage (CCS) requires sealing caprocks to ensure the stored CO2 is contained
in the reservoir and not leaking towards the surface. Many caprocks are composed of mudrocks, a
siliciclastic sedimentary rock with a high clay content. We here analyse such a caprock from the
Field S which is a potential CO2 storage site in the Sarawak Basin, East Malaysia. The determina-
tion of important caprock properties, like porosity and permeability, is often difficult and requires
fresh core material that is adequately stored for lab testing. When such core material is not avail-
able, drill cuttings might be used as alternatives to predict formation properties if suitable empirical
relationships are available which is the objective of this study.
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Therefore, we performed a petrophysical characterisation of core and cutting samples using mercury
intrusion porosimetry (MIP), unsteady state pulse decay permeameter, nuclear magnetic resonance
and helium pycnometry measurements. Because of shape limitations, only MIP and helium pycnom-
etry are suitable to determine porosity and permeability on drill cuttings, while plug samples can be
used for permeability tests under subsurface stress conditions. In addition, we performed a full char-
acterisation of the sample to obtain mineralogy, pore size distribution and grain sizes. Finally, the
lab data has been correlated with well log data to further understand the porosity and permeability
trend for prediction purposes.

Sedimentologically, we find that the caprock in Field S is divided into two facies (Seal A and Seal B)
with varying clay contents of ~20 and ~40% respectively. In term of grain size distribution, this field is
mostly dominated by fine silt (2.0 to 6.3 microns), with a higher fine silt content in the deeper Seal B.
However, laboratory determined porosity and permeability do not vary significantly between these
two facies, even though seal B has higher clay contents. This might be because Seal B is significantly
over-pressured compared to Seal A, potentially resulting in porosity preservation during compaction
and therefore increased permeability. This is consistent with the time-to-depth conversion from
seismic data, where Seal B is identified as being undercompacted in comparison to Seal A. Porosity
from MIP is generally lower than porosity from helium pycnometry, for both core samples and drill
cuttings. This is because mercury invasion is restricted to pores >3 nm and therefore underestimates
the total porosity. Additionally, porosity and permeability values determined on unconfined drill
cuttings are always higher than the values measured on confined plug samples.

Here, we will present our workflow in predicting porosity and permeability of caprocks based on a
petrophysical and mineralogical database developed for Seal A and B. We will discuss issues with this
approach and its potential and highlight the difficulties in determining permeability from confined
plug or unconfined cutting samples.
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Dissolution/precipitation processes in reactive transport in porous media are ubiquitous in a multi-
tude of contexts within the field of Earth sciences, such as geological hydrogen and carbon storage,
reactive contaminant transport and acid injection in petroleum reservoirs. In particular, the dynamic
feedback between the reactive process and solute transport, capable of giving rise to the phenomenon
of preferential flow paths, is critical to a variety of Earth science scenarios, as these paths are re-
sponsible for the alteration of transport properties of the porous medium; still, the approaches to its
characterization remain disputed. It has been argued that the emergence of preferential flow paths
in porous media can be considered a manifestation of transport self-organization, as they introduce
spatial gradients that distance the system from the state of perfect mixing.

To investigate the dynamic feedback between the reactive and transport processes and its influence
on transport self-organization, we consider a 2D Darcy-scale reactive transport setup, where dis-
solution and precipitation of the porous medium are driven by the injection of an acid compound,
establishing local equilibrium with the resident fluid and the porous medium, composed of a calcite
mineral. The coupled reactive process is simulated in a series of computational analyses employing
the Lagrangian particle tracking approach, capable of capturing the subtleties of the multiscale het-
erogeneity phenomena. We employ the thermodynamic framework to investigate the emergence of
the preferential flow paths as the manifestation of transport self-organization; in particular, we are
interested in the relationship between the Shannon entropy, used to quantify self-organization and
the enthalpy.

We find that, for an initially homogeneous medium, transport self-organization increases with the
evolution of the reactive process, along with the emergence of heterogeneity in the medium due
to feedback between the reaction and transport. We identify the reciprocal of the Peclet number
as the driving force for transport self-organization, as the stochastic nature of diffusion leads to in-
homogeneity of reaction, resulting in the emergence of heterogeneity in the medium; this causes
re-distribution of the transport, thus increasing its self-organization, as signified by a decrease in
Shannon entropy. The decreasing entropy is accompanied by an increase in enthalpy due to an en-
hanced global reaction rate. The self-organization of the breakthrough curve exhibits the opposite
tendencies, explained from the thermodynamic perspective. The energy, required to maintain self-
organization within the thermodynamic framework, is supplied by the hydraulic power under the ap-
plied hydraulic head drop boundary condition; this power increases with the heterogeneity.

To conclude, our findings suggest that Peclet number of the transport has a crucial impact on the
interaction between the reactive and transport processes in porous medium, as expressed in terms of
transport self-organization within the thermodynamic framework; this has important implications
for both hydrogen and carbon geological storage due to reactive processes that take place in the
storage medium, caused by the altered pH level.
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The existence of fracture network in porous media can have positive or negative effects on matrix-
fracture transfer depending on the flow rate. In higher flow rates the efficiency of heat extraction
decreases in fractured geothermal reservoirs due to preferential flow through the fractures. The
fracture plugging can be considered as a solution to cope with it by diverting flow through porous
matrix, resulting in more heat extraction. In present study, the effect of fracture plugging on heat
extraction was investigated by cold water injection through the single fractured core plug includ-
ing an obstacle at different flow rates. Present study indicated that the presence of obstacle in the
fracture contributes high heat extraction compared to the absence of it because of fluid penetra-
tion into matrix from fracture. The analysis of heat transfer in porous matrix by Local Thermal
Equilibrium (LTE) conditions leads to overestimated outlet temperature, thermal analysis with Lo-
cal Thermal Non-Equilibrium (LTNE) conditions is more accurate, especially, at higher flow rates.
In LTE condition both solid and fluid phases are at the same temperature and the average porous
media temperature can be scaled with porosity and heat capacities of the fluid and solid phases1. In
LTNE condition fluid and solid phases have different temperatures. Energy balance equations of the
phases are coupled with heat source terms described with interstitial heat transfer coefficient [2].
Numerical studies indicated that in Darcy scale the main controlling parameter is interstitial heat
transfer coefficient between solid and fluid phases. Minkowycz et. al [3] investigated the effect of
rapid heat source change on NLTE conditions via analytical solutions in Darcy scale. Wang et. al
[4] studied NLTE conditions in porous media with trapped fluid - solid matrix system. At LTNE con-
ditions, interstitial heat transfer coefficient of Darcy scale problem can be calculated by averaging
heat flows over the solid - fluid interface in pore scale.
In the present study the single fracture-matrix system was selected for cold water injection mimick-
ing geothermal system. Since we are focusing on geothermal energy, there is a flow in our present
study, where the Darcy scale parameters are extracted from pore scale model. There is constant
injection rate at the inlet and constant pressure at the outlet of the fracture. Other boundaries are
no-flow boundaries. Coating the system with epoxy resin allows no flow conditions at the outer
surface. Temperature at the outer surface is kept constant.

Fig. 1. Matrix- fracture model domain for thermal transport problem

At the same flow rate temperature of the solid matrix is lower in LTE compared to LTNE condition,
which clearly shows an overestimate for heat extraction (Fig. 2). Whereas at the fracture outlet,
temperature of LTE is larger, since in LTNE condition there is still a transient heat transfer between
the solid and fluid phases. As the flow rate increases, temperature at fracture outlet decreases in
both LTE and LTNE conditions (Fig. 3).

Fig. 2. Matrix temperature values for a) LTE and b)LTNE conditions

Fig 3. Fracture temperature output for LTE and LTNE conditions
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We focus on the evaluation of the adsorption energy (EAd) of 24 Iodinated contrast media agents
(ICMs) on activated carbon through Density Functional Theory (DFT) in silico simulations. The
study is motivated by the emergence of concerns related to the impact of pharmaceuticals on the
environment and human health [1,2]. Iodinated contrast media agents are typically used in radiol-
ogy, primarily in CT scans for soft tissue imaging [3]. Their presence in the environment can be
the source of hazard [4]. With an annual global consumption of 3.5 × 106 kg [5], ICMs have been
frequently detected in surface water bodies as well as in groundwater systems with levels up to
100 µg/L [3]. While conventional water treatment technologies are unable to contain the release of
ICMs into the environment, some studies document the possibility that toxic by-products resulting
from the transformations of ICMs can affect water and soil systems [3,6]. Thus, there is a grow-
ing need for robust technologies for the removal of ICMs from aquatic environments. Most of the
available studies focus only on a few selected ICMs such as diatrizoic acid, iopamidol, or iohexol
[3]. Considering that there are more than 30 ICMs available commercially [7], our study is the first
one providing a comprehensive analysis of a variety of these compounds. Due to its tunable phys-
iochemical properties, activated carbon is a porous material of remarkable interest in the context of
groundwater remediation practice [8]. Because of the complexity and uncertainty associated with
the structure of activated carbon, we use monolayer graphene as a proxy model [9,10]. We find
that overall strong adsorption energies (EAd) can be documented through our DFT studies. These
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range from -114 Kcal/mol for Iophendylate to -13 Kcal/mol for Methiodal. To enhance our knowl-
edge about the fundamental mechanisms underpinning the adsorption of ICMs on activated carbon,
we rely on a Quantitative structure-activity relationship (QSAR) regression modeling approach. The
latter yields quantitative correlation between (a) chemical structure information which is, in turn,
represented in terms of molecular descriptors, and (b) adsorption [11]. Our results suggest that
descriptors such as the topological charge index and the Van Der Waals surface area (of aromatic
atoms) are positively corelated to adsorption energy. Otherwise, other descriptors, such as, e.g., the
‘average Randic-like index from Burden matrix weighted by ionization potential’, are characterized
by a negative correlation to EAd. Our results are intended as a first step to assist the assessment of
the role of intermolecular interactions governing adsorption of ICMs on activated carbon surfaces
and to enhance our ability to further improve (and possibly design) a new generation of porous
media to be effectively employed as sorbents in this context.
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Multiphase fluid flows frequently occur in nature and industrial applications including microfluidic
devices, enhanced oil recovery, CO2 storage, etc. In order to have a better understanding of multi-
phase physics, several numerical methods have been developed over the past. The lattice Boltzmann
method (LBM) as an alternative to the classical computation fluid dynamic (CFD) method has re-
ceived much attention due to its favorable features over the classical CFD such as ease of implemen-
tation, highly scalable parallelization, and straightforward handling of complex boundaries. In the
LBM framework, different models usually fall into four categories; the color-gradient (CG) model,
the Shan and Chen (SC) model, the free energy model, and the mean-field model. Among these mod-
els, the CG model performs better in conserving mass and since its emergence, it has been advanced
to tackle different multiphase physics.
In this paper, a new formulation of the color-gradient method is developed, and a solver based on the
lattice Boltzmann (LB) framework is proposed to solve the new formulation. The macroscopic equiv-
alent of the formulation is presented which makes the physical interpretation of the color-gradient
easier. In contrast to existing color gradient models where the interface capturing equations are
coupled with the hydrodynamic ones and include the surface tension forces, an available LB equa-
tion which is capable of handling both high density and viscosity ratios is incorporated to solve the
Navier-Stokes equations. Also, unlike previous color-gradient models, the mobility is not related to
the density field but instead a constant coefficient.
Two series of numerical tests are conducted to validate the accuracy and stability of the model, where
we compare simulated results with available analytical and numerical solutions. In the first set, the
interfacial evolution equations are assessed, while in the second set the hydrodynamic effects are
taken into account.
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When modeling multiphase fluid flows, the summation of the order parameters (or phase-field vari-
ables) is equal to unity. This order parameter equation can be used to reduce the number of flow
equations by one. This reduction in the number of flow equations is always valid analytically. How-
ever, when it comes to numerical modeling, we observe that this reduction leads to different solution
depending on which flow equation is removed. Such lack of symmetry is undesirable, and assumed
to be a source of inaccuracy. To avoid that the numerical solutions depend on the choice of the re-
duced set of flow equation, we introduce and investigate solution techniques that preserves the full
set of flow equations, thereby removing the lack of symmetry in the numerical solutions. Although
we restrict our study to phase-field equations, we believe that the findings are more general.
Two commonly used phase-field equations, namely the Allen-Cahn and the Cahn-Hilliard equation,
are solved based on the lattice Boltzmann method. Also, the hydrodynamic equations are also solved
with the same method using a recently developed lattice Boltzmann model that can handle both high
density and viscosity ratios fluids. In this study we compare the solutions using the reduced set of
lattice Boltzmann equations with the solution using the full set of lattice Boltzmann equations. In
general, the method solving the full set of equations is not ensuring that the sum of the phase-field
variables equals unity. We have therefore also tested a method where this is ensured by an additional
error correction step. Our results are compared in terms of accuracy and computational cost. The
introduced methods have an additional computational cost, however, we observe improved accuracy
at early times.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

Yes, I would like to submit this presentation into the student poster award.

Country:

Norway

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS17 / 571

Thermodiffusion and thermo-osmosis in porous media
Author: Bjorn Hafskjold1

Co-authors: Dick Bedeaux 2; Signe Kjelstrup 3; Øivind Wilhelmsen 4; Emma Kirsti Anna Ditaranto 1

Page 478



InterPore2023 / Book of Abstracts

1 Norwegian University of Science and Technology
2 PoreLab, NTNU, Norway
3 Norwegian University of Science and Technology, NTNU, Trondheim
4 PoreLab, Department of Chemistry

CorrespondingAuthors: ekditara@stud.ntnu.no, signe.kjelstrup@ntnu.no, bjorn.hafskjold@ntnu.no, oivind.wilhelmsen@ntnu.no,
dick.bedeaux@chem.ntnu.no

When a temperature difference is applied over a porous medium soaked with a fluid mixture, two ef-
fects may be observed, a component separation (the Ludwig-Soret effect, thermodiffusion) [1,2] and
a pressure difference due to thermo-osmosis [3,4]. In this work, we have studied both effects using
nonequilibrium thermodynamics and molecular dynamics. We have derived expressions for the two
characteristic parameters, the Soret coefficient and the thermo-osmotic coefficient in terms of phe-
nomenological transport coefficients, and we show how they are related [5]. Numerical values for
these coefficients were obtained for a two-component fluid in a porous matrix where both fluid and
solid are Lennard-Jones/spline particles. We found that both effects depend strongly on the porosity
of the medium and weakly on the interactions between the fluid components and the matrix. The
Soret coefficient depends strongly on whether the fluid is sampled from inside the porous medium
or from bulk phases outside, which must be considered in experimental measurements using packed
columns. If we use an equimolar methane/decane mixture in the bulk as an example, the results for
the Soret coefficient give that a temperature difference of 10 K will separate the mixture to about
49.5/50.5 and give no pressure difference. In a reservoir with 30 % porosity, the separation will be
49.8/50.2 whereas the pressure difference will be about 15 bar. Thermo-osmotic pressures with this
order or magnitude have been observed in frost-heave experiments [6].
A detailed study of a two-component fluid in slit pores revealed that the thermo-osmotic effect was
driven by a thermal Marangoni effect, by the gradient in a temperature dependent surface tension
along the pore walls [7].
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Exploring the Impact of Heterogeneity and Flow Rate on Mixing
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Miscible phase flow in porous media plays a significant role in many natural and industrial processes,
such as CO2 sequestration, aquifer salinization, and soil pollution. In these processes, a less dense
and less viscous invading phase mixes with a more dense and more viscous defending phase at the
interface between the two phases. The resulting mixture at the interface has an intermediate den-
sity and viscosity based on the mixing ratio of the phases. The invasion pattern is determined by
the rate of mixing and displacement between the phases, which is influenced by the miscibility ratio,
viscosity, and geometry of the phases. Most previous research on miscible multiphase flow has been
conducted using 2D Hele-Shaw cells, in which a resident phase is displaced by an invading miscible
phase introduced at the center of a circular plate. However, these studies do not account for the com-
plexity of porous media structure at the pore scale, where the uneven advancement of the invading
phase due to capillary or viscous forces is dominated by the heterogeneity of the porous structure.
In this research, we will address the gap between the pore scale and volume scale by examining how
the inner structure of the porous medium, or heterogeneity, leads to various mixing patterns for dif-
ferent inlet pressures and heterogeneity levels. We will use a low viscosity fluid invading and mixing
with a high viscosity fluid in a 2D porous media at various flow rates and heterogeneity levels to
investigate the impact on fingering patterns and displacement to mixing patterns. Our results will
show that these variations in displacement to mixing have a unique signature at the Darcy scale as
measured by flux measurements, demonstrating that the pore scale phenomenon for miscible phase
flow in porous media can propagate to the Darcy scale.
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The injection of hot water into coal seam has both negative and positive effects on the production
of CBM (Coalbed Methane). In terms of the negative effect, when the water is entering the pore
network in coal, the relative saturation and permeability of gas are reduced and lead to the water-
lock phenomenon dominated by capillary force, which prevents the migration of CBM. In terms of
the positive effect, the adsorbed CBM can be desorbed as the coal seam is heated, which increases
the gas pressure, so as to improve the migration power and water displacement capacity of gas. In
this study, the evolution law of the water regions and the gas regions distribution with the coal
temperature and the two-phase fluid pressures during the hot water injecting into the pore network
in coal was analyzed through numerical simulation, and the percolation transformation conditions
of water region and gas region was clarified, so that the mechanism of negative and positive effects
of hot water injection into coal seam on CBM production can be revealed. In the engineering of
enhanced exploitation of CBM by injecting hot water into coal seams, the negative effect of CBM
production was transformed into the positive effect by continuously increasing the coal seam tem-
perature.
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To tackle climate change and help smoother energy transition, Carbon Capture, Utilization and Stor-
age (CCUS) technologies are seen as a primary line of defense. Storing carbon dioxide (CO2) in
geological formations appears to be a feasible solution, yet there are many unknowns concerning
the dynamics and safety of the storage. One of the important CO2 storage mechanisms is solubil-
ity trapping, i.e. mass exchange at the interface between the CO2 and the resident fluid (usually

Page 481



InterPore2023 / Book of Abstracts

brine). Current Representative Elementary Volume (REV) models have difficulty resolving complex
interplay between different parameters like wettability, pore size distribution, multiphase flow field,
entrapment/remobilization, etc; which imposes a serious limitation for accurate description of mass
transfer processes at large scale. To capture and understand the full physics of the problem, it is
necessary to look at the scale of one or several pores, typically in micrometer order. Since there is
a lack of data on the influence of micro-scale parameters, we have decided to study the influence of
hydrodynamic conditions, geometry and wettability, to propose a new formulation for pore-scale
mass transfer rates. With the help of microfluidics experiments and atmospheric/cold plasma, this
study contributes to the understanding of the processes governing subsurface systems at the pore
scale which is the key to improving the accuracy of modeling of transport phenomena at a large
scale. Simple rectangular dead-end pore glass micromodels are deployed to imitate geological porous
media as the material is inert, sturdy and allows direct visualization of the flow and transport mech-
anisms at the pore scale. These micromodels allow us to trap one fluid (CO2 or water) while the
other is flowing, thus studying the coupling between flow and mass transfer at the fluid-fluid inter-
face. Having micromodels of various wettability is still challenging, therefore we developed a new
method based on the injection of a helium plasma jet in the micromodels to modify the surface prop-
erties of the microchannels to imitate different rock wettabilities encountered in nature. So far, we
have successfully propagated the plasma jet through microchannels with a minimum cross-section
of 250x100 µm covering the distance from the inlet to the outlet of 4 cm. As a result of treatment,
the wettability of microchannel surfaces varies from moderately water-wet (contact angle ≈ 45°) to
dominantly water-wet (contact angle ≈ 20°). We show that this wettability alteration can last for
days in storage and several hours in experiments depending on experimental parameters. Moreover,
we study the influence of wettability on the mass transfer rates following imbibition (dissolution of
trapped CO2 bubbles in a stream of flowing water), and drainage (evaporation of water droplet in a
stream of dry CO2) experiments by analyzing image sequences of the process for altered and non-
altered micromodels. Our first results show that during imbibition the alteration of the wettability
towards water-wet characteristics affects the trapping mechanism of CO2, while during drainage
it influences the mass transfer rate. To explain and back up these results with statistical relevance,
more experiments are being performed.
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With the recent COVID-19 pandemic, different viruses in the environment and their disastrous ef-
fects has drawn the sharp attention of researchers and scientists worldwide. In recent years, the
release of viruses has been a serious concern around the globe.
This inspired us to investigate more about what happens once a virus is released. Deciphering how
various virus species act in a system of environmental mobility will be extremely interesting. This
will enable us to understand and forecast their fate and transport behavior in various subsurface
environments.
The release and migration of viruses in aqueous environments is a primary focus of this investigation.
A short examination of the literature reveals that the majority of articles focus on representative vi-
ral species, such as bacteriophage MS2 and PhiX174. This might be an earlier made hypothesis on
common viral behavior. Here, it is assumed that model viruses show similar transport and retention
phenomena as all hazardous viruses. This might be due to various regulatory constraints and chal-
lenges that come into the picture when working with viruses that are lethal to humans. We assume
that different viral species may behave differently based on their surface chemistry and physical
morphology. Which has not been accounted distinctively in the literature, as most of them use
model virus strains. Therefore here, we put out our hypothesis that natural viruses or more specif-
ically their surfaces can be mimicked by utilizing engineered nanoparticles. Such surfaces can be
further compared with natural viruses in terms of their transport and retention behavior in a satu-
rated porous media environment.
Here, we are using a novel approach for synthesizing, surface-modified silica nanoparticles to closely
resemble the physicochemical characteristics of virus surfaces. Physical characteristics like size,
shape, and surface morphology are closely considered during the synthesis and post-modification
processes, as well as surface chemistry characteristics including surface potential, particle density,
and soft framework. These particle surficial features will be achieved in several stages of modification
and optimization in the synthesis process. This will let us study the effect of individual elements on
nanoparticle transport and retention behaviors. The results from the column sorption experiments
will be studied under different environmental conditions and interpreted using numerical modelling
tools.
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Groundwater contamination by Pharmaceuticals is documented to threaten the integrity of natu-
ral ecosystems and human health. Here, we focus on the Non-Steroidal Anti-Inflammatory Drug
Diclofenac, which poses critical concerns due to its continuous release and frequent detection world-
wide. Experimental evidences yield controversial results on effective biodegradability of this molecule
in groundwater, a peculiar behavior being observed under reducing redox conditions. In this con-
text, batch microcosm experiments have revealed the occurrence of a reversible biotransformation
pathway of Diclofenac in groundwater under biotic, denitrifying redox conditions. Such a behavior
appears not to be captured by model formulations that are too streamlined, e.g., modeling approaches
relying on first order reaction kinetics. In light of this, we suggest a modeling framework which is
grounded on a conceptualization (and ensuing mathematical formulation) of the molecular dynamics
of Diclofenac biodegradation in the considered scenario. We leverage on available laboratory-scale
batch experiments associated with a soil-water system and embed the resulting model formulation
in a stochastic context. We address the way the available information content can be effective in
characterizing specific model processes upon (progressively) reducing the complexity of the pro-
posed geochemical model. Four levels of simplification are considered in our study. The resulting
mathematical formulations represent four plausible models. These are then employed in a multi-
model context to interpret the considered system dynamics conditional to available data. Each can-
didate model is calibrated through a Maximum Likelihood approach assisted by modern sensitivity
analyses techniques. This enables us to quantify the impact of model structure and parametric un-
certainty on relevant model outputs, such as the temporal evolution of Diclofenac concentrations.
The performance of each plausible model is then assessed (in a relative sense) through model dis-
crimination criteria. Our results suggest that an optimal trade-off in terms of model complexity (i.e.,
level of parametrization) given data availability can be assessed to satisfactorily interpret the system
dynamics.
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Diagenetic events lead to substantial variation in pore size, shape, and connectivity in carbonate
rocks and porosity at multiple scales (submicron to hundreds of millimeters). This diversity in car-
bonate porous systems has a significant effect on petrophysical properties leading to different flow
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characteristics in carbonates from that of siliciclastics. In this study, we focus on the role of micro-
porosity (i.e., sub-resolution porosity) in multiphase flow through carbonate rocks with inherited
structural and wettability heterogeneities. The study sample is a Ketton limestone (almost pure cal-
cite) bearing a distinctly bimodal pore size distribution. The pore network of the Ketton sample is
initially obtained using the generalized network extraction method, which allows three-dimensional
(3D) pore space discretization of the underlying high-resolution X-ray computed microtomography
(µCT) image (Raeini et al. 2017). In the generalized extraction workflow, all void space voxels in
the µCT image are included in the network at different discretization levels. The resultant corners
of the pore space extending from the throats at restriction points to the adjacent pore centers are
identified as elements of the resolved network. In the network model created initially, only the
resolvable macropores are considered (3.58 µm voxel size in our example). To characterize the sub-
resolution porosity regions, differential imaging between µCT scan of the sample saturated with
high-salinity brine as the contrast phase and dry scan is applied. This approach provides a porosity
characterization based solely on interconnected porosity between macropores and sub-resolution
micropores within grains, which contributes to flow and transport. The sub-resolution porosity re-
gions are connected to the neighboring macro-porosity elements as equivalent effective links. In the
flow simulations, the effective links representing microporosity networks do not undergo discrete
pore-scale displacement events but are characterized by average pressure-saturation-conductance
functions. The multiscale network model is calibrated with the Ketton carbonate macroscopic flow
parameters measured by in situ µCT-monitored flow-through experiments under steady-state flow
and altered wettability conditions (Zhang et al. 2022). The experimentally validated multiscale net-
work model capturing sub-resolution pore space can be used for more quantitative future flow and
transport studies in complex porous systems where the inclusion of microporosity yields more ac-
curate predictions.
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Hydrogel actuators are typically made of a bilayer gel that can promote water diffusion in one of
the layers, subsequently inducing bending. Here, we show that similar bending behavior can be
achieved by simply drying a hydrogel disk on a substrate. By varying the gel’s aspect ratio and
the substrate surface energy we are able to either observe (1) a deposit stuck to the substrate, (2)
the bending of the hydrogel disk, or (3) planar drying until buckling of the disk occurs. This bend-
ing/buckling phenomenon is due to the coupled diffusion, deformation, and glass transition that
freezes the deformation of the material elements in the hydrogel disk at different stressed states
during evaporation. We further develop a finite element model to illustrate the role of the adhesion
between the gel and the substrate in determining the different final shapes of the dried hydrogel disk.
Together, our results provide both fundamental and application insights on, e.g., the drying-induced
buckling of thin disks, an active field of research in the colloidal suspension community; and the
design of new actuators, sensors, or even origami using differential drying.
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Simulations of two-phase flow in porous media are of interest in a wide range of fields such as
groundwater remediation, oil and gas extraction, and hydrogen storage devices [1–5]. In the field of
hydrogen storage, the flow of gases and liquids in porous media layers of fuel cells greatly impact
their performance [6]. Historically, continuum models have been the most prominent as they are
useful for observing macroscopic phenomena, such as flow in deformable porous media or in elec-
trochemical devices [7–10]. However, continuum methods do not lend themselves to investigating
pore-scale phenomena in two-phase flow. Moreover, pore-scale simulations typically neglect gravity
as it is assumed that the pores are small enough that capillary forces are dominant over gravitational
forces [11,12]. In this study, we present our adaptation of the established full morphology method
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[1,2] that allows for the inclusion of gravitational forces during drainage simulations. Unlike tradi-
tional full morphology methods, our method does not rely on morphological image processes but
rather utilizes calculated image-based sphere insertion (IBSI) to simulate an invading non-wetting
phase.
To include the effect of gravity in the IBSI approach, we utilized a distance transform approach with
two modifications. In previous studies that use the standard approach without gravity, a distance
transform was used to determine the radius of a meniscus that can fit at each pixel of the pore space
[1,2]. One key step for incorporating the effect of gravity was to convert the values of the distance
transform to reflect their vertical distance from the inlet. This requires converting the distance val-
ues to a capillary pressure using the Young-Laplace equation, assuming the two interacting fluids
are fully non-wetting and the interface is spherical in shape. Then, the pressure in each voxel was
calculated based on their respective heights. A seed voxel was then placed at all locations of non-
solid space in the image where the pressure was lower than the applied inlet pressure. Finally, to
simulate the advancing meniscus, spheres were placed at the center of each seed point with a radius
determined by the initial distance transform.
The IBSI method was validated using capillary tubes demonstrating a mean error of 1.83 ± 5.45 %
compared to analytical solutions and further compared to experimental values from literature [13].
Simulations on 2D and 3D stochastically generated porous media were performed to demonstrate
the impact of neglecting the effects of gravity in drainage simulations in the generated porous media.
The absolute saturation error, defined as the difference between the saturation with and without the
consideration of gravity, increases as the Bond number and the height of the porous media domain
increases, as shown in the contour plot below. Through these results, it was shown that gravity can
play a significant role in drainage at low bond numbers («1), especially in large domains (>10 mm in
height). It is therefore recommended that gravity be considered when studying drainage in porous
media domains at the centimeter or greater scale such as in large-scale fuel cell stacks.
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The use of hydrogen as a source of energy has recently gained attention. To meet the growing
demand for hydrogen, it is essential to build reliable large-scale hydrogen storage capacities. Under-
ground geological formations such as aquifers can provide a feasible solution for storage. Hydrogen
interactions with in-situ fluids in reservoirs, permeation through porous rock, and reproduction to
the surface should be understood to design an underground storage facility in depleted reservoirs.
While numerous studies have focused on different aspects of underground hydrogen storage, there
is a lack of understanding regarding the impact of rock-fluid properties on the interactions between
hydrogen and water at the pore level.
In this study, we investigate the effect of water salinity on the micro-scale hydrogen-water inter-
actions during the drainage and imbibition processes. The experiments are performed using a 2.5D
borosilicate micro model. The micro model is designed to have high-permeable horizontal channels
which are connected with low-permeable zones. In the drainage experiments (hydrogen storage),
water is produced at a constant rate of 5 µl/min while the hydrogen pressure at the inlet is kept
constant as 11.3 psi. Images of water drainage process shows that hydrogen initially sweeps the
high permeable channels and then jumps over the next high permeable channel by sweeping a few
smaller pores. However, due to the imperfect occurrence of this phenomenon, residual water fingers
are observed in high-permeable pores. This process continues until the breakthrough time while no
changes in the system is recorded after the breakthrough during the hydrogen injection. The process
is reversed to imbibition (hydrogen production) by water injection at a constant rate of 5 µl/min and
keeping the hydrogen pressure constant at 11.3 psi. During the imbibition process, the advancement
of the main water-hydrogen front is not evident while we record the formation of isolated snap-offs
throughout the micromodels. This phenomenon originates from the advancement of corner flow
which results in the trapping of hydrogen in large pores. Hence, the displacement efficiency and the
hydrogen storage capacity are reduced. The impact of water salinity on the drainage and imbibition
cycles is analyzed by adding salt (NaCl) at 2000, 20000, and 200000 ppm to the water phase. All
salt concentrations exhibit similar overall fluid distribution to what we observed in DI water. How-
ever, the number and total length of residual water fingers are found to be decreasing functions of
water salinity. We speculate that the salt effect could be due to an increase in the interfacial ten-
sion between hydrogen and water at higher salinities. The present experiments demonstrate that
hydrogen storage in the designed pore-network model increases by salinity primarily due to the
lower volume of residual water fingers at higher salinities. However, the stronger capillary forces
in the higher salinity cases intensify the corner flow which leads to lower volumes of displaced hy-
drogen. These two effects balance out the volume of recoverable hydrogen in all scenarios. Thus,
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despite the differences during the drainage and imbibition process, the storage capacity is similar in
all salinities.
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In a polymer electrolyte membrane (PEM) fuel cell, the interaction between the gas distributor chan-
nel (GDC) and gas diffusion layer (GDL) is of great importance. Emerging of water droplet on the
interface between GDL and GDC, especially at the cathode side, significantly alters mass, momen-
tum and energy exchange between the two domains. In order to capture such impacts, we developed
a model consisting of a porous medium, GDL, which is coupled with a free flow channel, GDC. To
describe the porous medium, we use a pore network model developed by [1, 2]. The Navier-Stokes
equations describe the flow in the free flow domain. New sets of coupling conditions between the
domains are derived, which take the droplet impact into account. A concept is developed to include
droplet dynamics at the interface such as formation, growth and, finally, detachment of the droplet
due to the free flow. Here, we discuss the model development and compare the simulation results
of the model with experimental data. In addition to helping us to gain a better understanding of
the droplet formation at the interface between GDL and GDC, our model could provide a basis for
further developments.
1 Weishaupt, K., Terzis, A., Zarikos, I., Yang, G., Flemisch, B., de Winter, D. A. M., & Helmig, R.
(2020). A Hybrid-Dimensional Coupled Pore-Network/Free-Flow Model Including Pore-Scale Slip
and Its Application to a Micromodel Experiment. Transport in Porous Media, 135(1), 243–270.
[2] Weishaupt, K., Joekar-Niasar, V., & Helmig, R. (2019). An efficient coupling of free flow and
porous media flow using the pore-network modeling approach. Journal of Computational Physics:
X, 1, 100011.
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Carbon dioxide utilization and sequestration, as one of the principal means of carbon burial, pro-
vides an economic and feasible technological means to mitigate global warming. In order to utilize
CO2 optimally and reduce the risk of leakage, a large number of numerical simulation processes
are required for multiphase flow in porous media.Efficient and speedy numerical simulation of in-
homogeneous multiphase flows can greatly increase resource utilization and economic benefits, in
addition to supplying timely and reliable technical guidance for subsequent optimization measures.
Moreover, as a result of the inherent inhomogeneity of strati graphic porous media and the nonlin-
ear coupling of multiple complex physical processes, the numerical simulation process of multiphase
flow incurs significant computational costs and requirements a lot of time to implement.And with
simulation cost and computation time constraints, it is frequently challenging to complete high-
fidelity flow numerical simulation modeling speedily.
As an effective complement or alternative to the original model, the surrogate model offers the po-
tential to accelerate the modeling of complex models without the sacrifice of accuracy or detail,
as opposed to the flow numerical simulation modeling process. In this work, we develop a rapid
and efficient deep learning-based surrogate modeling workflow to provide accurate and efficient
predictions of formation CO2 utilization and storage processes.Instead of designing neural network
architectures exclusively for a specific porous medium flow problem, we incorporate neural network
architectures and loss functions into the surrogate model optimization process with several neural
network architectures as alternatives and set up loss functions with variable parameters in reference
to the design of loss functions used in image restoration work. In purpose of rapidly optimizing the
surrogate model, this study establishes a target-specific objective function to characterize the predic-
tion effect of the surrogate model under different parameter combinations. Following the consistent
objective function, we established a complete surrogate model optimization process which is based
on the TPE (Tree-structured Parzen Estimator) algorithm. We have set up a carbon dioxide storage
in brackish water layer case and a carbon dioxide oil drive case, based on the workflow proposed in
this study to construct a surrogate model using simulated flow simulation data. In the above case,
the surrogate model achieved accurate predictions for 120 time steps with different production pa-
rameters, formation parameter distributions and well placements, and its average relative error in
predicting pressure and saturation plume on the test set was 0.241% and 0.254% respectively, with
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mean structural similarity index (SSIM)of 0.9987 and 0.9998 respectively. Therefore, the workflow
proposed in this study has a relatively high adaptability and effectiveness, and can be expected to
contribute to the development of CO2 utilization and storage.
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We design porous geometries with different grain organizations and embed these in novel microflu-
idics set-ups to directly assess hydraulic attributes of porous media as a function of the degree of
structural complexity of the pore space. A variety of studies have documented the relationship
between the overall flow and pressure drops for homogeneous permeable media. Otherwise, the
fundamental nature of such a relationship within heterogeneous system characterized by a broad
range and a complex arrangement of pore sizes is still not completely explored. Here, we couple
microfluidics experiments and direct observation of (a) flow through the designed geometries while
imposing a macroscopic pressure gradient as well as (b) flow patterns therein with detailed numerical
simulation of flow. We the synthesize the results upon deriving an analytical formulation relating
the overall intrinsic permeability and key features of the porous structure. While our formulation
is grounded on the classical Kozeny-Carman relationship, it embeds the spatial variability of pore
sizes, thus contributing to enhance our knowledge on the feedbacks between the microstructure of
the pore space and the overall medium permeability.
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To promote the applications of nanoparticles (NP) for various subsurface reservoir engineering, it
is fundamental to characterize the transport and attachment behaviors of NPs in microscopic scale.
A novel, hybrid pore-scale simulation method using Lattice-Boltzmann (LB) coupled with Langevin-
Dynamics (LD) is proposed to investigate the transport physics of nanoparticles in microchannel.
LD method is developed to characterize the physics of Brownian motion, thermal fluctuation dissi-
pation, multi-body hydrodynamics and particle-particle interactions. A discrete LB forcing source
distribution is employed to couple with LD. Random force of NPs, friction force of NPs, van der
Waals force and electrostatic force between NPs and the microchannel are quantified in this Euler-
Lagrange method, in order to more accurately simulate the transport and attachment process of NPs.
A variety of examples (i.e. single particle relaxation in viscous flow, Brownian motion in the dilute
colloid system, the attachment efficiency of NPs onto channel surface) are implemented to verify
the LB-LD method. The controlling factors (i.e., ionic strength, particle diameter and Reynolds num-
ber) are investigated in the attachment process of NPs. The NP with intense Brownian diffusion
and weak hydrodynamic effect are prone to have better attachment efficiency. It is observed that a
threshold value of attachment efficiency exists as the ionic strength increases to about 0.01 M. More-
over, the ionic strength of aqueous phase has critical effect on the transport behavior of NPs: when
the ionic strength is less than 0.005 M, an ordered structure of NP suspensions is obtained due to the
dominance of electrostatic repulsion force; Varying structures of NP suspension are observed with
the increase of ionic strength; as the ionic strength is more than 0.01 M, a clustered structure of NP
suspensions is derived by the dominance of van der Waals force. For the purpose of quantitatively
characterizing the structure of NP suspensions under varying conditions, a general phase diagram
including three flow patterns (isolated, transitional and clustered regime) is first proposed for NP
suspension with specified ionic strength and Reynolds number. The outcomes of this work provide
valuable insight on the critical importance of the particle size, ionic strength and hydrodynamic
effects on the attachment and transport process of NPs in porous media.
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Access to clean water have been a growing problem for both developed and underdeveloped coun-
tries. To curtail this growing problem, water treatment must be considered. Conventional methods
such as chemical precipitation, ion exchange, adsorption (using activated carbon), and membrane
separation processes are applied in the removal of contaminants from water. These methods are
costly and often generate considerable amounts of chemical residues, which have no economic value.
Biochar derived from the pyrolysis of various biomass has shown to be a promising material for wa-
ter treatment. Biochar can be produced from a wide range of feedstock including plant and animal
wastes, domestic and municipal wastes, agricultural waste, and more recently algae (seaweed).
The influence of pyrolysis temperature on the physiochemical properties of biochar has been studied
and well established (Frota et al., 2022, Wang et al., 2020). In contrast, less attention has been paid
to the effect of the residence time on these physicochemical properties.
This work is focused on the impact of pyrolysis residence time on surface and chemical properties
of Ulva rigida algal biochar (URB). Residence times of 15min, 30min, 45min, 1hr, 1hr:30min and 2hr,
and at a fixed temperature of 600oC. We studied the Ulva rigida (UR) algae which is a seaweed that
thrives in polluted shallow worldwide.
We aim to understand the influence of above residence times on the surface and chemical properties
of the algal biochar such as composition, morphology, crystallinity, surface area, pore size distribu-
tion, change in aromaticity and polarity by TGA/DSC, SEM, EDX, XRD, BET and FTIR measurements.
As earlier reported by other researchers increased residence time had significant effect on biochar
physicochemical properties. It was found to increase the surface area, porosity, pH, and ash contents
of biochar but decreased C, N and H contents. Prolonged residence time resulted in collapse of pore
structure and decreased surface area (Sun et al., 2017, Wang et al., 2020).
This study would investigate if the above pattern of surface and chemical properties will be retained
by Ulva Ridiga biochar (URB) which will aid in our future studies such as biochar selection, process
time and pyrolysis temperature optimization for a better material design of water treatment.
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Segmentation of grey micro CT images plays an essential role in any digital rock physics workflow.
As user bias and subjectivity were often recognized as a drawback of the traditional segmentation
methods, developing an automated system have always been proposed. Deep learning methods have
attracted many researchers’attention to use them in digital rock physics (including segmentation)
and the results were often successful. Despite the high accuracy, the neural networks suffer from
high computational time and huge memory requirements, especially for large input images which
in the energy industry is not so critical as medical emergencies where fast processing using devices
with limited memory is required to make the quick right decision, for example during a surgical
operation. That is why accelerating neural network training and inference has been untouched by
digital rock physics researchers. But what if one could take a photo of drilling cuttings with his cell
phone, reconstruct it to a high resolution then segment and calculate its properties even dynamic
ones like permeability. One of the prerequisites to achieving this goal is reducing the networks’
number of parameters.
Among different neural networks, U-net has been extensively used in rock segmentation. It involves
an encoder-decoder structure with skip connections. Since it was first introduced in 2015, several
modifications to its architecture have been proposed. One of them is replacing the encoder part
with well-designed classification networks like Res-net, Efficient-net, VGG16, Inception, Mobile-net,
etc. The encoder could be loaded using weights obtained by training on data sets like image net and
then only the decoder needs to be trained. Mobile-net with depth-wise separable convolutions is a
lightweight neural network that causes speed up in both training and inference time.
In this study, we used U-net with a Mobile-net backbone for a three-phase rock segmentation. We
applied the segmentation models library which was created using Keras and TensorFlow frame-
works. Image patches of size 96×96 which are extracted from a North Sea sandstone image (6,100 ×
6,100 pixels) by sliding a window are used for network training. More representative segmentation
losses (Jaccard, Dice, Focal) and metrics (IoU, F-score) are employed which prevent misinterpreta-
tion about the quality of segmentation against pixel accuracy. Our results show using Mobile-net
against Efficient-net as the backbone of a U-net resulted in a 2-4 times decrease in both training time
and the number of parameters without loss of accuracy.
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Transport of species in porous media plays a crucial role in a variety of fields, including environ-
mental engineering, geochemistry, and biology. Understanding the movement of species such as
contaminants, nutrients, and microorganisms through porous media is essential for predicting and
mitigating the impacts of human activities on the environment, as well as for developing effective
remediation strategies 1. For example, in the field of environmental engineering, knowledge of
species transport in porous materials is essential for designing effective remediation strategies for
contaminated soil and groundwater. In other applications such as water treatment, understanding
the transport of nutrients and contaminants in porous media can help in the design of filtration sys-
tems and the optimization of treatment processes [2]. Additionally, research on transport of CO2

in porous media is crucial for developing and implementing effective strategies for carbon seques-
tration in aquifers, which is a key component of efforts to mitigate climate change [3]. In general
terms, the study of transport of species in porous media has the potential to significantly improve
the effectiveness and efficiency of a wide range of environmental and engineering technologies.
In this study, we investigate the behavior of A + B → C reaction-diffusion chemical fronts in a
finite radial geometry where the chemical species A and B are initially separated in space. In ad-
dition to the time properties found for rectilinear ([4]-[6]), and radial ([7]) geometries, we describe
the dynamics of the spatial position of the reaction front (AB) which strongly depends on the initial
parameters such as the ratio of initial concentrations (γ = B0/A0), ratio of diffusion coefficients
(δ = DB/DA), and the size of the geometry (R). We performed simulations and numerical anal-
ysis to predict the dynamics of the front and compared our results to experimental observations
performed in gel and liquid systems.
Unlike previous studies done in infinitely extended domains, our results show that the reaction front
could remain stationary at any spatial position depending only on the initial conditions. With the
aforementioned numerical analysis, we are able to predict the short, medium, and long-time dynam-
ics of the reaction front.
Our findings provide new insights into the behavior of A + B → C chemical fronts in finite ra-
dial geometry. By better understanding these dynamics, we can improve our ability to control and
manipulate chemical reactions in more complex settings.
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We propose a new relaxation modeling applied to partial differential equations with convective and
diffusive terms. We recast the underlying convection-diffusion problem into a coupled system of
hyperbolic equations with relaxation terms. In contrast to the previous related relaxation modeling
results in the existing literature, where the solution of the reformulated problem converges to some
type of equations in the diffusive limit, here, in our formalism, the augmented problem is treated as
coupled hyperbolic equations with a relaxation acting in both, the purely convective flux and the
source term. Indeed, we also show that the new system of equations satisfies Liu’s sub-characteristic
condition. We perform numerical experiments to several important models, including a nonlinear
convection-diffusion problem with discontinuous coefficient, aiming to verify the robustness of the
proposed approach, evidencing that this relaxation modeling is promising and it can be applied for
relevant problems in pure and applied mathematical sciences.
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Geological porous reservoirs are seen as an attractive solution for large scale underground hydrogen
storage (UHS). Microbes are expected to be abundant in these reservoirs and could have a signifi-
cant impact on the UHS process as the stored hydrogen can be used in their metabolism. Next to
adverse effects such as hydrogen loss, H2S formation and clogging, microbial activity could alter the
wettability of the hydrogen/brine/rock system and, consequently, the hydrogen transport behavior
during UHS.
To effectively exploit these reservoirs for UHS, a good understanding of the impact of microbial activ-
ity on the hydrogen transport behavior inside porous rock is crucial. In this work, we characterize
hydrogen transport properties in a microbial active environment from the pore- to the core-scale
using several experimental techniques: Wettability is characterized using the captive-bubble cell ap-
proach and microfluidics, while relative permeability and capillary pressure are measured during
core-flood tests at the core-scale. The activity of the living brine used in the experiments, which con-
tains the sulphate reducing bacteria “Oleidesulfovibrio alaskensis”is continuously monitored through
the pH. Our preliminary results show that high microbial activity increases the contact angle with
around 5º, making the hydrogen/brine/rock system less water-wet.
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The formal derivation of the macroscopic mass and momentum balance equations for two-phase,
creeping incompressible and Newtonian flow in rigid and homogeneous porous media is proposed
in this work, assuming separation of length-scales and the existence of a (periodic) representative
elementary volume, both classical for upscaling. The development is performed by making use of
elements of the volume averaging method, combined with the adjoint technique and a Green’s in-
tegral formulation [1, 2]. The macroscopic mass balance equation in each phase is identical to that
already reported in the literature [3, 4]. The macroscopic momentum balance equation expresses the
seepage velocity in each phase under the form of a pair of Darcy-like terms, involving a dominant
and coupling permeability tensor, respectively related to viscous effects in the phase under concern
and viscous coupling through the interfaces. Importantly, it includes an additional term resulting
from capillary effects. The later has not been obtained so far as a result of a priori assumptions that
this term should be negligible, in particular for small capillary numbers [4, 5, 6]. The effective coef-
ficients present in this macroscopic model are all obtained from the solution of two coupled closure
problems that coincide with those already reported in the literature [4, 5, 6, 7]. The performance
of the model is illustrated with numerical simulations carried out in a model two-dimensional con-
figuration using a boundary element method. Average velocities, resulting from direct numerical
simulation, are compared to the predictions of the macroscopic model obtained from the closure
problems solution, showing excellent agreement over extended ranges of the capillary number, vis-
cosity ratio and wetting-phase saturation. The additional capillary term present in the average mo-
mentum equation is shown to have a very important contribution is some situations. Extensions to
other flow situations are briefly discussed.
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The pre-salt is a geological formation of sedimentary rocks with organic content formed more than
100 million years ago, by the accumulation of organic matter on the south-eastern coast of Brazil
during the separation of the American and African continents. The subsequent formation of the
Atlantic Ocean led to the subsequent deposition of a layer of salt, which nowadays reaches 2 km in
thickness. The salt layer was responsible for trapping the organic content, enabling thermochemical
processes that generated oil and natural gas in the pre-salt layer. The latter is currently located 5 km
deep below sea level.
The goal is to study the microporosity of reservoir pre-salt rocks in multiple scales using hard X-ray
(39 keV) zoom microtomography, at the MOGNO beamline at the Brazilian Synchrotron Light Lab-
oratory. MOGNO’s conic beam allows image acquisitions with different pixel sizes by varying the
sample position relative to the source and the detector, also enabling the user to image relatively
large samples.
Preliminary tests were performed with pre-salt rock plugs of 3 mm diameter. The sample was posi-
tioned along the beamline for the acquisition of images at four resolutions, with 2.0, 1.5, 1.0 and 0.5
µm pixel sizes. Different algorithms for image reconstruction and segmentation are currently being
studied. The former includes FDK (Feldkamp, Davis and Kress) and EM (Expectation Maximization)
algorithms. The latter comprises methods of supervised and unsupervised machine learning algo-
rithms based on image texture.
We expect to be able to correlate micropores and pores throughout the different scales and, by future
analysis of other pre-salt reservoir rocks with zoom XR-µCT, to shed light into petrophysical models
for a more efficient oil exploitation.
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Variation in mineral reactive surface area measured through various approaches (e.g., Brunner-
Emmett-teller adsorption, geometry approximation, imaging techniques) results in large discrep-
ancies in simulated geochemical reaction rates. Recent studies have shown that simulations carried
out using mineral accessible surface areas (ASAs) estimated from coupled 2D and 3D imaging bet-
ter reflect the observed reaction rates measured in core-flood experiments. However, image pro-
cessing is both time and resource-consuming. In this work, the possibility of estimating mineral
ASAs from easily measured properties like mineral abundance and porosity is explored. Sandstone
samples from six different formations were studied, along with data obtained for three additional
samples from previous literature. Samples were imaged in 3D and combined with data obtained
from 2D mineral segmented maps to quantify mineral ASAs. Sample properties like porosity, min-
eralogy, mineral accessibility, and ASAs were compared to explore potential correlations between
them. The results show that accessibility of quartz, K-feldspar, and albite minerals can be estimated
based on knowledge of the overall mineral composition; while feldspar mineral accessibility gener-
ally increases with increasing abundance, quartz accessibility decreases with increasing clay content.
Mineral ASAs vary between samples, depending on the relative abundance of minerals and overall
pore connectivity. ASA of quartz decreases with abundance; on the other hand, albite and carbonate
mineral ASAs increase with abundance. This approach may largely reduce the required extent of im-
age analysis where ASAs could then be quantified simply from mineral composition quantified from
other methods such as XRD. Additional samples need to be considered for meaningful observations
of different mineral phases.
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A site selection process is currently underway in Canada to select a site for a deep geologic repository
(DGR) for Canada’s used nuclear fuel. Currently, two potential siting areas are undergoing evalua-
tion: one in plutonic crystalline rock in the Canadian Shield, and one in sedimentary rock. The focus
of this study is the crystalline site. As part of ongoing site investigation activities, Canada’s Nuclear
Waste Management Organization (NWMO) has drilled and instrumented multiple kilometre-long,
vertical and near vertical, boreholes. Extensive data has been collected from in-situ borehole geo-
physical and hydraulic testing, opportunistic groundwater sampling, and in-situ borehole fluid pres-
sure measurements. The influence of increasing fluid density is evident in the equivalent freshwater
head estimations.

The Canadian Shield is composed of fractured Precambrian rock that is known to have high total dis-
solved solids concentrations (TDS), in some cases exceeding 300 g/L. The high TDS values observed
in the Shield affect fluid density, resulting in the coupling of the groundwater flow equation with
the solute transport equation for TDS. In this study, numerical groundwater models are developed
as a means to assemble and integrate site-specific data and illustrate the evolution of flow and salin-
ity transport at the site over geologic time. A three-dimensional finite-element groundwater model
mesh covering an area of approximately 400 km2 was developed. Model boundaries were selected
to correspond with surface water divides and assumed groundwater divides. The numerical ground-
water modelling is being performed using HydroGeoSphere, a computational model that includes
both porous media and discrete fracture zones. Deterministic inferred fracture zones delineated from
surface lineament features with trace lengths greater than 500m were generated using GoCAD. Frac-
Man was used to generate stochastic Discrete Fracture Zones (DFZs) ranging from 100m to 500m in
equivalent length for a site-scale domain. These discrete fracture zone networks are conditioned to
a comprehensive borehole and rock core fracture data set and embedded within the regional scale
three-dimensional hexahedral finite element mesh. Orthogonal fracture faces, between adjacent
finite element blocks, were used to best represent the discrete-fracture zone networks. Discrete frac-
tures with an equivalent length of less than 100m are included in the equivalent porous medium
(EPM) rock mass.

Model parameterization includes depth-dependent hydraulic conductivity and transmissivity pro-
files for both the EPM rock mass and fracture zones, based on in-situ borehole hydraulic testing
data. A correlated Gaussian random field is used to designate portions of fracture zones as either
open (33%) or closed (67%), with the partitioning corresponding to conservative assumptions based
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on borehole core logging and available hydrogeological data. The open portions are parameterized
using mean depth-dependent fracture zone transmissivity values. Lab estimated values of porosity
are corrected for estimated in-situ stress. Hydraulic estimates from packer tests are used to condition
the permeability of the EPM rock mass and fracture zone transmissivity. A first-order source term
for brine is applied to account for the in-situ evolution of TDS based on rock-water interaction over
hundreds of millions of years. Density-dependent groundwater flow, solute transport, groundwater
age, and mean time to discharge simulations are demonstrated.
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CO2 as a kind of greenhouse gas has a greatly adverse impact on the environment, and fixing car-
bon into saline aquifers effectively alleviates the effect it brings. In the present study, the calcite
dissolution during sequestration near wellbores at different temperatures is explored to elucidate
the mesoscale mechanism of reaction transport during this process and the evaluation of hydraulic
properties with time that affects the injectivity of CO2-saturated brine.
A multi-component lattice Boltzmann method coupled fluid flow, mass transport, heterogeneous
reaction, and structure evolution is proposed to quantitively study the reaction transport of calcite
dissolution near wellbores. A special solution included the general lattice Boltzmann concentration
boundary condition and Volume of Pixel method is utilized to model the dissolution reaction. The in-
fluence of temperature on reaction dynamics in porous media is analyzed by exerting the Arrhenius
expression, and the concentration distribution of H+ and Ca2+ is captured to reflect the dissolution
front directly. Moreover, the evaluated hydraulic properties characterize the effect of the dissolution
reaction on the brine injectivity.
Since the reaction rate of calcite dissolution increases with temperature, the dissolution node of cal-
cite is proportional to the temperature at a constant pressure difference. And the dissolution node
indicating the released volume of Ca2+ which is a key reactant for the mineral trapping is summed
to estimate the sequestration result. Furthermore, the dissolution front observed from the pore-scale
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simulation is heterogenous due to a higher velocity, and the dissolution pattern of all cases is iden-
tified as the wormholing dissolution, which means that the increasing porosity during the calcite
dissolution has a great contribution to the permeability. Admittedly, the increasing temperature
during sequestration is conducive to calcite dissolution and changes in hydraulic properties. For
sequestration operation, the high-temperature formation is recommended for both the injectivity
and the subsequent mineral trapping.
This work provides theoretical and pragmatic guidance to operators to design CO2-saturated brine
injection in saline aquifers. Furthermore, the results can also promote cognition of the calcite disso-
lution for sequestration at different temperatures.
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Better understanding the complex poromechanics of fluid-saturated fractured rock is important to
numerous areas in the exploitation of subsurface resources. Fluid pressure diffusion (FPD) between
fractures and the embedding porous matrix and/or between interconnected fractures can be a signif-
icant source of intrinsic seismic wave attenuation and dispersion, as indicated by theoretical studies
(e.g. Brajanovski et al., 2005, Rubino et al., 2013, Quintal et al., 2019). Experiments investigating
fractured rocks are scarce and only recently has FPD from a saw cut fracture into the porous ma-
trix been demonstrated during hydrostatic oscillations of the confining pressure (Gallagher et al.,
2022).

We extend the investigation of Gallagher et al. (2022) to a more realistic scenario by using a car-
bonate sample with naturally occurring fractures that were delineated with micro-X-ray computed
tomography (CT). In a novel setup, two pressure transducers were implemented to probe the pore
fluid pressure response in the main fracture and in the porous background. Strain gauges mounted
on the surface of the sample measured the radial and axial strains of the porous sample. Ultrasonic P-
and S-wave travel times were measured along the axis of the cylindrical sample and perpendicular
to the interface of the main fracture. Hydrostatic confining pressure oscillations were performed
on the glycerin saturated sample to investigate the bulk modulus dispersion and attenuation. By
adjusting the temperature of the experiment (19 to 45 ℃), an apparent frequency range as broad as
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4 10-3 to 7 Hz could be investigated by scaling the measured frequency with the change in glyc-
erin viscosity. The sample, fracture, sensor configuration, the locally measured attenuation and bulk
modulus dispersion, as well as the pore pressure are shown in the supplementary figure.

The dry sample had significantly higher P-wave velocities in the axial direction compared to that in
the transverse direction. Increasing the confining pressure up to 17 MPa increased the P-wave veloci-
ties, but it did not impact the anisotropy. This observation suggests that small cracks in porous matrix
were closed, while the main fracture remained partially open. In the glycerin saturated sample, we
observed negative bulk modulus dispersion and attenuation, which is a consequence of measuring
the strain locally on the sample surface with strain gauges, as numerically demonstrated by Chap-
man and Quintal (2018). At low frequencies the pore pressure is equilibrated between the fracture
and porous matrix, but with increasing frequency we observed a higher pore pressure response in
the matrix than in the fracture. A larger pore pressure response in the fracture was expected, due
to its presumably larger compliance than that of the porous matrix. This unusual observation may
be attributed to the large aperture of the main fracture in certain places where it potentially acts as
a dead volume into which fluid can be drained from the other portions of the sample. The results
highlight the complexity of the poromechanics of highly heterogenous and fractured rocks.
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The integration of poromechanical experiments under X-ray computed tomography with numerical
simulations could improve the modeling of intrinsic attenuation of seismic waves by fluid pressure
diffusion (FPD). This could lead to improvements in the monitoring of carbon dioxide storage sites
where the sensitivity of the attenuation of seismic waves by FPD to the saturation and spatial distri-
bution of the fluids could be used to assess residual trapping in a storage formation. However, this
requires validating models of FPD with accurate measurements of seismic wave attenuation and
modulus dispersion over a broad frequency range, as well as, parameterizing the fluid distribution
during experiments.

Experiments were performed on a Berea sandstone sample where CO2 was allowed to exsolve from
water following a reduction in pore pressure. The fluid distribution was determined with X-ray
computed tomography (CT) in a first set of experiments. The CO2 exsolved predominantly near the
outlet, resulting in a heterogeneous fluid distribution along the sample length. In a second set of
experiments, at comparable pressure and temperature conditions, we investigated the attenuation
and modulus dispersion in the partially saturated sample over a broad frequency range (0.1 - 1000
Hz) by applying force axial oscillations and measuring the stress-strain response of the sample. We
observed significant attenuation and dispersion in the extensional and bulk deformation modes, with
the Young’s and Bulk modulus falling between the low frequency Gassmann-Wood limit and the high
frequency Gassmann-Hill limit. No frequency dependent attenuation and dispersion was observed
in the shear modulus. These observations are consistent with FPD at the mesoscopic scale in a
mechanically isotropic rock.

The attenuation and dispersion by FPD were subsequently modelled by solving Biot’s quasi-static
equations of poroelasticity with the finite element method. The fluid saturation distribution deter-
mined from the X-ray CT was used in combination with a Reuss average to define a single-phase
effective fluid bulk modulus. The numerical solutions agree well with the attenuation and modu-
lus dispersion measured in the laboratory. The approach can be extended to include sub-core scale
porosity and permeability distributions, which can also be determined from multiphase core flood-
ing experiments in combination with X-ray CT. In the future this could allow for conducting ex-
periments on heterogenous samples and accurately relating fluid distribution to the attenuation of
seismic waves. Such an advancement will however require the development of a new experimen-
tal setup capable of measuring the quasi-static stress-strain response of samples concurrently with
X-ray CT.
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Rhizosphere differs from bulk soil due to the presence of root mucilage, which affects physical, chem-
ical, and microbial processes. It is well known that the rhizosphere responds slowly to water poten-
tial changes, which buffers changes in water content and helps keep the rhizosphere wetter than
bulk soil during drying. Mucilage can affect solute transport and gas diffusion by affecting the dis-
tribution of liquid and gas phases. Despite increased recognition of the importance of mucilage,
there still is a lack of models that describe the connectivity between different phases in the pore
space of the rhizosphere during wetting and drying. The main challenge for model development is
the complex concentration-dependent behaviour of mucilage. At low concentrations, mucilage is
more like a liquid, whereas at higher concentrations, dry mucilage becomes a solid. In between, a
viscoelastic state is observed where mucilage can be considered as a hydrogel.
In previous work, we have developed a model based on a lattice spring method (LSM). This model
was able to simulate the distribution of mucilage in the dry state at the pore scale. However, for
wetter states, it is necessary to consider additional physical phenomena like surface tension, contact
angle and viscoelasticity. In this study, we therefore aim to develop a Lattice-Boltzmann simulation
framework to simulate two phase flow involving mucilage. To capture the interface between the
two phases, a phase-field method will be used for interface tracking as this approach has gained
considerable attention in recent years. The simulations will proceed as follows. We first assign the
properties of a Newtonian fluid to the mixture of water and mucilage and calculate the equilibrium
distribution of the liquid phase (mixture of water and mucilage) and gas in a simple pore geome-
try. Then, the water content will be gradually decreased, which will lead to an increase of mucilage
concentration. This will in turn affect the viscosity, surface tension and contact angle, which will
result in the emergence of the required viscoelastic behaviour of the mixture. For each of the water
contents, the distribution of liquid (or hydrogel) and gas phases will be calculated.
The newly developed model will provide us with new perspectives on hydrodynamic processes
within the pore space of the rhizosphere. In addition, the model will help to better understand
processes that strongly depend on hydraulic dynamics in the rhizosphere, such as solute transport,
root penetration resistance, rhizosheath formation, and microbial activity.
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Geological carbon sequestration is a promising means of reducing atmospheric carbon dioxide emis-
sions by capturing CO2 gas and storing it long term in subsurface porous rock. The goal of geologic
carbon sequestration is to sequester CO2 in an aqueous, solid, or pure gas form so it cannot re-enter
the atmosphere. In this study, a gypsum-rich rock sample from Cassville, Georgia was analyzed as
a potential injection site for carbon sequestration. Before injection, it is of the utmost importance
to have an accurate prediction of the geochemical processes that will occur with the addition of
supercritical CO2 to the formation. The specific reactions studied include the initial acidification of
the brine present in this sample and the reactions between CO2 and gypsum: dissolution and pre-
cipitation of both gypsum and calcite. These dissolution reactions are highly dynamic and the goal
of the models is to provide an accurate prediction of the rate, extent, and impact of geochemical the
reactions in the formation. The reactive transport modeling software Crunchflow was used to model
these dynamic processes. Images of the sample were taken using a scanning electron microscope
(SEM) with a backscatter electron (BSE) detector. These images were used to calculate the porosity of
the sample and mineral accessibility as well as create a segmented mineral map. This data was used
to inform the reactive transport model. The results of this model provide predictions of changes in
this formation including porosity, permeability, mineral precipitation and dissolution. This project
is supported by the Southeast Regional CO2 Utilization and Storage Partnership (SECARB-USA),
funded by the U.S. Department of Energy
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Salt lakes occur worldwide in arid environments and are spectacular geological features, displaying
breathtaking patterns on their surface. In these lakes, the only outflow of fluid is due to evaporation
and dissolved salts in the groundwater precipitate at the surface, leading to the growth of a salt crust.
Under the right conditions, ridges can be observed in the crust, resulting in a remarkable polygonal
pattern. Understanding the formation of these distinct polygonal patterns is key to monitoring the
dust emission potential of salt lakes. We model salt lakes using a 3D porous medium which is subject
to a uniform through-flow, parameterised by the Rayleigh number and the lake depth. This leads
to a base state characterised by exponentially-distributed salinity that is unstable for large enough
Rayleigh numbers and whose instability leads to buoyancy-driven convection supported by salinity
plumes. We simulate the dynamics numerically and analyse the sequential stages of the instability
using characteristic properties of the system (e.g. average salinity fluxes, average and dominant pat-
tern wavenumbers). Initially, linear growth away from the base state develops and patterns emerge
in the surface flux of salinity. As nonlinearity becomes important, a net transport of salinity away
from the surface builds. Eventually, plumes penetrate deep into the domain and the dynamics ap-
proach a chaotic but statistically-steady end-state, characterised by patterns which are strikingly
similar to those observed in situ.
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The study of fluid flow in geologic porous media holds an important place in the energy transition,
with relevance to low carbon energy applications such as geothermal energy production, carbon
capture and storage, and subsurface hydrogen storage. Understanding fundamental petrophysical
properties (e.g., porosity, permeability, saturations, relative permeability) and their relationships to
one another and to other properties such as thermophysical properties is vital in creating models of
subsurface activity and assessing viability of clean energy applications in new locations. However,
the heterogeneous nature of geologic porous media makes it difficult to study properties in isolation
in order to obtain broad scale fundamental relationships between properties.
Fabrication of synthetic porous media, such as sintered glass bead packs and sintered minerals, is
a potential approach for studying petrophysical properties in isolation. Choices in the fabrication
process can help reduce heterogeneity and confounding variables in order to focus on the study’s
properties of interest. In addition, synthetic grain packs can be used for collocated imaging, such as
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3D microfluidics studies with confocal microscopy. The purpose of this project is to create a thor-
ough methodology for fabricating sintered synthetics and evaluate the effectiveness of techniques to
alter petrophysical properties of synthetic media, with porosity, permeability, pore size distribution,
and wettability as the primary properties of interest. Parameters of the fabrication process such as
sintering temperature and time, material size, and material composition will be adjusted in order
to find the optimal specifications for fabrication, and to find the relationship between fabrication
parameters and resulting properties in the material such as porosity and pore size distribution. Post-
fabrication alteration processes will also be investigated to ascertain their effectiveness in modify-
ing properties like wettability and any possible interference the processes may have on experiments
with the altered porous media. Creating a framework for fabrication of synthetic porous media will
streamline the process for future research and provide a foundation for researchers to isolate and
investigate fundamental petrophysical properties in porous media.
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As the world economy transitions to low carbon energy, alternative subsurface energy sources such
as geothermal energy have come to the forefront of energy research and investment. Understand-
ing the mechanics of heat transfer and coupled thermal-hydrological-mechanical-chemical (THMC)
processes in geologic porous media is vital in modeling and assessing the geothermal potential of
rock formations. As liquid flows through fractures in the subsurface in order to extract heat, it
invades the pore matrix of the surrounding rock as a function of petrophysical properties such as
initial fluid saturations, porosity and wettability. This invasion, often referred to as “leak-off”, in-
forms the establishment of a saturation gradient or reactive fluid front in the matrix over time. We
posit that leak-off can have a significant impact on the thermophysical properties of the rock, and
by extension the behavior of heat transfer between the rock and the working fluid. The introduction
of a relatively cold working fluid into the pore space decreases the average temperature of the rock
unit and increases its overall heat capacity, requiring more energy input from surrounding rock to
increase the temperature of the saturated rock unit and reducing the heat transfer ability of the rock.
At the same time, an increase in saturation enhances the thermal conductivity of the rock unit due
to liquid filling pores and coating grains, providing superior pathways of heat conductance through
the rock. Understanding the dynamic nature of these properties with saturation and time in a variety
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of lithologies is vital in evaluating geothermal potential and output over time.
In this work, we investigate the impact of fluid invasion on thermophysical-petrophysical proper-
ties in hot dry rock (HDR) enhanced geothermal system lithologies (e.g., granites, basalts, tuffs), low
permeability systems where the introduction of injected water is the dominant influence on satu-
ration gradients formed in the system, as well as in deep sedimentary formations (e.g., shales and
sandstones) such as the Gulf Coast region, where geothermal co-development opportunities with on-
going oil and gas operations are being explored. The focus of this research lies in understanding the
influence of saturation and by extension lithological and petrophysical properties on thermophys-
ical properties and heat transfer ability of formations of interest for geothermal exploitation. The
selected rock cores will be analyzed with select routine and special core analysis methods (RCA and
SCAL). The cores will be tested for thermal conductivity and heat capacity at different saturations
using a thermal needle measurement system, with boundary controls present to preserve satura-
tion during heating. These measurements will be used to establish the nature of the relationship
between saturation and thermal properties for each rock type, as well the influence of lithology and
other petrophysical properties. These relationships will be applied to evaluate the geothermal po-
tential of different rock types, accounting for the rate of change in saturation, porosity (for reactive
rocks), and thermophysical properties over time using spontaneous and forced imbibition data. The
findings will be relevant for various subsurface applications involving transport properties across
the critical matrix-fracture interface.
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It has been four decades since Wilkinson and Willemsen 1 introduced a new, at the time, theory of
percolation, the invasion-percolation theory, as they named it. The concept was based on the fact
that a displacement process between two immiscible fluids is capillarity-driven, but can be applied
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also in cases where the path of lowest resistance is followed. It involves the use of the fractal dimen-
sion of the bulk invading phase in the expression of the fraction of saturation of the relevant phase,
as soon as this phase becomes connected, meaning is percolating.
In this work we quantify the bulk fractal dimension of the non-wetting phase during a primary
drainage process, in a microfluidic cell with the box-counting method. Twelve combinations for
boundary flux conditions and viscosity ratios were experimentally investigated, in terms of the evo-
lution of the fractal dimension of the bulk invading phase, and all the corresponding interfaces
between all phases involved, namely wetting, non-wetting and solid. Based on the images acquired
during the displacement processes, plots related to the corresponding fractal dimensions for all enti-
ties with saturation, capillary number and viscosity ratio were produced, as soon as percolation was
established for the non-wetting phase.
Our results showed that we could reproduce the Lenormand [2] diagram in terms of capillary and
viscous fingering regimes in the capillary number - viscosity ratio space. We could also identify
the relative significance of each fractal dimension with respect to the flow regime. Some of them
could be used, either as stand-alone information or in a complementary manner, to identify the flow
regime in the space defined by the capillary number and viscosity ratio. Finally, we speculated the
reasons behind the change of the corresponding fractal dimensions with respect to saturation, as a
morphological information of the corresponding bulk phases and their interfaces.
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Evaporation studies focus on the identification and characterization of heat transfer and flow dy-
namics in the vicinity of the solid-liquid-vapor contact line. The meniscus is often characterized by
the following three regions: non-evaporating adsorbed layer, thin-film, and capillary regions. The
adsorbed layer, which has a thickness on the order of nanometers, is traditionally believed to be
non-evaporating due to the strong intermolecular forces producing a strong disjoining pressure that
suppresses evaporation. Despite this classical view, recent molecular dynamics (MD) simulations
have shown that adsorbed layer plays a significant role during thin film evaporation 1. Utilizing a
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new energy-based interface detection method [2], we present nonequilibrium MD simulation results
of thin film evaporation of liquid argon sandwiched between two parallel platinum plates. One end
of the platinum channel is heated by energy addition, while the other end is cooled at the same rate to
ensure constant energy of the simulation system. Liquid argon evaporates in the heater and travels
to the condenser region. As a result, the utilized MD simulation system exhibits statistically steady
transport. Here we present the shapes of the evaporating menisci for 4 different channel heights
varying from 2 nm, 4 nm, 8 nm, and 16 nm, at three different wall-fluid interaction parameters and
under several different heating/cooling rates. Depending on the surface wettability and applied heat
flux the meniscus can be in the pinned or receding regimes. The latter case creates adsorbed layers
suitable for investigating its dynamics. The higher wettability cases exhibit thicker and more stable
adsorbed layers, with reduced radius of curvature (ROC) and reduced evaporation rate. They are
more stable and can handle higher heat fluxes. The lower wettability cases exhibit more evaporation
but can easily lead to dry out. For channel sizes less than 10 nm, the adsorbed layer and evaporat-
ing thin film regions are intertwined, and evaporation from the adsorbed layer can contribute up to
80% of the total evaporating mass flowrate. Even for the largest channel case (16 nm), the adsorbed
layer contributed about 10% of the total evaporating mass flowrate [3]. The talk will focus on these
findings and gear towards consolidation of our findings towards a universal behavior of adsorbed
layer transport in nanoscale confinements.
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Mudstones and shales are commonly the primary control on the sealing efficiency for subsurface
storage applications (e.g. energy, CO2, H2, waste). However, their fine-grained and heterogeneous
nature makes their full characterisation highly challenging. Here we demonstrate the multi-scale
and dynamic imaging approaches that can help meet these challenges and discuss limitations and
future opportunities.
Microstructures can be characterised at scales from sub- nm (<1 nm) to over 1 m, using multi-scale
and multi-model imaging approaches [1-3], including X-ray tomography, Focused Ion Beam Scan-
ning Electron Microscope and Transmission electron microscopy tomography. The majority of pores
in mudstones/shales range from 0.2 nm to 3µm, and we have documented 4 major types with 3 dis-
tinct size distributions [4]. Based on the REV analysis, pore sizes, types and distribution can be
upscaled via three stages from sub-nm to cm-scale[5]. The permeability is pressure dependant, rang-
ing from 1.0×10-17 to 1.0×10-22m2 [3, 5]. CO2 adsorption is 3-7 times higher than CH4 and over 10
times higher than H2 [6]. Image based modelling has demonstrated that the non-Darcy effects (e.g.,
slip flow and Knudsen diffusion). Adsorption/desorption and surface diffusion takes major controls
over time after injection [7].
Dynamic imaging of mudstones/shale has provided the opportunity to characterise the thermo-
hydro-mechanical-chemical (THMC) properties and the coupling mechanism in mudstones/shales
to investigate the sealing ability under realistic reservoir conditions. These include high temperature
(from less than 10 ℃ up to 1000 ℃) [8], high pressure (e.g. confining pressure, indentation, torsion,
deformation and fractures; up to 65 MPa) [9], fluids (e.g. diffusion, adsorption, flowing through,
multi-phase flow) [10] and complex chemistry environment (brine and drilling fluids) [11]. Based
on the dynamic behaviours observation and quantification, It can be concluded that mudstone/shales
with horizontally thin-layered laminations, few fractures and less reactive minerals may act as the
best caprocks.
Whilst the above has led to an improved understanding of shale/mudstone microstructure under
static and dynamic conditions, significant challenges still remain regarding representivity and up-
scaling, experimental analysis at subsurface-realistic temperatures, pressure and chemistry, accurate
estimations of the long-term behaviours and the proper monitoring techniques.

Participation:

In-Person

References:

References:
1. Taylor, K. G., & Ma, L. 2021. GeoExpro, Vol. 18, No. 1 - 2021. 2. Ma, L., et al., 2017. International
Journal of Coal Geology, 180, 100-112. 3. Ma, L. et al., 2016. . Marine and Petroleum Geology, 72, 193-
205. 4. Ma, L., et., al 2019 . Scientific reports, 8(1), 1-14. 5. Ma, L., et al., 2019. Energy, 181, 1285-1297.6.
Ma, L. et al. 2021. Energy & Environmental Science, 14(8), 4481-4498. 7. Guo, B., et al., 2018. Advances
in Water Resources, 122, 70-84. 8. Wang, K., et al., 2021. International Journal of Coal Geology, 244,
103-116. 9. Figueroa Pilz, F., et al., 2017. Journal of Geophysical Research: Solid Earth, 122(4), 2553-25,
11. Godinho, J. R., et al., 2019). Minerals, 9(8), 480.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

UK

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

MS18 / 609

The effect of upscaling the reaction rate on predictive modeling

Page 513



InterPore2023 / Book of Abstracts

in subsurface processes
Authors: Javad Shokri1; Theresa Schollenberger2; Senyou An3; Bernd Flemisch2; Vahid Niasar1

1 University of Manchester
2 University of Stuttgart
3 University of Manchester, Imperial College London

CorrespondingAuthors: vahid.niasar@manchester.ac.uk, mohammadjavad.shokriafra@manchester.ac.uk, s.an@imperial.ac.uk,
bernd@iws.uni-stuttgart.de, theresa.schollenberger@iws.uni-stuttgart.de

Reactive transport is a multi-scale and multi-disciplinary process used to study various environ-
mental and subsurface applications including geothermal utilization, carbon dioxide storage, well
acidizing, and contaminant remediation. Much research has been conducted to simulate reactive
transport using the Eulerian approach, Lagrangian particle tracking models, and various pore-scale
models. To simulate the process on larger scales, continuum models have been used due to their
fewer resources demanding nature compared to other approaches.

Eulerian (continuum) models are usually expressed with a PDE describing the transport and the in-
terconnected reaction in the form of the Advection-dispersion-reaction equation (ADRE). In cases
with homogeneous reactions, which is the purpose of this study, using the reaction constant de-
rived from the well-mixed batch reaction results in the over-prediction of the product formation in
continuum models. The reactants segregation, incomplete mixing, non-Fickian transport, and the
fact that ADRE is limited in considering the effect of the local fluctuations and heterogeneity of the
transport and the reaction at the pore level, have been introduced as the underlying reasons for the
differences.

This discrepancy has been tackled by considering a time-dependent effective rate coefficient, a
smaller dispersion coefficient different from the conservative experiment, as well as non-Fickian
diffusion in time or space, using an effective constant reaction rate, and considering beta distribu-
tion for the mixing ratios within the representative elementary volume (REV). Continuum models
usually need more than one calibration parameter to match the experimental results which may lead
to inconsistencies if the initial or boundary conditions change which undermines the generality of
these models. Instead, using pore-scale models that are capable of replicating realistic variations
of velocity and reaction at the pore level is of great importance. In this manner, direct numerical
simulations such as Lattice Boltzmann Method (LBM) or Pore Network Modeling (PNM) are viable
tools to carry out the pore-scale simulations.

The upscaled reaction rate extracted from the pore-scale simulation by volume averaging, which
reflects the effect of structural heterogeneity, and preferential flow pathways, can be utilized as an
input to continuum models to amplify the reliability of the Darcy-scale, and field-scale predictions.
In such a way, one can include the pore-scale chemical reactions and fluctuations in the large-scale
transport in subsurface heterogeneous porous structures.

This study leverages pore network modeling for pore-scale simulations due to its fast and accurate
enough computation of reactive transport phenomenon, and much less computationally demanding
nature compared to direct methods. The pore-scale model incorporates incomplete mixing at the
pore level by the relationship between the effective reaction constant (Kef) and the Peclet number,
validated by experimental results. PNM simulations were executed on a network with a size of a REV.
Upscaled reaction rates were derived by performing volume averaging on the pore-scale reaction
rates and were used in the continuum model to predict the experimental results. Furthermore, the
capability of this upscaling method in predicting the reactive process in a 2D heterogeneous porous
medium was inspected.
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Most porous materials in nature and even from man-made are spatially heterogeneous from nanome-
ter(molecular) scale to kilometre (field) scale. How to accurately characterise the effect of miner-
alogical and topological heterogeneity on hydrodynamic properties is extensively investigated, but
still an open scientific question, particularly at decimeter (core) scale. Evidence from field-scale
simulation and on-site observation suggest that the multi-scale mineralogical and topological het-
erogeneity are dominating features for accurate estimation of fluids’ migration, such as during CO2
sequestration. The establishment of local equilibrium over core scales, due to capillary pressure, has
a significant impact on fluid mobilisation in heterogeneous rocks. However, how to characterise the
core scale heterogeneity in a complex rock (e.g., carbonate) is still not well addressed. Therefore,
we sought to develop a robust algorithm to characterise the dependence of two-phase flow on the
spatial distribution of topological and hydrodynamic properties using both CT-based imaging tech-
nology and the continuum-scale simulation approach. We subjected core-scale characterisation for
two sandstones and three carbonate rocks, to compute the heterogeneous distributions of porosity,
capillary pressure, as well as absolute permeability. Here, we concluded that the proposed algorithm
is able to effectively and reasonably construct the 3D core-scale model using limited experimental
information.
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In the mid-20th century, harnessing of thermodynamics in describing water movement in soil, viz
the concept of water potential, marks the emergence of modern soil physics, unsaturated soil me-
chanics, and vadose zone hydrology. Yet to date, a seamless linkage between thermodynamics and
water potential is still missing, leading to several long-lasting dilemmas regarding soil properties, for
example, abnormal soil water density, peculiar film water viscosity and relative permittivity, pore
water pressure, and water freezing temperature depression. Here, a thermodynamic framework is
established by synthesizing recent advancements in soil-water interaction. The classical thermody-
namic concepts are revisited, highlighting the difference between macroscopic systems commonly
treated in conventional theories and the intermolecular scale system subject to external fields. Soil
water is conceived as an intermolecular scale open thermodynamic system subject to external fields
of gravity, osmosis, and adsorption. The formulated thermodynamic framework is verified by reduc-
ing to the conventional definition of matric potential and a recently proposed unitary definition. The
accuracy of the framework is further justified in terms of mechanical equilibrium criteria. The frame-
work predicts the existence of spatially varied pore water pressure in soil pores and can serve as the
theoretical basis for reconciling the physical origin of abnormal soil behavior such as water density,
film water viscosity, relative permittivity, and negative or positive pore water pressure.
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The optimal error estimate that depending only on the polynomial degree of ε^{-1} is established for
the temporal semi-discrete scheme of the Cahn-Hilliard equation, which is based on the scalar auxil-
iary variable (SAV) formulation. The key to our analysis is to convert the structure of the SAV time-
stepping scheme back to a form compatible with the original format of the Cahn-Hilliard equation,
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which makes it feasible to use spectral estimates to handle the nonlinear term. Based on the trans-
formation of the SAV numerical scheme, the optimal error estimate for the temporal semi-discrete
scheme which depends only on the low polynomial order of ε^{−1} instead of the exponential order,
is derived by using mathematical induction, spectral arguments, and the superconvergence prop-
erties of some nonlinear terms. Numerical examples are provided to illustrate the discrete energy
decay property and validate our theoretical convergence analysis.
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Water injection have been a successful procedure for recovering incremental crude oil from carbon-
ate reservoirs. Recently, the concept of tuning the injected water composition, either by altering the
salinity or the ionic composition have gained a significant momentum in the oil industry, encour-
aged by laboratory and field tests results. Both strategies can make a multiscale adjustment at the
fluid-fluid and fluid-rock interfaces, in favor of oil recovery enhancement. However, salinity tuning
and ionic composition tailoring have their own challenges and limitations.
In this study, we are investigating the approach of a practical concept in enhanced oil recovery with
the addition of Iodide ions in a very small concentration without further treatment. Iodide ions are
added to high and low ionic strength brines with different concentrations (500 ppm, 1000 ppm, 2000
ppm and 5000 ppm) to formulate an optimum injected water composition. Contact angle and inter-
facial tension measurements with selected crude oil are utilized to screen the effect of iodide ions
concentration and to study the effect on carbonate rock wettability and crude oil-brine interface.
Zeta potential and advanced Sum Frequency Generation (SFG) spectroscopy are utilized to investi-
gate the electric charge variations and to capture the chemical structure changes at the interface.
The initial results show a limited effect of iodide ions on crude oil-brine interfacial values while they
alter significantly the rock wettability to stronger water-wet. Zeta potential and SFG measurement
brings new insights on understanding the chemical structures at the crude oil-brine interface and
how the presence of iodide ions is affecting the interface organization and the structure of organic
and inorganic components.
The proposed study is tackling the tailored water injection for EOR purposes from another angle:
adding specific ions instead of adjusting the ions levels and ionic strengths. The novelty of this
investigation is to bring together routine wettability alteration analysis (contact angle, interfacial
tension and zeta potential) and Sum Frequency Generation technique to understand the effect of
iodide ions at the fluid-fluid and fluid-rock interface and the potential in-situ changes at low scale.
Such understanding is crucial to optimize the injected water chemistry at lower costs.
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Water injection, showed encouraging results for oil recovery in carbonate reservoirs. An under-
standing of multiphase flow phenomena, fluids distributions inside the porous matrix and interfaces
is critical to optimize the injected water formulation, leading to an oil recovery incremental.
Most of the laboratory studies reported so far, have been focused on characterization of crude
oil-brine-carbonate system and wettability alteration at micro- and macroscale using classic mea-
surements, including contact angle, Interfacial tension (IFT), Nuclear magnetic Resonance (NMR),
zeta potential and coreflooding. However, those techniques depend strongly on carbonate hetero-
geneities, roughness and fluids distribution inside the pores. Thus, a direct visualization at pore scale
is needed to identify fluids distribution in-situ, wettability state and potential alteration induced by
tuning injected water composition.
Cryogenic high-resolution broad ion beam (Cryo BIB) equipped with energy dispersive spectroscopy
(EDS) is utilized to study carbonate and dolomite-oil-brine interfaces at nanoscale and characterize
the porosity and connectivity. High resolution EDS and image analysis allow for monitoring oil and
brine distribution inside rock porosity, and to accurately quantify the length of rock-oil interfaces.
Experimental work has been conducted on carbonate and dolomite rock samples aged in crude oil
and saturated with various brine compositions, covering the effect of monovalent and divalent ions
and ionic strength variation. This study established an experimental protocol using cryogenic high-
resolution broad ion beam (Cryo-BIB SEM) equipped with EDS. This technique allows the identifica-
tion of fluids (oil and brine), distribution across the rock porous matrix and connectivity with clear
visualization of the oil-brine-rock interface at nanoscale and dependency to the brine ionic compo-
sition.
Nanoscale characterization brings new insights into the oil-brine-rock interface and, combined with
rock-fluid and fluid-fluid knowledge from previous studies, will lead to further optimized injected
water and, ultimately, increased reservoirs oil recovery.
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Digital Rock Physics leverages advances in digital image acquisition and analysis techniques to cre-
ate 3D digital images of rock samples, which are used for computational modeling and simulations
to predict petrophysical properties of interest. However, the accuracy of the predictions is crucially
dependent on the quality of the digital images, which is currently limited by the resolution of the
micro-CT scanning technology. We have developed a novel Deep Learning based Super-Resolution
model called Siamese-SR 1 to digitally boost the resolution of Digital Rock images acquired from
micro-CT scanning whilst retaining the texture and providing optimal de-noising. The Siamese-SR
model consists of a generator which is adversarially trained with a relativistic and a Siamese dis-
criminator utilizing Materials In Context (MINC) loss estimator. This model has been demonstrated
to improve the resolution of sandstone rock mages acquired using micro-CT scanning by a factor of
2. Another key highlight of our work is that for the evaluation of the super-resolution performance,
we propose to move away from image-based metrics such as Structural Similar-ity (SSIM) and Peak
Signal to Noise Ratio (PSNR) because they do not correlate well with expert geological and petro-
physical evaluations. Instead, we propose to subject the super-resolved images to the next step in the
Digital Rock workflow to calculate a crucial petrophysical property of interest, viz. porosity and use
it as a metric for evaluation of our Siamese-SR model against several other existing super-resolution
methods like SRGAN [2], ESRGAN [3], EDSR [4] and SPSR [5,6]. Furthermore, we also use Local
Attribution Maps to show how our proposed Siamese-SRmodel focuses optimally on edge-semantics,
which is what leads to improvement in the image-based porosity prediction, the permeability pre-
diction from Multiple Relaxation Time Lattice Boltzmann Method (MRTLBM) flow simulations as
well as the prediction of other petrophysical properties of interest derived from Mercury Injection
Capillary Pressure (MICP) simulations.
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Non-equilibrium modeling is relevant in several physics of coupled processes, flow and transport
of fluids situations in homogeneous and heterogeneous porous media systems, for instance, subject
to phase transitions, hysteresis and chemical reactions, among many others complex systems (see,
e.g. [1,3,4,5,6] and the references cited therein). To model the dynamics of these phenomena, the
corresponding system of partial differential equations typically incorporates source terms. In this
work, we are interested in analytical and computational modeling of situations for which we connect
states in equilibrium, but we allow that the change of physical situation presents a non-equilibrium
relaxation time. We discuss the 1D-2D behavior of the wave groups of solutions in non-equilibrium
situations for a two-phase water-oil model with hysteresis in relative permeability in porous media
[5,6], generalizing the previous 1D results in homogeneous medium 1 for 2D flows, in heterogeneous
porous medium, linked to a two-phase water-oil system [2]. This nonlinear phenomena is given by
a coupled set of time-dependent partial differential equations of hyperbolic-parabolic-elliptic mixed
type. We also consider synthetic spatial multiscale models of permeability and porosity that resemble
the geological properties which control fluid flow. The computational 2D non-equilibrium solutions
are obtained based on a sequential operator splitting approach supported by the relaxation projection
method introduced in 1. The main ingredients to obtain these solutions are shock, rarefactions and
bifurcations [1,2]. We present 1D-2D solutions and discuss the nonlinearity interplay between wave
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structure of such solutions in non-equilibrium situations and the high-contrast heterogeneity in
porous medium.

Keywords: Non-equilibrium models; Two-phase flow; Porous media; Relaxation relative permeabil-
ity hysteresis; Analytical-computational methods.
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Pore-scale formation and dissociation of hydrate under natural conditions can be qualitatively ob-
served using μ-CT X-ray imaging. However, the quantitative criterion for the formation of hydrate is
yet absent in the literature. In this paper, sediment with specific hydrate formation patterns and accu-
rate hydrate saturation levels are numerically generated by integrating the X-ray computed tomog-
raphy technique, morphological operation algorithm, and quartet structure generation set method.
Utilising the topological information extracted from generated hydrate-containing sediments, we
first propose a quantitative criterion to classify the microscopic occurrence types of hydrate. In this
work, we visualised the 3D hydrate distribution using μ-CT imaging technology, as well as anal-
ysed the hydrate topology and its dynamic evolution through the proposed classification method
and the extracted dual-network models. In addition, the variation of normalised permeability and
tortuosity under different hydrate saturation are numerically analysed by adopting the lattice Boltz-
mann method. Results demonstrate that the bridging and pore-floating hydrate are the dominating
patterns when the hydrate saturation is higher than 30%. Otherwise, the hydrate is more likely to
exhibit cementing and pore-floating patterns in the sediment.
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Two different types of polymer-coated nanoparticles (PNPs) were synthesized, stabilized in aqueous
solutions of salts (NaCl, CaCl2) and used to prepare Pickering oil-in-water emulsions for enhanced oil
recovery (EOR) from reservoir rocks: (1) PNPs of silica synthesized by free radical polymerization
of the monomers 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPSA) and dodecyl methacry-
late (DMA) on the surface of acrylic-modified spherical silica nanoparticles 1; (2) PNPs of iron oxide
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(IONP) synthesized by using the polyphenols extracted from plant leaves as reductants of ferric chlo-
ride hexahydrate or ferrous sulphate heptahydrate [2]. Visualization tests of the immiscible displace-
ment of viscous paraffin oil by aqueous suspensions and emulsions were conducted in a transparent
glass-etched pore network, and used to assess the performance of the various fluid systems as agents
for EOR process, in terms of the oil recovery efficiency and an energy efficiency index.
The AMPSA-SiO2 PNPs were characterized by Attenuated Total Reflectance-Fourier Transform In-
frared Spectroscopy (ATR-FTIR) and thermogravimetric analysis (TGA). The structure of iron oxide
nanoparticles was confirmed with X-ray diffraction (XRD) analysis, and scanning-electron micro-
scope (SEM) images and energy dispersive X-ray analysis (EDX) of solid material isolated with cen-
trifuging. The suspended nanoparticle size distribution was determined with dynamic light scatter-
ing (DLS), while the stability of the nano-colloids was confirmed by measuring the ζ-potential as a
function of the ionic strength. The interfacial properties were measured by dynamic (pendant drop)
and static (duNuoy) methods, whereas the wettability was quantified by measuring the oil/water
contact angle on glass surfaces. With the aid of a high energy ultrasound probe, the PNP suspen-
sions were mixed with oil (n-C10, n-C12) to prepare Pickering emulsions, the rheological properties
(shear viscosity, loss and storage moduli) of which were measured on a stress rheometer, while their
stability was inspected by observing the phase separation (macro-scale) and measuring the drop size
distribution (micro-scale).
To assess the EOR efficiency, two-phase flow tests were conducted under constant flow rate in the
following rank: (i) a drainage step, where the brine (salt solution) saturating completely the porous
medium is displaced by paraffin oil; (ii) a primary imbibition step where the residual oil of the previ-
ous step is displaced by brine; (iii) secondary imbibition step, where the residual oil of the previous
step is displaced by PNP-based fluid (Fig.1). The oil saturation was measured as function of time with
image analysis of successive snap-shots captured by a CCD camera [3], and the transient response
of the pressure drop across the porous medium was recorded with the aid of two pressure trans-
mitters and a data acquisition card. Comparative analysis of the oil recovery efficiency and energy
efficiency index, attained by all tested nano-colloid suspensions and Pickering emulsions, allowed
us to classify them, and select the most efficient ones for further studies in reservoir rocks.
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Per- and poly-fluoroalkyl substances (PFAS) are emerging contaminants of great importance, be-
cause of their spreading in subsurface, gradual bioaccumulation and toxicity. Assessing exposure
risk, developing management strategies, and implementing remediation scenarios require an accu-
rate understanding of the fate of PFAS in subsurface. In the present work, PFAS transport in saturated
and unsaturated soil columns has been studied under varying initial concentration for two type of
PFAS: perfluorooctanoic acid (PFOA) and perfluorodecanoic acid (PFDA). The PFAS surface tension
and PFAS / n-dodecane (n-C12) interfacial tension were measured as functions of PFAS concentra-
tion and salinity with static (DuNouy ring) method, and fitted to Langmuir-Szyszkowski equation
(Fig.1a,b). The capacity of PFAS solutions to emulsify non-aqueous phase liquids (NAPLs), commonly
trapped in the saturated zone, was investigated by mixing PFAS solutions with n-C12 at various vol-
ume ratios with the aid of an ultrasound probe, inspecting their stability optically, and measuring
transient changes of the shear viscosity. Moreover, the effects of PFAS on wetting properties were
analysed by measuring the contact angles of PFAS drops surrounded by either air or n-C12 on glass
surfaces (Fig.1c,d). A dried sandpack was evacuated and saturated with NaCl solution with free imbi-
bition. Unsaturated and NAPL-polluted conditions were created by injecting air or NAPL at constant
flow rate, reinjecting NaCl solution and monitoring the axial distribution of water saturation with a
multiple-electrode resistivity meter 1. PFAS flow tests were then conducted, and the concentration
of PFAS was measured in aqueous samples collected at the outlet port with the methylene blue active
substances (MBAS) method and UV-Vis spectrophotometry [2]. The spreading of PFAS in the soil
column was simulated with a 3D field scale Computational Fluid Dynamic model which simulates
the PFAS transport by solving the Navier Stokes equation inside infinite domain (field scale), where
convection, dispersion and adsorption (on solid interfaces and air/water interfaces) terms were in-
cluded. The simulations were developed on Comsol Multiphysics platform [3] and the numerically
predicted PFAS concentration breakthrough curves under saturated and unsaturated conditions were
compared with corresponding datasets of PFAS flow tests in soil column.
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Groundwater remediation is a pressing issue in the modern world. Some regions of the UK, such
as Southeast England, take more than 75% of their public water supply mainly from Chalk aquifer
(Groundwater resources in the UK, 2022). In Brazil, almost 37% of the cities are supplied exclusively
with groundwater. Study by Lunardi et al., (2021) highlighted high susceptibility to groundwater
pollution of regions, where pollutant source, such as industry, is present. The studies performed
on methods similar to ones studied in this work usually do not study what is happening on pore-
scale. Such study is performed by Pandey, Sharma and Saha (2022) on nZVI nanoparticle production
techniques, or by Chen et al., (2021) on slow-release potassium permanganate. This highlights a
knowledge gap in the modern understanding of these remediation techniques.
In this work, a dataset on nZVI nanoparticle reaction with TCE (trichloroethane) is studied. TCE
is a DNAPL –Dense non-aqueous phase liquid. These compounds are challenging to be removed
from groundwater reservoirs via conventional means, as they are almost immiscible in water, and
are difficult to remove from the porous medium. Therefore, nanoparticles used for remediation of
such reservoirs have to be able to reach the contaminant. The dataset was obtained via X-ray mi-
crotomographic scanning (X-ray micro-CT) and allows for 4D (3D + time) study of the processes,
happening on the pore-scale. The dataset was captured at Diamond Light source by Dr. Tannaz Pak.
This study is performed via specialised software, such as Fiji (ImageJ), Avizo and MatLab.
In addition to this, a new setup has been developed for column experiments. This setup gave us the
possibility to investigate liquid and particle dynamics on a larger scale, across a column of approxi-
mately 36 cm long 3.5 cm in diameter. With this setup we were able to measure particle distribution
through the column after several nZVI injections on different porosities. Particle distribution was
assessed via magnetic susceptibility sensor. Each material loaded into the column is initially charac-
terised by a breakthrough curve, evaluated via conductivity of NaCl brine. Subsequent breakthrough
curves for nanoparticle injections are evaluated via magnetic susceptibility sensor. The experimental
data of the breakthrough curves is then analysed with MnMs, to confirm the results of the experi-
ment and get a better insight into nanoparticle mobility.
In addition to that, the experiment on porosity influence on the efficiency of nanoparticle remedia-
tion was performed. This experiment involved saturating porous medium with nitrate-contaminated
water and injecting nanoparticle suspension into the column. Parallel to the column experiment,
a reference batch test was performed, with the same concentrations of nitrates and nZVI, but in
absence of any porous medium. The results of this experiment were then compared with each
other, to assess the influence of presence of porous medium and porosity on decontamination ef-
ficiency.
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Adsorption and capillarity, in the order of high free energy to low, are the two soil–water interac-
tion mechanisms controlling the hydro-mechanical behaviour of soils. Yet most of the poroelasticity
theories of soil are based on capillarity only, leading to misrepresentations of hydro-mechanical be-
haviour in the low free energy regime beyond vaporisation. This inability is reasoned to be caused
by two major limitations in the existing theories: missing interparticle attraction energy and incom-
plete definition of adsorptioninduced pore-water pressure. A poroelasticity theory is formulated to
incorporate the two soil–water interaction mechanisms, and the transition between them –that is,
condensation/vaporisation, by expanding the classical three-phase mixture system to a four-phase
mixture system with adsorptive water as an additional phase. An interparticle attractive stress is
identified as one of the key sources for deformation and strength of soils induced by adsorption and
is implemented in the poroelasticity theory. A recent breakthrough concept of soil sorptive potential
is utilised to establish the physical link between adsorption-induced pore-water pressure and matric
suction. The proposed poroelasticity theory can be reduced to several previous theories when inter-
particle attractive stress is ignored. The new theory is used to derive the effective stress equation for
variably saturated soil by identifying energy-conjugated pairs. The derived effective stress equation
leads to Zhang and Lu’s unified effective stress equation, and can be reduced to Bishop’s effective
stress equation when only the capillary mechanism is considered and to Te rz ag h i’s effective stress
equation when a saturated condition is imposed. The derived effective stress equation is experimen-
tally validated for a variety of soil in the full matric suction range, substantiating the validity and
accuracy of the poroelasticity theory for soil under variably saturated conditions.
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The dynamics of a migrating chemical plume in a porous medium can be affected by different chem-
ical processes (e.g., sorption, retention, precipitation and dissolution, complexation, reaction), as
well as by the physical properties of the medium and flow field (heterogeneity of the medium, poros-
ity and permeability, fluid velocity). Groundwater input in natural systems can vary over a wide
range of time scales, due to different natural phenomena (e.g., day and night cycles, season vari-
ability, long term climate changes) and anthropogenic activities (e.g., groundwater extraction and
injection, irrigation, construction). These variations in input give rise to a time-dependent (TD) ve-
locity field, which in turn may influence the dynamics, mixing, and reaction rates of a migrating
chemical plume. Anomalous transport, which is ubiquitous in many groundwater systems and has
been shown to yield longer than expected (non-Fickian) tails of migrating chemical plumes, is of
particular interest in this context. In this study, macroscopically 1D transport of a conservative
chemical species through sand columns was quantified by tracer measurement at the column out-
let. Transport in these columns is known to display distinct, non-Fickian tailing of the breakthrough
curves. Different TD velocity field conditions were compared to study how the transient water input
affects the resulting tracer breakthrough curves. A stochastic-based numerical model was employed
to interpret the results. The analysis shows that different TD conditions, which retain the average
discharge of a comparable constant-velocity system, yield similar, long-tailed breakthrough curves
to those of the constant-velocity case. These breakthrough curves can be interpreted in terms of the
continuous time random walk (CTRW) framework. We then analyze the sensitivity of the CTRW
to the occurrence of abrupt velocity changes, by addressing the choice of particle transition times
and distances at the moment of velocity change, and show that the CTRW matches the experimental
results obtained in the column experiments.
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In this study, reaction experiments between CO2-saturated brine and wellbore cement samples
cured under different pressures were conducted to study microstructural and mineral composition
changes using microcomputed tomography (micro-CT), scanning electron microscopy (SEM) and
Raman spectroscopy. The CT images of post-CO2 exposure cement samples showed a dissolution-
precipitation-dissolution pattern at the exterior of the samples. The dissolution in the inner hole of
the samples, however, was not significant. Instead, only CaCO3 precipitation was observed in the
inner hole. CaCO3 precipitation in the inner hole contributes to selfsealing of the cement, which
reduces the risk of CO2 leakage through wellbore cement. According to CT and SEM observations, a
higher curing pressure caused more precipitation of CaCO3, which favored cement selfsealing when
exposed to CO2. The appearance of a C––O peak and the disappearance of a –OH peak after reaction
with CO2 were observed by Raman spectroscopy, which was attributed to cement carbonation that
converted Ca(OH)2 into CaCO3. This study provides solid evidence of cement self-sealing due to
cement carbonation under geologic CO2 storage circumstances.
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In recent years, we have seen increasing attention paid to multiphase flow in subsurface porous
media due to issues related with enhanced oil recovery, geothermal technology, unconventional
oil/gas reservoirs, geological carbon sequestration, and subsurface storage of hydrogen. One key
effort prior to constructing the mathematical model governing the compositional multiphase flow
is to determine the phase compositions of the fluid mixture, and then to calculate other related
physical properties. For systems involving a large number of species, phase behavior calculation
typically consumes majority of the CUP time in the compositional multiphase flow simulation. In
this presentation, we discuss challenges in compositional multiphase flow modeling and simulation,
focusing on the challenges from nonlinearity of the system, such as the nonlinearity from relative
permeabilities, capillarity, and phase behaviors. As a recent effort to treat the nonlinearity from
phase behaviors, we will show how machine learning can help to achieve more robust and faster
prediction of phase behaviors by using supervised learning with deep neural networks. We first pro-
vide general phase splitting statements and classical flash calculation procedures using successive
substitution and Newton’s method. We then review our work on the fully robust and ODE-based it-
erative schemes for NVT flash problems and our work on its speedup using the sparse grids method.
Afterwards, we present our study on a series of deep learning methods as applied to phase splitting
problems. Factors in the deep learning models are investigated to understand their effect on the final
result. It is demonstrated that results from the optimized deep learning model provides a robust and
efficient approach for phase equilibrium calculation; if trained by experimental data, the trained neu-
ral network is more accurate than Peng-Robinson EOS-based models. Finally, we present our work
in TINN (Thermodynamics-Informed Neural Network) and self-adaptive neural network for phase
equilibrium calculation in conventional reservoirs as well as in unconventional reservoirs.
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Conventional numerical modeling techniques, with finitely resolved length and time scales, need
specific treatments to include the effects of unresolved physics and solution discontinuities. In this
regard, their applications to multi-scale problems involving transport in fractured media are no dif-
ferent. Lagrangian particle-tracking methods provide a compelling alternative to the Eulerian meth-
ods as they provide a natural connection across a multitude of scales. Further, in the context of
purely advective transport, the absence of numerical diffusion makes them better placed to capture
solution discontinuities, if any.

In this work, we present a stochastic particle-based framework which models reactive multiphase
transport in porous media characterized by highly conductive fractures and a permeable matrix.
Thereby, we use an Embedded Discrete Fracture Model (EDFM) where large fractures are resolved
with lower dimensional representations [Deb and Jenny, (2017)] Macroscopic transported quantities,
e.g., phase-saturation, are modeled in the essence of particle ensemble statistics.

We present a flux-conservative stochastic particle-tracking scheme tailored to EDFMs, and we illus-
trated its applicability for advective solute transport. Therein, we devised the probability of inter-
continuum particle transfer which is particle trajectory-specific. Further, we extended this scheme
to model saturation evolution in two-phase flows. Solutions of the opted non-linear hyperbolic
transport problems involve discontinuities. Hence, we added minimal diffusion to the system, and
to this end, an adaptive diffusion coefficient is proposed. It is inspired by the Smagorinsky-model
[Smagorinsky (1963); Lilly (1966)] developed in the context of Large Eddy Simulations of turbulent
flows, and it is active only in the vicinity of a saturation fronts, and thus is not overly diffusive.

The new particle-tracking scheme correctly captures the sharp saturation profiles of 1-D Buckley-
Leverett problems. It is shown how the adaptive diffusion coefficient can be generalized for a wide
range of flow scenarios including those with buoyancy. As a part of this exercise, comparisons of 2-D
particle-based solutions are compared with those from a suitable Eulerian approach. Eventually, the
capability of the overall framework for a large-scale fracture model is assessed. Subsequent research
includes modeling of sub-grid processes, e.g., dissolution of one phase into the other [Tyagi (2011)]
and liquid phase-solid matrix interactions. This warrants, once again, a probabilistic approach to
model the transitions of particles in the state space.
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The functionality of many electrochemical devices such as fuel cells, electrolysers or batteries rely
on an electrically conductive porous media. Specifically, in Polymer Electrolyte Membrane (PEM)
fuel cells, the gas diffusion layer (GDL) is used to distribute the gases, conduct the electrons and
transport the generated water from the reaction sites to the flow fields in the bipolar plates 1. Due to
these requirements, the most common material for GDLs is a carbon paper which is partially covered
with polytetrafluoroethylene [2]. Mathematically, carbon paper is a heterogeneous media composed
of randomly distributed carbon fibres, defined by its average transport properties, such as porosity,
permeability, and conductivity. These properties strongly depend on the manufacturing process and
can differ significantly throughout the media . Using carbon paper as GDL material, it is difficult
to the optimize the PEM fuel cell over a wide range of operation conditions, i.e. output power and
relative humidity of the gases. Numerical simulations show that tailored porous media, i.e. with
locally different properties, can improve fuel cell performance [3,4]. However, due to the trade-
offs between performance, manufacturability, and cost, designing a commercial GDL is a highly
challenging task.

Here, we present an approach to generate electrically conductive porous media based on additive
manufacturing with a low cost Fused Deposition Modeling (FDM) printer. FDM is an additive manu-
facturing method consisting of the extrusion of material trough a nozzle, which is deposited in succes-
sive layers to create a 3D object. Usually, the materials used with FDM printers are polymers-based
filaments. The polymer is chosen according to the requirements of the printed part, e.g. Acrylonitrile
Butadiene Styrene is used due to its relatively high melting point, or Polylactid (PLA) as a low-cost
bioplastic. Moreover, some filaments available on the market are composite materials, which can
improve the mechanical properties of a printing part or are electrically conductive. Therefore, using
FDM to design and optimize GDL is very accessible due to the simplicity and speed of the process
in addition to the low cost of the material.
In this study, we used an electrically conductive PLA from Protopasta (Vancouver, Canada), and a
standard FDM printer (Ultimaker 2+). The aim of this study was to print thin, porous media with
heights up to 150 microns and pore diameters of about 100 microns. This was challenging since the
diameter of the nozzle head is about 250 microns. Nevertheless, in this study we have shown that
it is possible to print structures with sizes down to 100 microns by using specific infill pattern pa-
rameters,. Moreover, the infill pattern can be modified to obtain either regular patterns (left figure),
or random heterogeneous structures (right figure). The electrical conductivity of these 3D printed
porous media is highly dependant on its structure. We measured values between 0.6 and 0.8 [5].
In conclusion, the 3D printed parts from the electrically conductive PLA can be used for the rapid
prototyping of novel GDL structures.
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Modeling and simulation of reactive two mineral systems
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We set up a pore-scale model for reactive flow and transport in an evolving porous medium. We take
into account dissolution/precipitation reactions of two competing minerals. The resulting space and
time-dependent structural dynamics are included into the model by means of a level-set formula-
tion.

We derive the corresponding effective model by formal two-scale
asymptotic expansion. This includes dynamically changing time- and space-dependent ‘effective’
hydrodynamic parameters such as porosity, reactive surface, diffusion, and permeability.

We present numerical simulations with application to dissolution of calcite and dolomite of the pore-
scale as well as of the effective model.
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To integrate the complex interplay of mechanics of gaseous solvent injection, reservoir deformation,
and near-wellbore formation collapse, we designed and manufactured a highly-instrumented scaled
laboratory experiment, capable of simulating and monitoring the cyclic CO2 injection process in
heavy oil reservoirs at in-situ conditions. In this work, we present the application of a 2-meter beam
geotechnical centrifuge for scaled physical modeling of multiphase flow (i.e. live heavy oil) in a 3D
printed rock specimen under different triaxial stress states.
The new centrifuge cell consists of a vertical loading system to emulate overburden, an 8-arm hor-
izontal loading system to induce stress anisotropy, and a production unit to collect the produced
fluids and the collapsed sand grains. Heterogeneity was included in the 3D printed porous rock in
the form of high permeability channels near the perforations of a scaled wellbore within the physi-
cal model. The sample was first saturated with water, followed by dead oil and live oil. The 500 kg
setup was spun at 30 times the gravitational acceleration (approximately 120 revolutions per minute)
before opening the wellbore and initiating the fluid production.
Upon the completion of the test, the 3D printed sample was taken for physical inspection. Changes in
initial fluid saturation and the rock structure were observed around wellbore and high-permeability
channels due to the stress concentration. The findings highlight the key role of coupled flow and ge-
omechanics processes in understanding of the porous media. Moreover, the new experimental tool
enables one to study the multi-phase flow in deformed porous media at different scales and more
representative in-situ stress boundary conditions.
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We develop a mixed finite element computational model for the interaction between a free fluid and
a poroelastic medium . The free fluid flow is governed by the time-dependent incompressible Navier-
Stokes equations, while the poroelastic region is governed by the Biot system. A Lagrange multiplier
method is employed to impose weakly the continuity of flux. Under a small data condition, existence,
uniqueness, and stability of the semi-discrete continuous-in-time and fully discrete formulations are
proved. We further establish error estimates for the fully discrete method. A series of numerical
experiments are presented to verify the theoretical convergence rates and illustrate the applicability
of the method to modeling arterial blood flows.
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Numerous experimental and theoretical studies, conducted from the atomic to the field scales, have
demonstrated that macroscopic properties of smectite clays, such as ion diffusivity and swelling
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potential, are governed by the underlying hierarchical organization of pores, and by the morphology
and permanent charge deficit of the montmorillonite layers that form its finest fraction.

Besides, as observed by (Hetzel et al, 1994; Keller et al, 2014; Nakashima, 2003; Pusch, 2001), ben-
tonite hydration is associated with delamination and exfoliation of a fraction of the montmorillonite
layers, resulting in the development of a network of colloidal clay gels of low density within the
mesopores. However, very few data are available concerning ion diffusivities in montmorillonite
gels (Nakashima, 2003), the matter being complicated by electrostatic interactions that develop at
the interface between the elongated layers and the electrolyte solution.

In this context, real microstructures have been employed to investigate ion transport by diffusion
through montmorillonite gels and water-saturated bentonite.
Using image analysis, Transmission Electron Micrographs (TEM) of hydrated montmorillonite layers
(Fu et al, 2011; Hetzel et al, 1994; Tester et al, 2016; Whittaker et al, 2020) have been processed in
order to extract the contours of the layers, and to determine microstructural parameters such as local
orientations and bending radii. The same image analysis procedure is then employed on digitized
TEM of water-saturated bentonite (Pusch, 2001) in order to obtain the contours of the different
phases: non-smectite grains and other components impervious to ion diffusion, clay gels of varying
density, and mesopores.

The modeling approach followed is the Homogenization of Periodic Media. At the scale of hydrated
montmorillonite layers, diffusion of ionic solutes is modeled by considering chemical and electro-
static interactions in the vicinity of the clay platelets’surface (using Nernst-Planck equation, Pois-
son’s equation of electrostatics and appropriate boundary conditions for each ionic species trans-
ported and for the electric potential). By writing the system of equations in dimensionless form,
two classes of problems arise (one strongly coupled and nonlinear, one weakly coupled and linear)
depending on the respective orders of magnitude of the electrolyte concentrations and the surface
charge density.

Following the hierarchical description of bentonite microstructure depicted above, homogenization
computations are performed first on montmorillonite gels, and the effective properties computed at
the mesoscopic scale are then used to identify the diffusion behavior at the bentonite scale.

Ion distribution and electric potential maps are obtained by solving the local problems within the
interlayer space, displaying cation inclusion and anion exclusion effects (Figure 1).
The mesoscopic transport equation is derived through upscaling, and leads to the identification of
the effective diffusion tensor and effective coefficients expressing the coupling between the electric
potential and ion concentration gradients. The diffusion tensor anisotropy is confronted with the
microstructural parameters measured on the digitized micrographs.
Comparisons are made with existing models (Scheiner et al, 2013) and diffusion data obtained for
low-density montmorillonite gels (Nakashima, 2003).

Finally, effective diffusivities identified for Montmorillonite gels are used to compute the macro-
scopic diffusion tensor for Wyoming bentonite microstructures as in (Bouchelaghem,2018).
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Solute mixing in steady porous media flows is easy in three dimensions. Flows elongate solute
filaments exponentially fast, and this “chaotic” elongation enables molecular diffusion to rapidly
produce uniformity. In two dimensional steady flows, filament elongation is much slower, meaning
mixing can be far less efficient. However, many porous media such as biological tissues and geolog-
ical fractures can have a two-dimensional character, leading us to question if these media can also
support chaotic mixing. In this talk, we share experimental evidence that two dimensional porous
media flows can exhibit chaotic mixing whenever the underlying flow is made unsteady, for example
by introducing (1) a second fluid phase or (2) transverse flow oscillations. In the oscillating flow case,
we further demonstrate that the mixing efficiency has resonances as the amplitude and frequency
of oscillations varies. These results constitute the first experimental evidence for chaotic mixing in
two dimensional systems, and they lend new understanding from which we might one day produce
efficient geologically inspired mixers.
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Image segmentation is a prominent process in Digital Rock Physics analysis. It directly affects the ac-
curacy of the fluid-flow simulation in porous mediums. The accuracy of conventional global thresh-
olding segmentation depends on image resolution. Coarse-resolution digital rock images are nor-
mally used to avoid high computation costs in processing high-resolution images that usually have
more accurate results. But the image segmentation implemented on the low-resolution images be-
comes more arbitrary and thus generates less satisfying simulation results. This work develops a
novel local-minima 3D image segmentation method that can improve the accuracy of simulations
of fluid flow in low-resolution rock images. It adopts two global threshold values to capture the
convinced pure pore and solid phase. Voxels having greyscale values between the two thresholds
are assigned to a temporarily uncertain phase. A search algorithm is then applied to find the local
minima in the uncertain region. These local minima are pores while the rest are solids. Indiana Lime-
stone and Bentheimer Sandstone digital rock images scanned at different resolutions are studied to
validate the local-minima segmentation method. We apply the conventional global thresholding and
the proposed method to these digital models and study the pore- and throat-size distributions by ex-
tracting pore networks by a maximal-ball algorithm. The result shows that the local-minima method
yields networks that are more accurate than those generated by the global thresholding method. In
addition, we calculate the permeabilities of these models by a Lattice-Boltzmann method. The local-
minima segmentation method yields an average absolute permeability error of 23% for the Indiana
Limestone and 13% for the Bentheimer Sandstone, whereas the global thresholding method yields
202% and 83.67% errors, respectively. The result demonstrates that the carbonate rock is impacted
more by the coarsening of image resolutions. Our segmentation technique can improve the overall
accuracy of fluid flow simulations in low-resolution digital images.
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Microorganisms can establish organized biofilms in many natural and engineered porous media
systems with significant advantages to applications such as biofilm barriers to groundwater pol-
lution. The formation of thick biofilms can change the pore structure and consequently alter the
hydrodynamics and reactive transport in porous media. Yet, the impact of preferential flow path
formation and spatiotemporal rearrangement on overall system reactivity in bioclogged systems re-
mains poorly understood. A two-dimensional pore-scale numerical model was developed to exam-
ine the effect of mixing and reaction efficiency upon biofilm development, biomass growth scheme,
and preferential flow path stability. Simulations of water flow and solute transport in the porous
medium were coupled to a biomass growth and attachment model scheme for a period of 400 hours.
Four biomass growth models were tested, including i) no decay, ii) kinetic decay, iii) degradation,
and iv) mechanical detachment. Our results indicate that i) permeability reduction and variations
in the biomass fraction reached a similar and quasi-constant value after 100 hours for all growth
models, ii) the shifting location of preferential flow paths only occurred when biomass growth was
overcome by the combination of shear forces with biomass decay and/or degradation, iii) flow stag-
nation zones enhance the formation of strong concentration gradients, and iv) the preservation of
high overall reactivity within the system requires intermittent shifting in the location of preferential
flow paths.
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In this study, evolving complexity of pore morphology during the biomineralization process was
evaluated with the selected geometric parameters, the internal specific surface area, tortuosity, and
pore-size distribution. Biomineralization involving ureolytic microorganisms that promotes calcium
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carbonate mineral precipitation has been widely investigated for various engineering applications
since it can enhance the strength or reduce the permeability of soils. Previous studies have com-
monly tried to establish the empirical correlations between the precipitated mineral contents and
modified engineering properties of treated soils, mostly Unconfined Compressive Strength (UCS)
and permeability. However, the modified engineering properties of treated soils are affected by
not only the precipitated mineral content but also pore morphological change due to the treatment.
Even at an equal precipitation level, the pore morphology can be varied based on the precipitation
patterns and its locality which might be highly affected by the precipitation kinetics.
The selected geometric parameters in this study, the internal specific surface area, tortuosity, and
pore-size distribution represent pore morphology which can significantly affect both the reactive
transportation phenomena of fluid in porous media and the development of force chains in the soil
system. To investigate the impact of the biomineralization kinetics on the alteration of pore mor-
phology, three biomineralization cases with different reaction rates (fast-, intermediate-, and slow-
reactions) were assumed and computationally simulated in a 2D porous medium which was obtained
from a cross-sectional view of the 3D X-ray CT scanned sandy specimen. The tortuosity and internal
specific surface area were measured at every 1% increase in mineral content. The findings highlight
that the tortuosity exponentially increased as precipitation proceeded after certain levels of precip-
itation while the porosity linearly dropped. The normalized internal specific surface area showed
distinguished trends, increasing (in fast-), maintaining (in intermediate-), and decreasing (in slow-
reaction). The increased complexities of pore structure based on the predominant precipitation sizes
were well presented in the pore size distribution curves.
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Computational models can predict and improve our understanding of multiphase flow in porous
media. In this field, the task of uncertainty quantification is of paramount importance when devel-
oping and evaluating mathematical models aimed at the design and prediction of complex processes
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such as enhanced oil recovery techniques. One promising Enhanced-Oil-Recovery technique is the
injection of foam in the porous medium, since foam injection reduces gas mobility and increases ap-
parent viscosity, thus improving reservoir sweeping and increasing recovery efficiency. This work
focuses on parameter estimation and uncertainty quantification of the foam flow in porous media.
In particular, we present an uncertainty quantification approach based on surrogate models and
Bayesian inference to evaluate how these techniques can reduce uncertainties and improve physical
understanding and parameter estimation of foam flow in porous media. Our results suggest that the
new framework based on Bayesian inference and surrogate models enhances parameter estimation
and improves the uncertainty quantification of the foam flow in porous media.

Acknowledgements. The current work was conducted in association with the R&D project ANP
n 20715-9, “Modelagem matemática e computacional de injeção de espuma usada em recuperação
avançada de petróleo”(UFJF/ Shell Brasil/ANP). Shell Brazil funds it in accordance with ANP’s R&D
regulations under the Research, Development, and Innovation Investment Commitment. This project
is carried out in partnership with Petrobras.
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CO2 geo-sequestration is a practical approach to achieve net-zero carbon target. Coal has become
an optimal geological storage option due to its large adsorptive capability for CO2. However, one of
the main challenges for successful CO2 geo-sequestration is the reduced injectivity that are caused
by adsorption-induced swelling of coal matrix. In addition, its complex and heterogenous internal
pore and fracture structure make the processes of gases adsorbing, desorbing, and transporting more
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complicated compared with conventional rocks. This work aims to gain insights about the gas trans-
port behaviours in coal by developing a coupled model to simulate gas flow multiphysics as well as
dynamic coal deformation.

This work develops an image-based 3D fracture network model, called Fracture Box Model (FBNM),
which is directly derived from 3D images of real coal samples. In this model, each fracture is de-
scribed by arrays of box elements such that the regional change of fracture opening widths can be
preserved. FBNM is used to simulate viscous flow in fractures, gas diffusion in matrix micropores,
gas exchange on coal surface, coal matrix deformation (due to sorption and thermal expansion).
Compared with other fracture models (e.g. discrete fracture network), FBNM can simulate such
complicated multiphysical gas transport more efficiently, but also be able to simulate corresponding
coal matrix deformation. By comparing permeability results between direct simulation method with
FBNM, it is found that FBNM can effectively estimate the permeability of original fracture networks,
but requiring significantly less computational cost. To study the implications of gas types, effec-
tive stress, gas adsorption, and thermal expansion on coal permeability, gas injection pressures, gas
types, coal seam temperatures are varied and investigated in the simulations.

The FBNM developed in this work is more preferable for complicated flow transport simulations
where direct simulation methods are still challenging. It provides a promising framework which
could be further developed for multiphase and multicomponent flow simulations for CO2 geo-sequestration
projects.
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In recent years, substantial research and development endeavors are dedicated to enhancing the per-
formance of polymer electrolyte fuel cells (PEFC) as a promising candidate for transport application.
However, the power density still needs improvement for large-scale operations with one of the core
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issues being water management. The convoluted water balance in the PEFC requires proper water
management to ensure high cell performance. Excess water retention in the pores results in block-
age of the gas diffusion to the active sites of the electrochemical reaction, thus reducing performance
and efficiency. Appropriate membrane humidification is needed for high proton conductivity. The
deployment of a microporous layer (MPL) located between the gas diffusion layer (GDL) and the cat-
alyst layer (CL) has been demonstrated to enhance water management. Operando scanning small
and wide angle X-ray scattering (SAXS&WAXS) is utilized in this study as a practicable tool to ex-
plore the water level in the nanoscale CL and correlate it with the neighboring MPL material design
at the cSAXS beamline of the Swiss Light Source. The use of a small beam size (≈7x30 microns) and
≈0.6 microns vertical step size resolves the bulk CL (≈7 microns thick) and additionally allows for a
precise registration in case of membrane movement during operation. Due to the electron density
difference between solid-void and solid-liquid interfaces, the water saturation level is quantifiable
(see Fig. 1a). Relevant PEFC operating conditions (80⁰C, relative humidity 100%, 1.7 and 3 bar abs.)
were enforced to compare the impact of two different MPL modifications (pore former inclusion,
and higher PTFE content) to the water saturation of a base case MPL (Li100, 20% PTFE). The pre-
sentation will detail the material modification consequences on the CL and MPL saturation levels to
reveal pore size-specific filling mechanisms. (see Fig. 1b-c).
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The foundation of homogenisation methods rests on the postulate of Hill-Mandel, describing energy
consistency throughout the transition of scales. The consideration of this principle is therefore cru-
cial in our discipline of Digital Rock Physics which focuses on the upscaling of rock properties. For
this reason, numerous studies have developed numerical schemes for porous media to enforce the
Hill-Mandel condition to be respected. The most common method is to impose specific boundary
conditions, such as periodic ones. However, the recent study of Thovert and Mourzenko (2020) has
shown that most boundary conditions still result in the same intrinsic effective physical property if
the averaging is applied outside the range of the boundary layer. From this discovery, it becomes log-
ical to question the status of Hill-Mandel condition in porous media when homogenising away from
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the boundary. In this contribution, we simulated Stokes flow through random packings of spheres
and a range of rock microstructures. For each, we plotted the evolution of the ratio micro- vs macro-
scale of the energy of the fluid transport outside the boundary layer, for increasing subsample size of
our porous media. Here, we prove that we naturally recover energy consistency across scales when
reaching the size of the Representative Elementary Volume (REV), which is a known condition for
rigorous upscaling. Furthermore, we show that this ratio for the energy consistency is a more accu-
rate indicator of REV convergence since the mean value is already known to be unitary, which adds
to the initial advantage of not having to impose any specific boundary conditions.
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Drying of porous media is central to a broad range of natural and engineering applications, such as
soil drying, food and pharmaceutical industries and CO2 sequestration. It is essentially a multiphase
flow process, where the liquid phase evaporates and is displaced/replaced by the gaseous phases, as
vapor diffuses out of the porous structure. Drying of porous media plays a crucial role in various
flow and transport processes. For instance, in soil, drying and rewetting processes control water
and solute and nutrient transport. In CO2 sequestration, drying controls salt precipitation. To make
drying of porous media more complicated yet more interesting, many porous solid matrices display
multi-scale variability in pore structure and physical properties such as porosity and permeability.
For instance, in critical zone, soil is often viewed as a hierarchical organization: primary particles
of a few micrometers in size form microaggregates of hundreds of micrometers in size, which in
turn form macroaggregates, effectively leading to dual porosity in the porous media. The resultant
multi-scale flow dynamics and inter-/intra-aggregate interaction in this system are recognized to
control numerous processes, such as water and gaseous transport. However, the underlying physics
including fluid mechanics and thermodynamics, is not well understood.

To that end, the multi-phase flow of air and water was investigated using a novel 2D dual-porosity
microfluidic device, with a focus on the multi-scale interaction and the role of corner film flows.
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The microfluidic device, constructed in a glass-silicon-glass architecture, offers precise structure
and excellent optical access. To perform the experiment, the dual-porosity micromodel was pre-
saturated with DI water, which was subsequently displaced by air at a constant flow rate until a
steady phase configuration was achieved typically within a few minutes. Air was then continuously
injected at a constant flow rate until water completely dries out, which typically takes serval hours.
The entire process was quantified using a dual-magnification micro-PIV system, providing valuable
insight into the flow dynamics at both micro- and macro-scales simultaneously. Our preliminary
results have revealed interesting behaviors of the drying rate curve, which is significantly different
from the traditional three-step process due to altered transport. We also observed that during the
drying process, larger pores were depleted first, following which corner films and small pores were
depleted, which can presumably be attributed to capillary pumping from large pores to small pores.
The next steps will be to develop scaling laws to predict drying rate and quantify micro-macro-pore
interaction based on the micro-PIV measurement.
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Porous media can experience shock waves under certain conditions, for instance under ultrasound
exposure 1. Shock waves are also observed in typical Hele-Shaw cells, during Haines jumps [2].
Modelling this is a vital part for understanding these complex phenomena. The question therefore
arises; is it possible to use the governing equations for systems without shock waves; the balance
laws and the constitutive equations, to model the fluid at the shock front? In this work, we con-
sider the shock front in a liquid to examine the validity of non-equilibrium thermodynamic- and
the hydrodynamic (Navier-Stokes) equations. In particular, we investigate the assumption of local
equilibrium. Results from non-equilibrium molecular dynamics (NEMD) simulations are compared
with numerical solutions of the Navier-Stokes (N-S) equations for supersonic shock waves with a
Mach number near 2. The waves generated by the two types of simulations, travelled with nearly
the same speed. The average absolute Mach-number deviation of the N-S simulations relative to
NEMD was 2.6% in the considered time interval.
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Five different methods to compute the surface excess entropy production were compared.
Three of the methods use the local equilibrium assumption as if the shock were a bulk system, and
two of the methods assume local equilibrium between excess thermodynamic variables by treating
the shock as a Gibbs dividing interface. The methods give excess entropy productions that are in
excellent agreement, with an average deviation of 3.5% in the time-interval considered for the NEMD-
simulations. For the shock wave studied in this work, we found that local equilibrium holds for
the excess surface variables, but also for finer divisions of the planar wave. Our findings confirm
the results we found by analyzing a shock wave travelling in a gas-phase [3], namely that local
equilibrium holds for the excess surface variables and that local equilibrium is a good approximation
for the bulk variables in the classical sense at the shock front also in the liquid phase. This can be
regarded as a first step in the direction of computations of shock wave dissipated energy in porous
media.
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Research on the advancement and optimization of the PEMFC for commercialization centers around
improving one or more of its limitations which include slow oxygen reduction kinetics, poor heat
and water management, CO poisoning, and sourcing high-quality hydrogen as a fuel. Water manage-
ment and subsequent improvement of oxygen reduction kinetics have been studied experimentally,
numerically, and using computational models.
Several studies have proposed various options to improve the functioning of individual components
of PEM fuel cells such as membrane coatings, catalyst type, gas channel shape (e.g., tapered), GDL
microstructure, and as well as change of operating conditions. It has been proposed that regularly
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ordered structures in a GDL will allow for smaller mass transfer loss and ohmic losses thereby im-
proving the fuel cell performance 1. However, whether phase change (evaporation of water in GDL
and condensation of vapor gas in GDL) can make a significant role in the efficiency of the PEM fuel
cells is the question to be addressed in this study. In this study, using OpenFOAM coupled with the
Volume of Fluid (VoF) method to simulate two-phase flow in the void space porous structure with
and without phase change is simulated. The objective is to show the critical conditions when the
phase change can have a detrimental role in the prediction of water management in GDLs.
References
1. Niblett, D.; Niasar, V.; Holmes, S. Enhancing the Performance of Fuel Cell Gas Diffusion Lay-
ers Using Ordered Microstructural Design. Journal of The Electrochemical Society 2020, 167, 013520.
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Objectives/Scope:
The oil industry produces large volumes of water along with the hydrocarbons (gas and oil), and in
many cases the volumes of produced water exceeds the volume of water. Disposal of this contami-
nated water is a great challenge for the industry, however on fields where the wells are waterflooded
with seawater an alternative disposal method is re-injecting the produced water. The major chal-
lenges with injectivity decline and formation damage during produced water re-injection are found
in the near wellbore region. Deposits of schmoo, bacteria, production chemicals, oil components,
scale and corrosion products are formed at the reservoir surfaces and will reduce the injectivity of
produced water and seawater, containing dispersed components like solids and drops. Various well-
stimulations are carried out without backflushing. The possible reasons for the reduced injectivity
are thus formation of biofilms, clogging of the well with organic material from the produced wa-
ter, both crude oil constituents and additives, salinity effects, temperature effects and particulates

Page 546

http://Figure1


InterPore2023 / Book of Abstracts

among others. In addition, the filter cake development may happen as complete, “standard”matrix
or partial blocking. This research proposes to investigate these effects by a novel combination of
chemical analysis and core flood investigations, including injection experiments in a CT-scanner,
to suggest improvement of produced water treatment for optimized water flooding with produced
water.

Methods, Procedures, Process:

Flooding experiments through mini-cores or membranes will elucidate mechanisms such a pore
blocking or cake formation through a combination of flow experiment, CT scanning and analysis
of effluent composition. The smaller core or filter studies are less time consuming than longer core
studies and are therefore well suited for screening filter cake development since this is independent
of core length. . Analysis of the reservoir fluids and the injection effluents will be extended to include
crude oil constituents and possible additives in the case of real produced water.

Results, Observations, Conclusions:
As a result of the conducted experiments, the processes are described, due to which the pore space
is clogged inside the core samples. The dependences of the intensity of changes in the permeability
of the rock and the elemental composition of the injected fluid are determined. Parallel studies were
carried out using various methods, confirming the above theory.

As a result of the conducted experiments, the processes are described, due to which the pore space
is clogged inside the core samples. The dependences of the intensity of changes in the permeability
of the rock and the elemental composition of the injected fluid are determined. Parallel studies were
carried out using various methods, confirming the above theory.

Novel/Additive Information:

This study will help extend the life of wells in the future. It will help to determine the reasons for
the deterioration of the porosity properties of the reservoir and avoid further work to increase the
permeability by increasing the characteristics of the injected water.
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Abstract
Multi-phase pore-scale reactive phenomena involving crude oil, water and oil (COBR) generate phys-
iochemical transformations to the petrophysical characteristics of the rock’s porous interface and
eventually influence the flooding process during oil and gas production. These interfacial reactions
alter the interface’s porosity, saturation, and permeability and either impede or improve the displace-
ment and sweep efficiencies of water-based enhanced oil recovery (EOR) techniques. In low salinity
waterflooding (LSWF) particularly, decades of previous studies report forms of these mechanisms as
predominantly wettability alteration, multi-ionic exchange, and polar component desorption. How-
ever, despite extensive core-scale and field-scale studies on these mechanisms, limited reservoir-
scale numerical models have incorporated the influence of geochemistry due to the illusive and
microscale nature of these interactions. This has derailed and caused application hesitancy in the
expansive use of LSWF even though it’s a relatively arising and economical chemical EOR method
that could improve harnessing of the overwhelming proportion of heavy oil in carbonate reservoirs,
as well as light oil, by one-fifth. In this study, MATLAB Reservoir Simulation Toolbox (MRST) was
integrated with a geochemical module (PHREEQC) to develop a model for up-scaling the role of
these interfacial geochemical interactions for a more comprehensive simulation of polymer flood-
ing and LSWF in carbonate oil formations. The LSWF’s leading wettability alteration mechanism
was included by the modification of the permeability parameter in the core and polymer modules
of MRST. Then the performance of the model was validated through core-scale experimental results
and was eventually used in the multidimensional assessment of the role of geochemistry in poly-
mer flooding and LSWF. The simulation results demonstrate the synergy between low salinity and
flood sweep efficiency of the injection phase, suggesting between 20-30% incremental oil recovery
in these two techniques. Polymer flooding reduced water production by more than four-fifths and
provided stability and extension of the production period. The results indicate a correlation between
reservoir salinity and permeability heterogeneity/multilayering and the injection areal sweep effi-
ciency.

Keywords: reservoir modeling, geochemistry, chemical EOR, MRST, PHREEQC
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Electrical properties play an important role in the study of rock media. Estimating effective elec-
trical properties of materials by means of laboratory testing is usually time-consuming and does
not provide a complete understanding of the material microstructure. On the other hand, it is well
known that numerical homogenization in conjunction with micro-computed tomographic images
allows an efficient estimate of effective properties of heterogeneous materials in a non-destructive
manner. For highly heterogeneous rock media, numerical homogenization requires large-scale mod-
els with high resolution images of Representative Volume Elements to obtain reliable results. These
models often lead to simulations of very large linear systems of equations with billions of degrees of
freedom, which require a large amount of computer memory to store data, quickly reaching its limit
when simulating large volumes of material. In that sense, strategies to efficiently solve the systems
of equations must be employed, e.g., the voxel-based (or image-based) meshing strategy, the Precon-
ditioned Conjugate Gradient solver, and the Element-by-Element technique. However, even with
such strategies for memory relief, memory allocation can still be an issue of concern. In addition,
due to the memory-time trade-off, the application of those strategies demands tedious computations,
and the solution may last excessively long. To solve these issues, Domain Decomposition Methods
can be employed to accelerate the solutions and to solve larger-scale problems in cases of limited
computer memory. In this work, we present a domain decomposition strategy in conjunction with
image-based numerical homogenization to estimate effective electrical conductivity of highly het-
erogeneous rock media. We use the Preconditioned Conjugate Gradient method with a matrix-free
strategy solving subdomain-by-subdomain to obtain the solution at the subdomains’boundary nodes.
The data at internal nodes within each subdomain are condensed by solving a multiple right-hand
side system with a Cholesky decomposition. We demonstrate that we can manage the memory and
processing time by choosing an optimal number of subdomains. We validated our implementation by
testing models that have analytical solutions and by comparing the results of a sample of sandstone
obtained by our implementation and the open-source Julia package of numerical homogenization
chpack. Furthermore, the presented methodology can be directly implemented in GPUs and clusters
of CPUs to accelerate even more the numerical solutions.
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A novel, hybrid pore-scale simulation method using Lattice-Boltzmann (LB) coupled with Langevin-
Dynamics (LD) is proposed to investigate the physics of nanoparticles onto oil/water interface. Based
on the LB method, the high-resolution characterization of oil-water two-phase interface is estab-
lished, independent of further adjustment of interfacial tension (IFT), density and viscosity ratio.
Then, in a fashion of discrete LB forcing source distribution, LD method is introduced to charac-
terize the effects of Brownian motion, thermal fluctuation dissipation, multi-body hydrodynamics
and particle-particle interactions. The new method is verified using the classical examples including
Poiseuille flow velocity distribution calculation, wall wettability, Laplace equation, and the momen-
tum decline of single nanoparticle. By the means of the new LB-LD coupling model, the adsorption
and diffusion characterization of nanoparticles onto oil/water interface are investigated.
Moreover, by introducing the interference coefficient and non-equilibrium time, a modified Lang-
muir adsorption equation is first established by more accurately quantifying the adsorption charac-
terization of nanoparticles and the consequent impacts onto the oil/water interfacial force, of which
the classical Langmuir adsorption equation cannot take account. In addition, both the lateral and lon-
gitudinal diffusion coefficients of nanoparticles into the water phase and onto oil/water interface are
obtained, and of which the underlying mechanisms are explained in detail. The correlation among
the primary controlling factors including concentration, size and adsorption-diffusion of nanoparti-
cles is well established. For a target representative example of SiO2 nanoparticles, it is observed that
small size nanofluids with high concentration could accelerate the adsorption of nanoparticles and
therefore help decrease oil/water interface tension. Attributed to the contributions of non-uniform
flow field and curving effects of oil/water interface, the diffusion rates of nanoparticles onto oil/water
interface are found as an exponential function of nanoparticle size. The novel simulation and charac-
terization method provide valuable insights into how nanoparticles adsorb and diffuse onto oil/water
interface that help reduce oil/water interface tension.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

Yes, I would like to submit this presentation into the student poster award.

Country:

China

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Poster / 653

Exploiting induced carbonate precipitation to improve reservoir
storage integrity and geothermal system efficiency
Author: Philip Salter1

Co-authors: James Minto 1; Katherine Dobson 1; Jay Warnett 2

1 University of Strathclyde
2 NXCT National Centre for X-Ray Computed Tomography

CorrespondingAuthors: j.m.warnett@warwick.ac.uk, katherine.dobson@strath.ac.uk, philip.salter@strath.ac.uk,
james.minto@strath.ac.uk

Biomineralization, through microbially, thermally, or enzyme induced carbonate precipitation (MICP/TICP/EICP),
is a naturally occurring and inexpensive cementation process that can seal microfractures and pore
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throats that are inaccessible to cement and chemical based grouts. The porosity, permeability and
thermal conductivity of porous geomaterials can therefore be controlled.

This project aims to determine the optimal compositional and injection parameters for biominer-
alization fluids in a range of subsurface applications relating to the low carbon energy transition.
These include, improving the subsurface storage integrity of CO2 and H2 by reducing permeability
around poorly sealed legacy wells, enhancing mineral trapping of geo-sequestered CO2, and improv-
ing the thermal performance of well casings and ground around low-high geothermal and thermal
energy storage systems. We also assess the real time response of bio-cemented samples to harsh
environmental conditions representative of those in the subsurface.

Understanding the interactions between geochemical reactions and the transport properties of fluid
at the reservoir scale first requires biomineralization experiments to be carried out at the pore (mi-
cron) scale. These studies are essential for understanding principles of crystal formation, growth
and hydrodynamic feedback mechanisms. Using real-time in situ x-ray computed tomography, the
complex and synergistic factors involved in the biomineralization process can be better understood.
Correlation of microstructural and macroscopic properties during repeated precipitation and dissolu-
tion events will allow refinement of larger scale reactive transport models that assess the suitability
of different injection strategies.

Carbon Capture and Storage: The ability to create large, and spatially targeted low permeability re-
gions could be a key tool in preventing leakage of geo-sequestered CO2 (and H2), as well as improv-
ing/restoring CO2 injectability and sweep efficiency. During 2-phase EICP a poor choice of injection
angle and flow rate can inhibit the mixing of precipitation fluids, and therefore the efficiency of per-
meability reduction within a porous medium. The challenge of getting 2 fluids to mix uniformly in
a tight pore space is only likely to get worse in high pressure, low permeability real world systems.
We explore single-phase thermally-delayed, and pulsed EICP injection strategies that encourage bet-
ter mixing within heterogeneous real-world systems. Injection cycles are repeated multiple times to
target the larger (order of magnitude) reductions in permeability required to alter the flow behaviour
of CO2 and other gases.

Thermal: Cement and bentonite based grouts typically have low thermal conductivities (<1 W/m K),
which is detrimental to subsurface heat exchange. They often form a poor seal at the host rock/soil
interface which can increase interfacial resistance. Minerals formed by MICP at the contacts between
soil grains can greatly increase the thermal conductivity of the ground, particularly in unsaturated
conditions. We explore enhancing this effect further with inclusion of highly conductive additives.
For thermal energy storage applications specific heat capacity can also be increased with integration
of phase change materials. By developing these specialized geothermal grouts/backfill, shallower
boreholes may be required, greatly reducing cost.

The findings of this project have profound implications on the commercialization of engineered
biomineralization, and its role in the subsurface energy transition.
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Sol-gel processes have been widely used as an easy way to form stable thin films of inorganic poly-
meric materials for ceramics, coatings and more recently to enhance the mechanical properties of
porous media. The latter is extremely important for the preservation of our stone cultural heritage,
where several types of gel treatment have been proposed to consolidate damaged porous stones [1-
3]. The consolidation treatment should not only restore the mechanical properties of the stone but
also not change its physical appearance and other properties such as porosity or permeability. A
homogeneous distribution of the gel in the porous network of the material is also very important, as
fragile materials usually break at their weakest points. While the kinematics of transport and drying
of Newtonian fluids in porous media have been widely studied by both experimental and theoretical
approaches [4], the case of non-Newtonian fluids such as gels remains largely unexplored.

During sol-gel transitions induced by evaporation, the solution (sol) containing the precursor ag-
gregates to form an elastic network that percolates throughout the material (gel) as the solvent
evaporates. Here , we presents our study on the gelation dynamics in porous media: in capillaries
as models for a single pore, and in quasi 2D ‘lab-made’porous media with monomodal and bimodal
pore size distribution [5]. By using molecular rotors (i.e. molecules whose fluorescence intensity de-
pends on the local viscosity) the gelation dynamics have been investigated at the microscale [6]. This
allows to estimate the local viscosity of the solution by doing fluorescence microscopy, and monitor
the sol-to-gel transition. Confocal fluorescence microscopy then allows us to determine precisely
where the gelation starts in the 2D porous media and how it evolves in time, because the fluorescence
intensity can be directly related to the viscosity of the solution during the gelation.

In round and square capillaries, this technique allows us to investigate the impact of corner flows on
the gelation kinetics and on the final distribution of gel. In the 2D model porous media, we observe
that a heterogeneous gelation front appears near the evaporation boundary due to the advection.
Our study reveals that a gradient of gel density develops starting from the evaporative boundary
and successively invading the porous media, accompanied by a sharp decrease in the evaporation
rate: the gel forms a ‘skin’that decelerates the evaporation. The local viscosity of the solution during
the drying can be successfully mapped with the molecular rotors and related to the decrease in the
evaporation rate in capillaries and in 2D porous media with interconnected pores (see Figure).
Our results give new interesting insights into the sol-gel transition in confinement and the dynamics
of gel formation in a porous network . Moreover, we show for the first time that fluorescent local
viscosity probes are a promising new method to study the drying and transport of complex fluids
in porous media without the need of highly advanced techniques such as as NMR imaging or X-ray
microtomography.
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We consider a porous medium infiltrated by a reactive fluid that triggers coupled dissolution/precipitation
reactions at pore surfaces. To study these processes, we model the porous medium as a system of
interconnected pipes (Budek, 2012) with the diameter of each segment increasing in proportion to
the local reactant consumption. With this model, we investigate different growth regimes in an
evolving porous medium, allowing for both erosion and precipitation of the dissolved material. We
incorporate nucleation events and consider different models of reactive area evolution, including
passivation processes on mineral surfaces. We benchmark the model against the experimental re-
sults of Poonoosamy et al. (2020) and then consider
the problem of separation of secondary reaction phases between small and large pores in the medium
(Osselin, 2022), elucidating the underlying physical mechanisms.
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The treatment with polyethylene glycol (PEG) is a widely used consolidation method to reinforce
the decayed archeological wood structure1. We build composites composed of crystalline cellulose
surrounded by PEG-treated amorphous cellulose matrix to represent a simplified model of wood S2
cell wall layer with PEG treatment. Pullout test simulation are used to reveal the impact of PEG
treatment on the interfacial mechanical properties of the fiber-matrix composite at atomistic level.
GROMACS package [2] and the OPLS force field [3] are used for molecular dynamics simulations.
The composites in the dry state are composed of an infinitely long crystalline cellulose fiber embed-
ded in a PEG-impregnated amorphous cellulose matrix. By randomly inserting water molecules into
the porous region, moisture content levels are gradually increased. The whole set of samples spans
7 levels of PEG ratio and 11 levels of moisture content resulting in an extensive parametric study in
terms of both PEG and moisture content variations.
At equilibrium, the nanostructure of all composites is thoroughly probed. PEG replaces the amor-
phous cellulose around crystalline cellulose proportional to the overall PEG ratio, which shows PEG
molecules form a mixture with the amorphous matrix. Crystalline cellulose significantly impacts
the distribution of the matrix and the hydrogen bond formation between crystalline cellulose and
the matrix is a key factor in studying this interface behavior. Water molecules are found to not
only soften the matrix, but also act as a lubricant between crystalline cellulose and the matrix. The
total number of hydrogen bonds formed between crystalline cellulose and the matrix increases with
higher PEG ratio, which is considered at the origin for PEG consolidating the interface.
The curve of shear force versus relative displacement of crystalline cellulose with matrix, reflects
the stick-slip movement of the fiber during the pullout test. The number of hydrogen bonds closely
follow the stick slip curve implying a strong correlation between shear force and hydrogen bond
network at the interface. The maximum shear stresses are extracted, and the highest value happens
at 3%-6% moisture content, which show the consolidation of the interfacial mechanical property by
PEG at this moisture content range comparing with the dry states.
Based on the simulation data, a shear force model based on number of hydrogen bonds is developed.
The assumption that the shear force is resulting from the hydrogen bonds between the fiber and the
matrix is validated. The model shows that the shear stress provided by per hydrogen bond between
crystalline cellulose and PEG is lower than the shear stress provided by per hydrogen bond between
crystalline cellulose and amorphous cellulose. However, this lower value for the PEG mixture is
partly compensated by an increase of total number of hydrogen bonds. This study can improve the
understanding of the fundamental mechanisms by which PEG-treatment strengthen archeological
wood at the molecular level.
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The water-based inks with polymeric latex particles used in printing technology deliver prints of
superior quality at a low cost and environmental friendly. Via ink formulation and drying processes,
the inkjet prints are characterized by a wide color gamut, intense gloss with tonal graduations and
excellent mechanical properties.

Various methods and techniques are used to investigate the constituents of water based inks bridg-
ing the ink formulation to the print final product. In this work we propose the use of Electrical
Impedance Spectroscopy (EIS) method with a cylindrical measurement cell in combination with
Electron Microscopy (HR-SEM). The EIS is used to characterize, from simple towards complex mix-
tures, fluids from resembling the water-based ink. Particles like pigment and polymeric latex are
components of such complex fluids. In this work we use EIS to study material properties (e.g. dielec-
tric constants, and electrical resistivity) of complex mixtures and, based on a calibration procedure,
to identify the composition of the mixture. From here, physical processes such as water evaporation
of aqueous mixtures, have been investigated in their dynamics.

The hardening of the complex mixtures with particles allowed us, via HR-SEM, to investigate the
structural properties of the resulted ink layer as a function of the initial composition.

Theoretical models and computational simulations were used to analyze the EIS experimental data
and to improve our understanding.
We consider the EIS in combination with microscopy a valuable tool in these studies; of course
there are limitations of the method, which together with its advantages, are the discussed in this
work.
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Inverse modeling plays a fundamental role in the subsurface characterization of aquifers, given the
scarcity of available data. Several techniques have been proposed in the literature and tested using
synthetic examples. However, one of the big criticisms of these techniques is the lack of demonstra-
tions in real cases. In this context, this study presents the application of two of the most advanced
inverse modeling techniques: the Ensemble Smoother with Multiple Data Assimilation (ES-MDA)
and Deep Learning-based inverse modeling (DL), for the characterization of the non-Gaussian hy-
draulic conductivity field of a 2D tank model of an aquifer. The experiment consisted of the release
of a fluorescent solution from a point source on a horizontal flow field (constant head imposed to the
left and right boundaries of the model). The physical model was built with glass beads of two sizes,
forming a homogeneous low hydraulic conductivity matrix with sub-horizontal high conductivity
channels embedded. The inverse problem pursued the identification of the hydraulic conductivity
from measurements of the solute concentration at given locations and times. Prior field realizations
were generated using multiple-point geostatistics to resemble the channel patterns observed on the
physical model. The efficiency and accuracy of both techniques in terms of computational time and
error/dispersion in hydraulic conductivity and solute concentration are evaluated.
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Hydraulic fracturing refers to the process of injecting highly-pressurized liquid into a well to break
up bedrock formations, which is vastly implemented in stimulating unconventional reservoirs, e.g.
shale oil, shale gas, and enhanced geothermal systems (Gandossi & Von Estorff, 2013). Many factors
can influence the geometry of hydraulic fractures, like formation parameters (e.g. in-situ stress),
treatment parameters (e.g. injection rate and fluid viscosity), and rock properties (e.g. rock strength
heterogeneity and formation permeability) (Chen et al., 2020; Duan et al., 2018). However, a sys-
tematic and comprehensive investigation of the influential factors and their coupled effects on the
hydraulic fracturing process is rarely conducted.
In this research, a discrete element-lattice Boltzmann method is implemented to simulate the hydro-
mechanical behavior in a hydraulic fracturing process (Galindo-Torres, 2013，Chen & Wang, 2017).
Different influential factors, including injection rates, fluid viscosity, in-situ stress states, heterogene-
ity of rock strengths, and formation permeability, are considered and their individual and coupled
impacts on the initialization and propagation of hydraulic fractures are evaluated.
We simulate a rectangular domain with a constant flow-rate condition for the inlet (left side) and
a fixed pressure is assigned on the right side of the domain. All the other boundaries are set as
solid. Different parameters are selected to characterize the different influential factors. We conduct
a Buckingham analysis to scale simulation parameters (injection rate and in-situ stress magnitude)
with parameters in actual experiments. The shape factor (m) in the Weibull distribution is used to
characterize the heterogenous bond strengths for brittle rocks. An infinitely large m corresponds
to a homogeneous structure, while a low value of m indicates a heterogeneous structure. The solid
fraction ratio \gamma in an immersed boundary method is used to characterize the formation per-
meability. A larger \gamma indicates a less permeable formation.
In the first stage, we test the individual effect of each factor on the initialization and propagation of
hydraulic fractures. From preliminary observations, several conclusions are listed below:
i. All factors have a significant impact on the fracture initialization pressure. A higher injection rate,
higher viscosity, and larger in-situ stress will increase the initialization pressure, while a higher
formation permeability and higher heterogeneity degree of bond strengths will decrease the initial-
ization pressure.
ii. Injection rate and heterogeneity degree have much significant impact on the complexity of gen-
erated fractures. Fluid viscosity, in-situ stress states, and formation permeability do not change the
geometrical complexity.
iii. Hydraulic fractures are usually tensile fractures, however, they usually do not have pure ten-
sile displacement. Shear fractures are possible and the shear displacement can be significant under
certain conditions, such as a high injection rate, and high heterogeneity degrees.
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Electromagnetic (EM) Heat Exchangers (HX) are systems which convert EM energy into heat or
mechanical work. One potential design consists of a porous lossy ceramic material heated by EM
waves saturated with a compressible gas coolant. EM heating of ceramics is nonlinear, since the loss
factor is temperature dependent. Designing such EM HXs requires an understanding of the coupling
between temperature, the electric field, and gas dynamics at the pore scale. To mimic this microscale
phenomena, a single channel with a high-speed gas coolant in perfect thermal contact with a thin
solid ceramic layer is considered, with an applied plane-wave electric field propagating normal to the
channel walls. From a thin-domain asymptotic analysis, the conservation laws reduce to a Rayleigh
flow in the gas coupled with averaged thermal energy conservation equations at leading order. The
kinetic energy of the gas increases about 10 times the inlet value when thermal runaway occurs
in the ceramic region, and thermal choking is possible when the coolant reaches the sonic state.
Extensions to high-speed flows in ceramic porous media are discussed. This work was supported
by a grant from the US Air Force Office of Scientific Research (AFOSR) award FA9550-18-1-0528, for
which the authors are grateful.
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One of the most important trapping mechanisms in CO2 geologic storage is convective dissolution.
When CO2 is dissolved, it slightly increases the brine density, resulting in natural convection in the
form of dense fingers. In most previous studies, natural groundwater flow and the associated hydro-
dynamic dispersion were neglected. In this work, we study the effect of hydrodynamic dispersion
and natural and forced convection (mixed convection) on CO2 dissolution.
We use laboratory-scale analog experiments and numerical simulations to study the influence of
horizontal flow and hydrodynamic dispersion on the fingers morphology and dissolution flux. The
results indicate that background flow and dispersion significantly reduce the fingers wavenumber
and velocity. Yet, the effect on the dissolution rate is complex and non-monotonic. Based on the
simulated results, new scaling laws that predict the dissolution rate and wavenumber in the pres-
ence of dispersion and background flow were developed. These new laws show that the available
predictions in the literature overestimate the dissolution rates in potential storage sites.
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Immiscible two-phase flow through porous media is composed of a series of pore invasions; however,
the consequences of pore-scale processes on macroscopic fluid front behavior remain to be clarified.
In this work, we perform an analytical and experimental investigation of front behavior and pore
invasions dynamics during drainage for various viscosity ratios and capillary numbers. We use a mi-
crofluidic setup made of a pore-doublet geometry to isolate and explore pore-invasion mechanisms.
We apply a model based on volume-averaged Navier–Stokes equations to capture interface dynam-
ics. Different invasion mechanisms are characterized and correlated with front behavior for various
flow conditions. For the viscous flow regime a succession of continuous pore invasions is observed,
leaving a thick layer of wetting phase behind at pore curvatures. Abrupt interfacial jumps, followed
by an apparent stagnant condition of the interface, are observed for the capillary flow regime. We
identified a new regime, called crossover flow regime, for which pore invasion shows a mixed behav-
ior between capillary and viscous dominated regimes. The global front behavior is predicted based
on the numerical simulation and experimental results for all flow regimes.

Participation:

In-Person

References:

M. Mansouri-Boroujeni, C. Soulaine, M. Azaroual, S. Roman, How interfacial dynamics controls drainage
pore-invasion patterns in porous media, Advances in Water Resources, 171: 104453, 2023

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

France

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS09 / 664

ImprovedAmott ExperimentsCaptureDynamics of Spontaneous
Imbibition into Mixed-Wet Carbonate-Rock with Non-Zero Ini-
tial Brine Saturation
Authors: Ksenia Kaprielova1; Maxim Yutkin1; Ahmed Gmira2; Subhash Ayirala2; Ali Yousef2; Clayton Radke3;
Tadeusz Patzek4

1 King Abdullah University of Science and Technology

Page 560



InterPore2023 / Book of Abstracts

2 SAUDI ARAMCO
3 Berkeley University of California
4 King Abdullah University of Science

CorrespondingAuthors: ahmed.gmira@aramco.com, nethajisubhash.ayirala@aramco.com, maxim.yutkin@kaust.edu.sa,
ksenia.kaprielova@kaust.edu.sa, tadeusz.patzek@kaust.edu.sa, radke@berkeley.edu, ali.yousif.11@aramco.com

Spontaneous imbibition of brine at nonzero initial water saturation is an important mechanism for
recovering crude oil from mixed-wet heterogeneous carbonate rock. Many studies focus on studying
or modeling spontaneous imbibition of brine into fully oil-saturated (i.e., without connate water) or
water-wet porous media. As a result, adequate models describing spontaneous imbibition process
into rock with nonzero initial water saturation and mixed-wettability do not exist.
First, we review the experimental variables that are important for spontaneous imbibition in water-
wet and mixed-wet rocks in the presence of connate water. We show that the classic Amott experi-
ment, broadly used to evaluate ultimate oil recovery, masks several flaws that hinder the interpreta-
tion of recovery dynamics and thus the development physical and predictive recovery models. The
key aspects are 1) contribution of the buoyancy-driven oil production; 2) wettability-dependent oil
hold-up at the core surface; and 3) inconsistent outer surface wettability of mixed-wet limestone
core plugs.
We then modify the classic Amott testing procedure to minimize experimental artifacts in the recov-
ery dynamics. The main modifications include the following: 1) capping the top and bottom faces of
core plugs with glass discs to eliminate the axial flow and enforce only 1D radial two-phase flow; 2)
continuous shaking throughout the entire experiment to eliminate the oil external-surface hold-up
with different core wettability states; 3) degassing of both brine and oil prior to any experiments. We
show that the modified Amott experimental procedure obtains smooth and reproducible oil-recovery
histories for oil-saturated core plugs with different wettability conditions of limestone rock. Figure
1 compares the cumulative oil recovery versus square root of time in the classic Amott test and with
the introduced modifications. Note the smooth oil recoveries compared to the classic procedure.
Finally, we show that the resulting smooth recovery profiles of oil production can be described by
a statistical model that fits the data very well. For the first time, we demonstrate that generalized
extreme value (GEV) distribution can be applied to model spontaneous brine imbibition into water-
wet and mixed-we cores in the presence of connate water. Figure 2 is an example of the GEV scaling
of cumulative recovery versus square root of dimensionless time for water-wet core plugs.
The next step in developing our new approach to modeling spontaneous imbibition in the presence
of connate water is to elaborate on how the distinctions of the physical processes during oil recovery
by spontaneous imbibition are reflected by the GEV statistics. We believe, that our GEV modeling
approach will serve as a foundation for the development of a next-generation predictive model of
oil-recovery dynamics from mixed-wet carbonates.
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Immiscible displacements in porous media have been extensively explored, both experimentally and
numerically, in the last decades, and, for two-phase Newtonian flows, it was shown that the com-
petition between the characteristic forces involved, like viscous and capillary forces, determines the
structure of the invasion pattern 1. In this work, we try to extend these studies taking into account
some non-linear behaviors, namely the presence of yield stress and the formation of compact dis-
placement regions. If the displaced fluid consist in a non-Newtonian Bingham liquid, flowing like a
Newtonian fluid only above a finite stress, a yield stress dominant pattern emerges, characterized by
needle-like paths of low dimensionality [2]. On the other hand, compact invasion regions, in which
every pore is invaded by both fluids in a rapid succession, emerge when imposing a constant pres-
sure drop throughout the medium, as recently shown experimentally in a porous Hele-Shaw cell [3].
We perform numerical simulations of a two-dimensional porous medium, in the framework of the
dynamical Pore-Network model [4]. An algorithm, part of the Augmented Lagrangian methods class
and already implied successfully for the study of non-Newtonian flow, was adopted for solving the
non-linear relation between the flow rate and the pressure at the pore level [5]. We then characterize
the structure of the invasion patterns related to these non-linear effects, measuring quantities like
the saturation of the invading phase and the fractal dimension of the corresponding paths, and com-
paring these values with the ones present in literature for the two-phase fully-Newtonian flow. The
domains of validity of these patterns are finally mapped onto a plane with axes the ratio between
the different forces into play, obtaining a ‘phase-diagram’ for these immiscible invasion displace-
ments.
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Subsurface applications, such as soil remediation and increased oil recovery, need precise control of
the diffusion of nanoparticles in polymer solutions via porous media. The non-Newtonian behaviour
of polymer solutions, the Brownian motion of nanoparticles, and the spatial heterogeneity of porous
media all have an impact on dispersion. In this work, we employ the Euler-Lagrangian approach to
study the transport of nanoparticles and inelastic non-Newtonian fluids (represented by the Meter
model) via various porous medium samples and injection rates. Dispersion of nanoparticles in the
porous media is shown to exhibit non-Fickian behaviour, indicating that their velocity distribution
is not Gaussian. Dispersion of nanoparticles along both the longitudinal and transverse axes is also
facilitated by their Brownian motion.
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The types, content changes and distribution of mineral components in unconventional reservoirs
are complex and diverse, which brings great difficulties to reservoir evaluation. In order to more
accurately carry out numerical simulation of rock physical properties based on digital cores, it is
necessary to accurately identify and divide the skeleton, establish multi mineral 3D digital cores, and
determine the types and distribution forms of each mineral component. The image multi-threshold
segmentation of grayscale core images is a common method to obtain multi-component core images,
but the thresholds need to be manually adjusted, which is time-consuming and may cause large
errors. This study reveals the application advantages of semantic segmentation method in digital
core, and establishes a multi mineral 3D digital core automatic semantic segmentation model based
on depth learning. Firstly, the mineral distribution characteristics in the study area are obtained
through QEMSCAN and the typical mineral types are determined. Secondly, it is proposed to use the
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typical mineral (glauberite) in the study area for feature similarity analysis to achieve automatic and
accurate image registration. Then, the sample data is determined by image alignment, interpolation,
image filtering, brightness averaging, sharpening and other preprocessing methods. Finally, a multi
mineral 3D digital core semantic segmentation model based on depth learning is established. The
obtained multi mineral 3D digital core is highly consistent with the QEMSCAN mineral analysis
results, retaining the layered distribution of shale minerals, and is applied to conductive simulation
and electrical property research.
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In the limit of the so-called fast diffusion regime, the solid-fluid interaction plays the major role in
the Nuclear Magnetic Resonance (NMR) transverse relaxation phenomenon, and the saturating fluid
characteristic transverse relaxation time (T2) is inversely proportional to the surface-to-volume ra-
tio (S/V) of the pore where it resides 1. The surface relaxivity (ρ), a parameter that characterizes the
strength of relaxation induced by the solid/fluid interface, is the proportionality constant that relates
T2 to S/V. In that sense, when an estimate for ρ is available, the T2 distribution (a distribution of
characteristic relaxation times) can be converted into a S/V distribution straightforwardly. Indeed,
the more accurate we estimate ρ, the better we estimate the S/V distribution and, therefore, the better
we estimate all the subsequent related petrophysical deliverables [2]. We explore this notion in the
present work, within the context of Machine Learning. To do that, we divided the study into three
parts: In the first part, we used an in-house developed Random Walk implementation to simulate
the T2 distribution in a large collection of in-house generated 3D digital rocks, using a single value
for ρ. In addition, for the same collection of digital rocks, we estimated the absolute permeability
with the aid of an in-house developed Voxel-Based Finite Element implementation. We then trained
and tested a Random Forest Machine Learning model for estimating the permeability from the T2
distribution using the 10-fold Cross Validation protocol. The second part of the study was analogous
to the first one, but this time we used several rondomly-chosen different realistic values for ρ, one for
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each rock, to simulate the T2 distributions. Then, we trained and tested again the Machine Learning
model for estimating the permeability from the T2 distribution using, once more, the 10-fold Cross
Validation protocol. The third part of the study was similar to the second one, except that, now, we
added one more stage in the workflow: for each rock, using the value of ρ used to simulate its T2
distribution, we converted the T2 distribution into a S/V distribution. We did that for the entire rock
collection. Then, we trained the Machine Learning model for estimating the permeability from the
S/V distribution (instead of the T2 distribution). We compare the success rate for the three cases and
show that it is high and practicaly the same for the first and third parts of this work, but lower for
the second part.
1 Brownstein, K.R., Tarr, C.E., 1979. Importance of classical diffusion in NMR studies of water in
biological cells. Phys. Rev. A 19, 2446–2453
[2] Souza, A., Carneiro, G., Zielinski, L., Polinski, R., Schwartz, L., Hürlimann, M.D., Boyd, A., Rios,
E.H., Santos, B.C.C. dos, Trevizan, W.A., others, 2013. Permeability Prediction Improvement Using
2D NWR Diffusion-T2 Maps, in: SPWLA 54th Annual Logging Symposium. Society of Petrophysi-
cists and Well-Log Analysts
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Synchrotron light sources present advantages over laboratory-based X-ray Computed Tomography
(XCT) in terms of spatial and temporal resolution. The reasons are the smaller size of the X-ray
source and the higher photon flux generally achieved in particle accelerators. In this context, Sir-
ius, the Brazilian 4th generation light source, will count on a world-leading micro and nano X-ray
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imaging beamline, MOGNO, which will be focused on time resolved and multi-scale experiments
(Archilha et al., 2022). The project of MOGNO has been presented at InterPore in 2018, before its
construction had started. Now, after five years, the goal of this work is to present the current status
of MOGNO and recent imaging of diverse examples of porous media using the cutting-edge zoom-
tomography capability that has recently been validated.
The cone beam geometry of MOGNO covers up to 27 meters between the sample and detector, en-
abling continuous magnification of the image, also known as zoom-tomography. This beamline will
be equipped with a direct area-detector that provides a maximum field of view (FOV) of ~85x85
mm2. At this maximum FOV, the sample is positioned close to the detector and the image resolu-
tion is 55 µm, which is limited by the pixel size of the detector. By moving the sample towards the
X-ray source, specific regions of interest inside the sample can be selected with smaller FOVs down
to ~150 µm and higher image resolutions up to 120 nm, which is limited by the projected size of
the X-ray beam focus. However, the maximum FOV for a given experiment must respect the X-ray
transmission dependency on the sample chemical composition. In this regard, MOGNO works in
tender (22 and 39 keV) and high (67.5keV) X-ray energies, which makes it a versatile beamline that
can be used to image a diversity of materials, ranging across rocks, soils, plants, fossils, biological
tissues, etc.
The zoom-tomography capability is on the spotlight as this will considerably benefit the currently
represented research areas at MOGNO, such as geological, biological, material, earth/planetary, agri-
culture, and archeology (e.g., Moraes et al., 2022; Ferreira et al., 2022). These areas have in common
the hierarchical nature of the materials. Therefore, we propose to show real examples of zoom-
tomography at the MOGNO beamline applied to different porous media, for instance, of pre-salt
reservoir rocks, roots growing in soil, plant stem, bone regeneration, fossil, and biological tissues.
These samples attenuate the X-rays differently and thus impose different challenges in the image re-
construction, requiring robust computational methods capable of working with both light and hard
samples, at times including phase retrieval algorithms. We expect to show opportunities for studies
that can already be performed at this beamline, which will be open for scientific commissioning with
external users in 2023.
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The dynamic and thermodynamic properties of a fluid confined within nanopores differ from its bulk
properties. Molecular Dynamics Simulations (MDS) are powerful tools to study such confinement-
induced phenomena, particularly when combined with experiments. For instance, the relaxation
times (T1 and T2) probed by Nuclear Magnetic Relaxation Dispersion (NMRD) methods can be ex-
tracted from both experiments and simulations, and compared without adjustment parameter.
Here we use MDS and NMRD to study the dynamics of water within slit nanopores, including
nanopores made of salt. We explore large ranges of surface charge, hydrophilicity, and roughness
and their respective effects on the dynamics of the water by extracting the NMR relaxation time
T1. We correlate our results with the structuring and average orientation of the water molecules
near the solid surfaces. We then derive a model based on first passage time to relate the successive
adsorption/desorption of the water molecules with the NMR relaxation time T1. Overall, our study
help bridge NMR relaxation measurements with the dynamics of water in confinements.
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Darcy’s Law is a classic example of a scientific paradigm in the study of fluid migration through
porous media. However, many authors have reported deviation of flow regimes from Darcy’s law
at low flow velocity 1 when analyzing fluid flow in rocks, often called pre-Darcy flow. In addition
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to the velocity dependence of rock permeability, the heterogeneous nature of geomaterials deserves
equal attention when analyzing the hydraulic behavior of rock masses. When performing conven-
tional permeability tests, little is known regarding fluid behavior within the sample. In this context,
neutron imaging provides an ideal full-field technique for better understanding these phenomena.
This work employs neutron imaging to investigate the influence of sample heterogeneity and flow
rate on flow paths and permeability by performing flow tests with Idaho Gray sandstone cores.
In-situ experiments were performed at the Neutra instrument at Paul Scherrer Institut (Switzerland)
using the setup described in Vieira Lima et al. [2]. The flow tests were carried out on samples
saturated with heavy water (D2O) or normal water (H2O) by pressure-driven percolation of the re-
spective opposite fluid. Before the neutron experiments, x-ray tomograms were acquired to provide
a reconstructed 3D image with a cubic voxel width of 13 µm for a detailed characterization of the
pore and grain structures. During each test, neutron radiographies were acquired with an exposure
time of 1 s, generating 2D images with a 200 µm pixel size. The difference in neutron attenuation
between D2O and H2O was exploited to track the advance of the infiltration front; as D2O and
H2O are otherwise very similar fluids, a near single-phase fluid condition was assumed. Boundary
fluid flow-rate and pressure measurements were recorded and correlated with the images. The raw
neutron images were processed using in-house python codes, generating maps of saturation-time
and -degree plus flow-speed fields. 3D porosity fields and pore network models (using Porespy soft-
ware [3]) were generated from the x-ray tomograms. Simulations of the visualized phenomena were
performed using the “Invasion Percolation”and the “Stokes Flow”algorithms from the OpenPNM
package [4] based on the 3D pore networks.
Pre-Darcy flow was observed from the boundary measurments in all samples (Fig.1) with a reduction
in the bulk permeability with the flow rate. The results from the neutron radiography in the form of
2D maps of the flow-field evolution showed that the percolation followed preferential paths due to
the natural heterogeneity of the samples (Fig.2), which could be correlated with the heterogeneity in
the porosity fields (Fig.3). In the injection of either of the percolating fluids (H2O and D2O), the flow
rate increase generated a flattening of the advancing flow fronts and reduced spatial heterogeneity
of the infiltration, indicating that more pores were accessed at higher injection rates and suggest-
ing threshold rates/pressures exist to access different parts of the pore network. The simulations of
the fluid infiltration using the pore network models reproduced well the observed flow patterns and
showed a good performance in predicting the change in bulk permeability for each flow rate.
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Solving the inverse problem (identifying the parameters of PDEs) typically poses exceptional chal-
lenges due to the nonlinear nature of the governing equations, their strong coupling, and the ex-
tremely high dimensionality of the problem. Classical data assimilation and optimization techniques
treat forward solvers as black-box estimators and therefore typically require an unfeasible number of
forward simulations during the optimization. Physics-informed neural networks (PINNs), developed
to extend the inherent capabilities of artificial neural networks to incorporate PDE constraints (Raissi
et al., JCP 2019), offer the potential of a unified forward and inverse solver, and thus a framework to
inherently combine measured data and model predictions. Here, we develop such a framework for
forward and inverse modeling of thermo-hydro-mechanical (THM) problems using PINNs.

While PINNs have received exponentially increasing attention in recent years since their advent in
2019, their application to forward and inverse modeling of multiphysics problems remains challeng-
ing. In our experience this is because, when the physical processes are strongly coupled, network
training is fragile and slow. In our recent works (Haghighat et al., CMAME 2021, Amini et al., JEM
2022), we proposed a sequential training strategy for the forward solution of HM and THM processes
in porous media. Here, we build on these previous studies to develop a strategy for the solution of
the inverse problem. To this end, we propose a revised nondimensionalization of the THM formu-
lation that is more suitable for inverse problems. We validate the algorithm on benchmark porous
media problems, including Terzaghi’s consolidation problem, Barry-Mercer’s injection-production
problem, and consolidation under non-isothermal partially-saturated conditions. Although we use
synthetic data to validate our algorithm, we restrict the total number of sensors to a very small
number. Our results show the applicability of the PINN approach for inverse modeling of THM pro-
cesses, thus paving the way for the application of PINNs to inverse modeling of complex nonlinear
multiphysics problems.

Participation:

In-Person

References:

1 M. Raissi, P. Perdikaris, and G. E. Karniadakis (2019). Physics-informed neural networks: A deep
learning framework for solving forward and inverse problems involving nonlinear partial differential
equations. Journal of Computational Physics, 378: 686–707.
[2] Haghighat, E., Raissi, M., Moure, A., Gomez, H., & Juanes, R. (2021). A physics-informed deep learn-
ing framework for inversion and surrogate modeling in solid mechanics. Computer Methods in Applied
Mechanics and Engineering, 379, 113741.
[3] Haghighat, E., & Juanes, R. (2021). SciANN: A Keras/TensorFlow wrapper for scientific computations
and physics-informed deep learning using artificial neural networks. Computer Methods in Applied Me-
chanics and Engineering, 373, 113552.
[4] Haghighat, E., Amini, D., & Juanes, R. (2022). Physics-informed neural network simulation of mul-
tiphase poroelasticity using stress-split sequential training. Computer Methods in Applied Mechanics
and Engineering, 397: 115141.
[5] D. Amini, E. Haghighat, and R. Juanes (2022). Physics-informed neural network solution of thermo-
hydro-mechanical (THM) processes in porous media. Journal of Engineering Mechanics, 148(11): 040220702022.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

USA

Acceptance of the Terms & Conditions:

Page 569

http://Figure1


InterPore2023 / Book of Abstracts

Click here to agree

Energy Transition Focused Abstracts:

Poster / 674

Delineating external stressor signals as time-variant conditions
affecting DNAPL source zone formation
Author: Christian Engelmann1

Co-authors: Helen K. French 2; Kaveh Sookhak Lari 3; Charles J. Werth 4; Traugott Scheytt 1

1 TU Bergakademie Freiberg, Chair of Hydrogeology and Hydrochemistry
2 Norwegian University of Life Sciences, Faculty for Environmental Sciences and Nature Management
3 The Commonwealth Scientific and Industrial Research Organisation, Department Land and Water, Floreat site
4 The University of Texas at Austin, Department of Civil, Architectural and Environmental Engineering

Corresponding Authors: christian.engelmann@geo.tu-freiberg.de, werth@utexas.edu, traugott.scheytt@geo.tu-
freiberg.de, helen.french@nmbu.no, kaveh.sookhaklari@csiro.au

Groundwater aquifer systems serve as a major source of drinking and irrigation water supply. In
recent years, they have also become valuable for geothermal energy applications. The protection
of groundwater against detrimental factors is crucial to preserve this valuable water supply and en-
sure a sustainable energy transition. Subsurface contamination by dense non-aqueous phase liquids
(DNAPLs) can cause adverse effects for humans and the environment. These organic compounds
are omnipresent in industrialized and developing countries, particularly in areas with energy pro-
duction (e.g., oil and coal industries, chemical plants), industrial fabrication (e.g., steelworks, wood
impregnation) and transportation hubs (e.g., railway systems, roads, airports). Once re-leased into
soils, DNAPLs form slowly miscible source zones that can contaminate groundwater for decades.
Despite a range of existing subsurface remediation techniques, mostly for economic reasons, natural
attenuation of aqueous DNAPL components in groundwater represents the most commonly applied
cleanup option. As a con-sequence, the fate of contaminated sites remains unclear due to insufficient
data and knowledge of DNAPL source zones. Climate change and anthropogenic activity may jointly
add new hazard potentials by inducing hydraulic and thermal stressors potentially affecting present
and emerging source zones. A robust understanding of the processes associated with DNAPL source
zone formation under changing conditions is therefore crucial to ensure an efficient assessment of
contaminated sites.
Our current research aims at systematically investigating the transient dynamics of DNAPL source
zone formation, and employs experimental and model-based methodologies to evaluate the rele-
vance of changing external stressors (hydraulic, thermal) compared to subsurface and fluid phase
properties. In this study, we present a methodology to systematically delineate variation signals,
necessary for the definition of boundary conditions in models considering changing conditions, from
multi-scale field site information (e.g., monitored time series). For this, a range of field sites under
variable anthropogenic pressures showing different intrinsic hydro(geo)logical characteristics are
involved.
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The knowledge of pore size distribution and absolute permeability of porous media are key for a
proper petrophysical characterization of a reservoir, which directly impacts the accuracy of hydro-
carbon reserves estimation and the production strategies optimization. For the Oil and Gas explo-
ration industry, downhole measurements are done to infer several properties and to perform a for-
mation evaluation based on petrophysical analysis and interpretation of such data. Among them,
Nuclear Magnetic Resonance (NMR) is becoming a key logging tool since it is sensitive to the sat-
urating fluids only, i.e. it is not affected by the matrix minerals. Hence, it is ideal for the direct
determination of porosity, for example. The main application of NMR on porous media study is
based on the measurement of a magnetic relaxation process of the fluid´s nuclear spins, in this case
those from the hydrogens that constitute the hydrocarbon chains and the formation brine. Such re-
laxation process, in porous media, is proportional to the pore sizes and to a parameter called surface
relaxivity, which scales the intensity of the matrix-fluid interaction. Hence, to a proper character-
ization of pore sizes based on NMR relaxation measurements, surface relaxivity must be properly
determined 1.
In this work, we formulate and solve an inverse problem to obtain the suface relaxivity parameter
as a function of pore sizes for 14 sedimentary rock cores: 7 sandstones and 7 carbonates. In this
methodology, micro-tomographic images of the rock samples are the input for simulations that ap-
plies Random Walk (RW) and a genetic algorithm to infer a surface relaxivity function that varies
with the size of the pores. Hence, a distribution of pore sizes can be obtained from this function
when correlated to experimental NMR data measured from the same samples.
Using NMR data, absolute permeability is modeled as a linear product of porosity and the mean relax-
ation time value, i.e. NMR data is used as a proportionality parameter to the pore sizes [2]. Applying
the inverse problem developed here, the pore size mean value can be calculated with higher accu-
racy, with also increased the absolute permeability prediction. The estimated absolute permeability
results were compared to experimental data measured from the same samples.
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With the growing prevalence of renewable energy sources in innovative energy systems, interac-
tions between energy supply and demand become more dynamic and complex. Therefore, along
with the deployment of efficient and low-emission energy sources and sinks, energy storage is a
central element of the energy transition. Especially for the case of thermal energy, a mismatch be-
tween high energy supply and low demand in summer and vice versa in winter is striking—resulting
in a critical demand for seasonal solutions.
In the past, various concepts were established for large-scale, sensible, low-temperature applications.
Closed systems (tank and pit thermal energy storages) have been developed as site-independent so-
lutions, differing in their constructional design with different building components. Further, water-
gravel thermal energy storage (WGTES) feature a water-saturated matrix filling (i.e., gravel, sand)
with an indirect charging and discharging system (usually multi-level piping loops). Among the
closed concepts, WGTES is considered the most complex variant, which simultaneously offers less
maximum storage capacity due to a reduced effective volume. In addition to the resulting sophis-
ticated internal thermal behavior, a number of additional components (sealing, insulation, static
components: wall, roof, foundation) are decisive for the storage’s capacity, power and efficiency.
Modelling of WGTES during the planning phase represents a challenging step, requiring simplifica-
tions of the system. Detailed finite element method/ computational fluid dynamics approaches are
not well suited for investigating a variety of possible design scenarios due to excessive computation
times. Consequently, there is a high demand for the development and improvement of alternative
models for the simulation and performance estimation of WGTES. In our study, we exploit a recently
established model “STORE”, which depicts a storage within a 2.5-D approach (vertically structured
as layers, horizontally structured in predefined directions, cf. abstract figure) and resolves the facil-
ity on the building component level. Since “STORE”is characterized by a high level of versatility, it
can be used to analyze a range of design scenarios and employed as a planning instrument.
In our presentation, a case study is set up to investigate a variety of technical specifications and to
find optimum design solutions: For a given location with climatic and subsurface conditions, we
analyze different geometries of artificial storage basins, various insulation material selections, thick-
nesses, as well as strategies for WGTES charging and discharging. For this, we focus on different
technical solutions for indirect energy transfer from and to the basin and on strategies for storage
operation. Using the flexibility of “STORE”for evaluation, the component-design simulations are
further used to highlight those key factors with the highest impact on the relevant performance in-
dicators. We compare resulting temperature distributions, capacities, charging/discharging power,
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and efficiencies of the scenarios. Based on this, we finally deduce recommendations for improved
construction and operation of WGTES.
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Granular media constitute the most abundant form of solid matter on Earth and other astronomical
objects. When external forces are applied to granular media, the forces are transmitted in the me-
dia through a network of contacts—force chains. Understanding the temporal evolution and spatial
structure of these force chains constitutes a fundamental goal of granular mechanics. For decades,
our understanding of force chains has been derived from 2D experiments, using quasi-2D photoelas-
tic particles with various shapes. Here, we introduce a new experimental technique, which integrates
photoporomechanics [Li et al., PR Applied 2021; Meng et al., PR Applied 2022] into tomography, to
observe the temporal evolution of 3D force chains under isotropic compression, triaxial shear and
rotary shear. Our experimental study visualizes the alignment and intensification of 3D force chains
as the external load changes from isotropic to triaxial shear and rotary shear. We also show that the
fluctuation of the continuum-scale shear stresses can be pinpointed to the grain-scale buckling and
healing of force chains. This work paves the way for understanding the grain-scale underpinning of
localized failure of 3D granular media, such as shear banding of concrete structures and stick-slip
frictional motion in tectonic and induced earthquakes.
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Large-scale implementation of geological carbon sequestration is considered as a key strategy to
limit anthropogenic warming to 1.5 –2 ℃, as set out in the Paris Agreement. We are interested in
a viable alternative represented by injecting CO2 into reactive rock formations, e.g. basalts, to fa-
cilitate rapid carbon mineralization, and therefore increase storage security. Our particular interest
lies in microbially enhanced carbon mineralization: biological catalysts are utilized to alter reaction
rates and further enhance carbon mineralization.
In this talk, we propose a mathematical formulation of the coupled flow and biogeochemical reac-
tive transport problem at the pore-scale. The model is based on optimal decoupling of the reactive
transport equations into conservative and kinetic components. We then discuss the construction
of a suitable discretization scheme, as well as its integration with the geochemistry package Phree-
qPy. We conclude by presenting preliminary model validation results for the geochemical problem
of basalt dissolution followed by calcite precipitation.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Spain

Acceptance of the Terms & Conditions:

Click here to agree

Page 574

http://Figure1


InterPore2023 / Book of Abstracts

Energy Transition Focused Abstracts:

679

Predicting Velocity Field of Porous Rocks using Convolutional
Neural Networks
Author: Saeed ShidvashNone

Co-authors: Mehrdad Vasheghani Farahani 1; Mohaddeseh Mousavi Nezhad 2; Saeid Sadeghnejad 3

1 School of Engineering, University of Warwick
2 Associate Professor
3 Department of Petroleum Engineering, Faculty of Chemical Engineering, Tarbiat Modares University, Tehran, Iran

CorrespondingAuthors: sshidvash1377@gmail.com, m.mousavi-nezhad@warwick.ac.uk, sadeghnejad@modares.ac.ir,
mehrdadvasheghanifarahani@gmail.com

Abstract
Understanding the fluid flow through porous media is essential in different scientific and engineer-
ing fields, such as geosciences, petroleum engineering, and subsurface hydrogen or CO2 storage.
Predicting velocity fields in pore spaces is exceptionally challenging, which is usually determined
by either numerically via solving governing transport equations at the pore scale or visualisation
techniques such as particle image velocimetry (PIV).
Artificial intelligence, especially deep learning methods, has recently received significant attention
at the pore scale for various applications. This study implements a deep learning approach based
on convolutional neural networks (CNNs) to predict fluid velocity in porous media. To achive this,
the PIV is utilized first to experimentally obtain the velocity field in a synthetic microfluidic porous
chip. The fluid flow is visualized using an inverted microscope and 8-bit grayscale images are taken
from the fluid flowing in the porous structure using a high-speed camera. After the image process-
ing, the flow field is determined using defining optimized window size in the iterative PIV plugin in
ImageJ. The produced experimental velocity data are then used in the next stage. Several thousand
sub-images with a size of 64x64 pixels are extracted from the original velocity fields. We use 80%
of the images for training and the rest 20% for testing purposes. A CNN architecture with multiple
layers is trained on the flow field images directly provided by the PIV. The network input is the orig-
inal porous rock images, and the output is the predicted velocity field map. The network is trained
with a learning rate in the range of 10-7 to 10-2 using the Adam optimizer. A typical cost function of
L-norms is used to compare the similarity between the predicted images and the ground truth. All
training was performed on an Nvidia GeForce GTX 1080 Ti GPU with 11 GB RAM. The results show
an excellent agreement between the predicted velocity field and the experimental results from PIV.
Keywords:
Convolutional Neural Network, Particle Image Velocimetry, Velocity Fields, Deep learning
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Knowledge of electrolyte distribution inside Gas Diffusion Electrodes (GDE) is a key feature to im-
prove the electrochemical behaviour of these electrodes. In processes like the chlor-alkali-electrolysis,
a porous silver electrocatalyst is brought in contact with the liquid electrolyte and the gaseous reac-
tants at the so-called three-phase boundary. To prevent flooding and to alter the wettability of the
electrodes, non-wetting polytetrafluoroethylene is added in the manufacturing process. As shown
by experimental work 1, the PTFE content has a high impact of the PTFE content on the electrode
performance.

Based on FIB/SEM images of the silver electrodes, Direct Numerical Simulations (DNS) inside the
pore system have been carried out using Smoothed Particle Hydrodynamics (SPH). This allows us
to track the interface movement in a mixed-wettable porous electrode. Fig. 1 shows snapshots of
the simulated filling process of a pore system. Hydrophobicity of the electrode significantly changes
with consideration of the contact angle due to the electrowetting-effect [2], which had also be seen
in experimentally for this GDE [3].

The DNS is computationally too expensive to model larger parts of the electrode while pore network
models are computationally far less demanding. Therefore we combined pore network modelling
and rigorous hydrodynamic simulations. First, a skeleton from pore space was extracted from the
FIB/SEM-images. Then the skeleton is segmented into different parts of the pore systems. Second,
characteristic properties like pore diameter and PTFE-Fraction that covers the pore wall are extracted
along the connecting paths.

In a mixed-wet system, the entry pressure does not only depend on geometry and averaged wettabil-
ity, but as well on the locally resolved wettability degree. In contrast to conventional pore network
models, the highest entry pressure can be not determined by the narrowest nor the widest part of the
pore system, but on the most hydrophobic one. This can be found by DNS or by more simplified
models. Using this data as input, the electrolyte imbibition can be modelled by pore network models
on representative electrode volumes.
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To meet the global commitments for net zero carbon emissions our energy mix must transition
away from fossil fuels. Hydrogen is gaining increasing recognition as a low carbon energy option to
support this energy transition, tackling the hard to abate sectors such as decarbonising domestic and
industrial heat, power generation and heavy-duty transport. It can also promote increased renewable
energy uptake by acting as an energy store to balance supply and demand. For hydrogen to be
deployed at the scales required for net zero, we will need access to large-scale geological storage.
Depleted porous gas fields provide both the required TWh storage capacity and production rates
that can be delivered over many months. Interseasonal hydrogen storage in underground porous
formations involves complex displacement and trapping mechanisms that can influence recovery
efficiencies over time and as such the economic feasibility of any underground porous formation
hydrogen storage operation.

The talk will present the findings from our ongoing research into hydrogen displacement and trap-
ping in porous media during multiple drainage and imbibition cycles, undertaken using x-ray com-
puted micro-CT, micromodels and conventional core flooding experimental equipment. Our results
indicate that hydrogen behaves as a non-wetting fluid filling the centre of the pores, with residual
brine in the pore corners and throats. During multiple injection and withdrawal cycles we demon-
strate that hydrogen trapping occurs via snap-off of hydrogen ganglia. Our work also demonstrates
that the magnitude of the trapping depends on flow rate, pore fluid pressure and pore size distri-
bution. This suggests that appropriate site selection and management of hydrogen injection and
withdrawal rates can create the opportunity to minimise hydrogen trapping, optimising recovery
efficiencies and the economic feasibility of underground porous formation hydrogen storage opera-
tions.
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Interface between two phases, for instance two fluids as in viscous fingering, often grows in an
unstable way. Fingers emerge from growing instability and compete for the available flux. This
leads to effective repulsion between the fingers and screening of the shorter ones. While much
interest was put into studying such systems before the interface reaches the boundary of the system,
very little is known what happens after breakthrough. We show that a striking transition in growth
dynamics takes place as the leading finger reaches the boundary of the system. The shorter fingers
revive then and grow toward the leading one forming loops. These effects are observed in classical
viscous fingering and microfluidic fracture dissolution experiments, but also in discharge patterns
and gastrovascular canal system of jellyfish.
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With the advent of climate change, a successful transition towards cleaner renewable energy calls
for effective storage options. The utilization of underground energy storage (UES), such as depleted
porous reservoirs, can help to overcome the balance between the production and demand of renew-
able energy. All underground energy storages, such as compressed air energy storage and hydrogen
storage, are subjected to cyclic loading due to the sequence of production and injection operations.
Thus, understanding the geomechanical behavior of porous reservoir rock under cyclic loading is
essential to designing and operating underground storages. This study presents results from the 12
triaxial cyclic laboratory experiments performed on the Red Felser sandstone samples with identical
porosity and dimensions. In total, eight triangular cycles were applied for each test, and six piezo-
electric sensors recorded the acoustic emission (AE) activities during the experiments. The main
objective is to explore how cyclic-related parameters (frequency and amplitude of cycles) affect the
deformation mechanism and acoustic emission (AE) evolution in elastic and brittle stress regimes.
Results regarding mechanical behavior showed that the total axial inelastic deformation increases
by increasing the stress regime and amplitude of cycles. However, this parameter reduces by in-
creasing the frequency of cycles. In addition, Young’s modulus computed in the loading ramps of
the cycles increased significantly from the first cycle to the second cycle for all the tests. For tests
in the brittle regime, the larger the amplitude of cycles, the lower the increase in Young’s modulus.
The AE analysis showed that major events were recorded in the first cycle, and by increasing the
number of cycles number of events, the maximum AE and average AE amplitude decreased. Our ex-
perimental results highlight that major mechanical changes and AE activities occur during the first
cycle, and the stress regime influences the intensity of AE and mechanical changes. These outcomes
can be used to study subsidence, fault reactivation, uplift, and other physical phenomena impacting
the reservoir’s storage capacity, which are influenced by cyclic sandstone deformation.
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Per- and polyfluoroalkyl substances (PFAS) are emerging contaminants that have been shown to
accumulate at air–water interfaces in water-unsaturated soils. While air–water interfaces can arise
from both pendular rings between soil grains and thin water films on soil grain surfaces, the thin-
film air–water interfaces account for over 90% of the total air–water interfaces under field-relevant
soil water saturations. However, it remains unknown whether all thin-film air–water interfaces are
accessible and how potential nonequilibrium mass-transfer processes in thin water films will govern
their accessibility and in turn control the transport of PFAS. We have developed a pore-network
modeling framework that considers the adsorption of PFAS at air–water water interfaces and the
nonequilibrium mass-transfer processes in thin water films. We perform pore-network modeling
simulations in a sandy medium to examine the impact of nonequilibrium mass-transfer processes in
thin water films on the accessibility of thin-film air–water interfaces and the transport of PFAS in
water-unsaturated soils. Our simulations suggest that strong mass-transfer limitations are present in
the thin water films and cause early arrival and long tailing in the breakthrough curves, especially at
lower water saturations. The new findings highlight the importance of nonequilibrium mass-transfer
processes in thin water films for quantifying PFAS transport in vadose zones.
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Active in-situ microbial reduction of nitrate and soluble selenate to selenite and elemental selenium
(less mobile) was induced by subsurface methanol injections and can stabilize selenium (Se) in mined
waste rock. Biogeochemical processes require careful balancing of oxidants (oxygen and nitrate) and
reductants (methanol). Pulsed nutrient injection strategies were used in the field in attempts to min-
imize near-well biofouling. Molecular biology and biological engineering methods have been used
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to characterize the microbial ecology and metabolic capacity of waste rock to treat mine-affected
water for mining operations in the Elk Valley, located in southern British Columbia, Canada.

Laboratory scale batch and column studies with native microbes demonstrated the capacity to reduce
nitrate and Se in saturated waste rock and showed that oxygen and nitrate inhibition of Se reduction
was overcome via carbon addition. Biofilm grown on waste rock in saturated aerobic column tests
was capable of 50 to 99% nitrate reduction followed by 40 to 95% Se removal; Se was sequestered in
the biofilm predominantly in the zero-valent state. Denitrification and Se reduction was most rapid
and efficient under suboxic conditions, and as high as 99% removal.

These results were scaled up to a pilot test and ultimately to a full scale in-situ saturated rock fill
bioremediation system treating over 20 million L/d. In-situ biofilm coupons were deployed to track
the microbial community structure using 16S rRNA gene sequencing. Applying the tools of molecu-
lar biology, bioengineering, geochemistry, and principles of microbial ecology to the understanding
of biomineralization/bioprecipitation has been effective for management of nitrate and Se in mining
settings.
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CO2 sequestration and storage in deep saline aquifers is a promising technology for mitigation of the
excessive concentration of the greenhouse gas in the atmosphere. The assessment of the CO2 plume
migration depends on the complex multi-physics-based numerical simulation approaches which re-
quire prohibitively high computational costs due to the highly non-linear coupled governing equa-
tions and multiscale uncertainties of heterogeneous spatial parameter distributions. This study con-
tributes to the development of an end-to-end deep learning workflow that accurately and efficiently
predicts the temporal-spatial evolution of the solution CO2-brine ratio RS and gas saturation Sg

which are two essential tasks for quantification of the amount of trapped CO2, given input variable
of the heterogeneous permeability fields. To this end, a general multitask learning (MTL) frame-
work is developed and applied for learning the dynamic mappings of RS and Sg simultaneously.
The generalization ability of MTL model can be improved by leveraging the information of related
tasks with fewer computational expensive labelled datasets. As a novel development, in this work,
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the predictions made for multiple tasks from the same permeability realization are not independent,
yet they are expected to be consistent. This is due to the fact that the proposed method utilizes the
data-driven cross-task consistency constraints which augments the learning of the related tasks. For
several test cases, it is shown that MTL models with jointly learning yields more accurate predictions
and leads to models with improved generalization for predicting the migration of CO2 migration. At
the same time, the MTL workflow is 103 times faster than a high-fidelity physics-based numerical
simulator. Therefore, it can serve as a field-scale applicable alternative to conventional simulators
for CO2 storage management. The developments of the work are made on the basis of the publicly-
available DARSim research simulator.
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Enhanced geothermal systems (EGS) are typically tight and naturally fractured like unconventional
oil and gas (UOG) reservoirs, so the leading technology being evaluated for their commercial develop-
ment is also multistage fractured horizontal wells (MFHW). The state-of-the-art approach of thermal
recovery from EGS involves injecting cold water into a multiply fractured horizontal/deviated well
and producing hot water from a parallel well above the injector, as in the ongoing Utah FORGE
project. Considering the negligible control on hydraulic fracture size and orientation, the actual
injection and production wells may not intersect planar and bi-wing hydraulic fractures in the ideal
and optimum configurations they are simulated. This, coupled with the well-known risk of short-
circuiting certain parts of the fracture network, could result in lower heat recovery from the field
compared to the simulated MFHW recoveries. To address this problem, we present an alternative
technology that employs unique configurations of mechanically cut fractures to recover heat effi-
ciently from all parts of hot rocks in the subsurface. The precise control over these fractures’location,
size, orientation, and conductivity facilitates the design of suitable configurations of intersecting
fractures.

This paper presents high-resolution numerical studies of thermal recovery from both MFHW and
the proposed approach. We simulated several cases with and without stochastic natural fractures
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to evaluate the performance of these technologies in such systems. To facilitate a reasonable com-
parison between the MFHW and the proposed technology, we ensure that the total fracture surface
area is the same. The results from the natural stochastic fracture systems studied indicates that the
contribution of natural fractures to heat recovery is minimal in the proposed approach. This is due
to the flexibility in designing the mechanically cut fractures to avoid being short-circuited by large
natural fractures or faults known to be present in the subsurface. We simulated several cases, includ-
ing one based on the published model parameters of the Utah FORGE project. All these simulation
results show that the proposed approach can recover 50% to 140% more thermal energy than the
state-of-the-art approach based on MFHW.

The temperature profiles after simulating 50 years of thermal recovery show that the precise control
over the location of the fractures allows the reliable and efficient recovery of heat from all parts
of the EGS, which could be the key to their commercial development. Finally, the control over the
location, size, orientation, and aperture of the mechanically cut fractures provides more reliability
in comparing the system modeled to the actual EGS in the subsurface. In contrast, the actual MFHW
system could be much less efficient than the simulated system because of the lack of control over
the hydraulic fractures’ size, orientation, and geometry. There is also no guarantee that the injection
and production wells will intersect all the hydraulic fractures.
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Understanding and controlling transport through complex media is central for a plethora of pro-
cesses ranging from technical to biological applications. Yet, the effect of micro-scale manipulations
on macroscopic transport dynamics still poses conceptual conundrums. Here, we will demonstrate
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the predictive power of a conceptual shift in describing complex media by local micro-scale correla-
tions instead of an assembly of uncorrelated minimal units. Specifically, we will show that the non-
linear dependency between microscopic morphological properties and macroscopic transport char-
acteristics in porous media is captured by transport statistics on the level of pore junctions instead
of single pores. Probing experimentally and numerically transport through two-dimensional porous
media while gradually increasing flow heterogeneity, we find a non-monotonic change in transport
efficiency. Using analytic arguments, we built physical intuition on how this non-monotonic de-
pendency emerges from junction statistics. This suggests the value of a shift in perspective towards
larger-level structural elements that can broadly affets our understanding of transport within the
diversity of complex media.
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Fractures in subsurface shale formations serve multiple purposes, for example, in the recovery of
resources in hydraulic fracturing or as potential harmful leakage passages through caprocks that
may contribute undesired fluids to the atmosphere or functional groundwater aquifers. A proposed
method to seal or influence fracture properties is Ureolysis-Induced Calcium Carbonate Precipitation
(UICP), a bio-mineralization technology driven by the enzymatic hydrolysis of urea, resulting in the
formation of calcium carbonate. Sporosarcina pasteurii is a common microbe used as the source of
the urease enzyme that catalyzes the chemical reaction. The resulting calcium carbonate can bridge
the gaps in fractured shale and reduce fluid flow through fractures. However, there is little infor-
mation on how this process affects the mechanical properties of the resulting biomineralized shale.
This study represents the first step toward determining the influence of UICP treatment on shale
material and its subsequent mechanical strength properties. This methods development study aims
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to determine the effect that temperature has on the tensile strength of intact, unfractured shale cores
(2.54 cm (1 in) diameter, 5.08 cm (2 in) long). Tensile strength was determined indirectly using a mod-
ified Brazilian test where the splitting tensile strength is attained by applying a compressive load
onto the core. Shale cores from Eagle Ford and Wolfcamp formations were tested at both room tem-
perature and 60℃ to determine if increased temperature influences the tensile strength of the rock.
This data will help to assess the necessity of testing biomineralized cores at temperature. Though
60℃ may not mimic subsurface temperatures of the shales used in this study, it was chosen due
to limitations of the UICP process while still approaching temperatures of shale formations. This
project aims to evaluate what effect temperature has on the mechanical properties of intact shale
cores so that engineered or natural rock fractures that are sealed by biomineralization can be better
understood.
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Fractures in the geological formations can propagate and slide when the in-situ compressive stress
state changes. As for the compressive nature of the stress, shearing (i.e., Mode II mechanical failure)
is the dominant fracture propagation mechanism. In addition, geological formations entail several
fractures which can also cross each other. To avoid the use of excessively high-resolution meshes,
while resolving the explicit fractures, the extended finite element method (XFEM) is used. The XFEM
enriches the FEM continuous space by discontinuous functions so the cracks are explicitly and accu-
rately captured. The linear momentum balance equation is then supplemented by the Mohr-Coulomb
friction law, which states the maximum friction a fracture element can tolerate. Additionally, in this
work, further constraints are applied to ensure no penetration of elements takes place as a result of
significant deformations.
For the simulation of highly fractured geological formations, applying XFEM directly is computa-
tionally infeasible, due to the excessive number of extra degrees of freedom (DOFs). To resolve this
challenge, we propose this multiscale extended finite element method (MS-XFEM) to simulate the
fractures propagation under compressive loading in geological formations. Local XFEM-based ba-
sis functions are constructed to capture the compression and the sliding of fine-scale fractures. In
each time step when the fractures propagate, the basis functions are updated adaptively in certain
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regions where fractures geometries are changed. Using these basis functions, a very efficient FEM-
based coarse-scale system is developed since it has no extra DOFs. Once the coarse-scale solution
is obtained, it is prolonged to the fine-scale original resolution using the basis functions. This ap-
proximate fine-scale solution is then used to estimate the group of growing fractures tips and their
growing angles. This allows for exploiting the locality of the propagation process fully while solving
a global system. To control the error, an iterative procedure is also developed. MS-XFEM casts a
promising method for field-scale applications.
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It has become increasingly common to examine multi-phase flow systems in the context of thermody-
namics, with the aim of expanding the traditional capillary pressure-saturation (Pc-Sw) relationship
to remove its dependence on the history of the system. A commonly used multiphase flow theory
based on rational thermodynamics introduces specific interfacial area of fluid-fluid interfaces, anw
(interfacial area per unit volume of the porous medium), as a separate thermodynamic entity to
extend the Pc-Sw relationship and better describe the the system, including hysteresis. Past pore-
network models and 3D imaging experiments have verified that the Pc(Sw, anw) relationship can
uniquely describe two-phase flow under quasi-equilibrium conditions, but very limited work has
considered three-phase-flow systems, and in particular the issue of interfacial area formation under
three-phase-flow conditions for systems of varying wettability.
In this study, we examine the impact of porous medium wettability on three-phase-flow systems.
High resolution three-dimensional images, allowing us to measure and analyze capillary pressure,
saturation, and interfacial area throughout water and gas invasion (imbibition and drainage scenar-
ios), were generated using x-ray microtomography. The experimental data allows us to evaluate
the contact angle behavior for the various fluid pairs under both water-wet and oil-wet conditions,
and demonstrated a significant difference in the three-dimensional capillary pressure-saturation-
interfacial area relationship as wettability was altered from water-wet to a fractionally-wet.
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Bubble generation and transport play a role in many subsurface processes. Production and/or mobi-
lization of gas is for instance observed in biogenic production of methane in peats, and in association
with leakage from engineered geologic CO2 storage systems. Other subsurface engineered systems
include in-situ air sparging in conjunction with soil vapor extraction, and electrical resistance heat-
ing. Thus, there is a need to better understand the presence and transport of bubbles in multi-phase
subsurface porous media so that that these processes can be accurately described, and more efficient
engineered solutions can be developed.
To this end, constitutive relationships between geometric state variables (fluid curvature, Jnw; non-
wetting phase volume, Vn; interfacial area, anw; and Euler characteristic, χ_n) have become increas-
ingly more common in efforts to uniquely predict the state of a two-fluid flow system.
Both lattice Boltzman simulations and fast microtomography experiments have shown that a geo-
metric state function using the non-dimensionalized invariant properties of saturation, specific inter-
facial area, and Euler characteristic can uniquely predict the mean curvature of the system for both
quasi- and non-equilibrium conditions, however, the presence of bubble evolution and transport has
not been explored. This study investigates whether the geometric state function remains unique
with the inclusion of bubble generation and transport under quasi- and non-equilibrium two-fluid
flow.
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The performance of Ground source heat pump systems (GSHP), and heat losses along well bores
of high-temperature aquifer thermal energy storage systems (HT-ATES) and geothermal wells is
strongly affected by conductive properties(1,2).

The anticipated growth of the geothermal and HT-ATES in line with global potential of geothermal
energy production of between 125 and 1793 EJ/yr (3) augments to the relevance of in-depth under-
standing of conductive properties. Apart from heat losses affecting performance, shallow groundwa-
ter used for drinking water could be affected by the heat transfer(4,5). This can result in (bio)chemical
changes in the water composition(5,6). This could potentially reduce the amount of suitable drinking
water reserves for future use. In addition, too much heat loss in the cold subsurface could yield a risk
of the formation of thermal plumes, which could in turn compromise the production of neighboring
geothermal wells in urban areas(7).
Uncertainties in the thermal conductivity of an aquifer can affect the efficiency estimations of a
single HT-ATES doublet. Using DoubletCalc(8), it was determined that this especially plays a role
during the initial three loading cycles with a difference of up to 3.5% in efficiency. Others have shown
even larger impacts, where an increase of 12.5% of the thermal conductivity reduces the total aquifer
technical potential with 25–33%, while decreasing by 12.5% results in a 29–49% increase(3).

Understanding and being able to measure and predict the thermal properties both on the centimeter-
and meter scale is challenging. Experimental determination is typically on the millimeter scale, most
numerical simulations use solid rock-, oil and gas- and construction industry values and well thermal
response tests lumpsum many different sediment types into one value.

A semi-automated setup was developed based on the needle-probe method to create an experimen-
tally based understanding of the influence of different interrelated physical properties of unconsoli-
dated sediments on the thermal properties of such sediments. Through a series of experiments, the
impact of several sediment configurations have been investigated. Sediments were selected with
various amounts of complexity in the composition or layers or layered orientation. For parameter
isolation and model calibration, the impact of grain size, shape, porosity and water content was
determined using amorphous soda-lime glass.

A numerical model with a radial symmetric finite volume formulation was used to determine the
various thermal properties of the sediment sample, using an ensemble smoother with multiple data
assimilation (ES-MDA) to inverse fit the model to the experimental data.

The combined experimental-numerical approach provides a reliable and reproducible method for
determining the thermal properties of unconsolidated sediments and porous media in general and a
means to determine the validity of the numerical model calculations. In oncoming research projects,
the experimentally validated results will provide the input for upscaling and validation in a real life
ground source heat pump setup.
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Non newtonian fluids in porous media flow offers complex interplays that are not fully understood.
The Bingham rheology is an approximation of the rheology of a non-Newtonian fluid presenting
yield stress, which are useful in several engineering applications, as reinforcement of soils by injec-
tion of slurries 1 and in the timely topic of fracking processes [2]. The subject is notoriously hard
to study numerically, as we have a nonlinear rheology in a complex porous structure, but there has
been recent advances in the field, for instance in characterizing a Darcy law [3]. This work aims
to investigate the flow conditions of the Bingham body in complex geometries by using a Pore Net-
work Model with a fairly novel numerical solver in the Augumented Lagrangian Method – a method
recently introduced by Talon and Hansen [4]. We are using the model to describe the qualitative
behaviors of the yield stress effect, and have characterized a power law behavior that deviates from
existing litterature, as found in [3] and [5].
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In this work, we perform numerical computations to study the single-phase hydrodynamic interac-
tions in coupled free-flow and porous media in the laminar flow regime of Reynolds number (Re) in
the range 0.1–300. In the porous media, 80×20 micro-size square pillars are arranged in a uniform
pattern with a porosity of φ=0.75. Pore-scale simulations are performed in a finite-volume based
computational fluid dynamics solver ANSYS Fluent for an incompressible single-phase fluid. We
validate our numerical solver with the experimental data of Terzis et al. (2019) for the same geomet-
rical configuration of the porous media at a low Re (=0.14). The primary objective of this study is to
investigate how the channel flow interacts with the porous media at various Re and to develop the
interfacial boundary condition for the coupled system. The local distribution of velocity components
along the interface of the porous media are plotted as a function of Re. From the velocity contours,
we observe that the flow enters the porous media at the beginning and leaves the porous media at
the end by moving along the streamwise direction at the middle of the porous media. Thus, at the
interface, the y-velocity is higher at the beginning and end of the porous medium with opposite flow
directions, but in the middle, it is almost negligible. Therefore, a U-shaped velocity profile is observed
in the porous domain. Flow recirculation zones are also observed in the porous media when Re≥50,
which gradually vanishes towards the bottom and the middle of the porous zone. The streamwise
velocity is plotted along the y-direction at the beginning, the middle, and the end of the porous zone.
The x-velocity component is significantly higher in the free-flow channel and drastically drops in the
porous medium. Owing to the presence of no-slip micro-pillars, the velocity fluctuates sinusoidally
along the vertical location. Pore-scale simulations show that parallel flow does not exist at the inter-
face of the porous and channel flow. The fluid periodically crosses the interface, creating small-scale
U-shaped flow profiles between the pores of first row of pillars. The volume averaged velocity shows
a slip condition at the interface (y=0). The effect of Re on the flow field is only noticed at a region
closed to the interface, while the effect of Re is negligible in other parts of the domain. Thus, the
interfacial velocity-slip is evaluated based on the Beavers-Joseph model by volume-averaging of the
numerical data at different Re. The Beavers-Joseph coefficient changes along the interface and de-
creases as the flow deviates from the Poiseuille flow. With increase in Re, we observe an increasing
trend in average values of the Beavers-Joseph coefficient. This work finds applications in various
multi-scale natural and industrial processes, which include atmospheric flows, transpiration cooling,
convective drying, water management in fuel cells, metal foam heat sinks for electronics cooling, and
aerospace compact heat exchangers embedded with porous materials.
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Flow through micro-nano channels is ubiquitous in nature, such as flow inside biological nano-
porins in all living beings, vascular motion in fungi, and intestinal flow due to contractions of walls. It
is also present in a vast range of engineering and biomedical applications like nanorobotics, printing
technology, quantum computing, optics, chemical process control, drug delivery, and cell biology.
Due to the high surface-to-volume ratio, energy dissipation inside the micro/nano channel is sig-
nificantly large. As a result, flow inside micro/nano channels is extremely inefficient compared to
macroscale channels. Traditional approaches to enhance flow inside micro/nano channels involve
making the channel wall hydrophobic 1 or changing the surface morphology [2] to reduce friction.
Xie and Cao [3] showed that the flow rate inside nanochannels could be enhanced by reducing chan-
nel wall friction with the application of traveling surface waves. However, the frequency of the
applied surface wave was extremely high (in THz order) in their work, which is difficult to obtain
with state-of-the-art surface acoustic devices. Marbach et al. [4], using mathematical formalism,
revealed that wiggling of the nanochannel wall due to thermal fluctuations could significantly en-
hance diffusion and, therefore, increase the flow rate. They also showed that active surface wiggling
produced by external stimuli could also augment the flow rate. However, the detailed understanding
of this flow enhancement is still far from satisfactory. Therefore, we perform Molecular Dynamics
simulations to analyze the acoustic wave-driven flow behavior inside nanochannels at the molecular
scale. Contrary to the previous work, we observe a reduction in the flow rate at low frequencies of
vibration; the flow rate starts increasing beyond a certain frequency. The decline in the flow rate is
attributed to the hindrance to the flow produced by the “roughness”of the surface during the prop-
agation of the surface wave. Our results show that the magnitude of the local velocity across the
channel increases significantly; however, the velocity profile remains parabolic —the profile doesn’
t widen and flatten with higher frequencies. This is indicative of the fact that the flow enhancement
is not only due to the reduced friction at the wall but also due to increased bulk fluid motion due
to the acoustic pressure produced as a result of traveling surface waves. Our study also reveals
that the nanochannels with a hydrophobic surface produce better flow enhancement in response to
traveling surface waves. Our work provides insights to better design strategies for surface acoustic
wave-driven flow enhancement inside nanochannels.
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In this work, the impact of clay minerals on formation damage of sandstone reservoirs is studied to
provide a better understanding of the problem of deep geothermal reservoir permeability reduction
due to fine particle dispersion and migration. In some situations, despite the presence of filters in
the geothermal loop at the surface, particles smaller than the filter size (<1 µm) may surprisingly
generate significant permeability reduction affecting in the long term the overall performance of
the geothermal system.
Our study is carried out on cores from a Triassic reservoir in the Paris Basin (Feigneux, 60 km
Northeast of Paris). Our goal being to first identify the clays responsible for clogging, a mineralogi-
cal characterization of these natural samples was carried out by coupling X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). The results
show that the studied stratigraphic interval contains mostly illite and chlorite particles. Moreover,
the spatial arrangement of the clays in the rocks as well as the morphology and size of the particles
suggest that illite is more easily mobilized than chlorite by the flow in the pore network.
Thus, based on these results, illite particles were prepared and used in core flooding in order to
better understand the factors leading to the aggregation and deposition of this type of clay parti-
cles in geothermal reservoirs under various physicochemical and hydrodynamic conditions. First,
the stability of illite suspensions under geothermal conditions has been investigated using different
characterization techniques including Dynamic Light Scattering (DLS) and Scanning Transmission
Electron Microscopy (STEM). Various parameters such as the hydrodynamic radius (around 100 nm),
the morphology and surface area of aggregates were measured.
Then, core-flooding experiments were carried out using sand columns to mimic the permeability de-
cline due to the injection of illite-containing fluids in sandstone reservoirs. In particular, the effects
of ionic strength, temperature, particle concentration and flowrate of the injected fluid were investi-
gated. When the ionic strength increases, a permeability decline of more than a factor of 2 could be
observed for pore velocities representative of in-situ conditions. Further details of the retention of
particles in the columns were obtained from Magnetic Resonance Imaging and X-ray Tomography
techniques, showing that the particle deposition is non uniform along the column.
It is clearly shown that very fine particles as small as 100 nm can generate significant permeability
reduction under specific conditions in high permeability porous media representative of the Triassic
reservoirs of the Paris basin. These retention mechanisms are explained in the general framework
of the DLVO theory.
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Carbon dioxide storage in subsurface formations is a promising technology for mitigating climate
change, but a good understanding of the flow behaviour in targeted reservoirs is crucial. Hetero-
geneities at various scales can significantly impact flow behaviour, especially in carbonate reser-
voirs, which contain a large portion of the world’s hydrocarbon reserves. In this study, we used an
experimental method to examine hysteresis, heterogeneity, and relative permeabilities in multiphase
flow in Edwards Brown dolomite. The experiment was conducted on a water-wet sample using brine
(20% KI) and oil (decane) at a resolution of 5.6 µm during steady-state drainage and imbibition cycles.
Our goal is to describe the effect of heterogeneities on the fluid behaviour, saturation changes, and
residual trapping to improve the upscaling from the pore scale to the core scale to better represent
the underlying pore-scale processes at the Darcy scale in a consistent way.
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Geothermal fluids tend to contain large quantities of dissolved gasses such as CO2 and N2. A drop
in pressure towards the production well means that free gas bubbles can form as the solubility limits
can be exceeded. These bubbles occupy part of the pore space thereby leading to a decrease of the
water relative permeability, thus leading to reduced production of geothermal waters. In addition,
the presence of free CO2 can enhance the rates of precipitation of minerals such as calcite (Stefáns-
son et al., 2016).
This project is aimed at experimentally investigating the conditions at which the onset of the de-
gassing process starts (i.e. the conditions where the first free gas bubble forms) inside porous media.
In addition, the influence of presence of free gas bubbles on the water relative permeability of the
porous medium is assessed.
A series of coreflood experiments was carried out where CO2 along with an aqueous phase (either
tap water, 1 M NaCl brine or 1.5 M CaCl2 + 2 M NaCl brine) were co-injected into a Berea sandstone
core at ambient temperature. The CO2 concentration ranged from 0.2 to 1.3 mol/L to assess its in-
fluence on the degassing pressure. Initial coreflood tests outside the CT scanner using a vertically
oriented core showed an abrupt decrease in the water relative permeability of approximately 90% at
pressures just slightly below the degassing pressure. This implies that the free gas bubbles function
as an effective blocking agent in these rocks thus limiting the water production rate. The onset of
degassing (i.e. pressure below which degassing is observed) is also found to correlate well with CO2
solubility values that were obtained using the Van ‘t Hoff equation (Smith and Harvey, 2007) when
using tapwater as the aqueous phase, but with larger deviations found at higher brine salinities.
The first series of CT assisted corefloods was performed using a medical CT scanner and the same
experimental conditions as the earlier experiments. Here the core had to be placed horizontally due
to limitations of the scanner. Free gas saturations within the core were determined at various differ-
ent back pressure levels and compared with differential pressure logs. Again, an abrupt transition
in the water relative permeability was found once degassing started, but the process also suffered
from gravity override of the free gas especially at higher CO2 concentrations.
Additional coreflood experiments are currently being prepared utilizing a new CT scanner that al-
lows for vertical placement of the rock core along with higher resolution scans. This enables per-
forming tests without gravity override problems. Also, the higher resolution scans allows capturing
of more details of the degassing process, such as mineral precipitation.

Participation:

In-Person

References:

Smith, F.L. and Harvey, A.H., 2007, Avoid Common Pitfalls when using Henry’s Law. 103: 33-39.

Stefánsson, A., Keller, N.S., Robin, J.G., Kaasalainen, H., Björnsdóttir, S., Pétursdóttir, S., Jóhannesson,
H. and Hreggvidsson, G.Ó., 2016, Quantifying mixing, boiling, degassing, oxidation and reactivity of
thermal waters at Vonarskard, Iceland. Journal of Volcanology and Geothermal Research, 309: 53-62.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

The Netherlands

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

MS08 / 704

Chaotic mixing due to oscillatory flow in porous media
Authors: Gaute Linga1; Tanguy Le Borgne2

Page 595



InterPore2023 / Book of Abstracts

1 University of Oslo
2 University of Rennes

Corresponding Authors: gaute.linga@gmail.com, tanguy.le-borgne@univ-rennes1.fr

Solute mixing in time-periodic porous media flows is relevant to a wide range of natural, industrial
and biological processes spanning from seismicity through hydropeaking to pulsatile flows in biolog-
ical tissue. Nevertheless, it remains poorly understood how the (spatial) frequencies of the porous
medium and the (temporal) frequencies of the time-varying flow field interplay and affect the mix-
ing dynamics. Here we investigate the dynamics of solute mixing by a single-frequency oscillatory
flow through an archetypal porous medium consisting of periodically arranged cylindrical obstacles.
By extensive high-resolution pore-scale simulations, we find that successive stretching and folding
events across stagnation points generate chaotic mixing, meaning that fluid elements are elongated
exponentially in time. We propose a theoretical model allowing us to analytically predict the Lya-
punov exponent based on the frequency and amplitude of the flow. The model opens new avenues
for predicting mixing and reaction rates across a host of time-dependent porous media flows.
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Dissolution of porous media introduces positive feedback between fluid transport and chemical re-
actions at mineral surfaces leading to the formation of pronounced wormhole-like channels. While
the impact of flow rate and reaction rate on the shapes of the wormholes is now well understood,
much less is known about the dynamics of their propagation. In this communication, we show how
the evolution of wormholes and their effects on flow patterns can be captured by in-situ X-ray mi-
croCT imaging of dissolving limestone cores. 4D tomography allows us in particular to correlate the
permeability changes in a dissolving core with the advancement of the tip position of the wormhole.
The analysis of such correlations allows one to detect the highly cemented regions in the core which
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act as permeability barriers, which the wormhole tries to bypass.
Finally, we show how to supplement this information with the analysis of the flow patterns. The
latter can be obtained by injecting a contrast solution while scanning the sample in the tomograph.
This data allows us to quantify the competition between the wormhole branches, which drives the
evolution of the wormholing pattern.
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Recent studies have shown that chaotic advection is spontaneously produced by laminar flows
through granular media such as bead packs, strongly impacting solute mixing rates. This has strong
implications for many reactive and biological processes in the subsurface. Chaotic dynamics could
also be key in a wide range of environmental and industrial applications driven by mixing. Beside
granular media, there is still no evidence that chaos broadly arises in the large variety of porous ar-
chitectures that exist. In particular, it is unknown how the pore structure and topology can control
chaotic dynamics.
In this study, we numerically investigate the mixing behavior of solute for a wide range of natural
and engineered porous material that goes from carbonates and sandstones to beadpacks. We quan-
tify chaotic advection by measuring Lagrangian stretching statistics (Lyapunov exponent) and its
impact on mixing by estimating the decay of solute concentration variance. We find that stretching
and mixing rates vary significantly between the different classes of porous architectures. We also
observe that the flow resolution can dramatically impact the statistics and give guidelines for an
accurate computation of the Lyapunov exponent.
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In this work, we present a mixed finite element formulation of the Biot problem based on the rotation
and displacement for the elasticity, and Darcy velocity and pressure, for the fluid phase flow. The
discretization of the problem is based on exact discrete complexes and also on a suitable choice of
a quadrature rule to localize, in a multi-point fashion, and thus algebraically eliminate the rotation
and flux variables. The resulting method has fewer degrees of freedom than the original one, leading
to a cost-effective formulation of the poroelastic problem with a two fields formulation. Indeed, we
consider lowest order Raviart-Thomas finite elements for the displacement and piece-wise constants
for the fluid pressure, thus the number of degrees of freedom is equivalent to a mixed formulation
of a single-phase flow. Numerical results show the expected convergence rates for the errors for all
the variables, for both the four and two fields formulations. We extend this discretization strategy to
account for faults, which are three-dimensional physical objects where one of the dimension (their
thickness) is orders of magnitude smaller than the others, and their material properties might be very
different than the surrounding porous media. To avoid excessive mesh refinement, in the discrete
setting, we represent them as objects of codimension one and consider a new set of equations based
on a dimensional reduction strategy. We can thus reformulate the problem as mixed-dimensional
and exploit the properties of the discrete approximation to obtain reliable solutions at an affordable
computational cost. The reference paper for this contribution is 1, see also references therein.
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Scaling up renewable energy production needs to be accompanied by a concomitant scaling of stor-
age technologies. In this regard, hydrogen (H<sub>2</sub>) is an attractive energy carrier due to
its large specific energy capacity and its clean combustion products. However, its low mass density
requires gigantic volumes (billion m<sup>3</sup>) to store energy in the order of TWh. Geological
formations such as depleted gas reservoirs conveniently provide these large volumes. To maintain
a safe operational pressure range, a cushion gas is introduced into the reservoir, which expands and
compresses during the storage cycles of H<sub>2</sub>. A large compressibility of this gas max-
imizes the storage capacity of H<sub>2</sub> during injection, and minimal mixing facilitates an
efficient recovery of pure H<sub>2</sub> during production. Among many options such as nitro-
gen, methane and H<sub>2</sub> itself, carbon dioxide is also considered a suitable cushion gas
due to its large compressibility at supercritical conditions<sup>1</sup>.

On timescales relevant to storage (weeks to years), the cushion gas will mix with H<sub>2</sub>
through molecular diffusion and flow-induced mechanical dispersion. This work focuses on molec-
ular diffusion, as the first step towards quantifying mixing of the stored H<sub>2</sub> and the
cushion gas. According to Fick’s law, the diffusing mass flux is a product of gradient in mole-fraction
and the (molecular) diffusion coefficient D. Fick diffusion coefficients exhibit strong dependencies
on thermodynamic variables such as the mixture composition, temperature T, and pressure P. In
this work, we compute D at various mixture compositions using equilibrium molecular dynam-
ics<sup>[2]</sup> for P ∈ [20,300] bar and T ∈ [250,350] K for various binary gas mixtures. The
analytic expression for diffusion coefficients based on kinetic theory of gases deviates significantly
from our predictions - thus emphasizing the need to account for molecular interactions. Furthermore,
we provide fit functions to enable fast and accurate prediction of diffusion coefficients at reservoir
conditions, which are beneficial for reservoir flow simulators. Finally, the phase equilibria of these
gas mixtures are also predicted using molecular simulations.
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Understanding flow and transport through fractured porous media is vital for optimising large-scale
hydrological and geological processes such as carbon capture and storage, geothermal energy pro-
duction, and contaminant transport. Direct Numerical Simulations (DNS) solving the Navier-Stokes
equations can accurately describe species transport through relatively small volumes of porous me-
dia. However, the use of DNS to investigate large geometries with multiscale features, such as frac-
tures, pores and micro-pores, is limited due to the significant computational costs. An alternative can
be offered by the Multiscale Darcy-Brinkman-Stokes (DBS) simulations, for which under-resolved
small-scale features are represented through their effective permeability and porosity values. Mul-
tiscale DBS models have been extensively benchmarked for single-phase flow through multiscale
porous media. However, relatively little knowledge exists of their applicability to model species
transport. Recent advances in three-dimensional (3D) printing allow for fast and cheap manufac-
turing of multiscale models with complex porosity distributions, which has enabled the investiga-
tion of specific flow processes. In this work, we present an experimental and numerical study of
species transport through 3D-printed geometries containing both fracture and matrix. First, we con-
duct single-phase flow species transport experiments in order to develop a benchmark experimental
dataset. Then, we compare the experimental results with the species transport obtained with DNS
simulations and with multiscale DBS simulations. Our results show an accurate match between the
DNS and DBS solvers. Moreover, we show that our multiscale DBS model can be used to extract the
transfer function for flow and species transport at the interface between fracture and matrix, which
can be used as an input for dual continuum models. Finally, we show how our model can be applied
to estimate the transfer coefficients as a function of flow rate and species diffusion using a micro-CT
image of a real fracture.
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Darcy’s law describes the flow of Newtonian fluids through bulk porous media as the product of
the applied pressure difference, the fluid’s viscosity and the medium’s permeability. Brinkman ex-
tended Darcy’s law with a viscous stress term, thereby enabling boundary conditions to the flow
field at the surface of the medium. The validity of Brinkman’s term, and the value of its effective vis-
cosity, have been heavily debated since their introduction nearly 75 years ago. We use experiments
and Multibody Dissipative Particle Dynamics (MDPD) simulations to study flows through ordered
and disordered pillar arrays in microfluidic channels of limited height. We find that the simulated
velocity profiles are well described by an expedient interpretation of Brinkman’s theory. Depending
on the solid volume fraction and pillar arrangement, the effective viscosity varies between two and
three times the bulk fluid viscosity. The calculated effective permeabilities of the flow devices, com-
bining the flow resistances due to the pillars and the walls by Brinkman’s theory, agree well with
the experimental data. This approach enables fast and accurate estimates of the effective permeabil-
ity of micropillared chips. The simulated force distributions over the walls and pillars require an
effective viscosity equal to the bulk viscosity and an elevation-dependent permeability of the pillar
array.
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Sedimentary rock deposits in the southeast of the United States are known to be adequate reservoirs
for carbon sequestration. One of these formations is the Washita-Fredericksburg formation in south-
west Alabama. Although studies have suggested that this Cretaceous sedimentary formation could
act as a great CO2 reservoir, there is not much known about this formation. In this study, sandstone
samples of the Washita-Fredericksburg formation were analyzed to (1) understand their mineralogi-
cal composition and porosity and (2) to understand potential geochemical processes that might occur
in the formation between CO2 and the sandstones. XRD and SEM data showed that the sandstone
samples are mainly composed of quartz, k-feldspar, albite, and clay minerals such as smectite and
kaolinite. Mineral dissolution rates were obtained from previous studies at different temperatures,
and the final value was calculated using the formation temperature (68° C) at a sample depth (2.6
km). Mineral surface areas were obtained from low, high, and average BET surface areas given by
previous studies. CrunchFlow was used to calculate brine composition and initial pH in the forma-
tion. After obtaining all the necessary data, a reactive transport model was built in Crunchflow. The
results in this model show possible geochemical changes in porosity, mineral volume percentages,
and ion concentrations. The results from this model gave more insight and a better understanding of
potential changes in porosity and permeability in porous CO2 reservoirs. Understanding the effects
of CO2 and porous media is crucial since there can be changes in porosity, permeability, and possible
mineral precipitation. These changes can affect formation properties. This project is supported by
the Southeast Regional CO2 Utilization and Storage Partnership (SECARB-USA), funded by the U.S.
Department of Energy.
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Steady-state transitions in porous media, here defined as a discontinuity in one or more macroscopic
observables as a function of Reynolds number while the flow remains steady, are known to occur for
a multitude of different types of porous media. In previous studies, it has been discovered that these
transitions coincide with the development of inertial cores and a reduction in the spatial variance of
the velocity field 1. Recently, flow through an ordered porous media cell consisting of a staggered
cylinder packing was investigated using tomographic particle image velocimetry [2]. The results
reveal a complex three-dimensional steady-state flow pattern, occurring in the region where inertial
effects are expected to become dominant. The peculiar flow pattern, which significantly increases
the vorticity and flow resistance, indicates that the transition may need more explanation than the
development of inertial cores as suggested by earlier studies.

The investigation is confined to single-phase, fully saturated Newtonian flow through porous me-
dia. By making use of an in-house GPU implementation of an artificial compressibility finite differ-
ence method the transition from the stokes flow region, to the end of the steady inertial region, is
performed on three types of ordered porous media. These are a staggered packing of mono-radii
cylinders, a staggered packing of quadratic cross-section rods and a body-centred cubic packing of
mono-radii spheres as disclosed in the figure. Here, also the flow regions are presented where the
Reynolds number increases from left to right and the velocity magnitude is visualized by a volume
rendering. When increasing the Reynolds number it is concluded that in addition to the transition
resulting in an increase of the spatial variance of the velocity, as known from earlier studies, it co-
incides with a rise in the absolute value of the pressure integral across the solid surfaces. These
observations, together with an observed increase in the absolute value of the pressure velocity cou-
pling, indicate that the flow tends to alternative flow paths which reduces impingement on the solid
surfaces.
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In order to study the efficiency of the various forms of trapping including mineral trapping scenar-
ios for CO2 storage behavior in deep layers of porous media, highly non-linear coupled diffusion-
advection-reaction partial differential equations (PDEs) including kinetic and equilibrium reactions
modeling the miscible multiphase multicomponent flow have to be solved. We apply the globally
fully implicit PDE reduction method (PRM) developed 2007 by Kräutle and Knabner for one-phase
flow, which was extended 2019 to the case of two-phase flow with a pure gas in the study of Brun-
ner and Knabner. We extend the method to the case of an arbitrary number of gases in gaseous
phase, because CO2 is not the only gas that threats the climate, and usually is accompanied by other
climate killing gases. The application of the PRM leads to an equation system consisting of PDEs,
ordinary differential equations, and algebraic equations. The Finite Element discretized / Finite Vol-
ume stabilized equations are separated into a local and a global system but nevertheless coupled by
the resolution function and evaluated with the aid of a nested Newton solver, so our solver is fully
global implicit. For the phase disappearance, we use persistent variables which lead to a semismooth
formulation that is solved with a semismooth Newton method. We present scenarios of the injection
of a mixture of various gases into deep layers, we investigate phase change effects in the context
of various gases, and study the mineral trapping effects of the storage technique. The technical
framework also applies to other fields such as nuclear waste storage or oil recovery.
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The rock wettability influences the distribution of fluids within the pores, which significantly affects
oil displacement and recovery efficiency. It has been suggested that the wettability alteration from
oil-wet to water-wet improves the oil recovery during the injection of low salinity or smart water-
flooding for enhanced oil recovery (EOR). The electrical surface charge, the main interface property,
developed at crude oil/brine and rock/brine interfaces affects the wettability alteration. The surface
charge is closely related to the zeta potential which can be measured by experiments. On the other
hand, the surface complexation models have been used to theoretically interpret the crude oil/brine
and rock/brine interfaces and provides insight into the interaction at the crude oil-brine-rock inter-
face. The interface properties strongly depend on pH, brine composition, and temperature. However,
only a few studies have reported the effect of temperature on the interface properties.

The main objective of this study is to investigate the effect of temperature on crude oil/brine interface
properties. Three crude oils with different total acid number (TAN) and total base number (TBN)
were selected for this study. The zeta potential of the crude oil emulsion in the de-ionzed water,
high salinity water, low salinity smart water, low salinity CaCl2 solution, and low salinity Na2SO4
brine was measured at 25 ˚C, 40 ˚C, and 60 ˚C. The pH of the selected solution was adjusted from 2.5
to 7.6.

With increasing pH of the solution, the surface of crude oil showed more negative zeta potential due
to de-protonation of carboxyl groups in the crude oil. The presence of divalent cations such as cal-
cium or magnesium in high salinity water, smart water and CaCl2 solution compensates the negative
surface of crude oil and reduces the absolute value of zeta potential. Overall, the temperature rise in
the solution decreases the absolute value of zeta potential. A part of experimental data was fitted to
the triple-layer surface complexation modelling results to determine the associated equilibrium con-
stants for the carboxyl group surface reactions. The other part of experimental data was used for the
validation of the triple-layer surface complexation parameters. Moreover, the enthalpy changes for
the surface complexation reactions of protonation, de-protonation and adsorption of cations were
determined from the relationship between temperature and the equilibrium constants, which can be
used to estimate interface properties of crude oil-brine system at reservoir conditions.
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Virus pandemics and endemics cause enormous pain and economic, political, and social costs and tur-
moil. While the Covid19 pandemics induced obvious damages, the “silent” Hepatitis C virus (HCV)
infection induced liver destruction is the main reason for liver transplants. HCV virus replication
sometimes serves as some sort of representative to study virus replication basics. HCV-generated
virus genome replication factories are housed within virus-induced intracellular structures termed
membranous webs (MW) which are derived from the Endoplasmatic Reticulum (ER). The ER is an
interconnected intracellular membrane network and embedded within the cytosol. The interplay
of virus components whose action is restricted to the 2D ER manifold and of other virus compo-
nents which act in the 3D volume cytosol space is crucial for virus replication. Up to now, the very
advanced experimental data such as highly spatially resolved fluorescence and electro-tomography
data in many cases do not enter computational HCV viral RNA (vRNA) cycle models. Based upon
diffusion-reaction partial differential equations (PDEs), we are developing fully 3D resolved “in silico
microscopes”to mirror in vitro / in vivo experiments for the intracellular vRNA cycle dynamics. Our
first models described the major components (vRNA, non-structural viral proteins - NSPs - and a
host factor). The next steps incorporated additional parameters: Different aggregate states of vRNA
and NSPs, and population dynamics inspired diffusion and reaction coefficients instead of multilin-
ear ones. Our work in progress framework presently is merging effects restricted to the ER surface
(e.g. NSP diffusion) with others taking place in the cytosol (e.g. host factor supply). Further we
estimate and incorporate realistic parameters such as NSP diffusion constants. The simulations are
performed upon experimental data based reconstructed cell geometries which indeed display a very
complex porous medium structure. Our simulations help understanding the relation of form and
function of intracellular virus replication mechanisms. In the long run, our framework might help
to facilitate the systematic development of efficient direct antiviral agents and vaccines.
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Bubble trapping in porous microstructures occurs in many applications, such as CO2 sequestration,
underground H2 storage, and fuel cells. In hydrogen storage, the occupying bubbles are gaseous and
vary in composition (due to the presence of cushion gas) and size (or interfacial curvature), result-
ing in an initial condition that is far from global equilibrium. Since bubbles are partially miscible,
they dissolve and diffuse through the wetting phase, thereby exchanging mass with one another.
This process is known as Oswald ripening. Prior work on ripening has focused mainly on single-
component and incompressible bubbles. Here we present a mathematical formulation of a pore
network model that simulates the evolution of thousands of multi-component bubbles in arbitrary
microstructures. We show that physics leads to non-trivial and unexpected evolution dynamics not
observed in single-component systems. The implications of these observations on the viability and
performance of underground hydrogen storage are discussed.
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We present numerical simulations of CO2 sequestration in carbonate rocks. Injection of CO2 leads
to partial dissolution of the rock matrix, changing the geometry and topology of the pore space. As
a result, the permeability, formation factor, and elastic properties of the rocks also evolve. To charac-
terize the changes in the pore space topology, we used persistent homology methods. We varied the
input conditions (flow rate, reaction rate, and diffusion), simulated the reactive transport, and then
constructed the persistent diagrams for Betti One numbers (corresponding to closed cycles in the
pore space). After that, we introduced the measure in the persistent diagram space and performed
clustering with respect to this measure. Four different clusters representing different dissolution
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scenarios were stably recovered. Visually, the clusters correspond to slow dissolution, wormholes
forming, homogeneous dissolution of the rock matrix, and the formation of the dissolution front.
We compared the changes in porosity, absolute permeability, formation factor, and elastic proper-
ties of the rocks for different clusters, illustrating that different dissolution scenarios lead to different
cross-parameter relations. In particular for the wormholes’ formation, small changes in the porosity
cause a strong increase in the permeability, whereas softening of the material is relatively low. For
the homogeneous dissolution, permeability is less sensitive to the porosity changes, however, the
elastic parameters got much smaller.

The research was supported by the RSCF grant no. 21-71-20003
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Porous media are characterized by their physical and chemical heterogeneity at a range of length
scales. As a result, the interfaces between the different phases or materials present in the media
are complex. Processes near or at these interfaces often exert a controlling effect on the outcome
of applications in which these porous media are used. Process-based modeling is a powerful tool
to understand how the different processes interact to produce the observed behavior. However,
representation of these interfaces in models in order to capture the relevant processes explicitly
remains a challenge.

In this presentation, we describe an embedded-boundary method that enables us to incorporate in-
terfaces explicitly in a block-structured finite-volume model. In this approach, the irregular domain
created by complex interfaces is discretized as a collection of control volumes formed by the inter-
section of the problem domain with the cubic Cartesian grid cells, as in a “cut cell”approach. The
various operators are approximated by applying the divergence theorem on the irregular control vol-
umes, with the fluxes computed by using primary discretized dependent variables that approximate
the solution evaluated at the centers of the original Cartesian cells. Away from the boundary, the
finite-volume method reduces to a standard finite-difference approximation.

We demonstrate the approach in three applications to reactive transport in porous media. In all cases,
we consider fluid flow, solute transport, aqueous complexation and mineral dissolution-precipitation
reactions. The applications cover a range of conceptual models. We start with an application where
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the interfaces separate fluid and solid phases and reaction rates are limited by solute transport to
the interfaces. We follow with fractured media, where interfaces separate the fracture opening from
the surrounding matrix. In this case, transport limitations exist both in the fracture as well as in
the matrix. We end with an application to reverse osmosis where the interface acts as a permeable
boundary to water but not to ions in solution.
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Small-scale riverbed topographies (e.g., ripples) control the extent of groundwater and surface wa-
ter exchange flux and the resulting biogeochemical processes. There is a lack of understanding on
how small-scale topographies impact biogeochemical dynamics such as the aerobic respiration and
coupled nitrification-denitrification reactions. Here we present a fully-coupled numerical modeling
framework in in OpenFoam that we used to systematically study and understand the controlling in-
fluence of 3D and small-scale topographies on the biogeochemical dynamics within the groundwater
and surface water mixing zone. Our preliminary results show that the out-of-phase riverbed param-
eter control and enhance biogeochemical reactions. We also present how the zones of enhanced
reaction rates (i.e., hot spots) develop within different riverbed topographies.
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CO2 huff-n-puff has been proven to be the most promising enhanced oil recovery method for tight/shale
reservoirs. However, the aqueous phase from the connate water and the later-entered hydraulic frac-
turing has a significant impact on CO2-EOR, and the microscopic mechanism of this effect is still
unclear. In this work, an online nuclear magnetic resonance (NMR) instrument was used to monitor
the real-time migration of the matrix oil during CO2 huff-n-puff at water invasion conditions. The re-
sults show that the intrusive aqueous phase forms a “water bridge”on the fracture surface to prevent
CO2 from contacting the crude oil, resulting in poor oil recovery at the first cycle huff-n-puff process.
After one cycle huff-n-puff, most of the invasion water in the macro pore will be discharged, and
the oil recovery at the second cycle has been greatly improved. However, the water in micropores is
still difficult to drive out after multi cycles, which is the main reason why the oil in the micropores
is difficult to recover. Increasing the injection pressure can improve the solubility of CO2 in crude
oil and increase the elastic energy. Part of the trapped water in the micropore is discharged and the
channel is unblocked at the first cycle huff-n-puff, thus improving the oil recovery in subsequent
rounds. Similarly, lengthening the soaking period can also significantly enhance oil recovery at the
CO2 cyclic huff-n-puff process. The stimulation mechanism is mainly divided into two aspects. One
is that invasion water concentrated on the matrix-fracture surface imbibes into the deep part of the
matrix during the soaking period, resulting in a decrease in water saturation of the surface, thereby
increasing the contact area between CO2 and oil, and finally improving oil recovery. The other is
that the invasion water in macropores displaces the oil in micropores under the effect of capillary
force, which improves the recovery degree of the micropores.
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Fluid injection or withdrawal are common in subsurface engineering applications, inducing peak
velocities of ≥ meters per second in wide-aperture fractures. Although inertia effects are well docu-
mented for channel flow, discrete fracture flow models often treat fracture flow as laminar creeping
flow or try to account for inertia effects via constitutive relationships. Centrifugal forces acting on
the fluid passing through fracture intersections are largely ignored.
This numeric simulation study investigates how flow patterns and spatial variations of flow velocity
vary with the total fluid flux through a fracture network. After verification with a fracture inter-
section model, a Reynolds-averaged Navier Stokes solver is applied to an outcrop-based discrete
fracture model, in this sensitivity analysis. Our results show how fluid inertia affects the flow veloc-
ity spectra and the partitioning of flow among fractures already at velocities greater than ~1-cm/sec.
The significant effects seen, highlight the need for an improved model of fracture flow.
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Per- and polyfluorinated substances (PFAS) are emergent contaminants of which the fate and trans-
port in the environment remain poorly understood. A growing body of site investigations demon-
strate that vadose zones serve as significant long-term sources of PFAS to contaminate groundwater.
Most PFAS are surfactants and experience strong retention in soils due to adsorption at air–water,
NAPL–water, and solid–water interfaces. Notably, a great majority of PFAS-impacted sites com-
prise mixtures of PFAS as well as hydrocarbon surfactants. The interfacial adsorption of PFAS in
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multicomponent systems can complicate the characterization and quantification of retention and
mass-transfer processes. Here, we develop a mathematical model to predict air–water and NAPL–
water interfacial adsorption for multicomponent PFAS and hydrocarbon-surfactant systems. The
model is validated by successful prediction of multiple sets of experimental data covering a wide
range of PFAS and hydrocarbon surfactants. The new air–water and NAPL–water interfacial adsorp-
tion model can be readily incorporated into transport models to investigate the impact of mixtures
of PFAS and hydrocarbon surfactants on PFAS leaching in the vadose zone.
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In this work, we use a combination of formal upscaling and data-driven machine learning for ex-
plicitly closing a nonlinear transport and reaction process in a multiscale tissue. The classical effec-
tiveness factor model is used to formulate the macroscale reaction kinetics. We train a multilayer
perceptron network using training data generated by direct numerical simulations over thousands
of microscale examples. Once trained, the network is applied in an algorithm for numerically solv-
ing the upscaled (coarse-grained) differential equation describing mass transport and reaction in
two example tissues. The network is described as being explicit in the sense that the network is
trained using macroscale concentrations and gradients of concentration as components of the fea-
ture space.

Network training and solutions to the macroscale transport equations were computed for two differ-
ent tissues. The two tissue types (brain and liver) exhibit markedly different geometry and spatial
scale (cell size and sample size). The upscaled solutions for the average concentration are compared
with numerical solutions derived from the microscale concentration fields by a posteriori averag-
ing.

There are two outcomes of this work of particular note: 1) we find that that the trained network
exhibits good generalizability, and it is able to predict the effectiveness factor with high fidelity
for realistically-structured tissues despite the significantly different scale and geometry of the two
example tissue types; and 2) the approach results in an upscaled PDE with an effectiveness factor
that is predicted (implicitly) via the trained neural network. This latter result emphasizes our pur-
poseful connection between conventional averaging methods with the use of machine learning for
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closure; this contrasts with some machine learning methods for upscaling where the exact form of
the macroscale equation remains unknown.
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In this paper, corner structure is extracted from real sphere stacking pore structure. Based on the
OED-based pore network model proposed in previous study, as shown in the upper left red dashed
box in Fig. 1, the corner structure is segmented and the corner network model is constructed, and
the corner network and pore network can be coupled. Based on the proposed hybrid network model,
the real pore structure was extracted and the evaporation process under isothermal conditions was
simulated. The simulation results and experiment results are compared under the overall saturation
is 76.6%, 51.6%, 10.1% and 2.9%, respectively. The results show that the distribution trend of local
saturation along the thickness direction in the evaporation process is in good agreement. The com-
parison of liquid configurations on sections with different thicknesses indicates that the position
of the residual liquid film in the drying process can be better extracted. Besides, the phenomenon
of the edge region evaporating first in the simulation results is inconsistent with the experimen-
tal results, which may be due to the lack of considering the physical parameters on the boundary
surface.

Participation:

Online

References:

MDPI Energies Student Poster Award:

Yes, I would like to submit this presentation into the student poster award.

Country:

Page 613



InterPore2023 / Book of Abstracts

China

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Poster / 730

Water transport in n-alkane phases through diffusion and emul-
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tive
Author: LIFEI YANNone

Corresponding Author: l.yan@tudelft.nl

Several controlling mechanisms have been proposed to explain oil remobilization due to low-salinity
effects. Among them, osmosis and water-in-oil emulsification have been widely reported as two po-
tential mechanisms. However, our knowledge of these processes is limited, and their associated
time scales are not well understood. To verify their roles, we have conducted a series of experiments
in oil-wet microfluidic devises. The solid surface in the micromodels have been rendered oil-wet
via a silanization procedure. Sequential fluid injections with high-salinity water (HSW), pure or
surfactant-added synthetic oils, and low-salinity water (LSW) are performed to obtain a fluid distri-
bution where oil is sandwiched between disconnected HSW water and connected LSW. Such fluid
distribution is assumed to be prevalent in natural reservoirs. A 2,797 × 2,238 µm2 region is continu-
ously observed for over 70 hours under a high-resolution microscope. We observe that the salinity
contrast over oil films can cause water transport through the oil and lead to swelling of the trapped
high-salinity water, resulting in the movement of oil phases within the pores. Dodecane displays
higher water transport than heptane. We compare salinity contrasts of 1.7-170 g/L and 50-170 g/L.
The higher salinity contrast induces higher water transport for both heptane and dodecane. The
lower salinity contrast of 50-170 g/L salinity contrast gives less water flux, even reaching zero af-
ter a prolonged time. With the addition of a surfactant (SPAN 80) to alkanes, we observe sponta-
neous emulsification at the LSW-oil interface, while no apparent micro-emulsions were found at the
HSW-oil interface. We notice an increase of almost 100 times in water flux for both n-heptane and
n-dodecane. This increase is due to the enhanced formation of micro-emulsions of water-in-oil. The
emulsification process weakens the influence of salinity on the transport of water molecules in the
oil phases. Our experiments provide direct pore-scale observation of dynamic spontaneous emulsi-
fication at the LSW-oil interface, whereas we could not detect any micro-emulsions at the HSW-oil
interface. Based on our observations, two scenarios for explaining water transport through the oil
phase are proposed: water diffusion due to chemical potential gradient and water transport via
reverse micelle or micro-emulsions movement. The relative influence of these two transport mecha-
nisms is dependent on the rate of generation of emulsions at the LSW-oil interface, which we observe
to be significantly altered by surfactants in the oil phase.
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A lot of processes in applied sciences based on surface chemistry phenomena utilise porous solid
materials to increase the accessible surface area. For instance, a mesoporous silica MCM-41 is used
as new drug delivery systems for ibuprofen, a more sustainable solution for separation of ethane
from natural gas and a heterogeneous catalyst in hydrogenation of benzene. In all of these systems
fluid-interface play a key role, however it should be acknowledged that the pores are normally filled
up by fluid molecules (i.e. confined fluid).
Nano-confined fluids often have different macroscopic properties than unrestricted bulk correspond-
ing forms. For example, the mobility of molecules is supressed across the whole range of tempera-
tures when liquid benzene is confined in MCM-41.1 Some studies also suggest an interesting phenom-
ena occurring upon confining miscible in bulk mixtures –a microphase separation of e.g. tert-butyl
alcohol and toluene.[2] These discrepancies originate at the molecular level, and total neutron scat-
tering is an exceptional experimental technique giving an access to this information.
Wide Q-range total neutron scattering (0.01 to 50 Å–1) accessible at the NIMROD instrument based
at ISIS Neutron and Muon Source has been employed to obtain insights into the structural proper-
ties of aliphatic and aromatic hydrocarbons such as benzene-d6, cyclohexane-d12, cyclohexene-d10
confined in the pores of MCM-41.[3] Other studies include understanding the structural properties
of a range of gases in MCM-41 (oxygen, nitrogen, deuterium, and deuteriated methane),[4] structure
of water in MCM-41[5] and arrangement of benzene and cyclohexane molecules during a reaction
on Pt-doped MCM-41.[6]
In this study, scattering data were collected for a set of systems: (i) empty MCM-41, and (ii) MCM-41
loaded with a hydrocarbon. To analyse the data, two atomistic models were constructed –first to
represent the confining matrix alone, and a subsequent containing also benzene molecules. Through
the refining procedure, the molecules within the simulation box were moved towards the new po-
sitions allowing for mimicking the collected scattering patterns. The final model of the system is
used to calculate structural properties of the confined liquid such as radial and angular distribution
functions, spatial density functions, distribution of molecules across a pore.
The results obtained for benzene confined in MCM-41 showed that the some weak interactions that
are responsible for ‘ordering’of molecules within the bulk liquid benzene seem to be drastically al-
tered by the presence of the constraining interface. The further studies on how the chemical nature
of the surface of the confining matrices and their pore size affect the structural properties of con-
fined fluids are ongoing. Understanding the confinement effects on fluids structure is crucial for a
conscious tailored design of systems and processes involving them, such as membranes for removal
of pollutants from water, systems controlling the fate of drugs within the patients, oil in porous
shales, permeable anodes and cathodes in fuel cells and CO2 captured and stored within nano-cages
in Metal Organic Frameworks, to name but a few.
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Ultrasound wave velocities of porous media are uniquely determined by their elastic properties. In
particular, in statistically iosotropic porous media the velocities of the transverse and longitudinal
waves can be used to determine the effective elastic moduli and the Possion ratio. On the other hand,
many model-based relations have been proposed in the literature to predict the porosity dependence
of elastic moduli [1-3], while such relations for predicting the wave velocities themselves are rela-
tively scarce. Especially tricky is the prediction of the longitudinal wave velocity, which is caused by
the fact that the porosity dependence of the Poisson ratio is highly non-trivial [4]. In this contribu-
tion we present six different model-based predictions for the velocities of transverse waves that can
be derived from well-known model predictions for elastic moduli, including the numerical bench-
mark solutions recently obtained by Pabst and Uhlířová for computer-generated model materials
with random microstructure and isometric grains obtained by virtual partial sintering (overlap) of
monosized spherical particles [3]. Moreover, we show that a recently introduced velocity ratio func-
tion [5] can be used to obtain predictions for the velocity of longitudinal waves as well. It is shown
that all these model relations predict a decrease of the wave velocities with increasing porosity, with
those based on the Maxwell-Mori-Tanaka model / MMT model being typically highest, followed by
those based on the differential, exponential and self-consistent model and those based on the nu-
merical benchmark solution [3] and the Pabst-Gregorová percolation relation [2] being lowest. A
comparison with experimental data published in the literature shows that the vast majority of data
is between the differential prediction and the aforementioned numerical benchmark solution. More-
over, for all experimental data the correlation between the longitudinal and transverse velocities
(both normalized with respect to the transverse velocity of the dense material) is below the MMT
prediction and above a straight line with a slope equal to the square root of 7/3.

Acknowledgement: This work is part of the project “Impulse excitation as an unconventional method
for monitoring phase changes and microstructural evolution during thermal loading of materials”
(GA22-25562S), supported by the Czech Science Foundation (Grantová agentura České republiky).
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Sintering of ceramics consists in the formation of bulk materials from disperse partcicle systems
(unconsolidated powder compacts). It always involves strengthening (i.e. due to the formation and
growth of sinter necks between the particles or grains) and usually (but not always) also densification
(i,e. the reduction of possibly complete elimination of pores) and coarsening (grain growth). Dur-
ing sintering the elastic moduli, e.g. Young’s modulus, increase. Using temperature-dependent im-
pulse excitation this has been shown e.g. for alumina ceramics 1, zirconia ceramics [2] and alumina-
zirconia composite ceramics [3]. In these cases it is clear that main cause for the increase of Young’
s modulus during sintering is the densification which leads to a reduction of porosity and is accom-
panied by shrinkage. This has been extensively investigated via numerical property calculations
on computer-generated model microstructures capturing the essential features of partially sintered
ceramics [4-8]. On the other hand, more recently it has been shown that even in cases where sin-
tering occurs without shrinkage, i.e. where the porosity remains unchanged, Young’s modulus in-
creases during sintering [9]. The reason for this is the aforementioned formation and growth of sinter
necks between the particles or grains, together with changes in the surface curvature of the grains,
which may be viewed as a kind of naturally occuring microstructural optimization. This contribu-
tion gives an overview on the current understanding of the evolution of Young’s modulus during
sintering with and without shrinkage. It is shown that apart from porosity, three other Minkowski-
functional-based microstructural descriptors can be important in determining Young’s modulus, viz.
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the surface density, the mean (Germain) curvature integral density and the total (Gauss) curvature
integral density. Of these, the surface density seems to be the most influential parameter. Moreover,
from the practical point of view, this microstructural descriptor has the advantage that it need not
be determined via image analysis but can be determined via gas adsorption measurements.

Acknowledgement: This work is part of the project “Impulse excitation as an unconventional method
for monitoring phase changes and microstructural evolution during thermal loading of materials”
(GA22-25562S), supported by the Czech Science Foundation (Grantová agentura České republiky).
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Leakage along faults (pre-existing or reactivated) poses a major risk during CO2 storage. Faults
and related structures such as micro cracks, joints, fracture networks, deformation bands, fault core
etc., can either act as major structural traps or as a connecting pathway to shallow geological layers.
Reservoir simulations with an accurate representation of fault-related properties across all scales
will help us understand its consequences during CO2 injection and storage. This holds true specif-
ically at an early stage, when the knowledge of storage reservoirs is limited (Availability of high
quality well logs, cores and high-resolution seismic are expensive).
This study presents a workflow for ultra-fast screening for fault leakage risk assessment during in-
jection and storage at a concept selection stage. A vertically integrated reservoir model coupled with
an upscaled fault leakage function is used for this study. Simulation examples of various injection
scenarios in a CO2 storage reservoir with potential for fault leakage are presented in this study. The
results show that a good match for CO2 saturation profile is obtained between the fine-scale model
and the vertically integrated model at substantially reduced computation time adding confidence
for the proposed workflow. Such quick models are extremely helpful in identifying how uncertain-
ties in key fault parameters, reservoir architecture and other constitutive relations affect the storage
reservoir behavior and potential fault leakage outcomes for various CO2 injection scenarios.
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In our poster we will present the complete toolchain for simulating the inertial fluid flow phenomena
in pore-scale flows in two and three dimensions based on OpenFOAM (a popular, open–source finite
volume code used in computational fluid dynamics).

Our work comprises of specialized python and bash scripts for automating the process of running
simulations and post-processing the results. We use the model of high-porosity media that consists
of rectangular, random obstacles and examine it in a wide range of Reynolds numbers.

We start by verifying the applicability of the Darcy-Forchheimer laws. Our results confirm appli-
cability of OpenFOAM in simulating high Reynolds flows. Moreover, the energy localization and
enhanced channeling effect was also observed. Our study shows that OpenFOAM is a useful tool
that allows for relatively easy automation, post-processing, and parallelization of all simulation pro-
cesses.
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To find the effective physical property of a rock, we need to upscale the property from the micro-
to the macro-scale. In order to do this process in a correct manner, it is required to find a volume
for which the homogenised property does not fluctuate anymore when the size of the sample is
increased; the Representative Elementary Volume (REV). Its determination usually comes at the cost
of a large number of simulations, since both the value effective property and the size are usually
unknown beforehand. On top of that, to resolve with precision the grain in the increasing CT-
scan resolutions, the numerical solvers are pushed to the limits, making it overall a computationally
expensive process.

Therefore, many scientific studies have been dedicated to optimize the process of finding REV. Using
experimental data and numerical methods, the REV has often been related directly to the size of the
sample and number of grains within a microstructure, although the REV should depend additionally
on the material and physical property of interest. Using statistical numerical methods, research
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(Rahman et al, 2020; Mirkhalaf et al, 2016; Kanit et al, 2003) has shown that the fluctuation of the
effective property corresponds overall to a cone-like shape convergence.

We suggest determining the generic evolution law of the cone of convergence, which can be used to
predict the size of the REV and the effective physical property.

This study is based on simulations of Stokes flow through idealised microstructures (random pack-
ing of spheres), unaffected by the natural heterogeneities, from which the permeability is upscaled.
By tracing and plotting the convergence of permeability for multiple models, the full cone of con-
vergence appears. This allows us to describe the generic evolution law of the cone of convergence,
using a lognormal distribution. The cone shows an exponential growth and decay, converging to-
wards the effective permeability of the sample. It is shown that the rate of convergence depends on
the porosity of the sample.

We prove that the determined law of the cone also applies to real microstructures, despite the pres-
ence of natural heterogeneities. The importance of this contribution is that we eventually show that
it is not necessary to simulate the full sample to find the REV, which is computational expensive, but
instead a number of small subsamples is sufficient to predict the size of the REV and the effective
property, when the convergence law is known.
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At in-situ scale, desiccation cracks might occur in open excavations that remain susceptible to envi-
ronmental changes such as those related to temperature and relative air humidity variations. Under-
standing the circumstances under which cracks develop is of great importance in radioactive waste
disposal research, since safety aspects related to mechanical integrity and radionuclide transport can
be affected by the presence of cracks. In the Mont Terri Rock Laboratory, located in an Opalinus
Clay formation in Switzerland, desiccation cracks have been also monitored in the open twin niche
of the Cyclic Deformation (CD-A) experiment [Regard et al. 2022]. Within this experiment, sev-
eral measurements are carried out: water content, suction, crack development, deformation, among
others [Ziefle et al. 2021, Ziefle et al. 2022]. The data are combined and/or interpreted with hydro-
mechanical numerical models.

We use a hydro-mechanical (HM) model based on a macroscopic poro-mechanical approach that
considers partial saturation using the Richards equation [Grunwald et al. 2022, Pitz et al. 2022]. HM
coupling is achieved via the effective stress concept, the conservation of fluid mass in a deformable
medium and the permeability evolution. We couple the unsaturated HM model with the phase-field
approach for brittle fracture to account for shrinkage-induced/desiccation cracking that are strongly
influenced by capillary pressure evolution [Cajuhi et al. 2023]. The framework is implemented
within the open-source finite element software OpenGeoSys (OGS-6) [Bilke et al. 2022].

In this contribution, we compare the unsaturated HM response of the open twin niche of the CD-A
experiment during the winter season, which is a typical desaturation period when the measured rel-
ative air humidity inside the excavated niche reduces. We use a set of material parameters obtained
from field measurements and literature and compare the model response with the monitored in-
situ crack development, for example, air humidity range and capillary pressure under which cracks
develop, crack aperture, among others. Furthermore, we evaluate and discuss the influence of an
increased permeability on the crack propagation.
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Temperature-dependent resonant frequency measurements via the impulse excitation technique
(IET) can be used to characterize the temperature dependence of elastic properties and to determine
the temperature of phase transitions during repeated heating and cooling cycles. In particular, the
reversible and hysteresis-free displacive phase transition between the low- and high-temperature
subpolymorphs of quartz (low-quartz and high-quartz) involves structural changes that are accom-
panied not only by changes of density, thermal properties and thermal expansion, but also of elastic
properties. On the other hand, polycrystalline quartz-based materials like sandstone (which con-
sists dominantly –but usually not exclusively –of quartz grains), can shift the transition tempera-
ture, can introduce a hysteresis of the transition temperature between heating and cooling and can
also exhibit irreversible microstructural changes during heating and cooling, which may lead to irre-
versible changes of elastic properties. In this contribution we present recent results of temperature-
dependent impulse excitation measurements obtained for sandstone samples from the Buntsandstein
formation at Freudenstadt / Germany (with initial apparent porosities of 12.8 %) from room tempera-
ture to 800 ℃ and back (two complete heating-cooling cycles). Using bar-shaped samples it is shown
that the low-to-high-quartz transition occurs at around 535 ℃ during heating and at around 560 ℃
during cooling (which is both significantly lower than the single-crystal value of 573 ℃ and clearly
indicative of a hysteresis in the transition temperature of quartz in the polycrystalline sample) and
that after cooling Young’s modulus is significantly lower than before heating, which is a clear indica-
tion of damage accumulation (confirmed also by the higher porosity of 14.2 % after cooling). Using
disc-shaped samples the temperature dependences of the Poisson ratio and shear modulus are deter-
mined in an attempt to answer the intriguing question whether sandstone becomes auxetic in the
vicinity the low-to-high-quartz transition, as predicted for single-crystalline quartz 1.

Acknowledgement: This work is part of the project “Impulse excitation as an unconventional method
for monitoring phase changes and microstructural evolution during thermal loading of materials”
(GA22-25562S), supported by the Czech Science Foundation (Grantová agentura České republiky).
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Ultrasound has been found to improve the delivery of therapeutic agents into
tumors thereby improving the therapeutic response in cancer treatment 1.
Acoustic streaming which is the net movement of fluid generated by propagation
of sound waves is one of the many proposed mechanisms for this improvement.
However, it would be of great advantage to have an experimentally validated
model in order to understand acoustic streaming, and to compare its effect rel-
ative to other possible mechanisms for improved delivery.

We have derived equations describing acoustic streaming in soft porous me-
dia driven by focused ultrasound. From these equations we created a model
that predicts the time-averaged flow on the macroscopic scale as well as the
advective transport of the trace components in the fluid. We used this model
to perform simulations for different shapes of the focused ultrasound beam.
The results from the simulations was also compared to a simplified expression
which states that the dimensionless volumetric flux is equal to the dimensionless
acoustic radiation force. Finally, we performed a comparison between the model
for acoustic streaming to experimental results and we found good agreement,
where the predicted volumetric fluxes, averaged over the beam full-width half-
maximum, was well within the experimental uncertainties. The hope is that the
model can be used to interpret experimental results relevant for enhanced drug
delivery in tissue, and to assess the relative importance of acoustic streaming
compared with other effects.
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The oil drilling cuttings produced during oil exploration and extraction contain a high percentage of
crude oil, ranging from 5 to 20% w/w in dry basis, and must be managed and treated properly before
their disposal in environment. Various technologies have been proposed to remediate water and
oil-based drilling cuttings such as incineration, thermal desorption, biochemical processes and so-
lidification. Most of these technologies have low efficiency, high-energy requirements and produce
secondary pollution. Therefore, it is vital to explore and develop new treatment technologies that
would be sustainable, efficient and cost-effective. Non-thermal plasma (NTP) at atmospheric pres-
sure has been successfully applied as an advanced oxidation process for the destruction of organic
pollutants present in water and soil 1. During plasma discharges, the collisions between high-energy
electrons and cold gas molecules lead to the formation of UV irradiation and highly reactive oxygen
and nitrogen species (RONS) able to effectively oxidize and mineralize organic pollutants with low
energy requirements [2]. Therefore, NTP is can be regarded as a promising and green remediation
technology since no chemical reagents are required. In this study, dielectric barrier discharge (DBD)
was investigated as a NTP method for the treatment of oil drilling cuttings. The experiments were
performed in a plane-to-grid DBD reactor driven by both sinusoidal and nanosecond pulsed voltage.
The performance of DBD technology was determined by measurements of the concentration of the
organic pollutants remaining in drilling cuttings after plasma treatment using appropriate chromato-
graphic techniques (GCMS/MS) as well as measurements of the total organic carbon (TOC) which
remains in the waste. The effect of DBD operating conditions such as treatment time, applied volt-
age, energy efficiency, and air flow rate on total organic carbon (TOC) removal in oil drilling cuttings
was investigated. The optimum treatment conditions were obtained after repeating the experiments
under different values of the operating conditions of the DBD reactor (intensity and waveform of
applied voltage, treatment time, gas flow rate, power consumption, etc.) and significant reduction
of the TOC (~91%) and total petroleum hydrocarbons-TPH (~99%) was achieved.
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Two-phase transport plays a major role to improve peak power density at low Pt loading in poly-
mer electrolyte membrane fuel cells (PEMFCs). In this regard, optimization of thin porous media of
the membrane electrode assembly (MEA) plays an important role to alleviate cathode flooding for
enhanced oxygen diffusivity, while maintaining good membrane hydration for high ionic conduc-
tivity 1. In this work, the effect of surface crack density of the microporous layer (MPL) on phase
change transport is examined by means of a hybrid, multiscale model, which combines continuum
and pore network formulations [2-4]. Capillary transport of liquid water driven by phase change is
tracked with a discrete invasion-percolation (IP) algorithm, while a standard steady-state continuum
solver is used to determine the remaining variables (gas species, dissolved water in the membrane,
electronic and ionic potentials, temperature and flow). The coupling of continuum and discrete
formulations is accomplished through the incorporation of a control volume (CV) mesh (account-
ing for heterogeneous effective transport properties) into the continuum-based cell grid. Spatial
variations of effective diffusivity, absolute permeability, effective thermal and electrical conductiv-
ities and entry capillary pressure are considered. Phase change of water is assumed infinitely fast
compared with other transport processes in the MEA (thermodynamic equilibrium), so that conden-
sation/evaporation is governed by the interplay between molecular diffusion of water vapor and IP
of liquid water clusters [5]. Therefore, in the quasi-steady-state model, the relative humidity (RH)
distribution in the MEA that arises from finite gas diffusion determines the phase change rate of wa-
ter clusters, which drives the growth/shrinkage of clusters through the path of minimum capillary
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resistance. The re-distribution of liquid water during instantaneous IP events in turn modifies the
RH distribution. The numerical scheme is stopped when the number of wet CVs does not change
anymore because water clusters either reach the channel or approach a nearly zero phase change
rate. The interaction between the hierarchical pore structure of the MEA and operating RH and
temperature is discussed, with a focus on the effect of MPL crack density.
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Cardiovascular diseases, such as cranial aneurysm or arterial stenosis, rank among the top global
causes of death. Therefore, their genesis and treatment are subject of active, interdisciplinary re-
search ranging from medical science via biology, chemistry and physics through to mathematics.
Since experimental in-vivo observations are limited and risky for the individual, mathematical mod-
eling and computational analysis facilitate the in-silico assessment of various treatment methods
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such as stenting or coiling with patient specific data [3]. For this purpose, we developed a three-
dimensional, high-performance computational model for blood-flow simulations through realistic
vessel and aneurysm geometries, which are reconstructed from actual MRI-scans. The hemodynamic
flow equations include non-Newtonian flow properties for blood characterization and are coupled
via the in- and out-flow boundary conditions to a one-dimensional circulatory network simulation 1.
We solve the blood-flow model based on the lattice Boltzmann method [2]. Furthermore, we simulate
a treatment by coiling using a mechanical wire model to obtain a detailed structural representation.
Instead of fully resolving the structure during the flow-simulations, we propose to surrogate it by a
porous medium within the aneurysm cavity, so that the interior Darcy-flow is coupled to the vessel’s
free flow by a generalized Navier-Stokes model. This improves the efficiency of the flow-simulations
by allowing for limited resolution. The parameters of the heterogeneous and possibly anisotropic
porous medium are found by averaging. We analyzed uncertainties in the parameters and model
conditions for relevant quantities of interest. Our numerical results show good agreement between
the different approaches. The computational analysis can be directly applied for the risk assessment
of aneurysm rupture by evaluation of the resulting wall shear stresses. While the vessel walls are
considered to be rigid in previous studies, we aim for a full fluid-structure interaction simulation
coupling the blood-flow model to an elastic deformation model of the pulsating vessel wall. Ad-
ditionally, we envisage the incorporation of a multi-phase thrombosis model on a multi-timescale
basis, which could predict the aneurysm occlusion under different treatment regimes.

Funding from DFG, grant numbers WO 671/11-1, WO 671/20-1, gratefully acknowledged.
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Ionic Liquid Crystals (ILCs) are materials that combine the properties of liquid crystals with the ionic
conduction similar to ionic liquids. It’s known that liquid crystalline mesophases under nanoconfine-
ment exhibit anomalous dynamics and phase behavior. Here, we investigate the dynamics, and phase
behavior of a guanidinium based ionic liquid crystal confined in self-ordered nanoporous alumina
oxide membrane of pore sizes ranging from 180 nm down to 25 nm using Dielectric Spectroscopy
(DS), X-ray scattering and calorimetry. We aim to understand how the pore size and pore surface
wettability (hydrophilic or hydrophobic) influence the dynamics, and phase behavior in this system.
Our DSC investigations show: (i) the crystalline-liquid crystalline transition decrease with inverse
pore diameter and deviates from the Gibbs- Thomson equation. (ii) the liquid crystalline-isotropic
transition is completely suppressed for all the confined samples. DS reveals emergence of adsorbed
layer process for the ILC confined in native (hydrophilic) pores of 80 and 25 nm, which is absent
for the bulk and hydrophobic case, implying the dynamic heterogeneity in the system. We verify
the liquid-crystalline –liquid transition using X-ray Scattering and DS. Scattering investigation re-
veals a change around 130 –140 ℃, where the liquid crystalline order vanishes. Concomitantly, the
dielectric relaxation rates exhibit a change around the same temperature limit, implying the liquid
crystalline –liquid transition. This liquid crystalline-liquid transition is a Zero-Entropy producing
transition, that’s unobserved in DSC, and might be unrelated to thermal events. The ionic conduction
shows non-monotonic dependence on both the pore size and pore surface chemistry.
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Fate and transport of colloids and bio colloids in structurally heterogeneous porous media are known
to exhibit anomalous behaviours such as non-Gaussian breakthrough curves. Classical approaches,
like Colloid Filtration Theory, relies on spatial averaged quantities, neglecting flow topology hetero-
geneity brought about by both local pore scale surface irregularities and broad pores size distribution:
two potential triggers for super diffusive effects and broad trapping time distributions. Recent the-
oretical work has tried to address these deficiencies by modeling deposition and flow variations as
stochastic processes (Miele et al., Phys. Rev. Fluids 2019; Bordoloi et al., Nat. Commun. 2022). How-
ever, experimental evidence to demonstrate its validity for 3D geologic structures is still lacking.
We thus design a novel experimental set-up to assess colloid fate transport under realistic struc-
tural heterogeneity with controlled laboratory conditions. Heterogeneous pore structures are first
obtained from X-ray tomography of field samples and are subsequently 3D-printed at high resolu-
tion. Column transport experiments with gold (Au) nanoparticles are then conducted at different
flow regimes, from which effluent concentration (at the macro scale) and colloid deposition (at the
pore scale) are collected. These empirical data are complemented with pore network analysis that
parametrizes the co-presence of preferential channels and stagnant cavities and, further, validates
the stochastic model of interest. The findings shed light on the main drivers and structural hotspot
for colloid filtration in realistic porous media.
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Multiphase flow and reactive transport in porous media play a key role in various applications
needed for establishing hydrogen as an alternative energy carrier. The porous media facilitating the
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hydrogen flow in presence of another fluid needs to be optimized in terms of reactivity and trans-
port properties. Two important parameters controlling reactivity and multiphase flow transport in a
porous medium are surface area and surface energies in relation to saturation. In this study, inverse
gas chromatography is used to correlate surface energy distribution and surface areas at different
relative humidity conditions. Due to capillary condensation, the varying humidity conditions reflect
a range of saturation. The retention time of probing molecules injected, and the dispersive compo-
nent of surface energy derived from it, are expected to decrease as humidity increases. The trend
for polar/acid-base component of surface energy is not necessarily clear as the interaction of polar
probes with water can cause tag-along or displacement effects.

Methodology: Inverse Gas Chromatography
Inverse gas chromatography (iGC) has been reported as a powerful, sensitive, and relatively fast tech-
nique for characterizing the physicochemical properties of porous media such as BET surface area
and energy distribution of the surface 1. In this technique, a single gas, known as probe molecule,
is injected into a column packed with the porous sample under investigation. The probe molecules
pass through the column, interact with the porous material, and the retention time of the probe
molecules is measured at the end of the column. Measuring the retention time for different probes,
e.g. polar and non-polar, enables us to determine a wide range of physicochemical properties of the
porous material.

Discussion: Measurement in humid conditions
Recent advances in commercial IGC enable users to perform accurate experiments at different humid-
ity. The water molecules’ presence in the system initially adsorb on high-energy sites of the surface
and gradually change the surface area of porous material exposed to other components in the system
[2]. By measuring surface energy at different relative humidity, one can correlate the surface area
to surface energy. In practice, the presence of water in the system would hinder the adsorption of
probe molecules, depending on intermolecular forces between them, known as a tag-along effect [3],
and/or competition in adsorption. In the case of using non-polar probes, e.g. n-alkanes, it is expected
to see a decline in retention time, surface area, and the dispersive component of surface energy as
humidity increases. This is due to the fact that water molecules will interact with high-energy sites
on the surface, covering part of it ( figure 1). In the case of polar probes, used for the determina-
tion of polar or acid/base components of surface energy, the trend is not clear. Interaction between
water and polar probes is stronger than with non-polar and may cause the formation of a cluster
or concentration-dependent displacement effects. In this study, we assess the effect of water in the
determination of surface area and surface energy by IGC, parameters which control multiphase flow
and reactive transport in porous media.
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About 25% of the global population depends on karst groundwater. It is therefore essential to better
understand the genesis and development of karst environments. Karst landscapes are shaped by
multiple physical and chemical processes that occur over thousands to millions of years, the dom-
inant one being the dissolution of soluble rocks like limestone or dolomite. This process strongly
depends on the partial pressure of acidifying gases like CO2 in the atmosphere, the soil type, and the
presence of faults in geological formations. Although karstification and rock dissolution are natural
processes, they are strongly influenced by anthropic activities, especially air and water pollution, as
well as land use.
The aim of this study is to better understand the dissolution kinetics and especially its control on dis-
solution patterns determination. To do so we developed a multi-scale experimental protocol based
on dynamic alteration of rock samples. Coreflood experiments were performed on 80 - 100 mm long
core plugs (core plug scale - cm) and micro-coreflood experiments were performed on grounded
samples (rock powder scale - µm). In the coreflood experiments, CO2-saturated water was injected
at a flowrate of 140 cm3/h for 5 days, under 30 bar confining pressure and at room temperature.
The petrophysical properties of samples were measured, and CT scanner imaging, SEM observation
and BET analysis were performed before and after the coreflood experiments. Micro-coreflood ex-
periments were performed on different grain size powders using chromatography columns. These
experiments were designed to study dissolution kinetics for multiple grain sizes and thus decon-
volute the structural and chemical impacts. For both coreflood and micro-coreflood experiments,
chemical concentrations of dissolved species were determined using ICP-AES.
Two carbonate rocks are considered: Euville crinoidal limestone (Phi=12-18%, k=10-150 mD) and
Lavoux oolitic limestone (Phi=20-30%, k=100-300 mD). Both limestones have similar mineralogy
(99% calcite) and a bimodal porosity distribution, but their microstructure is significantly different.
Despite their higher porosity and permeability, Lavoux samples show a larger fraction of microp-
ores. Choosing these samples allow to investigate microstructural effects on dissolution processes
regardless of major chemical compositions variations.
For coreflood experiments, CT Scanner imaging shows that dissolution patterns in Lavoux limestone
are dominated by the development of localized dissolution channels (”wormholes”); whereas disso-
lution in Euville limestone appears more diffuse. Mean porosity increased by around 4% for Lavoux
samples and 2-3% for Euville samples, while permeability increased by at least 10 and 35 times re-
spectively. Core plug-scale results show that higher mean dissolution rates for Lavoux samples.
BET analysis and SEM observations show that the higher dissolution kinetics of Lavoux limestone
is mainly related to a larger specific surface area leading to a higher reactivity. The difference in
dissolution kinetics between Lavoux and Euville limestones is still present in the micro-coreflood
experiments, but it decreases with grain size, revealing a specific structure for each limestone even
at the powder scale. These results suggest that the specific surface area of the microporous grains is
a key control parameter for larger scale dissolution .
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Underground hydrogen storage (UHS) in porous media offers a long-term and large-scale storage
solution which is vital for a sustainable H2 economy. Despite growing interest in the topic, the
understanding of the physical processes during cyclic H2 flow is not yet adequate. Here we use
microfluidics to experimentally investigate multiple cycles of H2 injection and withdrawal under a
range of injection rates at shallow reservoir storage conditions. Our analysis is aimed at qualitative
and quantitative description of H2 reconnection mechanisms and hysteresis. We find that H2 storage
capacities increase with increasing injection rate. The residual H2 saturation is reproducible between
cycles, but its distribution in the pore space visually appears to be hysteretic. In most cases, the
residually trapped H2 reconnects in the subsequent injection cycle, predominantly in proximity to
the large pore clusters. Our results provide valuable experimental data to advance the understanding
of multiple H2 injection cycles in UHS schemes.
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Iodinated X-ray contrast media (ICM) agents are a class of pharmaceuticals and personal care prod-
ucts (PPCPs) of growing concern in environmental science as emerging contaminants [1, 2]. ICMs
are the primary source of adsorbable organic iodine responsible for the formation of iodinated dis-
infection byproducts (I-DBPs), highly toxic compounds commonly found in surface waters [3]; as
such, prevention and remediation strategies are necessary for the removal of these contaminants
from natural waters [4, 5]. Nonetheless, there currently does not exist a scalable, environmentally
safe, and efficient strategy for their removal from natural waters. Adsorption systems are routinely
used in water treatment and purification from contaminants, and have the major advantage of pre-
venting the formation and release of toxic byproducts [6]. In addition, adsorption of ICM agents
to potential absorbents is an approach for purification of water resources from this emerging con-
taminant. To this end, studies investigating the sorption dynamics of these compounds to candidate
sorbent materials, in different experimental conditions, are needed.
In the present study, the adsorption capacity of the non-ionic ICM iopamidol and the ionic ICM di-
atrizoate onto candidate sorbent materials has been investigated by means of single sorption batch
tests, under both equilibrium and kinetic conditions. Column tests have also been performed to
highlight the influence of contact time and dynamic flow conditions on the sorption process, with
experimental conditions selected based on their relevance for field applications.
In batch equilibrium tests, neither ICM agents showed sorption to soils, thus highlighting their pe-
culiar nature as non-lipophilic contaminants remaining in the water phase [7]. A novel iron oxide-
based colloidal suspension was also incapable of removing the target compounds, thus highlighting
the need for sorbent materials with specific characteristics. A pelletized activated carbon sorbent ma-
terial was successful in removing the target ICM agents in different experimental conditions. Effect
of a variety of influencing factors such as amount of sorbent and sorbates, contact time, and hydro-
dynamic condition on the removal rate of the ICM agents were analysed. The results, gathered with
the aim of understanding the key principles and dynamics behind ICM agents adsorption, offer a
new set of data that inform one how to design tailored removal strategies and industrial treatment
processes.
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The bulk of renewable energy production varies in a way that typically does not align with time-
dependent energy consumption. This can lead to an energy surplus or a shortage of the energy
supply causing a challenge in supporting the baseload requirements. Enormous storage capacity
is required to accommodate these fluctuations in supply and enable large-scale storage of excess
renewable energy. Gas as chemical energy carrier, and hence energy, can be stored in such large
amounts in subsurface structures of depleted reservoirs. Especially hydrogen gas is an excellent
energy carrier and can be produced via electrolysis from the surplus of renewable energy.

First pilot tests in the field were carried out to estimate the risks of hydrogen loss and a reduction of
the stored energy due to physical, chemical or biological processes. It turned out that most notably
microbial processes lead to a decline of hydrogen and hence to loss of energy. In these processes,
microorganisms convert hydrogen and carbon dioxide into methane. This observation, which is
detrimental in terms of hydrogen storage security, yield to a new approach to efficiently store excess
renewable energy in the form of “renewable”methane. Such operations include a (possibly cyclical)
usage of CO2 and can therefore be treated as CCU projects (Carbon Capture and Utilization). The
possibility of using these processes as in-situ bioreactor to generate and store “renewable”methane
is investigated. The biochemical reactions which convert the gases also lead to a growth of biomass
in the pore space. The expansion of biomass will reduce the available pore space for gas storage
and likely the permeability of the reservoir rock as well. Consequently, biomass may compromise
storage capacity and injectivity substantially.

This work aims to investigate crutial processes of the in-situ methanation on different time and
length scales containing numerical simulations and laboratory experiments. With core flooding
experiments on the meter scale, we want to get a macroscopic insight into the reactive transport
mechanisms which are governing (a) the hydraulic properties, and (b) the gas conversion rate and
hence the overall performance of the subsurface reactor. Numerical field scale simulations are used
to study the dynamics of the macroscopic conversion process under assumptions concerning con-
version rates and field geometries. By using simplified models, mechanisms are identified and their
performance is investigated by sensitivity analysis. The approach is to perform generic field scale
simulations in order to understand the flow and reaction kinetics and their coupling.

The aim of the presented study is to develop a workflow that contains both, numerical and exper-
imental components to gain a holistic understanding of the physical and biochemical mechanisms
of the in-situ methanation. With the resulting comprehensive datasets, we expect deep insights
into bio-reactive hydrogen transport and the controlling parameters to be applied to future field
cases.
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Although a number of studies have been carried out, especially in recent years (e.g., Hemme and van
Berk, 2018), to evaluate the chemical-physical influences of hydrogen storage in underground salt
caverns, many questions still need to be answered. Because of the lack of reliable data on the effect
of hydrogen on permeability and mechanical integrity in the critical lithologies, such as anhydrites,
sump sediments, or the casing cements, as well as information on the kinetics of abiotic geochemical
and microbial reactions in the corresponding pore fluids, predictions on the long-term behaviour of
geological hydrogen storage are only possible to a limited extent. For this, knowledge about the
volumetric extent and kinetics of the reactions is essential. Experimental work and microstructural
analyses is required to determine the input parameters for the geochemical models on the different
reaction kinetics.
We will present the first results of an experimental study demonstrating kinetics of biotic and abi-
otic reactions of H2 and H2S with anhydrite and casing cement, taking into account for instance
the bacterial growth and reduction rate, the brine volume and sulfate concentration, pressure and
temperature. Our objective is to visualize the known but also the unknown processes occurring,
which may affect the mechanical integrity of salt cavern during hydrogen storage at various scales,
by microstructural analyses. It can be assumed, that the reactions are challenging to constrain in a
laboratory experiment due to slow rates, however, microstructural investigations allow the determi-
nation of the onset and development of the chemical alteration of the materials already at a relatively
early stage down to the submicron pore scale.
In the first step, the sample material (anhydrite and cement) was investigated using a range of es-
tablished microanalytical techniques and methods to assess the microstructure, pore space and min-
eralogy at high resolution and accuracy (e.g., Klaver et al., 2015, Jiang et al., 2021). Considering the
low permeability, of anhydrite/polyhalite, these samples were artificially fractured before assembly
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in the flow cell to enlarge the surface area. The experiments are designed in a way, that they allow
assessing the effect of biomass accumulation on hydraulic conductivity, as well as the bacterial sul-
fate reduction. After completing the investigation, microbial activity, changes in pore space due to
biofilm formation, and the mineralogical changes in the solid phases were studied ex-situ using scan-
ning electron microscopy on the sample surfaces polished with a broad ion beam under cryogenic
condition (Schmatz et al., 2015, Pötschke et al., 2022). The method enables the visualization (of the
onset) of the biological, chemical and structural changes in the sample material and opens up the
possibility for upscaling the processes.
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The inkjet technology fuels the rapidly evolving world of printing. This printing technology delivers
good print quality using the flexibility of digital printing at a breakthrough cost price. The R&D
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department of Canon Production Printing company, is a major player in the development of inkjet
technologies for many different applications.

The physical processes which regulate the interactions between a sessile droplet and a thin porous
paper have been the subject of many studies in the last decades. Both theoretical understanding and
sustainable industrial applications are the driving forces for these studies.

Liquid spreading, evaporation and imbibition into porous material are physical processes that de-
scribe the interactions of aqueous ink with paper. Understanding them is vital for having prints of
high quality; and this is the aim of this work. The influence of the liquid ink physical properties
as well as of the paper characteristics are considered. Experimental studies based on Optical Spec-
troscopy & Microscopy, Scanning Electron Microscopy (SEM), Nuclear Magnetic Resonance (NMR),
Electrical Impedance Spectroscopy (EIS), High Speed Camera Recordings (HSCR) and Automatic
Scanning Absorptometer (ASA), are presented revealing the three main physical phenomena that
dictates droplet dynamics: spreading, evaporation and absorption. Theoretical models and results
of computational simulations are strengthening the analysis of the experimental results.
Besides the liquid part, the investigated complex fluids contain particles (pigment and colloidal poly-
meric latex). The result of drying process is an ink solid thin film formed onto porous paper with
optical and mechanical properties. Targeting the print excellency, this work provides an extensive
overview of the methods to investigating the interaction between ink and paper, highlighting their
strengths and limitations.
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In the eye of climate change, Carbon Capture and Storage (CCS) gained importance as a large-scale
option to permanently sequester CO2. To ensure storage safety, it is crucial to understand trapping
mechanisms and the trapping potential. To do so in a time-efficient way, the application of Digital
Rock Physics Simulation has become a major tool. The presentation will focus on capillary trapping
by re-imbibition simulated by means of the morphological approach and benchmarked by pore-scale
flooding experiments.

Page 638



InterPore2023 / Book of Abstracts

Using the data of flooding experiments with in-situ pore scale imaging, fluid configurations in dig-
ital twins of various sandstone samples were simulated and compared to experimental results. To
compute the trapping potentials of those rocks, simulations of primary drainage and subsequent
imbibition processes were performed based on the morphological method. From the results, land
trapping model constants were calculated depending on the initial and residual CO2 saturations of
the imbibition processes. For obtaining realistic results, we make use of recent developments in the
frame of the morphological approach in digital rock physics by Arnold et al. Prior to that, only
spontaneous imbibition processes could be simulated, now extended to the whole imbibition branch
including forced imbibition. Also, the effect of wettability and contact angle variation is considered
in a stochastic and deterministic way. Simulations of multiple scenarios with varying input parame-
ters were performed to benchmark against experimental results and as first step towards stochastic
input for reservoir modeling.
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Biofilms are complex microbiome in extracellular polymeric substances that regulates the biologi-
cal environments in porous media. The phenomenon of solute anomalous transport can be induced
from the evolution of biofilm which dynamically alters the pore structure, the hydrophobicity, and
the hydrological-biogeochemical processes in the pore space. So far, few study has pay attention to
scaling the regime of biofilm-induced anomalous transport through numerical modeling and simu-
lation. In this study, an in-house developed solver BioFOAM, based on the micro-continuum theory
and the Darcy-Brinkman-Stokes equation, was developed to simulate pore-scale solute transport of
fluid flow and biofilm growth. Parameter sensitivity analysis were then conducted to investigate the
effects of the substrate concentration (c), the Monod kinematic parameter (ks), and the growth rate
(µ) on transport properties. Finally, anomalous transport regimes were quantified via breakthrough
curves under different Reynolds (Re), Peclet (Pe) and Damköhler (Da) numbers. Results revealed
that (1) the biofilm growth process significantly altered the flow velocity field by reshaping the pore
structure and forming recirculation zones. These behaviors resulted in the evolution of solute trans-
port pathways in heterogenous porous media. (2) The parameter c, ks, and µ demonstrate different
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sensitivities towards biofilm growth processes. The growth rate was the most sensible parameter.
The biomass density, the averaged porosity and permeability varied significantly even at the value
of 10−6. The Monod kinematic parameter showed a clear dividing region from 10−3 to 10−4. When
ks was below 10−4, the biomass density accumulated while the porosity and permeability decreased.
When ks was larger than 10−3, the biofilm growth was invalid. The substrate concentration was
not sensitive for biofilm accumulation. (3) The nondimensional number Da was useful in analyzing
anomalous transport regimes, while the variation of Re and Pe did not bring much difference to the
breakthrough curves. For the case of biofilm growth on a single grain, the valid anomalous break-
through regime was within the Da from 0.018 to 0.054. When Da was below 10−3 or above 10−1,
the anomalous breakthrough phenomenon disappears. For the case of biofilm growth in heteroge-
nous porous media, the valid anomalous breakthrough regime was within the Da from 2.5×10−4 to
3×10−3. When Da was as small as 1.5×10−4, the anomalous breakthrough phenomenon disappears.
When Da was as large as 6×10−3, the numerical experiment received numerical error. In general,
when the Da number was within the anomalous transport regime, the characteristic time decreased
and the tails stretched longer as the increase of the Da number. This study provides a specific mod-
eling case to analyze the biofilm-induced anomalous transport regimes, which can be regarded as a
comparative effort to theoretical studies on the scaling of anomalous transport regimes.
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The reaction-diffusion-advection properties of chemical fronts are studied both theoretically and
experimentally in the case where one reactant is injected radially into the other reactant at a con-
stant flow rate. At long times or equivalently large radius from the injection point, the properties
of one-dimensional reaction-diffusion fronts are recovered as the influence of the advection field
decreases radially. However, at early times i.e. for a smaller radius, advection plays a crucial role.
We characterize the influence in this transient regime of the injection flow rate and of the ratio of
initial concentration of both reactants on the position of the front, the reaction rate and the amount
of product generated. We discuss the role of the kinetics of the reaction on the possible accessible
regimes. We confirm experimentally the theoretical predictions in polar geometries using either
simple A+B->C reactions or the autocatalytic chlorite-tetrathionate reaction.
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Lattice Boltzmann Method (LBM) has for long now been successfully used
as a numerical tool for modeling fluid flow 1. This is due to the local treatment of nonlinear parts of
the algorithm, the ability to model non-trivial particle interactions in a bottom-up manner, the po-
tential for parallelization, and the ease of implementation. However, applied to complex geometries
often encountered in pore-scale porous media research, the inherent feature of LBM - the necessity to
operate on square grids - makes the appropriate boundaries discretization and local grid refinement
a difficult task. Supplementing the standard, lattice approach with meshless interpolation can bring
several advantages, including the ability to operate on discretizations consisting of non-connected
nodes with non-uniform spatial density, more accurate boundaries representation, and decoupling
of velocity and space discretization. In consequence, combining LBM and meshless interpolation
has a perspective to result in an efficient, robust, and flexible numerical method for modeling flow
in complex geometries.

In the talk, an application of meshless LBM for the calculation of permeability and drag coefficient
will be presented along with a comparison with standard LBM and meshless Navier-Stokes solver
results. Special attention will be given to the impact of boundary conditions implementation and
hydrodynamic force calculation method on the accuracy of the results. Idealized and real porous
samples will be considered.
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1. Succi, S. The Lattice Boltzmann Equation: For complex states of flowing matter. (Oxford Univer-
sity Press, 2018). doi:10.1093/oso/9780199592357.001.0001.
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Solute transport in porous media plays a significant role in industrial and natural processes, since
porous materials are ubiquitous on Earth. Modelling transport is important for various applications,
including soil moisture dynamics, groundwater pollution, and oil recovery. Previous research sug-
gested that chaotic mixing 1, e.g. the exponential elongation of fluid elements by advection, strongly
depends on lattice geometries, flow direction [2] and packing density [3]. However, a universal
understanding of chaotic advection at Pore and Darcy scales is still missing. Here, we present a
numerical study of 3D Pore and Darcy scale flows through various representative elementary vol-
umes. In this instance, we consider the impact of impermeable inclusions on the mixing dynamics
of homogeneous Darcy flow. We computed Stokes and Darcy velocities for constant pressure gradi-
ent in mono-dispersed bead packs with body-centered cubic (BCC), face-centered cubic (FCC), and
random lattices. By computing periodic trajectories, we then estimate the magnitude of the largest
Lyapunov exponent in all these flows fields, and compare them with a new predictive model. Our re-
sults provide original perspectives on the control of chaotic mixing by the porous structure.
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Nanofluids have been widely employed to enhance oil recovery in low permeability reservoirs due
to their excellent interface regulation performance. It is of great value to characterize micro-scale
behaviors of nanoparticles adsorption and their stripping capacity of oil film, that is the theoretical
basis for defining the principle of nanofluids enhancing oil recovery and guiding the synthesis of
nanoparticles.
For this pupose, molecular dynamics simulations were employed to investigate the adsorption be-
havior of SiO2 nanoparticles with different modifications of surface design and the ability of them
to reduce the interfacial tension. The results show that the types of modified groups, the density
of modified groups, and the length of alkane molecular modified on the nanoparticles affect the
wetting state of nanoparticles at the oil-water interface. As the alkane molecules onto nanoparticle
surfaces become longer and denser, the Van der Waals between the nanoparticles and the oil film is
stronger. Unsaturated oxygen on SiO2 nanoparticles surface and the modified hydrophilic groups
(such as carboxyl group, amino group, etc.) cause strong Van der Waals interaction and hydro-
gen bond between nanoparticles and water molecules. The ionization of modified groups generates
electrostatic interaction with ions in the water phase. Therefore, the integrated interaction among
water/nanoparticles/oil determines the contact angle of nanoparticles onto the oil-water interface.
In addition, the factors mentioned above also generates different capabilities to reduce interfacial
tension, which is most sensitive to the length of the modified alkane molecule.
In addition, the micro-mechanical behavior analysis among oil, water and nanoparticles during
nanofluid flooding is quantitatively characterized. Without nanoparticles, the water cannot drive
oil film when flowing on its surface due to the weak force between oil and water molecules. The
adsorption of nanoparticles onto the interface could help the water drive the oil film and then peel
off the oil film from the pore surface due to the strong attraction between the water and hydrophilic
part of nanoparticles, and the oil and hydrophobic part of nanoparticles. As a result, nanoparticles
play the role of “ship anchor” to strip oil film. Significantly, the short range of intermolecular forces
leads to the limited mechanical action thickness of nanoparticles. The factors affect the action thick-
ness of nanoparticles were investigated. The optimal contact angle and nanoparticle size with the
best flooding effect for oil film with different thickness and composition were achieved. The work
provides theoretical guidance for the synthesis of nanoparticles.
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Understanding the dynamics of salt crystallization in composite materials where an interface be-
tween two porous media with different material properties is present, is of paramount importance
to understand the decay mechanisms involving such crystallization. Often the crystallization will
cause cracks in the material that can act as an additional evaporating surface. As a result the surface
to volume ratio of the material changes, which can create a different type of crystallization, resulting
in a different damage mechanism. This problem is relevant to the practice of art conservation and
for many salt crystallization problems in civil engineering.
Over the past decades, much has been learned about the effects of salt crystallization within a single
type of homogeneous porous material. In order to investigate the more complex situation of layered
porous materials, the European JPI-CRYSTINART project was initiated in 2020. Our investigations
within this project focus on the influence of surface to volume ratio on the evaporation of NaCl solu-
tions in cone-shaped sandstone samples and the resulting efflorescence and damage caused by salt
crystallization. For this purpose, we designed truncated cone-shaped materials saturated with aque-
ous 10wt% NaCl solutions. The cones only dry from the top surface (the sides and bottom surface
were sealed of), and drying experiments were performed with the small or the large cone surface
facing upwards.
In the experiments, the drying kinetics and dynamics of salt precipitation (NaCl) are investigated
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in real-time by simultaneously using optical microscopy with automated image analysis and mass
change registration during the evaporation. Additionally, we performed combined H and Na profile
NMR experiments to measure the advection and diffusion of the salt ions within the cone shaped
samples during drying. Laser profilometry has been also used to get information on the salt crust
at the top surface. Our results reveal that the surface to volume ratio has a large influence on the
drying dynamics but also on the way the salt crystallizes. The small surface to volume ratio shows
an exponential drying regime and exhibits a large amount of efflorescence (salt crystallization on
the surface) with a fractal appearance. The fractal salt deposit lifts itself up away from the sample
surface due to the formation of tiny salt pillars at the end of the drying; consequently, the salt crust
can easily be removed from the sample surface or even falls of by itself. To the contrary, the high
surface to volume ratio exhibits a linear drying regime and causes a different type of efflorescence
which adheres strongly to the surface of the porous stone without a self-lifting behaviour
The surface to volume ratio therefore plays a major role in both the drying and crystallization dy-
namics of a salt solution in a porous medium. Understanding these principles could help to elucidate
the mechanisms of different types of efflorescence in relation to the evaporation speed and resulting
ion transport in the porous medium, in order to propose solutions to prevent salt damage or to come
to better conservation strategies.
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Entrapment of the non-wetting phase in porous media has been observed in a variety of fields such
as petroleum engineering or geological storage of carbon dioxide. Our study aims to monitor gas
trapping under in-situ conditions using X-ray computed micro-tomography to evaluate gas trapping
as a possible mechanism for a decreasing productivity index of geothermal reservoirs. The transient
behavior of the productivity index in the test site of Groß Schönebeck (north of Berlin, Germany)
indicates irreversible changes of the reservoir characteristics caused e.g. by scaling’s or the accu-
mulation of free gas and/or fines due to changing mechanical loads i.e. changes of pressure and
temperature (Blöcher et al. 2016). Typically, these gas bubbles can migrate upward due to buoyancy,
but while they grow in size they may get trapped in the pores (Mahabadi et al. 2018). Consecu-
tive X-ray computed tomography (CT) scans of a typical siliciclastic rock were generated while the
pressure was decreased stepwise to mimic gas bubble generation. The cylindrical sandstone core
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with a diameter of 5 mm was coated with a viton-sleeve and positioned inside a self-manufactured
core-holder design made from aluminum and resin using stereolithography 3-D printing (SLA) for
prototype production. The cell is placed inside a µCT scanner with a 225 kV multifocal X-ray tube
for high resolution X-ray tomography resulting in a resolution of about 6 µm. A scan of the sand-
stone with a porosity of about 10 % was gathered after nitrogen was injected to the core. Further
images were obtained after water injection at pressures up to 4 MPa. The scanning procedure was
repeated after flow through experiments with flow-rates of 2 ml/min were carried out for an hour
each. Images were analyzed using the software Avizo Fire, Version 9.0.1©. The images were filtered
in 3D with an edge preserving non-local means filter and binarized using a modified Otsu thresh-
olding procedure (Otsu 1979). Further quantification algorithms were implemented in Phyton. A
pore-network model was extracted from the three-dimensional data and will be used to evaluate
the changes in hydraulic conductivity at each timestep. The distributions of the volume of trapped
gas bubbles is estimated from the scanned images by subtracting the timesteps from the fully water
saturated sample to highlight changes in density. The trapped gas fluctuates and generally higher
trapped gas saturation is observed in larger pores and the more porous layers. This results in a clear
reduction of permeability that could potentially explain the decreasing productivity index observed
in several geothermal sites.
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Carbonate reservoirs account for most of the global daily oil production and hold more than half of
the world’s total proven conventional oil reserves. Surfactant flooding is one promising improved
oil recovery technique to maintain production from mature carbonate reservoirs.

We apply three-dimensional pore-scale imaging and analysis at representative reservoir conditions
to observe and interpret the mechanisms of improved recovery during surfactant flooding. The work
can be used to improve the assessment and design of improved oil recovery in carbonate formations.
We focus on low-concentration surfactant injection where the likely mechanism for improved recov-
ery is a wettability transition towards more water-wet conditions. We study recovery using cationic
surfactants. They have positive charges on their heads and are considered the best candidate for
carbonate rock wettability alteration.

We investigate fluid displacement, oil recovery, and quantify in situ changes in wettability when a
cationic surfactant, DTAB, is injected into a cm-scale carbonate rock sample. X-ray microtomogra-
phy along with sophisticated image processing software is used to acquire, process, and analyse the
images. The interfacial tension between brine and oil, and between the surfactant-laden aqueous
phase and oil is measured to determine the impact of interfacial tension on wettability alteration
and recovery. The phase behaviour and nature of any emulsion formed is also quantified.

The rock sample is a Estaillades limestone core which undergoes crude oil injection for three weeks at
a high temperature to reach a representative reservoir wettability state. Then, the brine is injected to
represent secondary waterflooding. Finally, the surfactant is injected as a tertiary recovery method.
High-resolution images were used to quantify the fluid configuration in the pore space. Wettability
is quantified and characterized by measurements of in situ contact angles and curvatures.

The outcome of this work is to establish a methodology in which high-resolution 3D imaging using
X ray micro tomography can be combined with surfactant flooding in secondary or tertiary mode
to quantify in situ changes in wettability and to elucidate micro-scale fluid displacement processes.
This work furthers our understanding of oil recovery mechanisms when a cationic surfactant is used
as a secondary or tertiary enhanced oil recovery process.
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The sea level has risen notably in recent decades compared to the most recent millennia. This exposes
coastal areas to hazards ranging from enhanced flooding and erosion to groundwater contamination
and soil salinization referring to excess salt accumulation to a degree that adversely influences soil
and environmental health (Hassani et al., 2020, 2021). This study focuses on how soil properties
modify the near surface salt accumulation as a result of saltwater intrusion in coastal regions. To
do so, we developed a predictive model, using software package FEFLOW, capable of describing the
effects of soil texture and heterogeneity on the surface soil salinity as a result of saltwater intrusion
through the unsaturated zone. For model validation, we used the field-scale data measured in “Alte
Land”located in north Germany - an agriculturally significant area threatened by the increasing soil
salinity. After the model verification, we conducted hypothetical numerical experiments to identify
how soil texture, linking saltwater intrusion through unsaturated zone to the surface, influences
surface soil salinity under different boundary conditions. Our results show how significant could
be the changes in surface soil salinity as a result of minor changes in soil texture and heterogeneity.
This highlights the importance of soil characteristics on surface soil salinity driven by the saltwater
intrusion in coastal regions with the results relevant to soil health and land management in coastal
regions.
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Identifying the final fate of treated wastewater is sometimes a challenging task because not always
receiving surface water bodies are available in the neighboring. Consequently, the water treatment
agencies often resort to infiltration pond facilities for discharging effluents from the treatment plant.
This technical solution is considered extremely favorable because it recharges the groundwater bod-
ies, increasing the availability and improving the qualitative status of the natural reservoirs. The
daily operation of such infiltration pond facilities is often based on heuristic rules simply aimed
at discharging the treated water volumes. Nevertheless, the functioning of these infrastructures
strongly relies on some hydraulic and hydrogeological features of the hosting site. The knowledge
of parameters such as the average vertical and horizontal hydraulic conductivity in the area sur-
rounding the basins would allow for optimizing the water flows to the groundwater. This study
compares some techniques for modeling clusters of interconnected infiltration ponds with the aim
of estimating the average values of the hydrogeological parameters involved therein. The overall
inverse model is based on a dynamical system derived from mass balance and Darcy’s law. Within
this general computational framework, several techniques have been implemented and tested, such
as different Kalman filter versions. It is worth highlighting that the considered model is intrinsically
ill-conditioned, and the right-hand side of the ODEs system is discontinuous: these issues some-
how affect the accuracy of the tested techniques. This study has been conducted on synthetic data,
partially based on the results of a previous study.
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Successful large-scale compositional reservoir simulation requires robust and efficient equilibrium
calculations. In recent years a large number of papers have been published on the topic of three-
phase vapor-liquid-aqueous (VLA) equilibria
which frequently appear in hydrocarbon reservoirs. The presence of the aqueous phase increases the
probability of equilibrium calculations to have issues. One may experience convergence problems
or even not being able to distinguish a fourth phase altogether. This is generally due to the lack of
good initial guesses, which is usually solved by proposing supplementary inital guesses which are
designed to deal with a particular mixture. The commonly used approach is to perfrom a stability
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test, before the equilibrium calculation,
which determines whether it is needed to add an additional phase. Another
benefit of this approach is that the result from the stability testing provides a good initial guess for
the phase equilibrium calculation. In this contribution we derive a robust algorithm which can deal
with up to four phase equilibrium
calculation. We demonstrate the algorithm and its robustness and efficiency
in several examples from literature (mainly computing the phase envelopes of
water/hydrocarbon mixtures).
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As the world continues to develop in a worsening climate crisis, greener alternatives to cement-
based grouting must be implemented. Biological calcium carbonate precipitation methods such as
Microbially Induced Carbonate Precipitation (MICP) show promise as alternative grouting strategies,
but their biological nature lends itself to issues concerning environmental sensitivity and limited
CaCO3 yield. This research aims to remedy that by developing a novel carbonate-based grouting
strategy based entirely on inanimate physicochemical processes.

CTCCP utilises “dry solution”colloidosome technology to allow for the controlled delay of simple
CaCO3-precipitating reactions for use in ground stabilisation. The reagent solutions are emulsified
in the air using hydrophobic fumed silica, forming micro-scale colloidosomes that take the form
of a dry powder. These powders can then be mixed thoroughly without any contact between the
reagents, delaying the reaction. Once transported via a suitable carrier fluid to the area designated
for grouting, the colloidosomes can then be released by initiating a reaction which disables the hy-
drophobic surface treatment of the colloidosomes. The reagents are then free to react and precipitate
CaCO3, grouting the target area.

At this early proof-of-concept stage, we have shown that colloidosomes can be synthesised via stan-
dard and novel synthetic processes, the latter of which may help with optimising the technology. We
have also shown that a range of water-soluble, CaCO3-precipitating reagents can be encapsulated
at a variety of concentrations, and that the colloidosomes can be released by both mechanical force
and chemical reaction.
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Two Phase flows are used in several fundamental and practical applications. For many applications, it
is crucial to understand the physics of multiphase flow under the effect of the capillary, gravitational,
and viscous fields 1. Here, I will demonstrate experimentally how pore disorder affects fluid displace-
ment. I am investigating the drainage of the liquid in porous media and studying the influence of the
randomness of the 3D-printed porous medium structure on the fluid front. My experimental setup
allows us to control the gravitational field precisely, and I can thus study the relative effect of the
hydrostatic pressure field and the capillary fluctuation. This work offers a better understanding of
the impact of the pore-scale disorder on flow behaviors in the porous medium.
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The great challenge for understanding the porous media is the heterogeneity in rocks known as
the core structures with different types and scales. Recently, with the development of digital core
technology, more reliable information can be used to indicate the potential influence of fluid flow-
ing in porous media. Thus, the pore-scale modeling that simulates the fluids flow directly in the
three-dimensional Micro-Nano core structures provides a more accurate and stable prediction of
the flowing. However, traditional numerical methods suffer a number of difficulties in pore-scale
modeling, especially when the pore structures are complex, known as a type of fluid-solid coupling.
This paper adopts a modified particle-based method, Smoothed particle hydrodynamics (SPH), to
pore-scale modeling to improve the stability and accuracy of the incompressible fluid flow within
complex geometry. The novel method divides the domain into system and surroundings, represented
by fluid and solid particles, respectively, where the interaction between the fluid and solid particles
can be simulated naturally without additional coefficients. The governing equations for the differ-
ent particles are consistent, and constraints are adopted to restrict the motion of solid particles and
the incompressibility of the fluid. We design numerical schemes based on the projection method
to preserve the unconditional energy stability, indicating unconditional numerical stability, which
allows a large size of the time step and accurate fluid-solid coupling. The feasibility and novelty of
the proposed method are verified by comparing it with the experimental benchmark. Furthermore,
our method has great potential for the problems of grain flow.
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Geological carbon dioxide (CO2) sequestration is considered as a technology for reducing the atmo-
spheric content of CO2 [1, 2]. CO2 has been widely injected into saline aquifers or oil reservoirs
for sequestration in recent decades [3]. This process involves displacing resident fluids from porous
media, which is unstable due to the unfavorable mobility ratio between the resident and injected
fluids. Although some fluids with chemical agents are used to inhibit gas channeling, these methods
tend to cause pollution and damage to environment and formation.
In this work, we propose an environmentally friendly aqueous foam to control the CO2 mobility and
enlarge its sweeping efficiency. To get insight into the CO2 mobility control behavior of the aqueous
foam, we conducted a series of analysis including the stabilization and rheological properties of the
CO2 foam with cellulose nanofibrils (CNFs) and camellia oleifera saponin (COS). Pore-scale dynam-
ics of CO2 foam in a 2D visual micromodel obtained from a real core via micro-CT images were
analyzed. The stabilization and rheology experiments allowed us to explore the special properties
of foam as a CO2 carrier in porous media, while the microfluidic experiment was used to evaluate
the dynamics of generation and rupture of foam bubbles with enhancers. The microscopic visual
experiments make it possible to analyze the flow behaviors and sweep efficiency increase of foams
in porous media simulating aquifers and oil reservoirs.
Results demonstrate that the higher viscoelasticity and stability cause large numbers of small bubbles
to group together, providing greater flow resistance to control the mobility of CO2. CNF/COS foam
carries CO2 deeper into porous media and increase CO2 saturation in aquifers and oil reservoirs,
while also showing a higher oil resistance stability compared to bare surfactant foam. Abundant hy-
drogen bonds between CNFs and COS molecules support the formation of tight bubble film which
can stably encapsulate CO2 and inhibit its diffusion. The interlacement and entanglement of CNFs
endows liquid phase with high viscosity, which restrains liquid drainage and improves the interfacial
viscoelasticity of the bubble film.
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Typical geological systems are composed of a broad spectrum of porous media with regionalized
rock properties such as porosity or permeability varying by orders of magnitude within a volume of
study. Upscaling the petrophysical rock properties is controlled by the rock pore size and type hetero-
geneity which is a scale-dependent variable. At the same time, Recent advances in high-resolution
imaging techniques have provided a wealth of 2D and 3D datasets that reveal the microstructure of
rocks and soil on scales ranging from nanometers to centimeters. However, the images by them-
selves greatly vary based on imaging technique details and objectives of research taken in porous
media. Automating the rock heterogeneity estimation regardless of the type of imaged input would
be of great interest to geology and engineering communities.

We provide an automatic scale-independent method for classifying rock heterogeneity. Our method
modifies local order metrics by (Torquato et al. 2022). They used synthetic, two-phase porous materi-
als and compared relative ranking of disorder for materials with the same length scale and porosity.
Our modification introduces length scale independence and was verified against three categories
of benchmarks, all together 87 geologic and synthetic 3D CT datasets found in Digital Rocks Por-
tal (https://www.digitalrocksportal.org/). Further, the method performs better compared to other
geostatistical heterogeneity coefficients including Dykstra-Parsons, Lorenz, and pore heterogeneity
coefficients. A sensitivity analysis has revealed a significantly faster performance and reliable true
heterogeneity of the 3D version compared to the apparent heterogeneity seen when splitting 3D
volume in its 2D cross-section. Thus, whenever possible, 3D datasets should be used in analysis of
porous media. While our application is to the images in Digital Rocks Portal and we hope that will
in future ease automated curation of images in the portal, the method should extend easily on any
porous media imagery.
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In contrast to crystals, amorphous materials are characterized by a disordered structure that dictates
adsorption at the surface. Understanding how amorphous features affect gas sorption is crucial to
rationally design efficient amorphous adsorbents. Recently, we have demonstrated by Molecular Dy-
namics (MD) simulations the differences between the adsorption of CO2 in crystalline (Fig 1a) and
amorphous (Fig 1b) silica nanopores1. The heterogeneous features of the amorphous nanosurfaces
(e.g., roughness, functional groups, hydroxyl groups, oxygen vacancies) enhance CO2 adsorption
with respect to analogous crystalline surfaces, making amorphous material interesting for many in-
dustrial application (including catalytic processes). Here, we propose to use machine learning to
more faithfully characterize and describe CO2 adsorption in amorphous nanopores.
First, we employ a segmentation algorithm to identified the irregular adsorption patterns; then, we
use a classification algorithm to group similar patterns; and finally, we correlate the adsorption
patterns with the underlying surface features. This framework can help identify the most efficient
functional groups, paving the way to a computer-aided design of amorphous sorbents that can be em-
ployed in many industrially relevant processes. Typically, the region of influence of surface groups
can be inferred by means of radial density functions that enable calculating the residence time of the
CO2 molecules within spherical neighborhoods that are defined around the surface sites of interest,
which has been a-priori determined1. Although this approach allowed us to demonstrate the major
contribution of oxygen vacancies, CO2 adsorption patterns are very irregular (Fig 1b) and it is not
trivial to correlate the high density regions to the underlying heterogeneous structure in the case of
amorphous surfaces.
As an example, we consider the methanation reaction, which has been shown to be catalytically
enhanced on amorphous silica nanospheres that are specifically engineered to exhibit a high density
of surface defects[2].
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We focus on the contractive forces exerted by fibroblast cells during dermal wound healing. To
capture these effects, we construct and analyze two modeling approaches under the assumption of
linearized elasticity. The first approach introduces a collection of point forces on the boundary of
each fibroblast cell and uses a superimposition principle. The resulting partial differential equation is
analyzed rigorously using a sum of radially weighted Sobolev spaces and we propose two discretiza-
tion approaches. The first is a direct application of the finite element method, which is expected to
suffer from sub-optimal convergence. Therefore, a second approach is proposed in which the known
singularity is subtracted from the solution and a smooth correction field is sought.

The second modeling approach employs an isotropic stress point source in the cell center. By iden-
tifying this model as a limiting case of the point force model, we analyze the model using appropri-
ately weighted Sobolev spaces. By identifying the behavior of the solution, the singularity removal
method is shown to be applicable here as well. Moreover, we show that the introduction of the
solid pressure leads to a locking-free discretization method using familiar Stokes-compatible finite
elements.

The validity of both modeling approaches is confirmed by numerical experiments in two and three
dimensions. Moreover, we demonstrate that the rates of convergence of the numerical methods
agree with those predicted by the theory.
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The petrophysical properties are crucial to understanding the fluid (oil, gas & water) flowing through
the reservoir. Due to the complex nature of petroleum reservoirs, the grain, pore, and throat proper-
ties are of utmost importance. Determining these properties with utmost care and precautions can
lead to a better understanding of porous media and ultimately to enhanced recovery. The permeabil-
ity calculation with pore characteristics has long been under discussion, and various equations have
also been derived. We present a research study aimed at testing the predicting power of machine
learning (ML) algorithms for permeability prediction by considering both the pore and throat prop-
erties. We prepare a training set containing 3D scans of Berea sandstone subsamples imaged with
micro X-ray tomography and corresponding permeability values simulated with the Pore Network
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Modelling (PNM) approach. The 3D image samples were used as input for model training and predic-
tion. We compare the predictive power of various machine learning methods like gradient boosting
(LightGBM, CatBoost, XGBoost), random forest (RF), and Decision tree (DT). We also obtained a
porosity-permeability relationship that provides a better prediction of the permeability compared
with predictions obtained by previous correlations. The results obtained using the machine learning
developed in this study are in satisfactory agreement with the actual permeability of the porous me-
dia. The K-fold cross-validation algorithm (k-foldCV) is applied to optimize the hyper-parameters
of the ML algorithms. Each machine learning technique has performed satisfactorily in terms of de-
termination coefficient (R2), mean square error (MSE), root mean square percentage error (RMSPE),
and computation time. The results demonstrate the applicability of machine learning techniques for
image-based permeability prediction and open a new era of Digital Rock research.
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We investigate the mechanisms of competitive adsorption of CO2 and CH4 molecules in silica nanopores
characterized by different physico-chemical features. We study the influence of different physi-
cal properties (e.g., surface roughness and the geometric arrangement of functional groups) and
chemical heterogeneity (e.g., the number of hydroxyl, -OH, and ethoxyl, -OCH2-CH3, groups at the
nanopore surface) on the affinity for CO2 and CH4, as well as on the resulting mobility. Notably,
hydroxyl (Fig 1a) and ethoxyl (Fig 1b) are among the most common surface groups found on silica
substrates that are synthesized from the Tetraethyl orthosilicate (TEOS) precursor. A recent work
1 showed the potential of hydrophilic (high density of -OH groups) and hydrophobic (high density
of -OCH2-CH3) membranes for fluid separation. From the results of molecular dynamic (MD) simu-
lations, we extract the most relevant parameters that describe the adsorption of the CO2, CH4, and
mixtures of the two. We report the key findings of the atomistic investigation and discuss the rele-
vant surface properties that need to be considered for a faithful upscaled description of the resulting
macroscopic flow and of the adsorption of CO2/CH4 in nanoporous silica. In particular, we focus on
the differences between the two functionalizations of the surface and their selectivity towards the
two gases. The results of the MD simulations enable the rational design of amorphous adsorbents
that can be tailored to adsorb the required ratio of CO2 to CH4 molecules. Precisely designed se-
lective adsorbents can find application, for instance, in shifting the equilibrium of the methanation
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reaction (CO2 + 4H2 → CH4 + 2H2O), which is gaining attention in synthetic fuel production aiming
at mitigating CO2 emission.
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Raster Electron Microscopy Images of Opalinus Clay
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Understanding the microscopic pores in a potential host rock such as Opalinus clay is crucial for
determining the physical properties of the material including permeability and strength, which are
important for safe radioactive waste disposal. One method for visualizing and characterizing these
pores is via scanning electron microscopy (SEM), which allows for high-resolution imaging at the
nanoscale. However, the process of segmenting and analyzing SEM images for pore identification
can be difficult due to limitations in resolution and the need for manual input. Recently, machine
learning (ML) and deep learning (DL) techniques have been employed to develop automated methods
for analyzing such images and segmenting pores providing faster and more consistent results that
do not rely on user input.

Backbones are essential components in the field of DL, as they are able to learn features that are
necessary for the identification of objects and hence for image processing. Objects are described by
a specific set of features that makes them unique. Therefore, an important part of image processing
is a comprehensive set of features. Pre-trained backbones, trained on datasets such as ImageNet that
contains millions of everyday images, have a variety of features that are useful for image processing
tasks. However, specialized applications such as automated analysis of microscope images often
require features that differ from those of pre-trained backbones. In addition, the limited availability
of microscope images may cause ML to outperform DL to some extent [Maitre et al., 2019]. This
is because, in supervised machine learning, features are manually created before training, which
requires careful feature selection by an expert. In this study, we investigate the training behavior of
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pre-trained backbone models on new SEM images. The backbone models have been trained through
two stages: a warm start and fine-tuning. During the warm start, only the object classification was
trained while maintaining the features from the ImageNet dataset. In the fine-tuning stage, all layers
were trained to adapt and learn new features from the SEM images. The fine-tuning process was used
to observe the model’s ability to adapt to the new data.

We examine eight different backbones, including VGG16, VGG19, ResNet50, Desenet, Xception, and
Mobilenet. Our training data consists of 2000 SEM images showing both the background and pores
of an Opalinus clay sample. To train a backbone with this relatively small amount of training data,
we used a transfer learning technique. To get a general sense of the behavior of different DL back-
bones, we examined the gradient during the learning process using gradient-weighted class activa-
tion mapping (grad-CAM) [Selvaraju et al., 2019]. Through analysis of the model’s adaptation efforts,
we demonstrate which pre-trained backbone models demonstrate good training behavior on SEM
images and provide an estimation of the amount of data needed for effective training.
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The study of non-Newtonian fluid flow through porous media is crucial for numerous applications,
including heavy oil recovery, polymer-enhanced oil recovery, and liquid polymer molding 1. For
the flow of non-Newtonian fluids at low velocities, an adapted version of Darcy’s law is often used.
Here, the constant viscosity is replaced by a variable viscosity that depends on the porous medium
[2]. This viscosity is a function of shear rate, which in turn is dependent on a coefficient termed the
“shift factor.” The shift factor depends on the fluid and rock types.
Numerous models have been proposed for calculating the shift factor in sphere pack samples, where
it is solely dependent on the power law index [3, 4]. However, given that the porosity, formation
factor, and permeability in sphere pack samples can vary, the need to investigate the shift factor
across different sphere pack models has attracted significant attention. In this study, we began by
reconstructing sphere pack models with varying porosity, permeability, and formation factors. We
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then simulated the flow of non-Newtonian fluids, each with a different power-law index, within
these models.
Next, we evaluated the shift factor for each combination of fluid and rock properties. It was observed
that the shift factor fluctuated with changes in porosity, permeability, and the formation factor. Fi-
nally, we examined the relationship between the shift factor and the rock properties, as well as the
power-law index. The findings from this study can be invaluable for parameterizing models of poly-
mer flow through porous media.
Keywords: Shift factor, Sphere pack samples, Microscale flow simulations, Shear-thinning fluid.
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A continuum sharp-interface modelling of the molecular motion in the vicinity of the three-phase
dynamic contact line is a significant research problem 1 having extensive practical relevance [2]. It
is a prerequisite to full pore-scale Direct Numerical Simulation (DNS) with a high-fidelity represen-
tation of dynamic wetting phenomena. To investigate the three-phase dynamic contact line in the
wetting of small pores, we numerically design a setup consisting of a pressure gradient-driven two-
phase flow inside a thin channel (width ~ 0.1 - 10µm). The two phases are separated by an interfacial
layer with surface tension, that meets the pore wall, hence, a three-phase dynamic contact line is
formed. This setup is then studied numerically by solving the planar two-phase Navier-Stokes equa-
tions, comparing three contact-line boundary conditions: the Navier-slip boundary condition, the
super-slip boundary condition and the generalized Navier boundary condition (GNBC). We use the
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Basilisk flow solver to do Volume-of-Fluid (VOF) based simulations with the surface tension force
computed using the Continuous-Surface-Force method and curvature calculations using the Height-
Function method. Steady-state solutions are found for all three boundary conditions and a critical
capillary number is predicted beyond which no steady-state solution exists. We thus extend previ-
ous contact line modelling using the VOF method [3],[4]. Similar to [3], we see that the Navier-slip
model with a constant microscopic contact angle is weakly singular. This singularity does not pre-
vent the prediction of the critical capillary number for wetting. The advantage of this new setup
over the previous “hydrodynamic assist”setup of [2] and [3] and the “sheared droplet”setup of 1, is
its direct relevance to the DNS at small pore size and the opportunity to reduce the range of scales
involved. Due to the quadtree adaptive mesh refinement (AMR) and parallel-processing capabilities
of our code, a parametric study with realistic nanometric slip length is possible and interesting flow
features and scaling laws are discovered in the vicinity of the contact line.
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Bubbles in subsurface porous media spontaneously coarsen to reduce free energy. Bubble coarsen-
ing dramatically changes surface area and pore occupancy, which affect the hydraulic conductivity,
mass and heat transfer coefficients, and chemical reactions. Coarsening kinetics in porous media is
thus critical in modeling geologic CO2sequestration, hydrogen subsurface storage, hydrate reservoir
recovery, and other relevant geophysical problems.
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We show that bubble coarsening kinetics in porous media fundamentally deviates from classical
Lifshitz-Slyozov-Wagner theory, because porous structure quantizes the space and decouple the
mass transfer coefficient from the bubble size. We develop a new coarsening theory that agrees
well with numerical simulations. We further identify a pseudo-equilibrium time proportional to the
cubic of pore size. In a typical CO2 sequestration scenario, local equilibrium can be achieved in 1s
for media consisting of sub-micron pores so local equilibrium can be presumed, while in decades for
media consisting of 1 mm pores so capillary equilibrium fails.

This work provides new insights in modeling complex fluid behaviors in subsurface environment.
In addition, along with our preceding works, we demonstrate that the porous media rescale mass
transport of discrete fluid systems, by 1) modifying the free energy vs. volume correlation, and 2)
decoupling the mass transfer kinetics from blob size.
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The production of heavy oil is challenging because of its higher viscosity and lower mobility. Al-
though thermal-based methods are useful to cope with these problems through heat injection, the
application of thermal recovery method are expensive and not always effective methods. There-
fore, different alternatives were considered with respect to conditions of heavy oil reservoirs. Non-
condensate gases like flue gas injection is widely used in heavy oil recovery. The flue gas includes
approximately 80% N2 and 20% CO2 1 . The flue gas injection is an effective method for improving
not only heavy oil recovery, but also environmental issues. The flue gas injection can increase re-
covery efficiency by gas expansion, viscosity reduction, and reservoir repressurization. In addition,
the interaction of flue gas components with reservoir fluid under high temperature and pressure
conditions of reservoir contributes to higher recovery factor of heavy oil [2]. Numerical study was
carried out to investigate the effect of CO2 percentages of flue gas on oil production performance.
The numerical results showed that reservoir pressure in higher CO2 percentage has experienced
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larger decrease during flue gas injection. This can be attributed to higher solubility of CO2 than
N2 in heavy oil at the same reservoir temperature. The presence of gas solution in heavy oil con-
tributes to higher performance of oil production. The main reason for it can be viscosity reduction
in heavy oil. In fact, the solution gas composition in the heavy oil provides a driving force for in-
creasing heavy oil mobility in terms of the CO2 content [3]. The higher tendency of CO2 in flue gas
to form miscibility with heavy oil components not only enhances heavy oil production performance,
but also reduces CO2 emission by different industries as long as the injected CO2 is captured and
recycled.

Fig. 1. Pressure distribution at injection (a) CO2 100% (b) CO2 20%-N2 80%

Fig. 2. Pressure drop in the reservoir

Fig. 3. Cumulative oil produced in production well
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Drainage, imbibition and steady state two phase flow in porous media have an abundance of applica-
tions in physics, chemistry and engineering. Experimental methods to capture this phenomena are
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often limited to two dimensional setups, refractive index matching and/or are too slow to capture
the dynamics at a resolution relevant to the physics at the pore scale. We utilize nuclear magnetic
resonance methods to retrieve 1D spin-echo intensity and phase-angle profiles with a temporal and
spatial resolution of 20 ms and 70 microns respectively. We compare first and secondary imbibition,
drainage and steady state two-phase flow of a wide variety of three dimensional microstructures
ranging from bead-packs, sticky hard spheres and 3D printed heterogeneous porous media. The lat-
ter is used to include both model media based on Gaussian random fields and complex microstruc-
tures based on micro-computed tomography data of snow. We extend analysis of standard 1D spatial
profiles used to determine water saturation, to measure velocity and correlate signal attenuation to
local velocity fluctuations. With this study we demonstrate that size and duration of local surges
can be related to the heterogeneity of the porous media and has future potential to measure effective
dispersion coefficients in steady state two-phase phase flow.
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Soils are porous multiphase geomaterials, composed of i) a particulate solid phase, and ii) a fluid
phase, hosted within the soil’s porosity. Due to their complex discrete nature, the macroscopic
response of soils depends on the mechanisms occurring at the particle or pore scale. The particle-
to-particle interactions can be mechanical and/or electrochemical in nature, depending on the soil
mineralogy and particle size distribution. These interactions affect particle arrangements and kine-
matics, and the evolution of the soil’s fabric and pore size distribution upon loading. Understanding
the mechanisms occurring at the particle or pore scale is crucial to the prediction of soil macro-
scopic responses under different loading conditions, where these cannot be easily reproduced using
the framework of continuum mechanics.
Exploring the particle-scale mechanisms and their evolution upon loading in a direct experimental
fashion is extremely challenging for fine-grained soils such as clays, due to the small (sub-micron)
particle size. In the absence of particle-scale experimental evidence, a valuable alternative to ex-
plore the particle-scale behaviour is to perform “virtual”experiments, where soils are modelled as
discrete particulate media using the Discrete Element Method (DEM). Here, we present an overview
of the capabilities of a DEM numerical framework specifically formulated to simulate non-active
clays. The inter-particle interactions implemented in the force-separation laws of the DEM model
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(electrochemical and mechanical interactions) are able to reflect the effect of the chemistry (pH and
dielectric permittivity) of the fluid filling up the pore space on the macroscopic behaviour. The DEM
framework, informed by existing experimental evidence (1) and proved to capture several aspects
of the one-dimensional compression of non-active clays in oedometric conditions ([2]), was chal-
lenged to reproduce the behaviour of clay upon simple shear. Particular focus was given to the
effect of the initial loading-induced particle orientations and fabric on the shearing behaviour, and
on the evolution of both the soil’s “macroscopic”porosity (e.g. void ratio) and pore-size distribution
upon loading. The results of this study allowed to shed light on peculiar small (particle or pore)
-scale mechanisms leading to the macroscopic observations upon which the continuum constitutive
models used in conventional geotechnical engineering applications are formulated.
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The porous properties highly determine the physical properties of materials like density, stiffness
and flow transport properties. This poster wants to contribute to the question whether knitted pore
systems can be designed and optimized for highly functional garments like sportswear or be used
as functional carriers in technical products or processes. In a new combined wicking and drying
experiment, textile fabrics are investigated concerning their transport properties. The vision of this
work is, that understanding of the porous properties of knitted fabrics by systematically changing
the geometrical properties only by patterning deepens the understanding of the porous system and
its transport characteristics
Textiles can be interpreted as porous systems consisting of fibers arranged in repeating patterns. 1
In combination of different materials and textile production processes the structure of textile porous
systems can be altered in a huge range. Pores in textiles can be systematically described on the scales
fiber, yarn and fabric. Micropores occur on the fiber scale, Mesopores occur on the yarn scale and
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macropores on the fabric scale respectively. [2] For knitted fabrics, especially macropores with pore
sizes of 100 µm and higher can be systematically altered by the patterning in the knitting process.
This poster focusses on non-standard porous patterns which are designed to have different amounts
of pores on the meso- and macroscale. Previous work in this field is is focussed on standard patterns
like single jersey, double jersey and rib patterns (e.g. [3]) and considers only porosity as porous
property Therefore, we introduce an extended model for knitted fabrics which is parametrized with
the yarn characteristics and the patterning and gives effective parameters like pore size distribution,
fabric density and thickness. For experimental validation, different patterns which gradually differ
in meso- and macropore distributions are knitted on an automated flatknitting machine and analyzed
via automated imaging. The porous fabric properties are then correlated with the results from the
new combined wicking-drying experiment.
The new experiment is presented and its results can be transferred to other fabric technologies. The
poster should give an inspiration for function driven design by the concept of textiles as porous
media. The geometrical parameter space and the relation to effective mass transport properties can
initiate and accelerate development processes with knitted fabrics in a broad field of applications
like tissue engineering.
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Geothermal systems in crystalline basement rocks require fractures and faults to allow economic
heat production. Sufficient permeability of these flow paths is vital and affects the lifetime of such
systems. As fluids are produced and reinjected, the resulting flow, fluid mixing as well as related
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pressure and temperature changes affect the geochemical equilibria between fluids and host rock.
Disequilibria of fluids and rock then potentially drive dissolution, precipitation, or other geochemi-
cal alteration processes (e.g., illitisation). Such changes can change then mineralogical and geomet-
rical properties of fractures, resulting in hydraulic property changes of the major flow paths of the
fault zones. Cornwall in SW England hosts several granitic plutons that are the subject of current
geothermal projects (United Downs Deep Geothermal Power and Eden Projects). These projects
target fault zones in crystalline rock that provide pre-existing pathways for fluid flow.

To study the effects of geochemical alterations on fracture permeability in granites, we conducted a
series of long-term reactive transport experiments in our unique flow-through reactor setup. Carn-
menellis granite samples from central Cornwall have been collected of which small plugs (15 mm
length, 10 mm width) and powders (< 125 μm grain size) were prepared. A tensile fracture was
induced into the plugs to allow flow along the samples. We injected water with different fluid com-
position, representing different diluted to heavy brines encountered around geothermal systems,
into the fractured granite plugs and pulverized gouges at 80 ℃ and 20 MPa confining pressure. The
development of fracture and gouge permeability as well as effluent composition are analysed. CT-
scans before, in-between, and after experiments are used to analyse changes in fracture and gouge
structure. To complement the experiments, we model our system with GeoChemFoam [Maes and
Menke, 2021], a reactive-transport modelling code that combines flow and transport calculations
from OpenFOAM with geochemical calculations. The CT-scans of our samples act as basis for mesh
and mineral distribution.
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The problem of filtration for flows carrying particulate matter is of interest in many different fields:
both for drinking water purification, in biological sterilization processes, or in the chemical and pro-
cess industry for the removal of solid particulate feed of catalytic packed-bed reactors in refining
processes.
Traditional filters show inefficiencies in removing particles with dimensions in the range 1 < dp <
20 μm, or induce too high a pressure drop, due to solid build-up in the filter leading to exponentially
increasing pressure drops. The deposition phenomena of such systems are analogous to those de-
scribed by Yao et al. (1971) for water filtration in granular beds. When the solid density is much
higher than the liquid one, the captation is mainly the result of inertial deposition and steric inter-
ception with the solid collector.
One potential solution is the use of innovative open-cell ceramic foam structures as filtering media.
Their open cellular structure makes them suitable for deep-bed filtration and moreover their high
porosity and specific surface results in lower pressure drops compared to other packing media, such
as granular beds. However, the influence of their geometrical structure and topology on the charac-
teristic length and filtration efficiency remains an open problem.
The aim of this work is to investigate fluid flow and particles capture inside ceramics foams, to extract
the key parameters and characteristic lengths affecting the filtration efficiency and compare them
with more classical granular beds. The investigation is carried out performing numerical CFD simu-
lations of the fluid flow inside foams geometries obtained either from x-ray tomography reconstruc-
tion or from digital generated model using an improved workflow based on Agostini et al. (2022),
allowing the exploration of a large set of parameters, and able to reproduce both the geometrical
structure and the macroscopic behaviour of experimentally investigated solid foam structures.The
carried solid particles are represented by Lagrangian Discrete Particle Model (DPM) simulations, un-
der the hypothesis of laminar regime and diluted systems and no influence of the particle on the
fluid flow.
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Dewatering, which is the process of separating (colloidal) suspended particles from a solvent (usu-
ally water), is used in many engineering applications (sanitary engineering, dredging engineering…).
Key questions associated with dewatering in the context of the reuse of dredged sediment are (1)
what is the process kinetics, (2) how can these processes be optimized and (3) can the dewatered
sludge be reused and for which application?
Dewatering and consolidation are functions of the suspended particles’size and type, and their
solvent-mediated interaction. In this presentation, some examples will be given about the dewa-
tering of suspensions and slurries as found in engineering applications 1. The presentation will
focus on the behaviour of mineral clay suspensions (kaolinite, montmorillonite, illite) composed of
particles of different particle sizes [2-5]. We will show that, depending on the particle size distri-
bution and solvent properties, the system is either undergoing a slow sedimentation dominated by
thermodynamic forces or a rapid sedimentation dominated by gravity. The sedimentation is fol-
lowed in time using NMR and inferential image analysis, and the particles are characterized by size,
density and electrokinetic charge. We show that the time evolution of the sedimentation behaviour
can be modelled using an advection-diffusion equation. The advective term is a function of gravity,
whereas the diffusion term represents either a hard-sphere repulsion or an effective stress, depend-
ing on whether thermodynamic forces dominate the system [6-8].
For a mixture of different clays, the settling and consolidation behaviour is shown to be significantly
affected by the type of colloidal particles in the system, even in a small amount. For instance, the
settling of a kaolinite and montmorillonite suspension with a kaolinite to montmorillonite ratio of
less than 0.1 (in weight) will be dominated by the strong electrostatic repulsive forces generated by
the montmorillonite particles.
These interactions are not yet implemented in traditional civil engineering consolidation models
based on effective stress concepts. Nonetheless, as we will discuss, their presence dramatically af-
fects the answers to the questions (1-3) cited above.
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Gas hydrates are nonstoichiometric crystalline compounds consisting of water and gas molecules,
and can play a pivotal role in sustainable development. The formation process of gas hydrates, in-
cluding nucleation and growth, is intrinsically affected by mineral surfaces and pore confinement
in geological sediments. But the mechanisms underlying hydrate formation in confined spaces are
not fully understood because of heterogeneities in sediment properties, such as surface wettabil-
ity. Many studies have indicated that a hydrophobic surface can promote gas hydrate formation
through the tetrahedral ordering of the water structure and increased gas density at solid–gas-water
interfaces, whereas hydrophilic surfaces exert the opposite effect. However, the combined effects of
wettability on both multiphase flow and the formation of hydrates are rarely addressed. In this work,
wettability-dependent CO2-water distributions and the corresponding CO2 hydrate growth were in-
vestigated using pore-scale modeling. Simulation scenarios with various water contact angles and
gas injection velocities were enabled by coupling the two-phase flow solver in OpenFOAM and the
geochemical modeling capability of CrunchFlow. Simulation results show that the heterogeneity
of water distribution markedly increases as the water contact angle becomes larger after CO2 dis-
placement. Water forms thin films when attached to hydrophilic surfaces but remains as droplets
on hydrophobic solids. Compared to hydrophilic systems, the gas‒water interface area in hydropho-
bic ones is larger owing to gas bubbles dispersed in water, which can promote CO2 dissolution and
diffusion into the water phase. In the subsequent formation process of gas hydrate, the amount of
hydrate growth is controlled by how fast the hydrate initially forms, which is largely driven by ini-
tial conditions and nucleation dynamics, as well as how rapidly the growth rate is reduced, which is
controlled by the feedback between hydrate formation and diffusion limitation. Overall, this study
demonstrates that surface wettability can play an important role in the gas hydrate formation pro-
cess in porous media by affecting the gas–water distribution, gas diffusion behavior, and final gas
hydrate saturation. These insights provide a more in-depth understanding of gas hydrate formation
in porous media.
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Daqing Gulong shale oil reservoir in China has developed nanopores, and the occurrence state and
flow characteristics of oil are complex. In nanopores, due to the influence of nano-confined ef-
fect, the fluid phase behavior changes, which affects the initial fluid distribution in nanopore media.
At present, the nano-confined effect and fluid phase behavior characteristics in different nanopore
spaces are not clear. In this paper, the nano-confined effect and the initial occurrence state of fluid
in different nanopore spaces of shale reservoirs are studied by theoretical calculation and numerical
simulation.

In this paper, based on the contrast state law, the calculation formula of the critical parameter offset
of nanopores is derived. Then, based on the state equation, the critical parameter offset is consid-
ered, and the capillary force and the molar volume reduction due to adsorption in nanopores are
corrected. The modified gas-liquid equilibrium calculation method is formed, and a fluid phase be-
havior calculation correction method under the influence of nano-confined is established. Based on
the pore distribution and fluid composition of Gulong shale oil reservoir, the phase envelopes of
fluid in different pore radii of 3-50 nm are calculated and plotted. The phase behavior migration of
fluid in different nanopores of shale reservoir is quantitatively calculated, and the phase behavior
distribution of fluid in different scale nanopore media is clarified.

The results show that for the migration of critical parameters in nanopores, the smaller the pores, the
more the heavy hydrocarbons, the more the migration of critical temperature and pressure. As the
nanopore size decreases, the critical temperature and critical pressure become smaller and smaller,
and the phase envelope range of the fluid becomes narrower and narrower. According to the original
formation temperature and pressure of Gulong shale reservoir, the initial occurrence state of fluid
in different nano-pore media under nano-confined conditions of Gulong shale reservoir is clarified:
it is condensate gas phase in pore space less than 3nm, near condensate gas phase in pore space of
3nm-5nm, and volatile oil phase in pore space of 5nm-50nm.

In this paper, based on the contrast state law and state equation, a mathematical model for calcu-
lating the critical parameter migration of nanopores in shale reservoirs is derived and established
by combining theoretical calculation and numerical simulation. The critical parameter migration of
different pore spaces under the influence of nano-confined effect is quantitatively calculated. Taking
the Gulong shale oil reservoir as an example, the fluid phase envelopes in different nanopore spaces
are calculated and plotted, and the initial phase behavior distribution characteristics of fluid in dif-
ferent nanopore media of shale reservoirs are clarified, which provides theoretical reference value
for the study of fluid initiation mechanism and efficient development of shale reservoirs.
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Solute migration and formation of solids in capillary porous media exposed to evaporation is central
to many engineering and environmental applications. In order to predict the evolution of solute
concentration in a porous medium, the macroscopic continuum models (CMs) are commonly em-
ployed. However, the predictive aptitudes of the CMs is still questionable at this stage. In this work,
we solve the classical advection-diffusion equation for solute transport in a capillary porous medium
exposed to evaporation for the limiting condition of capillary-dominated regime. The solution of the
CM is compared with pore network simulations. The results of both models are analyzed in terms of
instantaneous and time-averaged local solute concentration profiles. On this basis, the ability of the
CM to predict the time for the onset of solid formation (i.e. the time that is required for local solute
concentration to reach saturation concentration) is assessed. Furthermore, we characterize the de-
gree of heterogeneity in the liquid phase structure (i.e. splitting the bulk liquid into the main cluster,
the isolated clusters and the isolated single menisci) by performing pore network Monte-Carlo simu-
lations. Based on the statistical analysis of Monte-Carlo simulations, we compute the probability of
first solids to appear in the respective liquid phase elements. Solute enrichment is more pronounced
in the isolated single menisci and isolated clusters due lack or significant hindrance to back-diffusion
as a result of discontinuity in the liquid phase.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Deutschland

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Page 672



InterPore2023 / Book of Abstracts

MS19 / 803

Revealing multi-component 4-D heterogeneity in electrochemi-
cal systems via simultaneous neutron andX-ray tomography
Author: Pranay Shrestha1

Co-authors: Jacob M. LaManna 2; Kieran F. Fahy 1; Pascal Kim 1; ChungHyuk Lee 3; Jason K. Lee 1; Elias Baltic 2;
Daniel S. Hussey 2; David L. Jacobson 2; Aimy Bazylak 1

1 University of Toronto
2 National Institute of Standards and Technology
3 Toronto Metropolitan University

CorrespondingAuthors: aimy.bazylak@utoronto.ca, daniel.hussey@nist.gov, david.jacobson@nist.gov, pascalk@mie.utoronto.ca,
jacob.lamanna@nist.gov, leekeonh@mie.utoronto.ca, eli.baltic@nist.gov, chunghyuk.lee@ryerson.ca, pranay.shrestha@mail.utoronto.ca,
kieran.fahy@utoronto.ca

Simultaneous neutron and X-ray tomography (NeXT) harnesses the benefits of both X-rays and neu-
trons to enable truly correlative and high-contrast imaging of a wide range of multi-material systems.
NeXT is especially well-suited to study fluid flow and morphological characteristics in porous me-
dia, such as porous layers found in electrochemical devices. In this study, we utilize operando NeXT
to quantitatively reveal heterogeneity in morphology and liquid water distribution within fuel cell
components. A novel interfacial tracking technique is used to characterize 4-dimensional (4-D, 3 spa-
tial dimensions and time) morphology of cell components. Accurate tracking of interfaces enables
us to define component boundaries in 4-D and analyze liquid water distributions within individual
components during fuel cell operation. Heterogeneity in the morphology and liquid water distri-
bution of fuel cell components, particularly within the central membrane, is found to depend upon
location with respect to other cell components and operating conditions of the cell. Heterogeneous
distribution of porosity within the cell is found to affect liquid water accumulation and consequently
the hydration and mechanical properties of the membrane. With this study, we demonstrate how
NeXT is a viable and powerful tool in quantitatively characterizing operando processes in multi-
component electrochemical systems. The methodology presented here is more broadly applicable to
diverse static, evolving, and operando systems.
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Investigating the operation dynamics of energy storage systems, like lithium-ion batteries, is becom-
ing increasingly important in a range of applications, from automotive to grid-connected energy
storage. To simulate battery discharge we performed finite element simulations in unstructured
grids. The transient simulations are focused on the cathode of the battery (i.e.: half-cell simulations),
and the discharge at different C rates is explored 1. The mass and charge equations of balance are
solved at the microscale on three-dimensional reproductions of cathodes geometries. Three phases
are considered in the electrochemical model: active material, carbon binder domain, and electrolyte.
The creation of the cathode geometries is based on the fabrication process of the electrodes which
allows us to produce a wide range of geometries to perform numerical simulations on. Different
amounts of active material at different degrees of compression (calendering) of the electrodes have
been explored to create electrodes geometries that produce different battery discharge profiles. The
results of these simulations are then interpolated back to a regular 3D grid. This whole process is
very costly and cannot be integrated into optimization workflows.
The multi scale neural network (MSNet) has been employed to train data-driven models to perform
different tasks related to transport in porous media. Notable examples include prediction of flow
fields [2], electric potential [3], and concentration fields in reactive flows [4]. In all these appli-
cations, the target of interest is the steady-state solution of the field. Nevertheless, in the case of
electrochemical transport in lithium-ion batteries we are interested in knowing the discharge profile
in time at different rates. Hence, the data-driven model requires modifications to learn to model the
temporal dynamics.
In this work we trained an autoregressive MSNet on a dataset of time-dependent 3D simulations
of electrochemical transport in lithium-ion batteries. The network takes as input the geometrical
descriptors and the operating conditions, together with a temporal feature, which is: the initial con-
dition for the prediction of the first time-frame, or the previous time-frame prediction for the pre-
diction of the following one. Using this approach, the transient nature of the dataset is preserved,
since MSNet is provided with the complete ordered samples (from initial conditions to final time) at
each epoch and learns how to dampen the prediction errors along the time-frames. The predicted
fields are integrated in order to reproduce the discharge curves of lithium-ion batteries. The perfor-
mance of the trained network is tested on new cathodes to show its generalization capabilities. We
envision this work as a proof-of-concept of the feasibility of this approach leading to the employ-
ment of the autoregressive MSNet in optimization frameworks on a wider and more challenging
datasets.
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Deterioration of water quality has become a critical global challenge. Commonly contamination of
groundwater is caused by human activities at the surface including petroleum leakage from fuel sta-
tions, leakage of substances used and produced within manufacturing and chemical industries, and
also importantly substances used in the farming industry 1. The contaminants of significance include
a vast array of chemicals such as polyfluoroalkyl substances, fertilizers, pesticides, and antibiotics.
Investing in new technologies to improve the quality of water resources is the key to resilience in a
changing world.

Biochar is a stable and porous carbon-rich adsorbent material that is used to remove contaminants
from water [2]. Biochar is produced through the pyrolysis process using relatively inexpensive and
sustainable material (biomass) as feedstock. The performance of biochar depends on the biomass
properties and the parameters of the pyrolysis process (such as pyrolysis temperature and heating
rate). Pristine biochar with low surface functionality and small pore sizes offers limited adsorp-
tion capacity. A key consideration in improving biochar adsorption efficiency is to choose suitable
biomass and activation of biochar [3,4]. Chemical activation is commonly used in which chemicals
(e.g., acid or alkali, metal oxide or metal salt) are used to activate biochar.

Here we focus on contaminants introduced to the environment as a result of processes used within
the farming and textile industries. Methylene blue (MB) is a dye which causes contamination in tex-
tile industry wastewater streams. Nitrate (NO3-) is a major contaminant that is caused by excessive
use of fertilizers in the farming industry. MB removal from water has been researched significantly,
in particular, sorbents such as activated carbon and biomass have been studied extensively. NO3-
removal is more challenging, therefore, in most cases nitrate levels in water are reduced through di-
lution rather that removal. Here we report on the efficiency of clay-biochar composites for removal
of NO3- and MB.

Synthesis of functional clay biochar offers an economical method to remove contaminants from water [5]. We use wheat straw as the feedstock since it is abundantly available in the northeast of England and is considered as a waste product of farming industry in the region. To prepare the wheat straw was dried and milled. Kaolinite, montmorillonite, and bentonite clay powder was suspended in deionized (DI) and mixed with milled wheat straw. The mixture was stirred for 24h and then separated through sieving. The clay feedstock was oven dried and pyrolyzed at 600°C in a tube furnace to get clay-biochar. The characterization of functionalized biochar was performed using SEM, XRD, TGA and FTIR. We show that the clay-biochar can remove MB with over 99.5\% efficiency at pH of 11. Our experiments show that clay-biochar cannot remove nitrate from water. We compare our results against pristine biochar and the clay minerals used. In conclusion, modification of biochar causes changes in its surface functional groups which contribute to biochar hydrophilicity, negative charge, and sorption ability for cations. This experiment shows that clay-biochar is a cost-effective and high-performance material for removal of MB in high pH environments.
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A pore network model for calcination of a single particle (made of magnesium carbonate) is de-
veloped in order to better understand and quantify the heat and mass transfer within the particle,
morphological changes of its pore structure, chemical reactions and the connection to the particle’
s fluid-solid surrounding. Both the pore space and solid skeleton of the particle are approximated
as regular-lattice networks. Local reaction rates are expressed by the one-step kinetic model using
the classical Arrhenius equation with constant coefficients. Mass balance equations are set up to
solid elements (i.e. magnesium carbonate and magnesium oxide) and carbon dioxide at pores. At
each time step, the size of solid elements and complementary pore structures is updated. Using this
pore network model, the development of the carbon dioxide profiles at the surface as well as at the
reaction front where the decomposition reaction takes place are predicted over time. Though this
model is oversimplified from point of view of physics and chemistry, it shall serve as an essential
step to develop superior pore network models that can simulate calcination of a single particle at
reaslistic process conditions.
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The microstructure of capillary porous media partially saturated with liquid water often changes
in the course of drying. This significantly affects the structural and transport properties of porous
media. In this work, a discrete pore network model has been developed that allows to describe
the microstructure dynamics and mass transport kinetics of a model capillary porous medium un-
der slow drying conditions. In the pore network model, the space occupied by the fluid phases
is approximated by a three-dimensional lattice of interconnected spherical pores and cylindrical
throats. Assuming laminar axial flow through each pore and throat, equations based on Fick’s law
and Poiseuille’s law are solved to obtain the local fluid pressures and flow rates. Since the solid
matrix of the medium slightly moves during drying, due to stress induced by capillary forces, the
complementary pore network is updated over time and the pore/throat saturations are mapped to
the new pore network in a physical way. The evolution of the microstructure and phase distribution
over time as well as drying rate and time are simulated using this adaptive pore network model and
compared to those predicted by a pore network model where the solid phase remains stationary
during drying (see Fig. 1).
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In this work, we discuss the effects of the electrical field on the mobilization and the transportation
of contaminants through porous media. In this type of process, various interactive electro-physico-
chemical phenomena can occur, which makes it difficult to capture all of the process contribution
(complexity) in a model. Therefore, the already existing models do not attempt to simulate the be-
havior of the entire system. The present work can be considered as a preliminary study toward the
integration of new complexities and proposes a conceptual and numerical model simulating contam-
inant migration coupled to the electrical properties of the porous medium (including the electrical
double layer and the displacement of charges). Issues such as the control of contaminant mobility,
the ability to achieve remediation (cleanup) objectives, and the estimation of treatment efficiency
criteria, will be discussed as well.
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Subsurface carbon-dioxide (CO2) and hydrogen (H2) storage are considered a promising approach
to reduce the greenhouse gas emissions of large polluters like the steel, chemical and cement in-
dustries. In order to develop gas storage techniques in geological formations it is crucial that we
can describe and monitor the associated multiphase flows. Micro computed tomography (Micro CT,
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X-ray technology) has opened up new opportunities to analyse the behaviour of gases and fluids in-
side the porous media at high resolutions reaching sub-pore level. However, measuring in-situ pore
pressures is still particularly challenging. Xenon (Xe) is a heavy, non radioactive, inert, ideal gas
already used as a tracer [1,4,2]. In this study performed in a micro CT scan, energy level dependent,
linear Xenon pressure- attenuation curves have been derived at different scales from static, single
gas phase experiments in a Bentheimer sandstone core.

Xenon is confirmed to have a potential to function as a pressure indicator on the basis of its high
atomic mass. Earlier research in a low-resolution medical CT-scan (sub porelevel) has been con-
firmed [5], but now by analyzing images at the pore level in a Xe-pressurized core between 0-25bar
Xe, with 5µm resolution, see the Figure attached (Xenon void core Prange3.png). Material and geom-
etry dependent artifacts as pseudo-enhancement [3] were observed. They prevent for this moment
the universal use of the obtained calibration curves, though specified to the used material and set-up,
the curves prove great potential. The static pressure-attenuation calibration relations are aimed to
be the starting point of a method to describe pressures in static and dynamic multiphase flow in
porous media.

Figure: Xenon void core Prange3.png
caption: The pressure dependence of Xenon visualized by microCT scannning of a void space in a
plastic ring and a cylindrical Bentheimer sandstone core, both seen in A. The resulting cross sections
of the void space and the Bentheimer core at pressure levels of 1, 15 and 25 bar are presented in B.
and C. respectively. Though hardly visible in the picture, the measured Xenon signal in the pores of
the core differs from the void signal at the same pressure as a consequence of pseudo-enhancement.
At 15 and 25 bar the Xenon in the pores has a higher (brighter) signal than the sand grains around,
opposite to the image at 1 bar.
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Focused ion beam scanning electron microscope (FIB-SEM) provides a new method to study the
pore structure at the nanoscale of shale, which uses gallium ion beam to serially cut the samples
and simultaneously image them under electron beam, not only with high resolution but also avoids
artificial pores generated during the preparation process, which can realistically reduce the 3D struc-
tural features of pores in shale and provide a useful tool for quantitative analysis of shale porosity
and pore structure. FIB-SEM images were segmented with three-dimensional reconstruction using
avizo software. The voxels of interest were first selected and the images were segmented using the
thresholding tool in avizo software. The high-resolution secondary electron image light and dark-
ness, which is proportional to the atomic number of the constituent elements of the sample, can
clearly show the differences between shale pores, organic matter and inorganic mineral matrix in
gray scale values, after the software color the three-dimensional images, it can be seen that the blue
part indicates the pores, the green part indicates the organic matter, and the red and yellow parts
indicate calcite and ferrihydrite, respectively. According to the above principle, the pores, organic
matter, and ferrihydrite were separately extracted and their 3D spatial structures were demonstrated
by manual thresholding. After that the pore network model (PNM) module of avizo software was
used to analyze the pore structure. The type of data stored by a PNM module represents a grid
constructed from multiple linear lines in three-dimensional space, branches or endpoints of the grid
represent pores, and the line connecting the pores is called the throat. For each pore and throat, pa-
rameters such as radius, length of the throat, coordination number can be calculated. In this paper,
three different types of shale samples were observed, among which red is open pores, which can be
connected, blue is closed pores, that is, after the reservoir fracturing can be connected, It has been
shown that the felsic shale with intergranular pores is interconnected into a large-area pore net-
work, with several traversing crevices and wide percolation channels; dolomitic shale connectivity
is intermediate between felsic shale and hybrid shale, with a few isolated pores as well as aggregate
like pores; hybrid shale has a very small connection area, and the “trigonal cone-shaped” pore is
connected by a “curved sheet” throat. The application of FIB-SEM to the nanopores of shale will
provide new research tools for the in-depth study of shale microstructure.

Participation:

Online

References:

MDPI Energies Student Poster Award:

Yes, I would like to submit this presentation into the student poster award.

Country:

China

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Poster / 811

Synthesis of granular activated carbon from biomass and corre-
lation of its sorption properties with the pore space characteris-
tics
Authors: Anastasia Stavrinou1; Maria Theodoropoulou2; Christos Aggelopoulos3; Christos Tsakiroglou4

Page 680



InterPore2023 / Book of Abstracts

1 Foundation for Research and Technology Hellas, Institute of Chemical Engineering Sciences
2 Foundation for Research and Technology Hellas - Institute of Chemical Engineering Sciences
3 FORTH/ICE-HT
4 Foundation for Research and Technology Hellas - Institute of Chemical Engineering Sciences (FORTH/ICE-HT)

CorrespondingAuthors: astavrin@iceht.forth.gr, ctsakir@iceht.forth.gr, caggelop@iceht.forth.gr, mtheod@iceht.forth.gr

Granular activated carbon (GAC) produced from the thermochemical treatment of biomass wastes
can be valorized as a low-cost adsorbent for the removal of various types of pollutants from water
streams. Several GACs were prepared from banana peels and coffee wastes with their chemical ac-
tivation by acids or alkalis and subsequent pyrolysis in a tubular furnace at temperatures ranging
from 500 to 800 oC. The capacity of GACs to adsorb a mixture of a cationic (methylene blue) and
an anionic (orange G) dye as well as a polyaromatic hydrocarbon (phenanthrene) was evaluated. To
this direction, the sorption isotherms and kinetics were determined with batch tests and fitted with
a variety of phenomenological models (e.g. Langmuir, Freundlich, 1st order, 2nd order, intraparticle
diffusion). In addition, the pore structure properties of adsorbents were analyzed with Scanning-
Electron-Microscopy (SEM), nitrogen sorption isotherms, and mercury intrusion porosimetry (MIP)
so that the pore volume distribution over the macro-, meso-, and micro-pore sizes, along with the spe-
cific surface area distribution among the external surface of particles and internal pore surface were
determined (Fig.1). This information was utilized to simulate the dynamics of pollutant sorption on
the pore structure of GAC with the multi-compartment model so that the external and internal mass-
transfer coefficients along with the effective pore and surface diffusion coefficients were estimated
with inverse modeling. In this manner, the rate-controlling step of sorption process was correlated
with GAC characteristics, pollutant type, and sorption conditions. The potential to regenerate the
adsorbents by cold plasma was also investigated, and the various types of GAC were classified with
respect to their sorption efficiency, and energy cost of production and regeneration.
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Hydrogen is regarded as a key element of the energy transition, provided it is generated from re-
newables and/or decarbonized energies. Since this production is estimated to be intermittent as that
of renewable electricity, safe storage of large quantities of H2 needs to be considered. Currently,
hydrogen storages are operated in salt caverns. However, deep saline aquifers offer medium to very
large storage capacities, as well as a wide geographic distribution. Therefore, this work aims to im-
prove the evaluation of the performance and safety of the storage of hydrogen in deep aquifers, in
combination with CO2 as a cushion gas (CG).
One of the encountered challenges in this topic is to understand the degree and extent of the mixing
zone between hydrogen and the CG, or the spreading of the front between these fluids. This under-
standing serves to minimize and control the mixing process considering that the extent of this zone
impacts directly the recovery ratio and the purity of hydrogen produced. Therefore, an accurate
description of the fluid mixture between the different components and their behavior within the
reservoir is needed during the numerical simulation.
The relevant multi-compositional multi-phase flow requires a robust equation of state that is efficient
over a wide range of temperatures and pressures and particularly around the storage conditions of
the reservoir. Here, we study the different possible thermodynamic models (the research is oriented
to cubic Equation-of-State (EoS) and the GERG-2008 equation) and their ability to predict the behav-
ior of compounds of interest separately as well as the possibly resulted mixture.
Through this task and based on the experimental data collected for this system, the phase diagram of
the mixture was examined with the attempt to delineate the optimum reservoir conditions, i.e., pres-
sure, temperature and architecture that would rather curtail the mixing phenomena and promotes
for the recovery of a hydrogen-rich gas (< 5% CO2). Under the proposed reservoir configurations,
different scenarios are evaluated to suggest the suitable injection configuration that could possibly
limit the occurrence of miscible or immiscible viscous fingering and could control the stability of the
front between the fluids to curtail mixing.
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Energy sources are expected to shift away from carbon-intense sources as global policies to combat
climate change emerge. Natural gas resources and gas-condensate are projected to be valuable in
the energy transition and remain the dominant energy source for the foreseeable future due to a
lower carbon footprint compared to other fossil energy sources such as coal and oil. However, the
exploitation of gas condensate reservoirs faces many challenges.

During the production of gas condensate reservoirs, a condensate bank around the wellbore region
is formed when the pressure declines below the gas dew point pressure. The condensate bank resists
the gas flow to the well and traps heavier hydrocarbon components, reducing the production of the
wells. To improve the production index of gas condensate reservoirs, different techniques have been
adopted. The existing reservoir modeling techniques utilize equilibrium cubic equations of state
(EOS) for estimating the condensate and gas phases for a given pressure and temperature. However,
many studies have indicated that for volatile systems such as gas condensate, the phase transition
could be a non-equilibrium process depending on the rate of pressure drop.

In this study, a steady-state slim-tube experiment based on high-pressure depletion rate (HPDR) at
16 atm/hr and low-pressure depletion rate (LPDR) at 8 atm/hr was conducted. A three-component
gas-condensate mixture (methane: 80.3%, butane: 13%, and decane: 6.7% ) was used in the exper-
iment at reservoir conditions or 40 ℃. The pressure was reduced from 35 MPa to 10 MPa. Fur-
thermore, a hydrodynamic model based on equilibrium EOS was simulated to mimic the slimtube
experiment.

The mass ratios of the lighter components (methane and butane) produced from the experiment
agree well with the results of the equilibrium numerical simulation for both HPDR and LPDR. How-
ever, a deviation in the mass ratio of the heavier component (decane) was recorded for the HPDR
experiment. This shows that an equilibrium phase transition is associated with all components of
the gas-condensate mixture when a low depletion rate is applied. However, at higher depletion
rates (HPDR), the non-equilibrium phase transition is recorded for the heavier components. Further
analysis of the deviation between the HPDR experiment and the numerical simulation shows good
agreement between them from the initial pressure through the dew point pressure until the pressure
of maximum liquid saturation. Beyond the pressure of maximum liquid saturation, the deviation be-
tween the two became more significant with increasing and decreasing pressure, with the highest
deviation, recorded for the lowest simulated pressure (10 MPa). This indicates that condensation
(condensate formation) in a porous medium is an equilibrium process. In contrast, the process of
re-evaporation is associated with a non-equilibrium phase transition.

The deviation of the mass ratio of the heavier component is expressed as a dimensionless relaxation
time that can be implemented as a correction factor in equilibrium hydrodynamic simulators for the
accurate prediction of condensate saturation in porous media.
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We examine the nonequilibrium nature of fluid displacement in heterogeneous media from a the-
oretical, numerical and experimental standpoint, using an imperfect Hele-Shaw cell featuring a lo-
calized extended constriction. We focus on the configurational energy dissipated in imbibition and
drainage, and how it relates to the capillary pressure-saturation hysteresis cycle. Individual constric-
tions can be classified as weak (reversible) or strong (dissipative), depending on their cross-section
gradient. We show however that cooperative effects can make displacements through a pair of weak
defects dissipative, through spatial interactions mediated by interfacial tension; we identify the criti-
cal distance between the weak constrictions, below which irreversibility, dissipation, and hysteresis
emerges.
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Instrinsic permeability of a porous material is a crucial material parameter in various application
fields like e.g. geosciences, materials science and mechanical engineering. In these disciplines in-
trinsic permeability is a widley used input parameter for numerical simulations in the framework
of continuum-scale models that employ Darcy’s law. However, the assumption of linearity in con-
stitutive relations for the momentum exchange is subjected to restrictions and only valid in the
so-called creeping flow regime (Reynolds number Re < 1). We present an approach focusing on 3-D
pore-scale-resolved computations of single-phase fluid flow through porous media from moderate to
higher Re-numbers (1 < Re < 1000) aiming to show a smooth transition of effective properties from
creeping flow to the weak inertia regime. While this has already been shown for 2-D artificial do-
mains [4], we seek to generalize the phenomena by investigating spherepackings and natural porous
materials with small to moderate porosities (φ ≤ 0.2). For representative 3-D simulations based on
XRCT-scans, with voxels in the order of 10003 massively parallel direct numerical simulation meth-
ods are required. Therefore, we choose fully-Lagrangian Smoothed Particle Hydrodynamics (SPH) as
a simulation method to model pore-scale-resolved flow by means of the weakly compressible Navier-
Stokes equations. The solver is implemented on top of the software framework HOOMD-Blue [1, 2]
since this allows for massively parallel CPU and GPU computations. A sufficient scaling behavior
as well as the numerical accuracy in the Darcy regime is demonstrated [3].
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Porosity and permeability are vital reservoir parameters for predicting CO2 storage capacity and
CO2 plume migration during CO2 storage. Apart from conventional routine core analysis (RCA)
method, digital core analysis (DCA) can be applied to characterise the petrophysical and geological
properties. With the advancement of computed-tomography equipment development and break-
through in computational processing time, DCA applications can be improved using high resolution
scanning combined with pore scale simulation in rock samples with single-scale porosities. How-
ever, carbonate reservoir samples are often multiscale, and therefore regardless of how sophisticated
the scanning equipment, less than 1% by volume of a rock sample can be imaged at the smallest scale
due to the trade-off between resolution and field of view. It is thus necessary to intelligently extract
the most important features of these different scale images and combine them in a upscaled image
for accurate modelling.

In this paper, we present an upscaling proof-of-concept that combines experimental scanning, sub-
volume extractions, machine learning regression analysis and pore-scale simulations. A CO2 stor-
age carbonate sample was scanned using micro-computed tomography (micro-CT), SEM and syn-
chrotron light source to understand the pore scale structure in carbonate samples at different length
scales. The images were divided into smaller sub-volumes and permeability was computed and com-
pared between the Darcy-Brinkman-Stokes (DBS) model using our in-house open-source pore scale
simulator, GeoChemFoam and a commercial pore network model. A porosity-permeability relation-
ship was first established at smaller scale. Then, the structural attributes of bigger scale sub-volumes
were extracted and regressed to generate an upscaled porosity-permeability relationship. In addition,
sensitivity studies were conducted to identify the optimised sub-volume size at different scales so
that enough information can be captured in both the nano and micron scale porosity structures
for regression analysis to quantify the properties influencing flow and create an accurate upscaled
model. In this study, we found that machine learning regression is an effective technique to up-
scale multiscale carbonate from pore scale to micro scale. However, an appropriate choice of feature
vectors especially the connectivity information is the most important feature to be included in the
models. The choice of representative sub-volume size must be carefully considered during the ma-
chine learning upscaling study in order to capture sufficient structural heterogeneity to characterise
different range of flow heterogeneities in the rock.
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We study imbibition and drainage through a localised constriction in a Hele-Shaw cell, as a model
system designed to gain insight into multiphase displacements in porous media. In this context, the
detailed quantitative response of the non-local interface dynamics to localised defects at nonzero
flow rate is a key feature that remains poorly understood. Combining experiments, numerical sim-
ulations, and theory, here we show that steady conformations of a moving two-phase interface are
strongly affected by the imposed flow rate, leading to asymmetric imbibition–drainage hysteresis
cycles. The present results show also that medium heterogeneities can lead to long fluid filaments,
and even pinch-off scenarios and fluid trapping, under linearly-stable Saffman-Taylor conditions, an
insight that should be considered in practical applications of multi-phase flows through disordered
media.
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Packed beds or granular systems and sintered or fibrous porous media are of specific interest in
geosciences, the chemical industry, battery technologies and electrochemical cells. In these systems,
the geometry and size of the pore space depends on the particle shape 1. Heat transport through
the porous packed beds strongly depends on the tortuosity of the pore space, as it forms a resistance
for gas transport. Tortuosity itself depends on porosity, specific surface area and pore morphology
[2,3]. There have been several attempts to find correlations and dependency of physical parameters
on tortuosity, but the results are very specific and no universal approach has been derived. In this
work, the new particle parameters sphericity and aspect ratio are introduced to a correlation from
[4] that yet included only a function on porosity. To achieve this, particle beds of different parti-
cle shapes and aspect ratios were created using Blender software with a rigid body simulation tool.
Steady-state thermal simulations of heat conduction through the packed beds were carried out using
the finite element method in software ANSYS. The heat flux results obtained were compared with
the equation from [4,5] and utilized to develop the correlations with sphericity and aspect ratio.
References
1 B. Ghanbarian, A.G. Hunt, R.P. Ewing, M. Sahimi, Tortuosity in Porous Media: A Critical Review,
Soil Sci. Soc. Am. J. 77 (2013) 1461. https://doi.org/10.2136/sssaj2012.0435.
[2] M. Matyka, A. Khalili, Z. Koza, Tortuosity-porosity relation in porous media flow, Phys. Rev. E.
78 (2008) 026306. https://doi.org/10.1103/PhysRevE.78.026306.
[3] J.A. Currie, Gaseous diffusion in porous media. Part 2. - Dry granular materials, Br. J. Appl.
Phys. 11 (1960) 318–324. https://doi.org/10.1088/0508-3443/11/8/303.
[4] P. Zehner, E.U. Schlünder, Warmeleitfahigkeit von Schuttungen bei mässigen Temperaturen,
Chemie Ing. Tech. 42 (1970) 933–941.
[5] S.J. Rodrigues, N. Vorhauer-Huget, T. Richter, E. Tsotsas, Influence of Particle Shape on Tortuos-
ity of Non-Spherical Particle Packed Beds, Processes. 11 (2022) 3. https://doi.org/10.3390/pr11010003.
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Water condensation and evaporation from saline porous materials has attracted the attention of sci-
entists for years due to a large field of applications: salt weathering of buildings, desalination of
water, CO2 sequestration, soil decontamination, etc⋯[1, 2, 3]. A complete understanding of related
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nanoscale processes is however lacking, in particular concerning the coupling between evapora-
tion/condensation and crystallization/deliquescence in confinement [4]. While the comprehension
of the phenomenon has progressed in the past few years [4, 5, 6], there are still some challenges
remaining in characterizing and understanding these processes.

Here we carried out thermodynamic experiments coupling sorption isotherms of nanoporous media
containing salt, to dynamical measurement of the evaporation of salt solution droplets from the
surface of the same nanoporous media. We show that we can account for both thermodynamic and
dynamical experiments by using a minimal model involving coupled phase change of the solvent
(water evaporation) and the solute (salt crystallization).

1 Huber P., Journal of Physics: Condensed Matter 27:103102 (2015)
[2] Steiger M., Journal of Crystal Growth 282 (2005) 455–469
[3] Scherer G.W., Cement and Concrete Research 34(9), 2004, 1613-1624
[4] Jain P. et al., Langmuir 2019, 35, 3949−3962
[5] Vincent O. et al., Langmuir 2017, 33, 1655−1661
[6] Talreja-Muthrejas T. et al., Langmuir 2022, 38, 10963−10974
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Nanogel particles are emerging as an attractive additive for multiphase displacement control in natu-
ral processes and engineering systems. However, different from microgel or inorganic nanoparticles,
the performance and mechanism of nanogel particle suspensions have not been well explored yet. In
this study, we discovered a novel nanogel-in-oil colloidal state formed naturally with ideal spheric-
ity and long-term stability, and characterized its impact on suspension and interfacial properties.
In microfluidic experiments, visualization and quantification of the displacement process revealed
the enhanced displacement mode from particle retention and flow field fluctuation, to aqueous gan-
glion breakup and in-situ formation of macroemulsions. Non-monotonic concentration effect was
explained by the pressure difference and emulsion state evolution. Comparative batch experiments
were further performed to elucidate the unique property of nanogel-in-oil suspension. Our results
shed light on the relationship between colloidal state of nanogel particle suspensions and multiphase
displacement consequences, deepening understanding of multiphase dispersed systems.
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We are interested in the transport of solid particle suspensions in porous media, which are important
in many applications, in soil mechanics, in filtering operations… etc. . The accumulation of these par-
ticles is indeed often undesirable because it leads to a reduction of the permeability and sometimes
to a complete clogging of the medium. Different types of clogging (geometrical, bridging, aggrega-
tion…) have been described at the pore scale, upscaling is a real issue for these phenomena.

We have designed model experiments in 2D micromodels made with standard microfluidic tech-
niques (PDMS and glass), at an intermediate scale consisting of about 100 x 100 pores, but keeping
the resolution at the pore scale. The pore geometries consist of irregular pillars, with pore diameters
of 50 micrometers, i.e. a few particle diameters. Using direct fluorescence imaging, we calculate
the dynamics of the local volume fraction of particles after injection of a suspension at a controlled
pressure or flow rate. Importantly, we used particles with matching index and density, which not
only allows good imaging but also neglects colloidal interactions.

We systematically varied particle size, concentration, and flow rate (or pressure), and observed, in
agreement with single-pore studies, that the ratio of particle diameter to pore throat diameter is
most important. Below 0.2, only a few pores are clogged, whereas all experiments lead to complete
clogging above 0.4. In this intermediate regime where clogging is mainly initiated by geometric
bridging of some pores, we observe the formation of clusters of arrested particles. The size of these
clusters increases very slowly with time until reaching either a steady state or percolation. It also
depends strictly on the volume fraction of the particles. Remarkably, the size of the clusters correlates
well with the total fraction of the medium occupied by the arrested particles, suggesting that the
percolation theory could adequately describe the clogging. In contrast, flow rate (or pressure) has
only a weak effect on the observations, which we interpret as a consequence of weak particle-to-
particle and particle-to-wall interactions.

Despite its weak effect in steady state, the pressure drop has a striking influence when varied over
time. Periodic experiments under similar conditions lead to the conclusion that the probability of
clogging is significantly reduced in the presence of flow oscillations. In regimes where clogging
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does not occur in the steady state, these oscillations also reduce the particle accumulation and mean
cluster size. Pressure oscillations must be of sufficiently high amplitude (typically 20% of the mean
value) and of sufficiently low frequency to be used to prevent clogging of the device.
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Reduced-order models (ROMs) can be used in place of a high-fidelity model (HFM) to alleviate the
computational cost associated with HFM simulations. Emulators or surrogates are a class of ROMs
whose aim is to reduce the complexity of a given HFM by learning the dynamics of the state variables
directly from the model’s output, i.e. they are trained on a dataset generated by running the HFM
multiple times. As such, the number of simulations required to train a ROM is a measure of its
effectiveness. Here, we use dynamic mode decomposition (DMD), a powerful data-driven method to
construct ROMs of complex dynamical systems [1,2]. DMD employs singular value decomposition
(SVD) and pursues the computation of the best-fit linear operator to approximate the relationship
between time-shifted snapshots in time of the state variable [2]. Variants of the standard DMD
algorithm exist, including the residual, generalized, and extended DMD [2,3]. In this study, we assess
the accuracy of different DMD algorithms when mimicking flow and transport in porous media. We
consider both interpolation and extrapolation (i.e. to get short-time future prediction) scenarios.
The DMD has proven its utility in approximating systems of partial differential equations (PDEs);
however, it doesn’t handle the possible variability in model parameters. As such, we explore how to
combine DMD with the Polynomial Chaos Expansion (PCE), a family of ROMs used to approximate
the response surface of a HFM in the random parameter space; this allows to obtain a ROM in terms
of a polynomial relationship explaining the model response of interest as a function of the uncertain
parameters, properly represented as independent random variables [4,5].

Participation:

In-Person

References:
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[2] J. N. Kutz, S. L. Brunton, B. W. Brunton, J. L. Proctor, Dynamic Mode Decomposition, 2016, Society
for Industrial and Applied Mathematics. doi:10.1137/1.9781611974508.
[3] H. Lu, D. M. Tartakovsky, Extended dynamic mode decomposition for inhomogeneous problems,
2021, Journal of Computational Physics 444:110550. doi:10.1016/j.jcp.2021.110550.
[4] R.G. Ghanem, P.D. Spanos, 1991, Stochastic Finite Elements - A Spectral Approach. Springer, Berlin.
[5] V. Ciriello, V. Di Federico, M. Riva, F. Cadini, J. De Sanctis, E. Zio, A. Guadagnini, 2013, Polyno-
mial chaos expansion for global sensitivity analysis applied to a model of radionuclide migration in a
randomly heterogeneous aquifer. Stochastic Environmental Research and Risk Assessment, 27:945–954.
doi:10.1007/s00477-012-0616-7.
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Dealing with the impacts of climate change is one of the main challenges of our times. The definition
of adaptation and mitigation strategies requires the research community to provide accurate analyses
on several climate-related phenomena. Data with improved spatial coverage and time resolution
are currently available through satellite technologies though interpretative efforts are needed to
capture the hidden information embedded in the large amount of data collected. The dynamic mode
decomposition (DMD) is a data-driven technique originated in the fluid dynamics community, to
extract coherent structures from spatiotemporal complex fluid flow data 1. Similarly, if we consider
a time series of observed data at a grid of spatial locations, i.e. two-dimensional field data collected
at different times, the DMD method provides the leading eigendecomposition of the best-fit linear
operator to approximate the relationship between time-shifted snapshots of the variable observed.
The DMD method embeds automatically seasonal variations and if each location’s time series is
normalized in mean and variance, the approach is equivalent to a Fourier decomposition; in addition,
the real part of the DMD spectrum allows to capture exponential trends in the data [2]. A suite of
DMD algorithms is available to handle different applications [2, 3]. Here, we use different DMD
algorithms [2, 4] and analyze their capability to reconstruct and extrapolate time series (short-time
future prediction) of soil moisture as provided by satellite technologies. Soil moisture plays a major
role in the water cycle and its knowledge is relevant for a large number of applications such as
climate forecasting, water resources and ecosystem management, drought and flood. The dataset
analyzed in this study is produced on behalf of the Copernicus Climate Change Service (C3S); soil
moisture data are provided on a global regular latitude-longitude grid at a resolution of 0.25 degress,
with a temporal coverage from 1978 to present, on a daily and monthly scale [5].
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1 P. J. Schmid, Dynamic mode decomposition of numerical and experimental data, Journal of Fluid Me-
chanics 656 (2010) 5–28. doi:10.1017/s0022112010001217.
[2] J. N. Kutz, S. L. Brunton, B. W. Brunton, J. L. Proctor, Dynamic Mode Decomposition, Society for
Industrial and Applied Mathematics, 2016. doi:10.1137/1.9781611974508.
[3] P. J. Schmid, Dynamic mode decomposition and its variants, Annual Review of Fluid Mechanics 54
(2022) 225–254. doi:10.1146/annurev-fluid-030121-015835.
[4] H. Lu, D. M. Tartakovsky, Extended dynamic mode decomposition for inhomogeneous problems,
Journal of Computational Physics 444 (2021)110550. doi:10.1016/j.jcp.2021.110550.
[5] Copernicus Climate Change Service (C3S), Soil moisture gridded data from 1978 to present, Publica-
tion Date: 2018-10-25. doi:10.24381/CDS.D7782F18.

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Italy

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS08 / 827

Pulsed Flow Injection Strategies for Enhancing Subsurface Mix-
ing
Authors: James Minto1; Gloria Castro2; Jen Roberts1

1 University of Strathclyde
2 Postdoctoral researcher, Civil and Environmental Engineering, University of Strathclyde

CorrespondingAuthors: jen.roberts@strath.ac.uk, james.minto@strath.ac.uk, gloria.castro-quintero@strath.ac.uk

Pulsed flow has been proposed as a means of enhancing mixing in porous media. Compared to
diffusion alone, a zero time-averaged advective flow has been found to accelerate mixing by hundreds
to thousands of times1. There are many potential applications where this would be beneficial, for
instance remediation of subsurface contamination, open-loop geothermal, ground improvement by
grouting, and even when making the perfect shot of espresso. The pumps used for these applications
typically produce flow that pulses to some degree, the nature of which depends on the pump mode of
operation, the required flow rate, and properties of the porous media such as permeability, network
connectivity, and the systems compressibility.

In this research, we explore the implications of pulsed flow on transport and mixing in porous me-
dia seeking to understand how injection strategies can incorporate deliberate flow pulsing so as to
enhance mixing.

Methods:
The pressure pulse characteristics of several common pumps were measured: lab-scale syringe, pis-
ton and peristaltic pumps, field-scale screw and diaphragm pumps, and a home espresso machine.
OpenFOAM was used to model flow and transport through i) a set of individual stylised pores, ii) a
2D pore network, and iii) a 3D X-ray scan of a sand packed column. Representative pressure pulse
profiles were used as the inlet boundary condition to these pore-scale numerical models.
To validate the numerical model, a complementary microfluidic experiment was carried out in which
transport of a fluorescent tracer through a stylised 2D pore was observed under pulsed and non-
pulsing flow.

Results:
Model results indicate that flow/pressure pulsing has a relatively minor effect on pore-scale mixing
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under truly laminar conditions, however mixing becomes more pronounced as flow becomes tran-
sitional (pore Reynolds numbers >10) due to enhanced mixing in dead-end pores. Likewise, mixing
is enhanced substantially in a multiphase system when the stationary phase is compressible, for
instance water injected into an initially dry or partially saturated rock/soil/coffee.

There are clearly scenarios in which a pulsed injection strategy could be adopted so as to reduce
the total time or the total injected volume required to mobilise a pollutant and, equally, there are
scenarios in which pulsed flow will have little impact.
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Naturally occurring methane hydrates are a world-wide occurrence from the arctic permafrost to
the continental shelves in tropical areas. Methane hydrates have the potential to be produced as
an energy resource. Additionally, they can undergo phase transition (formation or dissociation)
as a result of changing environmental conditions, and predicting the behavior is important for de-
sign of subsea infrastructure, predicting submarine slope instabilities, and understanding climate
impacts from gas evolution. To this end, we are studying hydrate behavior using a multiscale model
that integrates molecular-scale, pore-scale, and Darcy-scale behavior. This multiscale approach con-
nects the fundamentals (e.g., thermodynamics and kinetics of hydrate formation, and pore-scale
structure and hydrodynamics) to larger scales, in a way that is not possible using current empirical
approaches.

In this talk, we focus primarily on the pore scale, and specifically modeling the dynamic phase
change and fluid transport that occurs as methane hydrate dissociates due to changes in pressure or
temperature. The pore-structure and spatial distribution of hydrate is obtained from microtomogra-
phy images. The pore-scale distribution of hydrate interfacial area and its evolution as a function of
hydrate saturation is also predicted from analysis of the digital images. The dissociation kinetics are
obtained from molecular dynamics (MD) modeling and upscaled to the pore scale by computing an
interfacial velocity for dissociation. The resulting pressure response and fluid transport is modeled
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using a novel pore-scale model derived from a time-dependent mass balance, and which accounts
for both fluid compressibility and phase change.

Initial results from this work include MD simulation studies, which quantify the thermodynamic
stability and dissociation kinetics. The pore-scale model for compressible flow with phase change is
validated using known Darcy-scale results under simple conditions. It is then extended to incorpo-
rate dynamic dissociation behavior upscaled from the MD simulation studies. The resulting model
is used to quantify the pressure response and gas transport that occurs as a result of pressure drop
or temperature rise. Finally, we propose how these results can be upscaled to provide quantitative
parameters for meter-scale or km-scale modeling.
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Asbestos is a well-known and regulated air pollutant and it is indeed classified as a carcinogenic
compound of the first group. However, several studies recently reported asbestos presence also in
fresh water sources, such as lakes, rivers, groundwater and drinking water. As far as human ex-
posure, two main pathways can be identified for waterborne asbestos: (i) inhalation due to water
evaporation and subsequent fibre dispersion into air; (ii) ingestion mainly via drinking water. For
the first case, the concentration limits (number per litre of longer than 5 µm fibres) established for air
must be respected, i.e. 100 f/L at workplaces (U.S. Occupational Safety and Health Administration)
and 1 f/L in outdoor environments (World Health Organization). As for oral exposure, the effects
of asbestos ingestion on human health are still not well known; however, the U.S-Environmental
Protection Agency established a precautionary concentration limit for longer than 10 µm fibres in
drinking water of 7·10<sup>6</sup> f/L.
Focussing on groundwater contamination, asbestos fibres can typically be found in areas where wa-
ter flows through aquifers containing Naturally Occurring Asbestos or in the proximity of mines
and mine tailing deposits. The abovementioned contamination scenarios can represent a severe en-
vironmental and sanitary issue due to the potential capability of asbestos to migrate through aquifer
systems. However, until now asbestos has been considered substantially immobile in groundwater
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since its shape and surface charge are expected to result in irreversible filtration of the fibres upon
release into the aquifer. Therefore, no studies have investigated in depth the mechanisms governing
the asbestos subsurface mobility so far.
This laboratory scale work studied the transport of crocidolite, a negative charged amphibole as-
bestos, through quartz sandy aquifers. Two sets of column tests were performed varying the con-
centration of the injected asbestos suspension, the sand grain size distribution and the water pH. The
asbestos concentration in water was measured at the column inlet and outlet using a UV-vis spec-
trophotometer and the fibre number, size and shape were characterized through SEM-EDS analysis.
The results demonstrated that crocidolite asbestos is not actually immobile and can potentially flow
through sandy porous media. As expected, fibre retention was higher in the finer sand, even if the
grain size influence was found to be more pronounced when increasing asbestos concentration in
the injected suspension. Interestingly, the study showed that asbestos deposition is not completely
irreversible, since a fraction of the filtered fibres was remobilized after the column was flushed with
high pH water. As for morphological characterization, small fibres proved more mobile than the
long ones: several fibres with length > 5 µm (carcinogenic when respired) were collected at the col-
umn outlet, whereas most of the fibres longer than 10 µm were filtered out by the porous medium.
These results suggest that the air dispersion of waterborne fibres is expected to be the most likely
and impacting scenario. Future studies should therefore aim at confirming the effective crocidolite
mobility also in real environments.
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Injection of large amounts of carbon dioxide (CO2) into subsurface reservoirs for geologic carbon
storage will increase the pressure in these reservoirs and surrounding zones. Due to buoyancy,
the CO2 will gradually migrate upwards towards low permeability sealing formations (e.g., shales)
above more porous injection zones. These seals must restrict further vertical movement of the CO2
to groundwater and the surface for geologic carbon storage to be a viable method of substantially
reducing anthropogenic greenhouse gas emissions. Using a unique precision experimental device,
we have examined the change of CO2/brine/shale contact angles under representative carbon storage
scenarios. Shale samples were submerged in brine, system temperature was maintained at 40℃ or
100℃, and pressure of the system was increased from 8.3 MPa to 62 MPa. After equilibration, small
bubbles of supercritical CO2 (diameters ranging from 200 to 2200 microns) were placed below the
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shale samples submerged in brine and the contact angle of the CO2 was measured. No significant
alteration of the contact angles was observed due to changes in temperature or pressure, though
smaller bubbles did tend to have slightly higher contact angles, as has been previously reported
(Haeri et al 2021). There was no observed change of the wettability from water wetting to CO2
wetting, which bodes well for sustainable CO2 storage in geologic carbon storage reservoirs as the
pressure increases from large volume injections.
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Porous or fibrous complex medias are widely used for energy applications such as heat storage,
thermal insulation, solar absorbers, heat exchangers… There is a need to develop methods that are
relevant to solve the heat equation in those complex medias.

Monte Carlo method can be used to solve parabolic partial differential equations such as heat equa-
tion in complex geometries [1,2,3] or porous media. It relies on reformulating the thermal model
first as an integral and then as an expected value introducing a probability density function. An
important point is that this method does not require a volumic mesh which makes it relevant for
complex geometries.
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Randomly generated paths carry information (known temperature or flux on a boundary, volumet-
ric heat source…) in their weights.The observable - local temperature, mean temperature on a given
surface - is then evaluated by computing the arithmetic mean of the weights, based on the Law of
Large Numbers. It is noticeable that Monte Carlo method does not evaluate a temperature field but
only the observable. Therefore, it reduces the amount of data to handle for post-treatment. The
Monte Carlo algorithm can easily be parallelized since each path is independently computed on a
single processor. Based on the Central Limit Theorem, the result is always given with its variance
and then with the associated uncertainty.

In this work, we solve the thermal model in a diphasic complex porous media.
Geometry has been obtained through tomography technique and is composed of 8 × 106 triangles.
This sample has been chosen for its complexity: large range of spatial scales, hollow fibres… Com-
putations have been performed with the free and open-source software Stardis (https://www.meso-
star.com/projects/stardis/stardis.html) which is suitable to take conduction, convection and radiation
transfers into account. Based on recent work of Tregan [4], Stardis has been extended to non-linear
cases to take the radiative term - difference of temperatures to the power four - into account without
linearization which is crucial when the difference of temperatures is high.In the present work, the
thermal model has been successfully solved to determine the apparent conductivity tensor with and
without radiative transfers.

Further work is required to investigate how to solve other advection-diffusion equations with this
Monte-Carlo method.
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Geological storage of CO2 is currently considered as the most promising large-scale option to avoid
emissions by industrial activities. As suitable subsurface containers, oil and gas reservoirs and the
more abundant saline aquifers are considered. The injection of dry or under-saturated supercrit-
ical CO2 into water-bearing formations leads to the formation of a dry-out zone due to evapora-
tion/dissolution of the resident brine into the injected fluid and, thus, potential precipitation of for-
merly dissolved brine constituents. If minerals precipitate within the pore space of a rock formation,
porosity and permeability are negatively affected, which potentially impairs injectivity. Even though
the impairment of injectivity poses both operational and financial challenges, minor attention has
been dedicated to this research area so far. What is the size of the affected zone itself? What is the
impact of capillarity on the fluid transport therein?
In this presentation, the responsible evaporation of brine and fluid transport mechanisms are out-
lined and discussed, as well as the potential reduction of the formation permeability and with it the
injectivity. A remaining important question is the zone of counter-current flow in the direction of
the wellbore, which determines the amount of salt that potentially precipitates in the near-wellbore
area and the accompanied porosity reduction. Current reservoir simulation tools are not accounting
for this effect because they typically do not capture evaporation kinetics. Earlier studies indicate
that in certain cases the respective permeability can be reduced by several orders of magnitude (Ott
et al., 2021), which comes close to a loss of the injection well.
We approach this question with numerical simulations to determine the size of the zone affected
by the undersaturated CO2 that allows for salt to be transported toward the injector and the major
parameters governing this zone and their dependencies as well as the fluid transport therein. We
are currently developing and testing a reservoir simulation module based on DuMuX capable of de-
scribing reaction kinetics. In parallel, we built up a meter-scale core flood experimental setup that
allows us to extract fluid saturation profiles and solid saturation (precipitation) via CT imaging of
core samples. Besides that, by monitoring the differential pressure, we can determine changes in
permeability and with it changes in injectivity.
This study aims to establish an experimental/numerical workflow to forward simulate, respectively
design, and to history match experiments with a reservoir simulator to upscale the results to the field
scale. The work is currently in progress –the applied workflow will be outlined in detail.
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Multiphase flow in porous media is widely studied and impacts countless applications in many nat-
ural and industrial processes, such as geologic CO2 sequestration, water infiltration into soil, and
particle filtration. However, many questions remain, particularly with regard to the effect of the
confinement and the geometry of the porous medium on the transport of dispersions.

We address these issues experimentally using controlled porous media: micromodels. We designed
polydimethylsiloxane (PDMS) micromodels consisting of regular networks of vertical cylindrical
posts, at the centres of which we injected water droplets in a continuous oil phase. A priori, no
preferential paths are expected, except in a stochastic manner. However, we show that the radial
alignment of the posts, i.e. the geometric tortuosity of the network, varies angularly in a periodic
manner and plays a key role in droplet transport by generating reproducible preferential paths. By
systematically varying the geometrical configuration of the posts, injection capillary number, droplet
size, and droplet concentration, we characterise the droplet transport and the conditions for droplet
breakup. At low capillary numbers, radial droplet transport is homogeneous. By increasing the
capillary number, droplets initially follow the least tortuous paths before transitioning to a stable
flow regime whereby droplets flow primarily in the most tortuous paths. Through large-scale droplet
tracking, we demonstrate the influence of the geometric tortuosity of the media on the resulting
droplet flow patterns and the counter-intuitive responses that can arise. Through this analysis, we
emphasise the role of local geometrical configuration and propose a new metric for droplet transport
which is the tortuosity of the porous media.
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Non-aqueous phase liquid (NAPL) trapped in stagnant or low permeability regions, such as a dead-
end fracture or rock matrices, are hard to remediate because they are mostly inaccessible by ground-
water flow. In this study, we utilize branching fungus to remediate NAPLs immobilized in low
permeability regions. Hyphae of fungi are known to generate tremendous turgor pressure on their
tips 1 and produce surfactants [2] that allow them to navigate through small pores and air pock-
ets in porous media and even penetrate rock matrix [3]. However, to the best of our knowledge,
there has been no direct visualization of fungal hyphal penetration into oil-water interfaces, and its
implication on the remediation of NAPL has been unclear.

This study reports the active removal of NAPL by fungi using microfluidic experiments. We iso-
lated naphthalene-degrading colonies from a local coal-tar-contaminated site, and through the mi-
crobiome analysis, we identified and selected the fungal colony which constituted the major fungal
populations in biofilms sampled from the site. The fungi were suspended in a minimal salt medium,
and the solution was injected into a PDMS microfluidic chip with a flow channel surrounded by
NAPL-saturated low porosity regions (Figure A). Vegetable oil with 10 g/L of naphthalene was used
as the model NAPL. The fungal growth and the change of oil-water interfaces were recorded through
a scientific CMOS camera at the pore scale. Our results showed the active removal of NAPL by fungi
over 65 hours. We observed that clogging of the preferential flow path by fungi induced flow in-
stability which led to a fingering-like displacement of trapped NAPL (Figure B). Moreover, fungal
hyphae effectively penetrated water-oil interfaces and significantly enhanced the oil removal from
low porosity regions (Figure C). In this contribution, we will further discuss the mechanisms behind
the effective removal of NAPL by fungi.
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Wettability plays an important role in many natural and industrial processes, like mineral processing,
hydrocarbon production and ground water remediation. For multiphase fluid flow in porous media,
extensive research has been performed on the influence of the wettability on the phase distribution
and morphology in both, static and dynamic conditions (1,2,3,4,5). Wettability is also crucial for the
topics of increasing interest - hydrogen and carbon dioxide storage, for example for the description
of injection dynamics and assessment of caprock stability (6).
In order to investigate wettability effects on multiphase flow in a controlled and standardized man-
ner, researchers utilize model systems like bead-packs or micromodels. Glass is one of the materials
used for the creation of such models, being transparent, chemically inert and easily formable. Ad-
ditionally, the wettability of the glass surfaces can be altered from its original hydrophilic to more
hydrophobic state by reaction of silane/siloxane groups with the hydroxyl groups of glass known as
silanization (10).
The degree of wettability alteration by silanization reaction depends on numerous variables (7,8,9)
such as the reaction time, temperature, concentration, the nature of the solvent and the prior glass
cleaning procedure. Although silanization is widely used for glass wettability modification, com-
parable detailed systematic approaches over a large range of geometries, treatment conditions and
measurement systems are scarce in the literature (7,8,9).
In this work, dichlorooctamethyltetrasiloxane (Surfasil) treatment was investigated with the pur-
pose of systematically obtaining and providing a guide for achieving a wide range of contact angles.
Secondly it was investigated whether different geometries display comparable contact angles under
similar treating conditions using independent methods of contact angle determination.
Wettability was quantified through contact angle measurements on glass plates, beads and 2D mi-
cromodels. Initially, the influence of the solvent, treatment time and Surfasil to solvent ratio on
plates was investigated using the sessile drop method. After establishing a clear relationship be-
tween the parameters and contact angles, the same treatment parameters were applied to single
bead, microchip and multiple glass beads, the latter to form a bead pack. Contact angles from sin-
gle beads and micromodels were obtained using image analysis of projections, while contact angles
within the bead-pack were extracted from segmented 3D micro-CT images using algorithms (11).
By varying treatment times and the Surfasil to heptane ratio, it was possible to achieve a wide range
of comparable and repeatable contact angles; from the initial 20 to 100 degrees as ultimate non-
wetting state measured for air-water systems; for plates and individual beads, see figure attached.
The flooding treatment in the micromodel was so far limited to the ultimate non-wetting state, show-
ing comparable results to the plate and individual beads within limitations of the measurement.
Contact angle derivations from the bead pack using the 3D micro-CT images showed higher con-
tact angles in comparison to the single bead, but it confirms a larger spread of the contact angle as
observed in the literature (12).

Figure caption: The dependency of the contact angle on the volume ratio. The contact angle increases
until it reaches a plateau value.
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More than 1.4 million clinical vertebral fractures occur annually, making them a common occurrence
worldwide. The cause of vertebral fractures could be injuries resulting from accidents or osteoporosis
in old age. Vertebroplasty is a commonly used procedure to treat and prevent vertebral fractures.
The procedure involves injecting bone cement inside the vertebra and letting it harden by curing.
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One of the risks associated with the procedure is leakage of bone cement into blood vessels or the
spinal canal, leading to complications like pulmonary embolism, paralysis, etc. The outcome of the
procedure is often hard to predict because of uncertain factors like the unknown trabecular structure,
non-Newtonian nature of the bone cement and the bone marrow, curing of the bone cement, etc. A
computational model that can simulate the procedure could be a useful tool for surgeons.

We have developed a multiphase continuum-mechanical macro-scale model based on the Theory
of Porous Media for simulating vertebroplasty. The related governing equations were discretized
using a combined Finite Element - Finite Volume approach by the so-called Box discretization. Dif-
ferent rheological models for upscaling the non-Newtonian rheologies were used to compare and
determine the most suitable one for this application. The model was validated using a benchmark
experiment that was set up physically and in simulation. The influence of bone marrow and param-
eters like permeability, porosity, etc. was investigated to study the effect of varying conditions on
vertebroplasty. We found that the presented model could realistically simulate the injection of bone
cement in porous materials when used with the correct rheological upscaling models.

Going forward, we want to use this model to identify and investigate the critical parameters that
affect the outcome of the vertebroplasty procedure. Furthermore, the model could be extended to
include the temperature effects and fractures, as well as to account for the uncertainties arising from
the patient-specific nature of the various parameters. Using this model to develop a clinically rele-
vant tool for practitioners could help them make better decisions regarding the operating parameters
and conditions for each patient.
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Machine learning has been applied successfully, using three-dimensional images as training datasets,
to generate realizations of the pore space, as well as to produce super-resolution images. We extend
this work, using GANs to generate images both of the pore space but also two fluid phases within the
pore space, using experimental high-resolution three-dimensional X-ray images of the pore space
and fluids at different fractional flows as training datasets. We demonstrate that using GANs we
can generate images for a range of saturation and compare the quality of the realizations against ex-
perimental data in terms of Minkowski functionals: saturation, interfacial area, mean curvature and
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connectivity (Euler characteristic) as well as contact angle. We discuss the use of this methodology
to complement pore-scale displacement and imaging experiments, to generate images of arbitrary
size and for a wide saturation range. These images provide a basis for further analysis and pore-scale
modelling, including prediction of averaged multiphase flow properties, such as capillary pressure
and relative permeability.
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Wettability design is of crucial importance for optimization of multiphase flow behaviour in gas dif-
fusion layers (GDLs) in fuels cells. The accumulation of electrochemically-generated water in the
GDL will impact fuel cell performance. Hence, it is necessary to understand multiphase displace-
ment to design optimal pore structures and wettability to allow the rapid flow of gases and water in
GDLs over a wide saturation range. In this work, high-resolution three-dimensional X-ray imaging
combined with a pore network model was used to investigate the breakthrough capillary pressure
and water saturation in gas diffusion layers manufactured with a different degree of polytetrafluo-
roethylene coating: 5, 20, 40, and 60%, making them more hydrophobic. We first demonstrate that
the pore network extraction method provides representative networks for the fibrous porous media
examined. Then, using a pore-network flow model we simulate water flooding in initially gas-filled
fibrous media, and analyse the effect of wettability on breakthrough capillary pressure and water sat-
uration. Overall, this work demonstrates that the wettability and flow direction have a significant
impact on breakthrough capillary pressure and water saturation during multiphase flow in GDLs
and that with an appropriate pore-scale characterization of wettability, a pore network model can
match experimental results.
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In this talk we present a novel way to mathematically frame the concept of ecological memory of
plant water stress in the context of root water uptake in the unsaturated flow equation.
As reported in 1, ecological memory can be defined as “the degree to which an ecological process is
shaped by its past modifications of a landscape”. Inspired by recent eco-hydrological papers (see in
particular [2], [3]), we model the water content dynamics in a soil plant system by Richards’equation
with a non-local root water absorption term. In order to account for this memory term, an integral
equation is defined, and sufficient conditions are provided which ensure existence and uniqueness
of its solution: in particular, the memory term carries a weight function and takes into account 1)
the length of the memory; 2) the temporal pattern of the memory; 3) the strength of the memory.
Finally, tailored numerical methods are implemented, and numerical simulations are also provided:
in particular, we show the behaviors of memory terms with exponential weight and with fractional
weight.
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We investigate mechanisms that enhance lateral methane (CH4) plume migration in shallow aquifers
that exhibit complex and multiscale heterogeneity. We show how heterogeneity in capillary pressure
characteristics related to millimeter- and centimeter-scale strata results in enhanced lateral spread-
ing of gaseous CH4, caused by retarding, deviating, and/or blocking upward buoyancy-driven CH4
migration. We also show, both qualitatively and quantitatively, that meter-scale sedimentary strati-
fication contributes more to CH4 plume migration than the millimeter- and centimeter-scale strata
comprising them. Our work shows the extent of gaseous CH4 transport, and its associated impacts
on groundwater quality and global warming, cannot be accurately assessed unless the sedimentary
architecture and resulting heterogeneity in capillary pressure are represented. Further, we design
surrogate models, based on conditional deep convolutional generative adversarial network (cDC-
GAN), to map the cross-domain between input and output pairs in a multiphase system. The cDC-
GANs determine, both qualitatively and quantitatively, CH4 distribution in multiscale subsurface
systems. Compared to numerical simulations, the cDC-GANs can predict spatiotemporal dynamics
of CH4 plume with high accuracy. Further, for a given time, the developed cDC-GANs can instantly
predict the amount of CH4 in different forms (i.e., mobile, residually trapped, dissolved, and leaked to
the atmosphere). The cDC-GAN approach can be considered as a valid alternative to numerical sim-
ulations for predicting multiphase flow behavior in other geoscience-, energy-, and environmental
applications such as contaminant transport, hydrocarbon production, and geological carbon dioxide
and hydrogen storage.
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This study aims to investigate the interplay between mixing in porous media and mineral precipi-
tation from groundwater. These processes are fundamental in salt lakes/lagoons, soil salinization,
land desertification, alteration of soil’s mechanical properties and reliability of wastewater disposal.
These contexts are mainly found in arid and semi-arid regions, where the evaporation plays a key
role in the coupling of those processes, as it drives upward the groundwater flow and reconcentrates
the solutes at the exposed aquifer surface. The resulting increase in shallow water density consists
in a gravitationally unstable condition that relaxes through the formation of saline fingers and the
development of a free convective regime in the entire aquifer. In this way, solutes sink while they are
precipitating as mineral phases in the intergranular pores, in case of saturated waters. Then, effects
on the evaporation rate and aquifer geochemistry derive from the changes in porosity and relative
amounts of chemical species. Here we present a variable-density flow model coupled to reactive
transport to replicate a typical evaporite environment and the aquifer beneath, in fully saturated
conditions. The numerical model simulates well the aquifer recharge according to realistic values of
evaporation and permeability, meanwhile, the reconcentration of solutes and the resulting fingers
of saline water that grow, merge, diffuse, and sink. Evidence of the above-mentioned diluting mech-
anism is visible in the periodic oscillation of maximum density in the system (i.e. linear function of
the concentration) with time, which drastically decreases after a local maximum value correspond-
ing to finger formation event. This sensitivity is observed in the mixing indicators too, while the
system, started at a homogenous condition, goes through an increasing segregation to progressively
recover to better mixed stages, when the salinization of the deeper aquifer is observed, and the in-
flow of fresh water is limited to a superficial wedge. Indeed, changes in the fingering dynamics lead
to substantially different evolution of the aquifer flow and geochemistry, that is, the combination
of evaporation rate and permeability, which define the boundary layer Rayleigh number (Wooding,
1997), enhancing or not the convection. We observe that for higher values of this number, the max-
imum density reached in the system decreases, consistently with a more dynamic evolution, faster
and stronger aquifer salinization, and a thinner freshwater wedge. The model simulates adequately
the precipitation of minerals within the most superficial soil layer and a complementary decrement
of porosity, showing a heterogeneous spatial distribution depending on the fingering dynamic oc-
curring beneath as well as a different amount depending on the strength of the convective regime.
Thus, the numerical simulations can be implemented as a predictive reactive transport tool applied
to geo-engineering and agricultural studies.
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During drainage in porous media, film flow through networks of corners and capillary bridges can es-
tablish connections between seemingly isolated defending fluid clusters. Coupled with the drainage
through the bulk of pores and throats, the flow through these networks constitutes a secondary
drainage mechanism that can significantly affect final fluid configuration and residual saturations.
We propose a simple numerical model that incorporates such mechanism by modifying the cluster
identification algorithm in an invasion percolation model for drainage. In the model, which repre-
sents quasi-2D porous media, wetting-phase-filled sites are considered available to invasion when
connected to the liquid outlet directly through successions of pores and throats, or through chains
of interconnected capillary bridges. Within the available sites, the order of invasion follows a hier-
archy of local capillary pressure thresholds that can be perturbed to accommodate gravitational and
viscous effects. With the proposed model, recently obtained experimental data of drainage of Hele-
Shaw cells filled with spheres were reproduced, showing good qualitative agreement. In particular,
we investigated the existence of an active zone where film-flow-related events are more likely to
occur, the capillary bridges size and spatial distributions, and the impact of film-flow drainage on
the residual saturation.
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Particle transport in rough natural fractures has seen diversified potentials and applications in envi-
ronmental engineering and resource development engineering. Despite intensive and outstanding
research on their transport phenomena, the impact of surface attachment and confined space of
rough natural fractures on particle transport remains poorly understood.
In this work, we simulated the transport behavior of micro-particles using a coupled computational
fluid dynamics and discrete element method (CFD–DEM) approach, accounting for irreversible sur-
face attachment and particle-particle interactions in rough fractures with spatially varying apertures.
Rough fracture geometries are generated with the geostatistical simulator SgeMS by two dimension-
less roughness parameters. The influence of roughness parameters and surface attachment on the
flow field and micro-particles migration are investigated. Numerical results indicate that surface
attachment will intensify the particle sediment and clogging over a rough fracture especially at the
fracture inlet zone. As the fracture aperture gradually decreases, and the contact area increases, re-
sulting in a more complicated flow field and transport behavior. In addition, the particle deposition
rates were increased by the mean roughness and an uneven particle distribution can be observed.
Rough fracture walls will not only lead to more energy loss due to frequent particle-particle and
particle-fracture contact, but also resulting in an increase in the average particle velocity. The over-
all findings will shed light on understanding clogging and deposition characteristics of particles in
subsurface rough natural fractures.
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Due to the wide application of nanotechnology in several fields including various consumer products,
industrial processes, and biomedical fields, release of nanoparticles into the subsurface is inevitable.
Once they enter the soil, they get transported through the vadose zone, where a fraction of the infil-
trated particles is retained at grain surfaces (also called solid-water interface, SWI), air-water inter-
face (AWI), and air-water-solid contact region (AWS). These retained particles may get remobilized
due to change in water flow and chemistry making the vadose zone a secondary pollution source.
Hence to evaluate groundwater pollution, it is necessary to understand the transport mechanisms of
these particles in the unsaturated part of subsurface. In this study, a 3D mathematical model is devel-
oped to simulate the transport and retention of nanoparticles within a single partially-saturated pore
with an angular cross-section. The model accounts for particle deposition at SWI, AWI, and AWS. A
novel formulation for particle diffusive transport from AWI to AWS, where particles are assumed to
be retained irreversibly by capillary forces is developed. The transport in the pore is modelled using
the advection-diffusion equation and the mass exchange with the SWI, AWI and contact region are
modelled as first-ordered reactions that depend on the interaction energy of particles with the inter-
faces. Quantitative relationships for attachment and detachment rate coefficients of nanoparticles
towards various interfaces with respect to twelve different pore-scale parameters were developed. It
was found that the geometry and flow parameters play a significant role in the retention of particles
at various interfaces, and parameters describing the system chemistry have a negligible effect on
particle retention. The formulas for attachment and detachment rate coefficients of nanoparticles
towards various interfaces developed in this study can be further incorporated into a pore-network
model to upscale particle transport to the continuum scale.
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Additive manufacturing, commonly called 3D printing, is increasingly applied in numerous disci-
plines. The most common type, Fused Deposition Modelling, manufactures 3D-printed parts by
extruding a filament of molten material layer upon layer. Upon solidification of the molten fila-
ment which cross-section has rounded corners, air gaps are created between each layer (Biswas,
Guessasma, and Li 2020). Given the presence of those air gaps, this 3D-printed material can be de-
fined as a porous material, for which mechanical properties are then dictated by the classical laws
of poromechanics. Considering the internal length scale introduced in the system via porosity, we
postulate that these manufacturing imperfections influence the 3D-printed material mechanical size
effect, which has been shown to exist in various studies (Bell and Siegmund 2018; Wu, Chen, and
Cheeseman 2021). Here we show that this size effect can effectively vanish if air gaps and sample
size are simultaneously scaled. By fine-tuning certain printing parameters such as printing speed
(Lanzotti et al. 2015) and printing temperature (Afonso et al. 2021), we find it feasible to maintain
the shape and distribution of air gaps while varying sample size. Given the possibility of scaling the
3D-printed material’s microstructure along with the sample size, we are left to check whether this is
enough to effectively remove the size effect phenomenon previously observed. From our results on
cubic samples of 3D-printed polylactic acid (PLA) (Figure 1), we obtain similar stiffness (3.1% differ-
ences) and uniaxial compression strength (3.2% differences) when the microstructure is scaled with
the sample size, whereas 19.8% differences in stiffness and 12.6% differences in strength are obtained
when the microstructure is fixed, see Figure 2. With this study, 3D-printed material mechanical size
effect can be linked to the printing parameters straight-forwardly, which is a starting point towards
predicting more directly the mechanical behaviour.
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Salt caverns provide promising storage capacities for safe cyclic storage of hydrogen. With a few
caverns worldwide in operation for (monotone) hydrogen storage as feedstock to chemical factories,
scaling up their utilization for energy transition requires quantification of the rock salt mechanical
behavior under cyclic loading. Not only the mechanics of the rock salt specimen, but also the defor-
mation and stability of the entire cavern structure, considering the heterogeneities and uncertainties,
under cyclic loading needs to be quantified [7]. Rock salts are known to have complex inelastic and
time-dependent deformation mechanisms under different stress regimes, temperatures, and loading
frequencies. For hydrogen operations, in which the period of injection/production scales in the or-
der of days, transient creep (i.e. primary creep stage) is expected to play a major role, while the
impact of steady-state and accelerated creep stages take place in much longer time scales.

The existing models for salt rock mechanics assume the transient creep is either fully recoverable
[3,5,9] or fully plastic and permanent [6]. However, our recently obtained experimental results
suggest that the transient creep stage is actually composed of both viscoelastic and viscoplastic
contributions. Based on this observation, we propose a new concept to model the rock salt mechan-
ics specifically for hydrogen storage applications, which is based on incorporating both elastic and
plastic deformations. More precisely, the proposed model utilizes the Kelvin-Voigt model [3] for the
viscoelastic response and Perzyna‘s model with a non-associated flow rule [4] for the viscoplastic
deformation. In addition, for the steady-state creep, pressure solution [10] and dislocation 1 creep
deformations are both considered, as in our recent publication [8]. Finally, the accelerated creep
stage is described by a damage evolution model [2]. The constitutive model is implemented in a
finite element framework using the FEniCS package.

We show that this model is able to improve predictions of the salt rock mechanical behavior, using the
laboratory experimental data as the benchmarking reference. Built on this new modeling approach,
we investigate the impacts of the transient creep on the deformation of the salt cavern structures, in
the presence of the heterogeneity and complex geometrical features.
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The Biofilm is a collective structure of microorganisms and it is covered by a protective layer secreted
by the microorganisms themselves. The objective of this study is to identify and characterize the
Elemental Biofilm Architectures that develop in a porous medium crossed by a laminar flow. This
is a process that frequently occurs in nature, when there is water flow through the soil. In the
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case of this study, a non-flagellated fluorescent mutant bacterium of P.Putida was used to analyze
bacterial and biofilm growth through a homogeneous porous medium. In the experiments, different
flow velocities and the percentage of nutrients (% LB Broth diluted in water) were tested. The results
show different architectural formations such as streamers, chains, ripples and fine lines.

Two different methodologies were carried out during the experiments: Methodology A and B. With
methodology A the bacteria were initially grown in the porous media, and then and bacterial free
flow was injected at a constant flow rate. In methodology B, the porous media was initially free of
bacteria, and a bacterial solution was injected at a constant flow rate during the experiment. With
both methodologies, bacteria develop similar biofilm architectures, such as streamers and ripples;
but distributed differently throughout the porous media. The biggest difference relies on the deposit
profile: in Methodology A most of the biomass accumulates towards the outlet of the porous media,
while for Methodology B towards the inlet.

Natural soils are home to an enormous variety of microorganisms. Microbial transport is impor-
tant for a wide range of natural and artificial processes. However, the transport and distribution of
bacteria in water flow at porous scale is still to be fully understood.
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The flow of non-Newtonian fluids in porous materials can be found in many industrial applications
such as chemical engineering, subsurface engineering (de-contamination, energy production), and
the food industry.

The relation between the shear stress and viscosity in non-Newtonian fluids is not linear and it is
time-dependent, making it difficult to understand their behaviour. Due to the complex microstruc-
ture of pores in the porous media, the shear stress in each pore will be spatially variable, and thus
the rheology of the non-Newtonian fluid would spatially vary along the flow pathways. Thus,
it is very challenging to know how to upscale the shear-stress to estimate the upscaled porous
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medium-based rheology. Experimental characterization of non-Newtonian fluid flow inside three-
dimensional porous media is not feasible; however, pore-scale modelling offers a versatile tool to
understand and simulate non-Newtonian fluid flow in porous media. The pore-scale modelling of-
fers a better understanding of fluids rheology, viscosity, thermostability and flow diversion.

The present study examines the feasibility of upscaling the non-Newtonian shear-thinning fluid bulk
rheology to porous medium rheology using the pore-network modelling approach. Laboratory work
was done to obtain the fluid’s bulk rheology. Then, a pore network model was constructed based on
the Meter model equation and Hagen-Poiseuille law to simulate the porous medium rheology. The
numerical results provided the pressure drop across the pore network for a given flow rate, fluids
bulk rheology and pore-network geometrical and topological properties. As a result, the upscaled
viscosity was back calculated using Darcy’s law and compared to the bulk rheology. Due to the high
cost and time consumption of the laboratory and modelling work, it is essential to find a simple way
to predict the porous medium rheology from the bulk rheology. Thus, based on several simulation
scenarios for various pore-size distributions, permeability and flow rates, an empirical equation was
proposed to predict the porous medium rheology based on the bulk rheology and porous medium
properties.
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Hydrogen for clean energy is in the national and international spotlight. Offshore wind presents an
extensive renewable energy source in the UK, and a large green hydrogen resource, positioning the
UK to be a major player in the emerging global hydrogen market. In the UK and around the globe
there’s a handful of likely subsurface hydrogen storage sites and it is widely recognised that hydro-
gen storage in porous media (rocks) will be necessary to support the scale of production, storage
and use anticipated for a global hydrogen economy.
A key component of subsurface risk management is the suite of geological controls needed to ensure
that storage is efficient and secure (i.e. that injected fluids do not leak from the storage formation).
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Storage security is closely related to caprocks and their capacity to hold the stored hydrogen at the
place for the needed period of time. The work characterizes and describes the Kimmeridge Clay. A
caprock widely spread across the Central and Norther North Sea and which has acted as an effec-
tive seal for numerous hydrocarbon fields. Two key phenomena defining caprock ability to seal are
capillary pressure (CP) threshold and displacement pressure (DP). Capillary pressure of the caprock
needs to be sufficient to resist the upward buoyant forces of the hydrogen that is built up beneath
the caprock and displacement pressure rules the flow of leaking hydrogen. Both capillary and dis-
placement pressure are effected by pores/throats size distribution and wettability. The work focuses
on porosity & wettability determination and an effect of these parameters on capillary pressure. The
aims is to better understand caprock compatibility to hydrogen stored underground and to examine
the processes conditional to caprock integrity and its sealing capacity.
Understanding of geological controls is critical to inform the selection of appropriate reservoir sites
as well as designing safe and effective storage and recovery schemes. The work outcomes will in-
form (a) security, monitoring and assessment approaches for hydrogen geological storage, and (b)
potential for engineered barriers for enhanced containment or leak remediation.
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CO2 injection into the geological formations is a promising option to enhance oil recovery while
simultaneously contributing to carbon storage. Conventional core tests provide critical insights but
still leave ambiguous transport mechanisms due to the limitation of real-time visualization. This
study aims to directly observe the multiphase flow behaviors and phase change in CO2 injection at
pore-scale using microfluidics. Our all-in-one chip design provides a universal platform to reproduce
various CO2 injection strategies in the formation with permeability contrast, including flooding and
huff-n-puff processes, and integrated a rapid measurement of minimum miscibility pressure (MMP).
Miscible injection eliminates the capillary force in immiscible scenario, and promotes stable film-
wise displacement with a higher recovery rate and an attenuated heterogeneity impact. We find
that effective huff-n-puff operations require a sufficient gas concentration to generate bubbles and an
adequate pressure gradient to push the dissolved gas displacement, which supports the importance
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of high depressurization rate from both physical phenomenon and inherent mechanism. Huff-n-puff
re-energizes the reservoir after immiscible flooding through deep gas-oil interactions and induces
a considerable growth in cumulative recovery. These micromodel results can significantly improve
our fundamental understanding on detailed multiphase transport phenomena in CO2 injection and
help to optimize implementation schemes.
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The increasing need for hydrogen storage on a large scale has motivated new ideas on different
methods of underground storage. Saline aquifers may offer a practical option for hydrogen storage
due to their geographic availability and large capacity. However, reservoir engineering aspects of
the injection and withdrawal of hydrogen in aquifers are yet to be understood. While 3D reservoir
simulations offer rigorous but they are computationally demanding. Alternatively, sharp-interface
models can be implemented to still get an accurate description of fluid flow in the porous medium
and have less complexity compared to widely-used 3D simulators.
Sharp-interface models are based on the vertical equilibrium concept that considers the presence of
a sharp interface between two phases due to the significant density difference between brine and gas
and can be applied to reservoirs with a high aspect ratio that makes the vertical fluid flow negligible
compared to horizontal flow. The sharp-interface model is widely utilized to study CO2 injection in
saline aquifers, so it can also be valid for hydrogen and brine systems, as hydrogen is much lighter
than CO2.
In this study, the sharp-interface model from MRST-co2lab is utilized to simulate hydrogen storage in
the Johansen formation. The Johansen saline aquifer is one of the large-scale CO2 storage prospects
that also have the criteria of the vertical equilibrium approach. This study aims to understand how
the difference in densities and viscosities between CO2 and H2 impacts the performance of storage
and withdrawal efficiency. For this purpose, CO2 and H2 are injected and withdrawn for four cycles
under similar operational conditions and reservoir properties. As CO2 has a higher density and
viscosity, its concentration would be higher in areas close to the wellbore, but the hydrogen spreads
widely throughout the reservoir. Additionally, the storage ability of H2 is lower than CO2 due to its
higher gravity override, though its withdrawal ability is higher than CO2.
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Microbially-induced carbonate precipitation (MICP) has demonstrated promise in a variety of subsur-
face applications including immobilization of groundwater contaminants and remediation of leakage
pathways associated with CO2 sequestration. In order to implement MICP at the field scale, how-
ever, the injection strategy must be tailored for efficacy in natural, heterogeneous porous media.
Specifically, the overlapping effects of varied mineralogy and pore geometry on bacterial attach-
ment, growth, and mineralization must be fully resolved. While the affinity of microorganisms for
certain minerals (e.g. carbonates and clays) over others (e.g. silicates) is established, and biomass
growth rate is known to be mediated by variables such as pH, such insights must be synthesized to
develop injection strategies that produce desirable quantities and distributions of precipitate.

In this study, we investigate four questions pertaining to the influence of mineralogy on final pre-
cipitate distribution in a typical MICP injection consisting of separate attachment, growth, and min-
eralization phases. First, we assess to what extent initial biomass distribution is correlated with
mineralogy. To this end, we construct modular columns to resolve average attachment rate ver-
sus distance from inlet; attachment rates are then determined experimentally for a set of common
minerals including silica sand, kaolinite, Na-montmorillonite, and natural limestone grains, with
parameters including grain size distribution, flow rate, and pH held constant. Second, we examine
the correlation between final precipitate distribution and initial biomass distribution; this is accom-
plished by post-MICP characterization of columns via X-ray computed microtomography (XCT) for
spatially-resolved precipitate distribution. Third, we attempt to decouple final precipitate distribu-
tion from initial biomass distribution through two modifications to the growth stage of injection.
These include mechanical redistribution of biomass through rapid flow-induced shear sloughing, and
slowing of biomass growth rate near the inlet via influent media acidification. Finally, we determine
whether these modifications remain effective when applied to natural cores of clay-rich sandstone,
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whose pore size distribution differs from the engineered columns. Taken together, these experimen-
tal results elucidate the influence of mineralogy on the distribution of precipitates for typical MICP
processes, and suggest avenues for optimizing injection strategy given mineralogy.
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Microemulsions are thermodynamically stable solutions composed of water, oil, and amphiphilic
components such as a surfactant. They show a fascinating variety of structures and properties that
have been explored over the past few decades. Numerous applications in areas such as pharmaceu-
ticals, cosmetics, enhanced oil recovery, the food industry and many more make the relevance of
this research clear 1. The properties of microemulsions in porous materials are relevant for many
of these applications. In our work we therefore focus on the sponge phase of a ternary microemul-
sion based on a surfactant of the type CE in controlled porous glasses (CPG) as a model system. CE
Surfactant-based microemulsions are well-characterized model systems, and the porous material
CPG is available in a variety of pore sizes. Preliminary work on the behavior of this microemulsion
at planar glass interfaces showed a structure-directing influence of the glass surface, which led to
a lamellar structure near the interface, which gradually transformed into the sponge structure in
the volume phase with increasing distance from the glass surface [2]. This effect is present in both
hydrophilic and hydrophobic interfaces. [3] To study the structural changes within the pores, we
use small-angle X-ray/neutron scattering (SAXS/SANS). By measuring the temperature-dependent
phase behavior of the microemulsion in the pores compared to the temperature-dependent phase
behavior in the bulk with SAXS, we have already obtained detailed information about the effects
of confinement on the structure. This was accomplished by measuring the correlation length of the
microemulsion in the pores, which is indicative of the size of the microemulsion droplets. For pore
diameters from 1000 nm to 240 nm in the temperature range from 5 to 55 ℃ we observe a behavior
similar to that in the bulk phase. At low temperatures, where the main microemulsion would con-
sist of two separate phases, the microemulsion droplets are small. With increasing temperature, the
curvature of the droplet interface decreases, resulting in larger droplets overall. After reaching the
zero curvature limit, a further increase in temperature leads to inverse droplets that become smaller
with increasing temperature. For small pore diameters of 184 nm we observe the same size over the
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entire temperature range. Overall, we observed a high influence of the pore walls at small pore di-
ameters. Based on these results, experiments with the contrast matching SANS method are planned
to get more information about the actual structure of the microemulsion in the pores.
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We developed a thermodynamically-based pore network model to simulate fluid intermittency dur-
ing two-phase flow through porous media. Relationship between pressure gradient and flow rate
during multiphase flow in porous media have been observed to transition from linear to non-linear
at intermediate flow rates in recent studies. With the aid of high resolution X-ray tomography,
intermittent filling of the pore spaces by the phases has been observed resulting in a nonlinear rela-
tionship between the pressure gradient and flow rate. Existing pore network models have not been
able to reproduce this phenomenon. We first develop a quasi-static pore-network model to sim-
ulate the drainage and imbibition processes where capillary forces dominate. We then modify this
quasi-static model by introducing a probability distribution of filling inspired by the thermodynamic
formulation of multiphase flow proposed by Hansen and colleagues. The probability distribution is
formulated by drawing an analogy between thermodynamics and fluid flow in porous media. We
have shown that a simple thermodynamically-based pore network model can simulate the nonlinear
intermittent fluid behaviours during two-phase flow through porous media.
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We consider the Hele-Shaw model of porous media flows involving two immiscible upper convected
Maxwell fluids [1, 2]. Linear stability analysis shows that singularities up to three types can occur
including resonance and fracture, the latter one consistent with the experimental results of Mora
and Manna [3]. The resonance occurs when one of these two fluids is air and is removed when air
is replaced by a Newtonian fluid. The Oldroyd-B case currently in progress will also be discussed.
This is joint work with Zhiying Hai.
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Electrical transport properties through porous media have widespread applications in reservoir for-
mation evaluation, groundwater management, mineral exploration, and carbon capture and stor-
age (CCUS) monitoring. Additionally, advancements in 3D imaging and computing have enabled
unprecedented visualization and analysis of these pore scale processes. However, relationships
between a porous medium and its electrical properties are typically reported in terms of volume-
averaged variables, such as porosity and fluid saturation. The contributions of the local geometries
are not readily interpretable, making it difficult to generalize models to heterogeneous mediums and
to larger scales.
Here we present a statistical study to provide insight into the local geometric descriptors of the con-
ductive phase that best characterize electrical transport properties. The study consists of a similar
workflow used in feature engineering and selection for data-driven machine learning models. The
data used in this study has been published on Digital Rocks Portal and is, to our knowledge, the most
extensive set of standardized, open-source simulations in heterogeneous porous media images. We
further extend these geometric descriptors to be used as input features into a convolutional neural
network architecture to predict the electric current field. The results of this study can improve the in-
terpretability and training efficiency of machine learning models and help categorize porous media
systems for prediction of macroscopic properties. They also provide useful insight for understanding
electrical behavior through complex porous media.
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Fixed beds of randomly packed particles have been used for decades in chemical engineering. Ther-
mal energy storage in packed beds is receiving increased attention as part of energy transition efforts.
A proper understanding of the mechanisms of heat transfer and pressure drop through packed beds
are important for the design of high temperature energy storage systems. Because energy transfer is
related to many parameters such as void fraction, particle size, fluid velocity and solid thermal con-
ductivity, it is necessary to understand the influence of these parameters on the system behavior. In
this work, we investigated the pressure drop and heat transfer coefficient within a randomly packed
bed using a multi-scale approach,that relies on simulations at the micro-scale, the macro-scale, and
experimental measurements. For the simulations at the micro-scale, a 3D model of a randomly
packed bed filled with spheres was generated using the open-source software LIGGGHTS1. Numer-
ical tools based on OpenFOAM were used to mesh the geometry and solve the Navier-Stokes equa-
tions and heat transfer equations in the fluid and solid domains respectively. An integral method
[2] was used to compute the heat transfer coefficient. It is calculated as the ratio of the heat flux
at the solid-fluid interface and the difference between the averaged temperatures of the two phases.
For the simulations at the macro-scale, a 2D axisymmetric geometry was generated to represent the
3D model. PATO [3] was used to solve Darcy-Forchheimer’s flow and local thermal no equilibrium
equations (LTNE) inside packed beds. The heat transfer coefficient and effective gas thermal con-
ductivity tensor were obtained from the simulations. In parallel, an experiment consisting of hot
gas flowing through a packed bed filled with glass beads was performed [4]. The evolution of the
pressure gradient with the Reynolds number was calculated based on the experimental results. The
heat transfer coefficients obtained by an inverse analysis method [4] were compared with the results
obtained by the integral method. The results showed that the permeability and the Forchheimer co-
efficient were respectively 2.95×10−7m2, and 1.037 ×103m−1 in the simulations on the micro-scale.
These two values are 9.44×10−8m2 and 6.57 ×102m−1 in the experimental results. The maximum
relative error on the resulting pressure drop is 35%. The heat transfer coefficient increases from 8450
W/(m3 ·K) to 11700 W/(m3 ·K) during the 3000s of the micro-scale simulation and it increases
from 10010W/(m3 ·K) to 11900W/(m3 ·K) during the experiment. The maximum relative error
between the heat transfer coefficients is 18%. Besides, the simulation results obtained at the micro
scale show that the heat transfer coefficient is a function of time and thermal properties. It increases
as Biot number decreases for a given gas velocity. This work connects simulations at the micro-
scale, macro-scale, and experimental measurements. The comparison shows that additional work is
needed to lead a perfect argument. However it provides interesting insight and opens possibility to
study pressure drop and heat transfer coefficients from a multi-scale perspective.
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Nanoconfinement changes the elastic properties of adsorbates and causes deviations from the bulk
properties [1,2]. The size of the nanopores is a major factor influencing the elastic moduli of adsor-
bates 1. Intriguingly, ultrasonic experiments with the adsorbates argon and nitrogen in nanoporous
Vycor glass revealed for these two adsorbates significant differences in the magnitude of the enhance-
ment of both the longitudinal modulus and the shear modulus [2,3]. Here we study the enhancement
of the longitudinal modulus of different liquid adsorbates in nanoporous Vycor glass using ultra-
sonic measurements. We discuss the influences of the interaction strength between adsorbates and
the pore surface and other factors on the modulus of the adsorbates.
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Volumetric water vapour sorption isotherms have been carried out in nanoporous monolithic glass
membranes (Vycor) in both empty and salt solution (Li-/NaCl) filled pores in order to investigate the
relative humidity and pore-filling fraction associated with capillary condensation and peak desorption/desorption-
tension, and the impact of salt solution activity/chemical nature on such processes. Subsequently,
optical reflectance (imaging) measurements have been
conducted on the same systems (Vycor membranes filled with different salt solutions) using a home-
made controlled environment (temperature and relative humidity under vacuum) setup in order to
identify the thermodynamic signatures of specific processes, such as adsorption/desorption tension
activity, formation of salt solution clusters, and crystallisation. The correlation between the volumet-
ric and optical experiments have been investigated to unravel the pore filling/emptying mechanisms,
and the role played by salt ions in mediating the transport of water molecules. The results of this
analysis have been compared to the ones obtained from molecular dynamics simulations of desorp-
tion of salt solutions from an interconnected pore network . Ongoing studies reveal a second order
transition from vapour to condensed liquid filled pores for salt solutions, contrary to a clearly defined
first order capillary condensation observed for empty pores. Results also indicate that the salt solu-
tion clusters develop within the pores during the desorption process strongly retard the escape of
water molecules, causing the desorption process to spread over a wide humidity range. Further ther-
modynamic treatment of the sorption isotherms help attain a clearer understanding of the associated
pore-emptying mechanisms, such as homogeneous meniscus recession/cavitation/pore-blocking un-
der a simultaneously occurring ionic-rearrangement of the salt along the pore walls. The next step
involved investigating the kinetics of vapour phase imbibition of nanoporous membranes filled with
salt solutions, followed by drying once the pore filling reached saturation. In such experiments, the
Vycor membranes were sealed on all sides, except one left free for transport of water molecules.
This led to a 1D imbibition/drying front, the progress of which could be plotted against time for its
analysis by appropriate kinetic models. Preliminary analysis suggests that both wetting and drying
processes are significantly retarded when salt is present inside the nanopores. Results also indicate
that the drying kinetics is strongly governed by the activity of the confined salt solution, as a dy-
namically developing humidity gradient along the length of membrane may lead to a gradient in the
salt percolation network. At present, evaporation of water from isolated horizontal nanochannels
filled with salt solutions is being investigated, which may be connected to vertical nanopores in fu-
ture studies (in a different nanofluidic device) to quantify the mass transport of water from a single
model pore geometry and the impact of salt solution activity/chemical nature on it.
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By 2030, a third of the population in developing countries will reside in areas where the gap between
water demand and supply is predicted to be over 50%. Agriculture is responsible for over 71% of an-
nual water withdrawals worldwide (currently ~ 3,100 billion m3 and predicted to be ~4,500 billion m3
by 2050). The amount of water held as groundwater is more than 100 times the amount collected in
rivers and lakes. Globally, the per capita irrigated area has been decreasing for 30 years. Population
growth and increased irrigation requirements have resulted in groundwater mining with a universal
increase in water table depth.
A preliminary study aimed at developing a bioinspired pump capable of passively lifting subsurface
water is presented. The bioinspired system uses emerging materials and concepts in geotechnical
engineering to mimic the wicking mechanisms that plants use for transpiration. Upon droughts and
dry periods, soil desaturates, its hydraulic conductivity drops and less water is made available to
plants. As water inflow to the plant decreases, stomata close to stop transpiration and prevent plant
dehydration, photosynthesis ceases, and plants wilt. Upon dry conditions, to delay soil desaturation,
preserve a high hydraulic transmissivity and extract water for longer, plants secrete a gelatinous
substance named mucilage around root tips. This naturally engineered “grout”fills the pore space
by reducing the pore diameter and increasing the soil air-entry value (creating smaller capillaries).
A capillary network aimed at mimicking plant mucilage secretion is formed by the injection of col-
loidal silica-based hydrogel (CS) into the soil. It is shown that the presence of hydrogel enhances soil
hydraulic conductivity and water retention capacity thus enabling better water uptake during pe-
riods of drought. A hydromechanical characterization of the hydrogel-soil system and preliminary
experimental results of the hydrogel interaction with the roots of various species of shrubs will be
presented.
Keywords: Colloidal silica hydrogel; plants; drought; capillary rise; roots
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CO2 geologic sequestration in deep saline aquifers and depleted oil reservoirs is an effective option
for large-scale and long-term carbon mitigation to address global climate challenges.1 After being in-
jected into the target geological formations with a low permeability caprock above them (structural
trapping), CO2 is stored by trapping in the pores (residual trapping), dissolving in the formation
water (solubility trapping), and reacting with the minerals (mineral trapping).[2] Solubility trapping
is significant both in the amount of trapping capacity they provide and long-term storage security in
the long term (>100 years).[3] In addition, the transformation of CO2 from a separate phase to CO2
(aq) and HCO3- by dissolution will influence the mineral dissolution and precipitation processes,
which is critical to permanent carbon storage.[4]
In this work, we studied the CO2 dissolution dynamics in porous media under realistic reservoir con-
ditions of deep saline aquifers. We developed a high-pressure and high-temperature microfluidic
system and captured the spatio-temporal evolution of the dissolution process of residual trapped
CO2 under various pressures and temperatures (gas, liquid, and supercritical CO2). The CO2 disso-
lution kinetics was calculated by analyzing the optical images obtained by a high-resolution camera.
The results showed a two-stage process of CO2 dissolution into the aqueous phase in porous media.
In the first stage, CO2 dissolves rapidly into the ambient aqueous phase to reach a local saturation.
The second stage showed a lower but constant CO2 dissolution rate with the CO2-water interface
propagating linearly with time toward the CO2 phase. The CO2 dissolution rate is sensitive to the se-
questration pressure and temperature, whereas supercritical CO2 shows a more than ten-time slower
dissolution rate than gaseous CO2. Moreover, dissolution-induced fingering of water invading CO2
was observed due to local pressure instability, which would affect the two-phase flow of CO2 and
the formation water. Our research reveals the CO2 dissolution mechanisms in porous media under
geological sequestration conditions, which provides a new insight for estimating the time scale for
CO2 geological sequestration.
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Gas injection and withdrawal in the subsurface can be considered as a long-term energy storage
solution. Green gas can be produced from the excess electricity during peak production and can
subsequently be injected into the surface reservoir and withdrawn during times of high demand.
Repeated injection and withdrawal of gas causes capillary pressure hysteresis –in this work we use
X-ray tomography to understand the hysteresis phenomenon, which can be applied in operating
underground hydrogen storage processes. Two experiments were performed at an unsteady state
to investigate gas and water distribution in different pore space geometries during drainage and
imbibition cycles. Gas phase was injected into 6 cm long samples of Bentheimer sandstone and Es-
taillades carbonate at ambient temperature and a pore pressure of 1 MPa, followed by water flooding
in three cycles. The gas flow rates decreased from 2 ml/min to 0.08 ml/min while the brine injection
rate was keeping constant during the three cycles. We observe and quantify several interesting phe-
nomena including (I) capillary pressure hysteresis, and (ii) hydrogen migration by Ostwald ripening
through diffusion of gas dissolved in the brine. We characterise these phenomena by analysing inter-
facial curvature and area, along with wettability and pore occupancy analysis. This work provides
pore-scale insights into hydrogen storage and withdrawal and uses image-based analysis to quantify
multiphase flow properties for input into the reservoir-scale simulation.
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Climate change leads to intensified weathering cycles on landscapes and the built environment. En-
ergy transition strategies such as seasonal storage of biogas or hydrogen in aquifers, introduce cyclic
perturbations in the underground environment. In both cases precipitation-dissolution cycles of
salts are induced. When precipitation occurs inside the pore space, stresses build up which may
eventually crack the material. This might lead to severe deterioration of natural stones, as present
in our historic monuments or natural landscapes. In addition, precipitation-dissolution of salts as
well as crystallization-induced cracking alter key petrophysical properties of the rock matrix itself,
such as its permeability, thus impacting gas injectivity.
Understanding the exact coupling between transport, salt precipitation, crack initiation and prop-
agation in natural porous media remains an open research subject. Experiments in which trans-
port, precipitation and fracture kinetics can be studied simultaneously are essential to advance our
insights in these coupled phenomena. To that extent, a 4D micro-tomographic dataset has been
analyzed of a Savonnières limestone plug subjected to NaCl precipitation and dissolution. The sam-
ple consists of two zones with different wettability, i.e. a hydrophobic and a hydrophilic part, and
is initially saturated with a brine solution. Precipitation is induced by drying the sample via the
hydrophobized part, creating crystallization-induced fractures at the hydrophobic-hydrophilic in-
terface. Dissolution occurs by subsequently exposing the sample to a highly humid environment,
above the deliquescence point of NaCl, which leads to a rewetting of the sample and a dissolution
of the salt crystals, as well as a partial closure of the fractures. The sample is imaged at a 9 µm
voxel size, every 30 minutes during the first day of drying, and every hour during the second day
of drying and the third day of deliquescence. The image processing consists, in a first step, of a
global analysis using a customized Python script, allowing to extract information on porosity and
pore size changes, the crystal deposition in the pores, and the global deformation of the sample.
In a second step, digital volume correlation, using the SPAM software (Stamati et al. 2020), is em-
ployed to determine the local displacement fields, and thus the local strain, on the 3D volume of
the deforming sample. The spatial and temporal resolution of the acquired dataset, combined with
the developed image analysis workflow, allows to highlight the coupling between the stone’s pore
structure, precipitation/dissolution and fracture kinetics, at the pore scale level. These experimental
observations then assist in refining existing poromechanical models of in-pore salt crystallization
and crystallization-induced damage.
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Separating toxic organic pollutants from wastewater is a significant environmental challenge for
remediating petrochemical industrial effluents 1 and cleaning accidental oil spills [2,3]. Surface-
engineered sponges (SEnS) have emerged as a possible solution due to their low cost, easy manu-
facturing, simplicity to reuse, and ultrahigh performance. Previous studies reported SEnS with crit-
ical surface energy achieved by coating porous polymeric sponges with long-chain alkanes capped
nanosilica for removing over 99% of the crude oil pollutants from the wastewater within 10 minutes
[1,2,3].

Next, to implement the SEnS as a separation media in industrial-scale filtration devices, the struc-
tural parameters, such as surface composition and/or size of the pores, multiphase flow patterns, and
velocities, needs to be optimized. However, to our knowledge, no studies evaluated dynamic wetting
or multiphase flow behavior inside the SEnS in the context of oil/water separation. Alternatively,
multiphase flow in geological systems, such as rocks, correlated surface chemical and structural at-
tributes of the porous medium with variable flow patterns have been reported previously [4]. In this
study, inspired by the dynamic wetting studies inside the porous rocks, we aimed to investigate how
flow patterns manifest within the sponge’s pores and how surface modification effect those.

In this work, the dynamic wetting behavior inside sponges was performed on unmodified polyurethane
sponges, modified with alkyl, aminiosilane, and alkyl-aminiosilane surface functional groups. The
spontaneous imbibition of bulk oil into the four candidate sponges was imagined by pre-wetting
them with brine or saline water. In addition, we submerged the sponge into emulsified oil/water
mixture and imaged the evolution of the wetting phenomenon to reflect the petrochemical wastewa-
ter in real-world conditions. We obtained the images with the CT-scanners, Environmental Micro-CT
(EMCT) [5], and TESCAN CoreTom, at the University of Ghent.

The CT images of the bulk oil and brine wetting showed a minor difference in fluid reconfiguration
at the resolved pore scale. However, upon application of contrast, we noticed fluid exchange in
the non-resolved nanostructure of the sponge fibers. Similarly, for the oil/water emulsions system,
nano-scale fibers showed the onset of dynamic wetting and multiphase flow evolutions. After the
sponge fibers adsorb the oil, these fibers facilitate the formation of larger drops that adhere to the
sponge surface. These results confirm that surface wetting of the nano-scale fibers, but not the pore
filling, is the main mechanism of emulsified and bulk oil adsorption onto the SEnS. In the future,
these insights into the physical adsorption phenomenon will be used to optimize the surface design
of the sponges and flow properties for practical sponge-based oil/water separation systems.

Acknowledgments: This work is sponsored by the Excite Network (European Union’s Horizon 2020
research and innovation program, grant agreement No 101005611), Global Challenges Reserach Fund
by the UK Research and Innovation, and Banting Postdoctoral Fellowship by the Canadian Institutes
of Health Research.
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Pore network modelling as a robust and powerful technique has been used to study multiphase
flow through porous media for many years. Micro-CT imaging makes it possible to acquire actual
pore structure geometry used to extract the pore network structure. Also, multiphase micro-CT
images can be used to calibrate the pore-scale distribution of wettability. However, in many kinds
of porous media both in nature and industry, the pore size distribution covers many orders of mag-
nitude in length scales where it is not possible to resolve all the pore space in a single image. For
example, micron-resolution imaging of a sample a few mm to cm across cannot explicitly resolve
sub-micron porosity which may have a significant impact on flow behaviour. Therefore, considering
sub-resolution pore space in pore network modelling is necessary.

Experimentally, differential micro-CT imaging, comparing a dry image with an image of a sample
completely saturated with a contrast fluid (usually a high-concentration brine) allows porosity to
be quantified voxel-by-voxel. In this study, we have developed a workflow to incorporate unre-
solved porosity in our modelling. For this purpose, wherever the micro-porous region (with a voxel
porosity less than 1 but greater than zero) connects to resolved pore space (voxel porosity of 1) a
micro-link is considered. An automatic parallelized algorithm helps to identify micro-links incorpo-
rated in the pore network extracted from resolved pores. While resolved pores are treated similarly
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to a conventional pore network model, the micro-links are treated as continuum Darcy-type porous
media in which empirical correlation are be used to determine their parameters. Due to the uncer-
tain nature of the unresolved pore space, we tune the parameter of the empirical models to match
observed experimental behaviour, such as permeability and primary drainage capillary pressure, us-
ing a multiscale pore network model. Finally, we applied this workflow to model multiphase flow in
Estaillades limestone and a complex reservoir rock sample in which more than 50% of the pore space
is unresolved in our micro-CT images, and simulation using multi-scale model is necessary.
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The capillary entry pressure is a fundamental quantitative parameter in two phase flows in porous
media. The entry pressure is set primarily by the interfacial tension between the invading and de-
fending fluids, the relative wetting properties of the fluids on the solid skeleton, and the length scale
of the pore throats. In rigid porous media, all of these quantities are typically fixed, meaning the
entry pressure is a constant for a particular choice of medium or fluids.

Here, we consider entry pressure for very soft porous media: specifically, those with elastic moduli
comparable to the characteristic capillary pressure scale of the system. In such media, the pore
geometry may undergo significant deformations due to the injection of an invading phase. As a
consequence, the size of the pore throats and, hence, the entry pressure may evolve dynamically. We
investigate how entry pressure is impacted by deformation using an idealised model experimental
system comprising a quasi-2D column of water-saturated hydrogel beads, which we compress using
a “capillary piston”: a pressure-controlled bubble of non-wetting gas that squashes the column along
its length, driving liquid from the far end of the column via a permeable barrier. These experiments
are complemented with simple analytical models of analogous systems.

We begin by considering quasistatic loading and then extend our study to rapid dynamical loading.
The latter scenario introduces a viscous pore pressure, which further opposes the entry of gas into the
pore space. We discuss how the transient consolidation flow driven by the capillary piston introduces
a spatial distribution of pore and solid stresses and, hence, a spatially-distributed capillary entry
pressure within the system. We consider how we may decouple the different forces at work to extract
quantitative knowledge of deformation-dependent entry pressure from experimental observations
of percolation in soft porous media.
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While there are many methods available for the characterization of pore sizes of soils and other
geological materials, most of them are expensive or destructive or, in fact, both. Non-Newtonian
fluids have been utilized recently for that purpose, providing not only a cheaper and more accessible
alternative to the classical porosimetry techniques but also a method that does not disturb the sample
and can be used repeatedly. In particular, the so-called ANA method 1 derives the effective pore size
distributions of the porous sample based on a set of saturated flow experiments with different shear-
thinning fluids, in our case the aqueous xanthan gum solutions of different concentrations.

We will discuss a methodology to measure the progressive changes in the pore size distribution of a
sample of sand that is placed in the standard triaxial test chamber and subject to a drained compres-
sion. After every compression step (i.e. after increasing the pressure level maintained in the cham-
ber, thus further compressing the sample), a sequence of permeability measurements with fluids of
different rheology is performed and the effective pore size distribution is approximated. The ANA
approach is used in our case since the similar yield-stress method [2] requires using larger hydraulic
gradients, which would disturb the effective stress imposed on the compressed sample.

1 Hauswirth, S.C., Abou Najm, M.R., Miller, C.T., 2019. Characterization of the Pore Structure of
Porous Media Using non-Newtonian Fluids. Water Resources Research 55, 7182–7195. https://doi.org/10.1029/2019WR025044

[2] Rodríguez de Castro, A., Agnaou, M., Ahmadi-Sénichault, A., Omari, A., 2020. Numerical porosime-
try: Evaluation and comparison of yield stress fluids method, mercury intrusion porosimetry and
pore network modelling approaches. Computers and Chemical Engineering 133. https://doi.org/10.1016/j.compchemeng.2019.106662
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Freezing and thawing of water in porous media depend on pore size distribution and shape of parti-
cles. Magnetic resonance imaging (MRI) of the freezing and thawing process was performed on two
samples of different porous materials, each one in two replicates. The experiment was subsequently
numerically simulated. The set-up consisted of a double-walled Plexiglas container. The inner cylin-
drical container (3 cm inner diameter, 6 cm high) was filled with the sample material. On the top of
the porous media, a glass disk (2.8 cm in diameter, 1 cm thickness) was placed to define the upper
boundary of the material during freezing and thawing. One inflow tube and two outflow tubes at
the top of the inner cylinder were used for the circulation of cold nitrogen gas as a freezing medium
to the top of the sample. The temperatures of the freezing medium were continuously recorded by
the temperature sensors located outside of the MR coil. The first sample packing consisted of 72
glass beads, 0.8 cm in diameter immersed in the 1 mM/L GdDTPa2-∙2Na+. In the second sample, the
coarse sand was packed in 0.5 cm thick layers in the same sample solute. A total of eight freezing-
thawing cycles were performed and recorded on the samples. As a result, time-lapse series of 3D
MR images were obtained. The analyses of the freezing-thawing process on glass beads revealed
interesting effects while thawing, where the thin layers on the glass beads surface exhibited faster
melting in otherwise homogeneous ice. The freezing-thawing fronts recorded of sand samples were
relatively uniform. The spatiotemporal analysis of the frozen water volume is done.
Numerical simulation of the observed phenomena is performed by the model based on the conser-
vation of mass, energy, and momentum solved by the finite-element method. The model provides
information on the distribution of temperature, both phases and on structural changes in the porous
structure caused by the phase transition. The model serves for better understanding of observed
phenomena and optimization of the experiments.
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Many subsurface processes feature mechanically closed fractures elastically deforming in response
to stress changes. In cases involving temperature contrasts, such as geothermal reservoirs, these
changes are typically due to thermal stresses as well as pore pressure. In turn, changes in hydraulic
fracture apertures impact the flow field and thereby also heat transport, resulting in a strongly cou-
pled system of governing equations. We study this interplay drawing on a series of numerical sim-
ulations using the fracture simulation toolbox PorePy. The thermoporomechanical system is solved
fully coupled in both fractures and matrix, ensuring a rigorous numerical representation of the mod-
elled processes.
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Effects ofmolecular details on two-phaseflows throughnanopores
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Geological storage of carbon dioxide and spent nuclear fuel are topics of huge significance for our
societies. This motivates an improved understanding of fluid transport of gases through partially
saturated porous networks such as clay materials or caprock. However, this is a complicated problem
spanning length scales from nano- to millimeter sized channels. To fully model drying, evaporation
and diffusion through these networks we need to understand the dominating physics at all scales. At
nanometer scales the molecular nature of fluids becomes apparent. For multiphase fluid systems this
involves fluid–fluid interfaces, which have explicit widths of several molecules across and physical
properties separate to those of the bulk phases. Physical modeling of multiphase flows must include
these effects when applied to systems of sizes approaching the nanoscale 1.

We present our work on resolving these molecular details of fluid–fluid interfaces in two-phase sys-
tems. Since it is inherently difficult to study nanoscale behavior in laboratory experiments, our ap-
proach is by the use of molecular dynamics (MD) simulations of gas/liquid flows through nanopores.
MD simulations are fully atomistic and so include realistic molecular effects by its nature. How-
ever, molecular simulations of multiphase flows at the nanoscale are still challenging and should
be achieved with care and adequate methodology, as proposed in this work, to avoid unphysical
behavior. These numerical experiments give us physical insight in how molecular interfaces affect
two-phase flows in nanochannels. We also show how these effects can be included as effective
quantities or boundary conditions in continuum physical models of similar systems.
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Chalk reservoirs are ubiquitous in the Danish north sea basin, making up to about 90% of the coun-
try’s historical hydrocarbon reserves. Oil and gas production from these fields peaked in 2005, and
they are expected to be abandoned within the next 10 to 20 years. The existing knowledge of the
basin accumulated during over 50 years of exploration and development allied with the existing in-
frastructure makes these fields good candidates for geological CO2 storage. Nevertheless, carbonate
reservoirs have been viewed unfavorably compared to clastic reservoirs regarding CO2 storage. This
is because calcite is chemically unstable when exposed to weak acids, such as brine containing dis-
solved CO2, a likely scenario close to the CO2 saturation front.
In this study, we assess the permeability, porosity, and matrix texture changes along a chalk core sub-
jected to seven alternating water and gas injection cycles (WAG cycles), using calcite-equilibrated
formation water for the water phase and supercritical CO2 for the gas phase. Bulk Nuclear Mag-
netic Resonance (NMR) experiments were carried out before and after flooding, using a Geospec
2-53 NMR Core Analyser at the frequency of 2.25 MHz. The core analyser was equipped with a
y-axis gradient coil, which allows the application of a varying external field to the core along its
length, adding spatial resolution to the acquisition. This gradient coil was used to perform volume
profile measurements and slice-selective T2 relaxation acquisitions.
Bulk NMR T2 relaxation distributions show an increase in total porosity, in agreement with porosity
measured by helium expansion. The T2 relaxation distribution after flooding also indicates an in-
crease in the sample’s surface-to-volume (S/V) ratio, suggesting possible precipitation of fines and a
decrease in sample permeability (Figure 1.A). This agreed with Klinkenberg permeability measured
before/after the core flooding. Both NMR gradient-based measurements (Slice-selective T2 relax-
ation, not shown, and volume profile measurements, Figure 1.B) indicate that the gain in porosity is
located close to the injection inlet. Towards the outlet, porosity is slightly lower than in the original
core. Overall, the results show that gradient 1H low-field NMR measurements provide useful quanti-
tative insights into textural changes happening within core plugs undergoing CO2 flooding.
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Among the processes that involve two-phase flow in porous media, phase change is less explored
because of its complex nature due to the strong coupling between heat and mass transfer. Never-
theless, condensation processes are present in many fields, such as applications related to nuclear
safety and durability of concrete structures, condensation in porous fabrics and insulations, steam-
based gas recovery methods, underground contamination removal, and integrity of geothermal and
CO<sub>2 storage reservoirs. Building upon the previous works on vapor condensation using high-
speed neutron radiography (Lukic et al., 2021 and Gupta et al., 2022), in this work, 3D rapid in-situ
neutron imaging acquired at 30 seconds per tomography is utilized to study condensation in a frac-
tured sandstone. A predefined mixture of air and water vapor is injected at a constant flow rate into
a cylindrical sample of Fontainebleau sandstone with a splitting crack along its height. The injec-
tion experiments were performed at the Institute Laue Langevin Grenoble (ILL) using the imaging
instrument NeXT (Neutron and X-ray Tomograph) (Tengattiniet al., 2020). Successive rapid neutron
tomographies are taken during the injection of vapor (2300 s) to investigate the water evolution
inside the sample, and two higher resolution neutron tomographies are captured before and after
the injection period to evaluate the overall condensed water. Furthermore, X-ray tomography is
performed prior to the vapor injection, and part of the sample is scanned by synchrotron microto-
mography with a pixel size of 6.5 micrometers. This makes it possible to extract the microstructure
and morphology of the crack and the porous matrix and evaluate the spatio-temporal accumulation
of liquid water and its migration from the aspects of the crack and the matrix. The injected hot vapor
cools down along its pathway toward the inlet of the sample causing the influx temperature to in-
crease constantly. The condensation of the vapor fills up the pore space of the sample, thus a higher
pressure is required to continue the vapor injecting as time passes. Water first appears near the inlet
and propagates toward the further areas of the sample. The crack stays dryer compared with the ar-
eas around it, and the liquid water solely accumulates in the tighter areas with smaller widths inside
the crack. The condensed water that is forming in and near the crack constantly diffuses into the
porous matrix due to the capillary effect and the pressure buildup in the crack. Consequently, the
areas near the crack accumulate more water content from the crack than the inner areas because the
water content there exceeds the critical value and can be pushed away by the elevated pressure in
the crack. The water front is measured and observed to linearly propagate both parallel and normal
to the crack surface. Finally, the first results from a numerical model will also be introduced that
further sheds light on the condensation process.
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During the Underground Hydrogen Storage (UHS) process, hydrogen gas must be transported from
the production site to the storage site, be injected into the storage repository (depleted hydrocar-
bon reservoir, aquifer, or salt cavern), and finally the stored hydrogen needs to be released from
the storage site and be transported to the distribution points. During this long journey, hydrogen
molecules can encounter a wide range of pressure and temperature and most likely be exposed to
other fluids such as reservoir fluids, impurities, cushion gas, etc. In order to plan and perform risk
analysis of UHS projects, it is necessary to model the phase behavior of hydrogen mixtures and
accurately determine the distribution of hydrogen among different phases. Hydrogen gas (H2) has
an ideal symmetrical structure and the phase behavior of pure H2 gas can be usually handled with
Henry’s law. Although, when H2 is injected to a depleted hydrocarbon reservoir or a saline aquifer
or it is imposed to impurities during transportation, a more complex approach might be required to
model the phase behavior of the mixture due to highly non-ideal intermolecular interactions, such
as association (hydrogen bonding), polarity, ionic bonds, and chain forming reactions. In this work,
we used PC-SAFT equation of state for this aim and added association, electrolyte, and polar contri-
butions to the Helmholtz energy. We benchmarked the model against experimental data. A major
advantage of the model is that it can be used for a wide range of pressures and temperatures, can
handle non-ideal molecular interactions, especially when impurities are involved, and can apply to
the entire chain of UHS.
Additionally, we have done a primary assessment of mutual solubility of H2 and brine to examine
the possibility of dry out effect and salt formation during UHS in saline aquifers. The results show
that the risk of salt precipitation is very low compared to CO2 storage in saline aquifers.
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Capillary rise dynamics of molecular liquids in nanoporous solid is governed by the interplay of
liquid’s viscosity, the liquid-solid interaction and permeability of the porous medium. Classical hy-
drodynamics provides a square-root-of-time dependent law to describe the liquid front advancement
during imbibition, also known as Lucas-Washburn law (L-W). Although the validity of the L-W law
down to the single digit nm scale has been proven 1, complex dynamics and broadening of the imbi-
bition front arise in connection to the pore size distribution of the solid and its tortuosity.

To address this problem we present Lattice-Boltzmann computer simulations (L-B) of water imbi-
bition in nanoporous Vycor glass. X-ray-based tomography of a 400 nm porous Vycor reveals the
geometry of the pore space from the single-pore up to the Darcy scale. The scale invariant spinodal
demixing-based pore formation in controlled pore glass allows us to re-scale such geometry ∼ 100
times down. Thus we complement the L-B simulations with optical imaging experiment for water
imbibition in Vycor with poresizes of ∼ 4 nm. At this scale, changes in the refractive index of the
solid upon filling provide for direct observation of the rise dynamics and the broadening of the filling
front. The latter is visible via intense light scattering at this region induced by the coexistence of
liquid-gas phases at length scales comparable to the light characteristic wavelengths.
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Carbon storage (CS) in geological formations is a promising technology for mitigating climate change
(IPCC, 2021). Historically, sandstone have been targeted for CS, but in the specific case of Denmark,
chalk represents a more promising storage medium as it has a much higher storage potential (Bonto
et al., 2021). Chalk, however, has a much higher reactivity with CO2-saturated brines than sand-
stone. The interaction between the CO2-saturated brine and the chalk can result in the dissolution
and subsequent weakening of the chalk. This weakening can cause subsidence, which is detrimental
to CO2 storage (Liteanu et al., 2013). It is, therefore, imperative that the properties of chalk is studied
in detail to verify its suitability for CS.

We designed a novel triaxial flow cell (shown in fig. 1) to enable in situ imaging of chalk. The cell
is capable of maintaining up to 300 bar of pressure at 90 ◦C, which allows for the simulation of
specific reservoir conditions. The central part of the cell is made of aluminium to maintain X-ray
transparency. This is strictly necessary as it reduces the exposure time needed, which improves tem-
poral resolution.
The temporal resolution of the CT scans is further improved by using the reconstruction algorithm
presented by Rasmussen et al. (2021). This algorithm makes it possible to reduce exposure time and
the number of projections without sacrificing image quality by utilising a high-quality reconstruc-
tion of the chalk sample. The high-quality reconstruction constrains the reconstruction of the in situ
data, which improves image quality. Using this algorithm provides us with a temporal resolution of
approximately 15 to 20 minutes.

The cell has been used for a series of non-reactive and reactive core flooding studies on reservoir
chalk cores. Figure 2 shows the transport of a radiotracer (Cs2CO3) in a chalk sample. In the fig-
ure, we see two reconstructions of the chalk sample at different points in time. Note the bright
band to the right in both figures is due to density variation in the chalk and is not caused by the
radiotracer, unlike the bright region to the left in the images, which clearly advances during the
experiment.

In fig. 3, we see the results from a triaxial compaction study. In this study, we slowly increased the
triaxial pressure on a chalk core until it fractured, which occurred at approximately 82 bar based
on the pressure drop recorded in fig. 3a. The fracture can easily be seen in fig. 3b, which shows a
reconstruction of the sample after compaction. This study is valuable as it provides us with a baseline
on which chalk weakened by CO2 injection can be compared.

We demonstrate that our setup, in conjunction with the previously mentioned reconstruction algo-
rithm, provide valuable insights into the suitability of chalk as a medium to store CO2.
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Numerous studies and observations suggest the presence of a thin and highly porous layer of dust
on the surface of comets that plays an important role in the outgassing properties and behaviour
of comets. Located above the water ice sublimation front, this dust layer helps to explain a lower
production rate and higher gas temperature at the comet surface (Christou et al. 2018). Unfortu-
nately, very little is known about the constitution of the comet’s surface, and the precise role of this
porous structure remains difficult to understand. The idea is therefore to numerically simulate the
flow of water vapour through different model porous media in order to understand which properties
of the porous structure are most relevant. Ideally, we would like to be able to derive physical con-
straints on the properties of the dust layer on the surface of comets such as the thickness, particles
size distribution and geometrical structure. As we are in a vacuum, the gas is in a rarefied form, i.e.
the interactions between the gas molecules themselves are less frequent than those with the solid
wall. The Navier-Stokes equations are no longer able to describe the flow. We therefore use the
direct simulation Monte Carlo (DSMC) method to numerically simulate the flow through 2D cylin-
der arrays. After a study of role of the model parameters such as those describing the gas/gas and
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gas/solid interactions, we focus on the role of the porous structure. Considering a large number of
configurations we show that, independently of the rest, the two most important parameters are the
thickness and the mean pore size thus confirming the validity of the Clausing’s formula (Skorov et
al. 1998 & 2011) initially established for capillary tubes. The disadvantage of this analytical formula
is that it requires knowledge of the pressure and temperature at the surface of the comet, which are
unknowns in the problem.
Beyond this validation, we highlight a coupling between the porous medium and the production rate
which allows us to better understand the outgassing properties.
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Structure and transport of n-pentane and n-dodecane in clay nanopores are investigated using molec-
ular dynamics (MD) method. OPLS-AA/CM1A force field 1 is used for hydrocarbons and ClayFF
force field [2] is used to simulate pyrophyllite and montmorillonite pore walls.
The viscosity of hydrocarbons and slip lengths against the pore walls are calculated using non-
equilibrium MD simulations of Couette flow. It is shown that the shear viscosity of n-pentane is
only weakly affected by the pore walls for pore widths from 2 to 7 nm. The viscosity of n-dodecane
increases in the pores.
The slip length of n-pentane against non-hydrated pyrophyllite walls is estimated at ~3 nm, while
almost no slip is observed for n-pentane and n-dodecane against hydrated montmorillonite walls
[3].
The orientational ordering of hydrocarons in pores is studied. Pentane molecules show weak or-
dering parallel to the walls in pyrophyllite pores and almost no ordering in montmorillonite pores
with hydrated walls. On the other hand, dodecane shows strong ordering in pyrophyllite pores with
molecules aligning in the same direction. The model shows a transition of n-dodecane into a state
resembling liquid crystal at densities above 0.8 g/cc at 298 K [4].

The work has been supported by the Basic Research Program of the National Research University
Higher School of Economics.
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With increased energy demands for future, the importance of the role of unconventional gas re-
sources cannot be overstated. Recent technological advances, including horizontal well drilling and
hydraulic fracturing, have facilitated hydrocarbon recovery from unconventional reservoirs. How-
ever, it is necessary to study the phase behaviour and flow of fluids within these reservoirs, as they
are not well understood. More specifically, much higher reliable experimental data are needed to
confirm/modify the existing theoretical models.
The average pore size of conventional porous media is in the range of micrometre, which is several
orders of magnitude higher than the fluid molecule diameters. As a result, in conventional reservoirs,
the extent of the interactions among fluid and pore walls molecules, may be neglected compared to
that taking place between fluid molecules. In tight and shale reservoirs, on the other hand, the pore
sizes are comparable with the sizes of the fluid molecules. Therefore, the frequency collision between
fluid and pore walls molecules are more and their interaction cannot be ignored. Fluid confinement
is the term used to describe interactions for a system of fluid molecules whose phase and flow be-
haviours are affected by the surfaces of the void space of the pores and fluid phase properties cannot
be captured by conventional methods used for conventional reservoirs.
We have recently designed and proposed a novel experimental method to measure the effective dew
point pressure (Pdew) of hydrocarbons inside real porous media [Jamiolahmady, M. et al. (2020),
Jamiolahmady, M. and Doryani, H. (2021)]. In this experimental research, the impact of net stress on
the extent of fluid confinement on the phase behaviour of a gas condensate sample within a real shale
core sample was evaluated. Bulk Pdew of the binary gas-condensate fluid sample was measured to
be 4052 psi with MLDO of 24 %. The core flood experiments were designed and carried out at three
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different net stress values of 500, 1000, and 2000 psi. It was observed that due to increased net stress,
the difference between bulk Pdew and effective Pdew increased from at least 129 psi for net stress
value of 500 psi to 147 psi for net stress values of 1000 psi and 2000 psi. These results revealed that
increasing net stress increased the extent of the effects of pore confinement on increasing trend of
effective dew point pressure inside porous media.
The results of this novel experimental study sheds light on the extent of pore confinement effects.
This study, for the first time, experimentally demonstrates that in real unconventional shale sam-
ples, geomechanical effects not only have significant effects on the fluid flow in porous media but
also they impact the phase behaviour of hydrocarbons inside the nano- and micro-pores of porous
media.
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Evolution ofwater films onmineral surfaces in partially-saturated
porous media
Author: Abdullah Cihan1

1 Lawrence Berkeley National Laboratory

Corresponding Author: acihan@lbl.gov

Water films on mineral surfaces affect physical, chemical, and biological transport processes in atmo-
sphere, soils, and rocks. The aim of this study, regarding unsaturated flow and transport in geological
media, is to understand how the adsorbed water phase evolves as a function of relative humidity,
mineralogy, ionic strength, and temperature. Experimentally measured water film thicknesses in the
literature range from several angstroms to few hundred nanometers depending on relative humid-
ity, solution chemistry, and electrostatic potential of mineral surface. The equilibrium film thickness
appears to be highly sensitive to vapor pressure values near the saturation value and increases expo-
nentially as the relative humidity approaches unity. However, the data typically are limited to film
thicknesses measured on single mineral crystals at low temperatures (< 25 ⁰C). The magnitudes of
intermolecular forces between water molecules and the van der Waals and electrostatic interactions
between water and mineral surfaces control the evolution of adsorbed water phase and water film
thickness under different temperatures. Unlike existing models for predicting equilibrium water film
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thickness based on the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, this study presents a
dynamic model based on the square-gradient classical density functional theory. The model, which
consists of coupled partial differential equations for transport of water, chemical potential and the
Poisson-Boltzmann equation, can be used to understand and predict evolution of water films on min-
eral surfaces and in porous media. The presentation of this study will include numerical applications
of the model to interpret experimental data of water film thicknesses and give insights on evolution
of adsorbed water phase under different environmental conditions.
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The existence of fractures in porous media has a strong impact on the characteristics of the flow
behavior. In geological rocks, fractures occur both naturally as well as intentionally induced as in
geothermal applications. Thus, accurate modeling and simulation of flow and transport in fractured
media is vital for many industrial applications.

Mixed-dimensional models have been widely used for modeling flow in fractured media. The high
aspect ratio of the fracture width as compared to their remaining dimensions allows for representing
them as lower-dimensional manifolds. By combining the fundamental principle of mass conserva-
tion and Darcy’s law on each subdomain and mass transfer inbetween domains, underlying equidi-
mensional models can be conveniently replaced. Yet, despite the large interest in mixed-dimensional
models for flow and transport in fractured media, direct comparisons to high-quality lab experiments
have been missing.

In this talk, we present such a comparison study based on PET experiments of tracer transport in
fractured sandstone and corresponding numerical simulations of mixed-dimensional flow and trans-
port (PorePy). In addition, we present tailored image analysis (DarSIA) used to transfer PET images
to Darcy-scale images and to compare different Darcy scale images by suitable metrics.
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Prediction andReal-TimeOptimization inBiogas ProductionPlants
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1 TechSim UG
2 Goethe-University Frankfurt
3 GICON Großmann Ingenieur Consult GmbH
4 Applied Mathematics and Computational Science , KAUST
5 Goethe University Frankfurt

CorrespondingAuthors: rebecca.wittum@gcsc.uni-frankfurt.de, f.niebling@gicon.de, wittum@techsim.org, m.tietze@gicon.de,
babett@techsim.org, naegel@gcsc.uni-frankfurt.de

Background/motivation: The complex biology of processes in biogas production plants (BPP) has
been an active field of research for many years. Often an increase of both process efficiency and
operational stability are primary concerns. Here modelling and simulation are attractive techniques,
that can contribute in various settings. This includes, e.g, optimising feeding schedules for flexible
production in existing plants, or assessing design decisions when plants are extended. Moreover,
modelling provides am means for operational stability and prognosis options in complex trading
scenarios for renewable resources with sector coupling 1.

Aim of the work: Develop a modelling tool serving as a guidance to BPP design and operation.
Estimate the current state of the BPP based on a small subset of parameters. Adjust parameters, if
required. Facilitate predictions for plant design, construction and operation.

Key research topics and novelty: In this work, we present a framework for the simulation of a
BPP arranged in a network of coupled reactors and storage devices. The close interaction with opti-
mization tools allows for parameter identification and control. This allows to control the operation
in a semi-automated fashion.

Methodology: We consider a genuine biogas production plant that is operated under circulating
flow conditions. The plant consists of a network of coupled reactors that connected by active and/or
passive elements, e.g., overflow tubes or programmable controls. Mathematically, this is modelled
and expressed as a graph.

In contrast to classic ADM1-type models, cf. [3,4] for an overview, the model features full spatial
resolution of the reactors’interior [2]. This provides information on the heterogeneous composition
of the circulating fluid. Depending on the physical dimensions of the reactors and the prescribed
flow rates, this is important, e.g., for investigations on the impact of feeding or for the evaluation of
sensor placement.
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The long term goal of this work is to facilitate simulations on state-of-the-art workstations. In order
to meet real-life run time requirements, model reduction techniques are employed. At the user’
s discretion, full resolution volume-type 3D reactors can be replaced by line-type 1D flow through
reactors. In the simulation framework, both approaches coexist and are compared. This is important
when evaluating different configurations, for instance plug-flow, batch or CSTR reactors.

For treating data uncertainty, an optimization component is an essential: First, all sub-units, must
be calibrated beforehand. This can be achieved, e.g., based on existing data and batch experiments.
Second, it may be required to adjust the model on the flight. To that end, we extract short time series,
and adjust parameters on the flight.

Results: We provide results for a genuine plant. Model features of are demonstrated and numerical
experiments and real-world BPP data are intertwined. Predictions and hypothesis testing both w.r.t.
design and operation mode, as well as the semi-automated control flow is demonstrated. Strategies
for an application of the model for existing plants and the economic impact are discussed.
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Pore-scale observations of hydrogen trapping and migration in
porous rock
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We use high-resolution three-dimensional X-ray imaging to study hydrogen injection and with-
drawal in the pore space of Bentheimer sandstone. The results are compared with a replicate ex-
periment using nitrogen. We observe less trapping with hydrogen because the initial saturation
after drainage is lower due to channelling. Remarkably we observe that after imbibition, if the sam-
ple is imaged again after 12 hours, there is a significant rearrangement of the trapped hydrogen.
Many smaller ganglia disappear while the larger ganglia swell, with no detectable change in overall
gas volume. For nitrogen, the fluid arrangement seems largely unchanged. We suggest that this
rearrangement is facilitated by concentration gradients in the aqueous phase –Ostwald ripening –
and provide an estimate of the time-scales for the effect to be significant, which are consistent with
the experimental observations. The work implies that there is less capillary pressure hysteresis in
hydrogen storage, promoting hydrogen withdrawal efficiency.
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Treatment of wood cell wall with polyethylene glycol (PEG) is a widely used technique by archae-
ologists and conservators to consolidate waterlogged archaeological wooden artifacts such as the
Swedish warship Vasa and Henry VIII’s warship the Mary Rose. During the decade-long consoli-
dation process of introducing PEG solution into these wooden artifacts, PEG molecules gradually
diffuse into the wood cell wall and replace the water molecules. PEG treatment is found to stabilize
the wood structure and prevent extreme shrinkage and structural collapse during the following slow
drying process altering the hygromechanical properties of wood in response. Due to the chemical
complexity and hierarchical intricacy of the wood structure, PEG-cell wall interactions are governed
by various entangled multi-scale mechanisms which are yet to be elucidated and distinguished.
This work attempts to provide a molecular-level understanding of the impact of PEG treatment on
the hygromechanical properties of wood-cell wall components, including amorphous cellulose, hemi-
cellulose (galactoglucomannan), uncondensed lignin (coniferyl and sinapyl) and fiber-matrix inter-
phase. To this aim, an iterative hybrid all-atom molecular dynamics and grand canonical Monte-
Carlo (GCMC) simulation is employed to examine the hygromechanical properties of polymeric
mixtures, including sorption isotherm and sorption hysteresis and sorption-induced swelling. The
structure of mixtures of biopolymers and PEG equilibrated under a range of relative humidity from
fully dry to saturation is then characterized by measuring porosity, pore size distribution, mechani-
cal properties, and hydrogen bonding network.
The amorphous cellulose mixtures treated with PEG show reduced moisture adsorption and swelling
at museological conditions (40-60% RH), followed by an unfavorable increased sorption/swelling at
high relative humidity, highlighting a crossover phenomenon in hygroscopicity. In comparison,
lignin mixtures show less substantial moisture/swelling reduction indicating that PEG treatment is
more effective on polysaccharide polymers of wood. The cellulose nanocomposite model reveals
the concentration of PEG at the fiber-matrix interface, which disturbs the fiber-matrix hydrogen
bonding network and consequently enhances the moisture sorption and mechanical softening at
the interface. Comparing the simulation results with predictions from an enhanced rule of the mix-
ture model reveals the key role of interphase and synergic interaction between PEG and wood poly-
mers. The enhanced mixture model enables us to characterize two molecular mechanisms governing
the consolidation at the nanoscale. First, the filling of existing nano-sized pores in the amorphous
structure by PEG as relatively small PEG molecules fill the vacancies previously available for the
adsorption of water molecules. Second, the network of wood polymers confines PEG polymers and
prohibits PEG from further swelling, thus reducing its water sorption. This behaviour of PEG may
be a characteristic to look for when considering novel consolidant materials in the future.
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Precise 3D demonstration of heterogeneous porous materials while critical is still a challenge. The ad-
vantage of having such models includes for example more accurate characterization and estimation
of transport properties. Realistic 3D representations can be achieved using several high-resolution
2D samples. We applied a deep learning algorithm to utilize 2D images and reconstruct 3D mod-
els of complex materials such as lithium-ion battery electrodes. The deep learning algorithm was
trained using 2D images for generating 3D samples. The results of testing the trained network with
new samples show the capability of the algorithm for reproducing important structural properties.
The reconstructed samples also reproduce the results for flow and heat properties in an acceptable
range.
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We consider a mathematical model for saturated flow and reactive transport in a porous medium.
In this model, the absolute permeability of the medium depends on the solute concentration. Due
to this, the fluid velocity depends on the unknown concentration. On the other hand, the solute is
transported by the fluid, so the concentration is dependent on the fluid velocity. This yields a fully
coupled system of nonlinear partial differential equations.

After appying an implicit Euler time stepping, one obtains a sequence of nonlinear, fully coupled
time-discrete systems of elliptic equations. We propose a robust, linear iterative scheme for the
numerical approximation of the solution to the time discrete systems. By adding some linear stabi-
lization terms, one not only makes the scheme linear, but the two components of the model, the flow
and the reactive transport of the solute, can be decoupled. Under a mild restriction on the time step,
we prove the convergence of the iterative scheme. This convergence holds regardless of the spatial
discretization and mesh.
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Multiphase flow in porous materials is conventionally described by an empirical extension to Darcy’s
law, which assumes that the pressure gradient is proportional to the flow rate. Through a series of
bench and pore-scale imaging two-phase flow experiments, we demonstrate that even when capillary
forces are dominant at the pore scale, there is a nonlinear intermittent flow regime with a power-law
dependence between pressure gradient and flow rate. Energy balance is used to predict accurately
the start of the intermittent for a range of fractional flows, fluid viscosities, and different rock types.
The pore-scale explanation of the behaviour based on the periodic filling of critical flow pathways
is also confirmed through 3D micron-resolution X-ray imaging.
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Fluid-fluid displacement in porous media occurs in many natural and engineering processes such
as geological CO2 storage and enhanced oil recovery. It has been recognized that wettability plays
an important role in the displacement process. Thanks to decades of research, we now have a good
understanding of fluid-fluid displacement in porous media with uniform wettability. In contrast, our
knowledge of fluid-fluid displacement in porous media with heterogeneous wettability (i.e., mixed-
wet) is much less complete, even though mixed-wet conditions are common in many subsurface
processes.

Here, we study fluid-fluid displacement in simple mixed-wet micromodels. The micromodels are
made of an oil-wet polymer whose wettability can be locally tuned to become water-wet via deep
UV exposure. Our experiments show the mixed-wet pores exert fundamental control over the macro-
scopic displacement pattern and that the incorporation of the capillary entry pressures at mixed-wet
pores into a dynamic pore-network model reproduces the experiments. Using the pore-network
model, we systematically vary the fraction of water-wet to oil-wet regions and obtain a variety of
displacement patterns over a wide range of Ca. We find that the impact of mixed-wettability is
most prominent at low Ca, and it depends on the complex interplay between wettability fraction
and the intrinsic contact angle of the water-wet regions. Mixed-wettability is also manifested in
the injection pressure signature, which exhibits fluctuations at low wettability fractions. Finally,
we demonstrate that scaling analyses based on a weighted average description of the overall wet-
ting state of the mixed-wet system can effectively capture the variations in observed displacement
pattern morphology.
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Thermo-mechanical model of second-graded porousmaterials: A
higher-order homogenization approach
Author: Bozo Vazic1
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Many novel engineering materials such as metal foams, glass ceramics, or hemp fiber-reinforced con-
crete are classified as porous materials and are widely used in many areas of applied sciences and
engineering. Porous materials with diverse structures possess a wide range of mechanical, thermal,
or electrical properties. Therefore, they have been utilized in many engineering fields, from energy-
storage technologies and geothermal engineering to bio-engineering. The development of reliable
multi-physics models for porous materials requires understanding the fundamental mechanisms and
proper application of modeling techniques. Due to the strong influence of pore morphology on mate-
rial properties, over the years, a wide range of analytical and numerical homogenization techniques
have been developed to efficiently upscale material properties from micro- to macro-scale. Most of
these homogenization techniques are based on averaging a physical field, such as stress, strain, and
deformation energy density. However, since they are mostly based on the classical continuum the-
ory, their capabilities are limited as they are only able to capture the absolute size and distribution of
the pores. In this work, we adopt a higher-order asymptotic homogenization method that is an exten-
sion of the first-order computational homogenization framework based on a generalized continuum.
By introducing a length scale into the material constitutive law, the higher-order approach allows
us to capture the absolute size of pores and pore distribution when upscaling both displacement
and temperature fields. Similar to our previous research on the influence of micro-pore morphology
on mechanical properties, Vazic et al. [2022], we have employed a thermo-mechanical model on a
set of numerical problems with different combinations of porosity, pore shapes (i.e., circular and
elliptical), and with different distributions (i.e., single pore and uniform/random distribution). These
cases showed that thermoelastic interaction, βM , has a similar sensitivity to pore morphology as the
stiffness matrix, CM , while higher-order thermal parameters, γM , mirror the response of the higher-
order mechanical parameter, GM , as both of them are linearly dependent on the size of the RVE and
have the same behavior with respect to the centro-symmetry of the RVE. This theoretical framework
and its numerical implementation will serve as a platform for future research to better understand
the interplay between microscale morphology and thermo-mechanical material parameters.
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Non-Newtonian fluids based method for characterizing the pore
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Transport processes and mechanical properties of porous media are extensively related to micro-
scopic features of the pore structure, and especially to the pore size distribution (PSD). Unlike with
other soil characteristics, e.g., porosity and specific surface area, for which there is a consensus over
the estimation approach, the available methods for estimating PSDs are often costly and instrumen-
tally demanding while having specific limitations in terms of applicability or, e.g. the laboratory
sample preparation 1.
With micro-computed tomography (µCT) limitations in terms of spatial resolution and cost, toxic
mercury intrusion porosimetry is nowadays the prevailing technique to determine PSDs of most
porous media. Recently, using non-Newtonian fluids for obtaining the PSD of porous media has
been identified as a promising safe, and cheap alternative method to MIP and micro-CT. Despite wa-
ter (as a Newtonian fluid), the flow of some non-Newtonian fluids through porous media is related
to the geometry of the pores in a way that allows backtracking of some information, particularly
the approximate distribution of the effective pore sizes. This can be (and has been) done in various
ways, cf. The yield stress fluid porosimetry method (YSM) [2], extracts the PSD of a given material
from the pressure drop vs. flow rate measurements during injection of a yield stress fluid, or more
recently the model presented by Abou Najm and Atallah (ANA model) [3], derives the effective pore
size distributions of the porous sample based on a set of saturated flow experiments with different
shear-thinning fluids.
This project will be based on both laboratory experiments and computational modeling, with an em-
phasis on the link between the experiments and the modeling.
In the experimental part, we will apply the ANA method to synthetic porous media systems to as-
sess the model’s ability to characterize the pore structure, both in terms of producing accurate pore
radii and in providing more information than would be available from traditional, single‐fluid based
approaches [4]. A series of one-dimensional column experiments will be conducted with varying
porous medium packings consisting of spherical glass bead particles in mono-sized and binary mix-
tures. For each packing, distilled water and varying concentrations of xanthan gum will be injected
over a range of flow rates and pressure gradients.
In the numerical part, the discrete element method (DEM) will be used to generate random pack-
ings of mono-sizes and binary mixtures of spheres in cylindrical columns. Subsequently, having the
simulated configuration of grains in each packing, the pore network (pore body and pore throat)
will be extracted using different image analysis algorithms, and computational fluid dynamics (CFD)
approaches [5].
We are particularly interested in how the extracted pore networks from some available image pro-
cessing techniques will be represented by the effective PSD obtained by the ANA method to compare
their performance on a selection of synthetic images of packs of spherical glass beads.
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We analyzed the results of the gas injection experiment in the Mx80 bentonite core, which was
conducted at the British Geological Survey, and calculated a set of the diagnostic parameters of non-
linear dynamics and chaos of univariate temporal trends of gas pressure and gas influx (i.e., input
to the core) and outflux (i.e., output of the core). Because it is not possible to derive analytical fore-
casting models for processes exhibiting chaotic behavior, we performed simulations and forecasting
of time series based on using lagged input time series to fit neural network models to time series of
observed temporal trends. The optimal time-lag (i.e., time delay) of each analyzed time series was de-
termined using the average mutual information (AMI) method. Then, we created three-dimensional
(3-D) datasets consisting of a recorded time series, time series with time minus one time lag, and
time series minus two time-lags. These datasets correspond to the 3-D pseudo-phase attractors, ap-
proximating the time-delay dynamics of the system. We tested the application of single layer and
two-layer neural network models trained using several methods – backpropagation, resilient back-
propagation with or without weight backtracking or the modified globally convergent version. The
forecasting accuracy was determined using several statistical goodness-of-fit measures, such as the
RMSE, MAE, MAPE, SMAPE. A baseline for the evaluation of the accuracy of forecasting was based
on the application of the generalized linear regression model. 2-D and 3-D pseudo-phase space at-
tractors for observed and predicted time series are used to demonstrate graphically the accuracy of
predictions. Thus, we show that a neural network approach can be used for long-term predictions
of nonlinear dynamics and deterministic-chaotic time series of gas flux through bentonite.
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The CO2 dissolution in the reservoir brine (eg. within an aquifer) is one of the primary trapping
mechanisms during CO2 geological storage (CGS). Significant amounts of injected CO2 can be
trapped in this way with the overall dissolution rate controlled by density-driven convective mix-
ing (CM). As such, the CO2 solutal convection results from the gravitational instability: under the
action of buoyancy the injected CO2 displaces reservoir brine from the reservoir top so that denser
CO2-saturated brine is found above a less dense original brine [1,2]. As a result, the typical dynamic
CM pattern includes descending fingers of CO2-saturated brine surrounded by ascending volumes
of original reservoir brine and accompanied by the progressive CM of CO2 [3].
After nearly 30 years of compehensive research efforts where significant part of results on the CO2
convective mixing was obtained via numerical analysis (cf. [4]), the reservoir-scale simulation re-
mains surprisingly scarce while dedicated reservoir simulators are generally poor in adequate de-
scription of more or less realistic CGS scenarios comprising the long-term dynamics of CO2 dissolu-
tion [5].
The main objectives of our current work were (1) to summarize the successful approaches to realistic
large-scale modelling of the CM during CGS (cf. [6]); (2) to understand the origin of principal restric-
tions which make inefficient the dedicated simulators, and (3) to specify possible ways to enhance
existing simulation models in order to estimate, for instance, the impact of CO2 dissolution on the
dynamics of the plume size and/or the CO2 storage. The essential result of the steps (1) and (2) was
the development of 3D computationally efficient model of the CM; in particular, besides the study
of dynamic dissolution regimes occurring after the solutal convection onset (eg. under the typical
Utsira conditions), the model has been applied for the realistic size and physical properties distri-
bution cases, cf. [7]. The direct comparison to dedicated simulators has demonstrated the limits in
their accuracy and computational performance. At the same time, it was found that a study of such
a kind may indicate the direction of possible model improvements. The necessary methodological
elements to be taken into account or to be developed and incorporated to the general workflow are
discussed in some detail together with examples demonstrating their application.
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Plants acquisition of soil resources such as nutrients and water will be severely impeded in the
near future as a consequence of climate change. Root hairs, tubular extensions of epidermal root
cells, substantially increase the contact area between roots and soil and are hence considered a key
rhizosphere trait increasing the capacity of plants to capture soil resources. While their pivotal role
in the uptake of immobile nutrients such as phosphorus is well accepted, their effect on root water
uptake remains controversial as it varies across plant species.
By means of image-based modelling, our objective was to identify environmental conditions (e.g.
soil water content) and hair traits (e.g. root hair length and density) that determine the effectiveness
of root hairs in root water uptake. Furthermore, we investigated the effect of drought stress-induced
root hair shrinkage on root water uptake.
Using synchrotron radiation X-ray CT, we scanned root compartments of 8 days old maize seedlings
(Zea Mays L.) grown in loamy soil, a complex porous medium. The acquired image-data served as a
basis for our image-based 3D root water uptake model. By solving Richards equation numerically,
we computed the propagation of water potential gradients across the root-soil continuum. The high
spatial resolution of the acquired images allowed to explicitly take rhizosphere features, such as
root hairs, root-soil matrix contact and aggregate structure into account. To determine the key
parameters governing the effectiveness of root hairs in water uptake, we compared a set of six maize
root compartments of approx. 1.4mm length before and after digitally removing their hairs. The
quantification of root hair turgor-loss in response to progressive soil drying allowed us to implement
hair shrinkage within our model.
We found that the effectiveness of root hairs in root water uptake mainly depends on 1) the root hair
induced increase in root soil contact and 2) root hair length. Furthermore, our results suggest that
root hairs potentially facilitate root water uptake under dry soil conditions (< -0.1MPa). However, in
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the dry range, root hair shrinkage severely impairs the effect of hairs. Depending on the turgor-loss
curve, root hairs may still provide a positive effect on root water uptake in a narrow range of soil
matric potential.

In summary, the effect of root hairs on root water uptake is determined by soil water content, root-
soil contact, root hair length and the turgor-loss point of hairs.
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Filtration is a well-researched industrial process in which solid particles are separated from a fluid
by becoming trapped within the filter’s internal structure. Recently, mathematical models have
offered a cost-effective means to advance understanding of the filtration process and improve filtra-
tion performance. However, many models exhibit shortcomings which include large computational
costs and an inability to incorporate multiple capture mechanisms. To negate these deficiencies,
we explore a size-structured approach for modelling particle filtration in which size is treated as an
independent variable .

In this paper, we outline the derivation of a size-structured model and analyze the system of equa-
tions for several filtration configurations. We demonstrate the distinct filtration behaviours induced
by the various capture mechanisms and, for certain cases, exploit the size of material parameters
by using asymptotic analysis to find analytic solutions. Furthermore, we illustrate the model’s pre-
dictive potential to maximize particle retention given an efficiency constraint. Finally, we explore
how the model’s dimensionless parameters influence the degree to which it fits with experimental
data.
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Drilling operations required for recovery of deep geothermal energy are often challenging. This is
due to the harsh downhole conditions encountered in geothermal wells, including high-pressure-
and-high-temperature (HPHT) and the toughness of the rock found in many geothermal formations.
Drilling in such environments requires special drilling fluid formulations that have high thermal
stability, good rheological properties, and excellent lubricity. A review of the literature reveals
two commonly observed problems in deep geothermal drilling operations, significantly increasing
drilling costs: a) lost circulation of drilling fluids in highly permeable fractured rock formations
and b) very low Rate of Penetration (RoP). Our literature review shows that RoP can be signifi-
cantly improved by underbalanced drilling using low viscosity and low-density drilling fluids, such
as foams and Colloidal Gas Aphron (CGA) systems (Zhu et. al., 2019). Note that such systems
to date have only been studied at relatively low temperatures and the challenge of increasing the
thermal stability of the formulation components needs to be addressed. Here we investigate novel
CGA systems and report preliminary results on the stability and rheological properties of novel CGA
formulations. In particular, we investigate the effect of laponite as a thermally stable alternative to
Xanthan Gum (XG) as a drilling fluid viscosifier. A domestic high shear homogeniser was utilised
in this study, which to our knowledge is a novel approach following low-cost innovation principles.
The advantages of this approach include higher degree of homogenisation and mixing speed tune-
ability compared to other household mixers commonly used in the literature. First, we observe that
the resulting CGAs have low measured densities of 0.43-0.56 g/ml, allowing underbalanced drilling
conditions. Second, all CGA drilling fluid formulations demonstrated shear thinning behaviour, fol-
lowing the Herschel-Bulkley rheological model. Third, our formulations after aphronisation showed
demonstrably higher low shear rate viscosities (LSRV) than before, which is a desirable property for
any drilling fluid. Fourth, we observed that laponite has a positive effect on the LSRV in drilling
fluids, and also supports the formation of CGAs. Our study proved that laponite is an effective vis-
cosifier in combination with organic polymers such as XG. Future research will investigate whether
XG can be substituted with laponite, as this enhances the thermal stability of drilling fluids (Huang
et al., 2019). Fifth, and most importantly, we observed that the surfactant chosen to stabilise the CGA
suspensions influences the size distribution of aphron bubbles in solution. In all samples, the use of
SDBS results in a larger bubble count compared to SDS. In addition, SDBS shows a narrower size dis-
tribution of bubbles, see Fig.1. To minimise lost circulation of drilling fluids in highly permeable
fractured geothermal reservoir formations, a larger bubble count is a positive factor with respect
to rock formation sealing capabilities of the drilling fluid. However, an optimal CGA bubble size
distribution will depend on the pore size distribution (PSD) of the rock formation. Here we pro-
pose that CGAs can potentially be designed as Lost Circulation Materials (LCM), by tuning bubble
size distributions to match the PSD in fractured geothermal reservoir formations.
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Microbially induced desaturation and precipitation (MIDP) is investigated for several engineering
applications in porous media. The MIDP process involves injecting a nutrient solution containing
calcium acetate and calcium nitrate in the subsurface, which stimulates indigenous nitrate-reducing
bacteria to convert these substrates into three main products: biogenic gas (mainly nitrogen and
some carbon dioxide), biomass and calcium carbonate biominerals. Each of these products affects
the hydraulic and mechanical properties of porous media. Biogenic gas desaturates the soil, which
increases the compressibility of the pore fluid, which dampens pore pressure build up during cyclic
loading of loose granular soils and can therefor be used to mitigate earthquake-induced liquefaction.
Precipitation of calcium carbonate minerals increases strength, stiffness and dilatancy precipitation
of unconsolidated sediments; and all three phases, biogenic gas, biominerals and biomass fill up the
pore space and reduce the hydraulic conductivity. This contribution highlights recent studies, which
demonstrated how the distribution, migration and permanence of biogenically formed gas is affected
by the reaction rate, the grain- or pore size distribution and pore connectivity and at a larger scale
by overburden pressure and soil stratification. Lab tests demonstrated that only a 10% reduction
in degree of saturation is sufficient to significantly increase the undrained cyclic shear resistance
of loose sands, while field tests demonstrated that MIDP treated sediments remained desaturated
for more than 3 years. A simplified numerical model was developed and used to simulate the bio-
chemical conversion and predict its affect on the hydraulic and mechanical properties. The model
was fitted on experimental data and simulations suggested that the coupled interaction between the
different phases resulted in very efficient clogging showing a permeability reduction of two orders
of magnitude with only 1 wt% of calcium carbonate. When multiple treatment cycles are applied or
multiple pore volumes are injected, local changes in hydraulic conductivity affect the distribution
of substrates and products, particularly during the first few cycles.
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AFm phases of hydrous Ca-aluminates Ca2Al(OH)6·Cl·2H2O (also known as hydrocalumite) and
Ca2Al(OH)6·I·2H2O were considered as adsorbent for radioactive anions. The layered structure of
hydocalumite is formed by distorted Ca-hydroxide and Al-hydroxide octahedra. Its interlayers are
formed by a highly ordered arrangement of Cl- anions and H2O molecules. It is structurally one of
the best understood of the layered double hydroxides (LDHs) and can serve as a good model for other
less ordered natural and synthetic LDH phases important for a wide variety of technological appli-
cations, such as environmental remediation, while only experimental studies of iodine-containing
AFm phases have been conducted.
In this work we studied hydrocalumite with chlorine and iodine anions in interlayer space as adsor-
bent for radionuclides 36Cl, 129I, 137Cs via molecular dynamics simulations. Performed computer
simulations allowed us to study both crystals properties and interaction of the same crystals with

Page 764



InterPore2023 / Book of Abstracts

aqueous solutions of CsCl and CsI.
The structural and dynamic properties for both systems were modelled with the ClayFF-MOH force
field model that is capable of realistically describe all interatomic interactions in such systems and
which can now more accurately account for the bending of Al−O−H and Ca−O−H angles in the min-
eral structure. Our results are confirmed with earlier atomistic simulations of hydrocalumite which
were among the first successful applications of the ClayFF force field model.
Study reported that stronger adsorption of Cl-, compared to adsorption of I-, leads to partial adsorp-
tion of Cs+ cation. This can be explained by the difference in van der Waals radius of Cl and I that
make up 175 pm for Cl and 198 pm for I. In addition, the diffusion decreases by an order of magnitude
at a distance of 3 A, which is consistent with previous works.
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In the field of materials engineering, there is a growing interest in the development of computa-
tional methods for microstructural evaluation. The three-dimensional scanning of materials using
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X-ray micro-computed tomography (micro-CT), in addition to being a non-destructive sample tech-
nique, presents a range of possibilities for analysis, allowing the measurement of textural parameters
and physical properties. One textural analysis is the pore size distribution, as an alternative to per-
forming a conventional laboratory test of mercury intrusion porosimetry (MIP). For this, the use
of microCT image processing software is necessary. There are several commercially available soft-
ware with this purpose. However, it can be highlighted the potential for using the open source
program called ImageJ, developed in Java at the National Institutes of Health, in the United States,
and constantly fed with the academic cooperation of several multidisciplinary researchers and users
worldwide, developing plugins and macros for processing and extracting attributes from 2D and 3D
images. In this context, this work proposes a method for microstructural evaluation of four geolog-
ical materials –two rocks: sandstone and carbonate, and two soils: sand and clayey soil –digitized
by micro-CT, in terms of porosity, size, and shape of pores, using the ImageJ program. Thus, the
workflow includes: (i) pre-processing, in which images and desirable characteristics are enhanced;
(ii) segmentation into phases of interest –in particular, porosity -, using a machine learning tool; (iii)
post-processing, separating the objects of interest into individual three-dimensional elements; (iv)
attribute extraction, in which size and shape measurements are made of these objects. From these
measurements, the engineer performs statistical analyzes that allow a better interpretation of the
measurements (volume, surface area, sphericity, elongation) and presentation of the textural param-
eters of the pore network (pore radius distribution and grain shape). The results obtained from the
image processing are validated by comparing the results of physical indices obtained experimentally.
Therefore, this work will show the applicability, limitations, and results of analyzes using the afore-
mentioned tools, concluding that as long as there are minimal computational conditions for image
processing, the analysis of materials can be done with academic quality and reliability in the public
domain.
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Ureolysis-Induced Calcium Carbonate Precipitation (UICP) is an emerging biotechnology which uti-
lizes the enzyme urease to convert urea and calcium into calcium carbonate (CaCO3) deposits for
numerous engineering applications. Studies have shown that UICP can be used to seal fractures in
shale, raising the possibility of applying this technology to restimulate fracking wells by plugging
underperforming fractures. For this and other applications to become a reality, a study is needed to
determine how effectively UICP seals shale fractures under subsurface conditions. These fractures
constitute a “macroporous”environment in which microorganisms and calcium mineralizing media
flow and react between pieces of proppant, though shale itself is an ultralow porous material on the
order of nanometers. Thus, it is also of interest to explore if the shale is affected by UICP treatment.
Low-field nuclear magnetic resonance (LF-NMR) is a non-invasive approach used to study porosity
and pore-size distributions in porous media using the principles of NMR relaxometry. In saturated
shale samples, hydrogen nuclei from water trapped in pores and fractures of increasing size have
increasingly longer rates of NMR T1 and T2 relaxation. Additionally, shale is rich in organics such
as bitumen and kerogen, which have a unique T1 and T2 relaxation signature. Thus, a T1- T2 re-
laxation correlation can provide insight into the organic and pore/fracture populations within the
shale. Tracking how the populations shift after UICP treatment can reveal the extent of biomineral-
ization and may indicate how the organic fraction is affected by UICP. Further insight is provided
by X-Ray computed tomography (CT) imaging, another non-invasive technique, which can quantify
changes in fracture volume along the length of the core and reveal how CaCO3 is distributed within
the fracture. In this study, two-inch long and one-inch wide shale cores with 1-2 mm fracture gap
were biomineralized with UICP treatment at 60℃ to mimic subsurface conditions although elevated
pressures were not applied. UICP treatment encompassed injection of S. pasteurii microorganisms
into the fracture, a brief attachment period, and then an injection of urea and calcium solution, fol-
lowed by a two-hour batch reaction time. Injections were repeated until three orders of magnitude
permeability reduction were measured. This study will present the results of CT imaging and NMR
analysis of the biomineralized cores. Non-invasive tools such as NMR and CT help reveal how UICP
treatment at elevated temperature affects shale properties and the extent of biomineralization within
fractures—and ultimately its suitability for deployment in the subsurface.
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The scientific community acknowledges the potential of low-salinity water (LSW) to increase the
recovery factor in sandstone and carbonate reservoirs (Nande & Patwardhan, 2022; Snosy et al.,
2020). LSW injection shifts the wettability of the rock to a water-wet state. It, therefore, promotes
the release of additional oil compared to the injection of high-salinity water, such as seawater or
formation brine.

On the other hand, many synthetic chemicals are commonly used as EOR agents (Gbadamosi et al.,
2019). Depending on their nature, these chemicals enhance oil recovery by either reducing the inter-
facial tension, altering wettability, or improving sweep efficiency, among other mechanisms.

Combining LSW with chemical injection could be mutually beneficial (Lee & Lee, 2019; Gbadamosi
et al., 2022). For instance, LSW reduces the adsorption of the EOR chemical in the rock. Even more,
the reduction of the interfacial tension and additional alteration of wettability enhance recovery of
the oil left behind by the injection of LSW. This synergy has successfully been tested in coreflood
experiments using model rocks (Berea) and model oils (Alagic & Skauge, 2010; Araz & Kamyabi,
2021).

This work assessed the potential of adding a chemical in low-salinity water to increase oil recovery
in a target sandstone reservoir. To that end, a coreflood experiment was performed in a sandstone
rock from a Mexican sandstone reservoir, using reservoir fluids (crude oil and synthetic formation
brine) at a temperature of 114 ℃ and a pressure of 4000 psi.

As the first step, a surface-active chemical was screened at the conditions of the target reservoir. To
this end, contact angle and interfacial tension measurements were performed. The selected chemical
(C1) can reduce interfacial tension (TIF) and alter wettability to a water-wet state.

The preparation procedure of the core is as follows. A homogeneous reservoir sandstone core was
saturated with synthetic formation water (FWs). Then, crude oil was injected until reaching irre-
ducible water saturation. Finally, the core saturated with oil at irreducible water was aged for two
weeks at reservoir pressure and temperature conditions.

Three injection fluids were used in this study: seawater (SW), diluted seawater as low salinity water
(LSW), and low salinity water with the selected chemical C1 dissolved in it (LSC1).

The injection scheme was performed as follows: SW was injected first to mimic secondary recov-
ery. Once no more oil was produced by SW injection, the tertiary mode was started by injecting
the fluid LSW. Again, after oil production stopped, the injection fluid was changed to LSC1. The
recovery factor, pressure drop, pH, and ion content of the produced brine were recorded during the
experiment.

The two fluids injected in tertiary mode, LSW and LSC1 increased the recovery factor by 6%. This
recovery confirms that reducing the salinity and adding the chemical C1 increases the recovery factor
in a reservoir core in an experiment conducted at reservoir temperature and pressure. In addition,
a core deformation at the end of the experiment was observed. This last phenomenon could be
attributed to compression and fines migration.
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The creation and properties of micro-porous carbons are of extreme importance for optimizing the
performance of battery and supercapacitor electrodes, as well as vehicular hydrogen storage. In
many cases, it is difficult to establish the microscopic structure of experimentally manufactured
porous carbons. Atomistic simulation methods with reactive potentials have shown promise to fill
this knowledge gap by creating realistic porous carbon structures. However, thus far such models
have been unable to reproduce low-density microporous carbon structures due to clustering of
atoms in high density regions, resulting in a small number of mesopores. Recently, we presented a
new method using virtual voids, generating excluded volume by a soft repulsive potential which is
progressively decoupled from the carbon atoms (Luo et al., 2021). This allows us to prevent densifica-
tion and to create disordered carbon models with porosities up to 90%. We vary the size and density
of the virtual voids and show that the mean of the pore size distribution and the accessible surface
area can be controlled. By choosing the desired porosity and virtual void size, we created amorphous
carbon models with mean pore sizes ranging from 10 to 32 Å, which agree favourably with experi-
mental pore sizes for low-density microporous carbons. Our key findings were as follows: 1. Using
the traditional quenched molecular dynamics simulation method, we confirm that carbon atoms are
likely to accumulate in high density regions, preventing the formation of microporous structures
[Ranganathan et al.,2017]. When using virtual voids, the carbon atoms and pores can be distributed
uniformly over the whole system to generate microporous carbon with an approximately Gaussian
pore size distribution and porosity up to 90%. The addition of virtual voids produced no significant
effects on the short-range bonding structure characteristics; 2. Using different sized virtual voids,
we gain control over the pore size distribution and surface area of the final structure. A Gaussian
function was fit to the pore size distributions, which worked particularly well for smaller virtual
void radius. Almost entirely microporous structures, with pore sizes < 20 Å, could be obtained using
a virtual void radius of 3-4 Å. At a density of 1 g/cc, mean pore sizes ranging from 10.3 Å to 21.6
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Å were found using virtual void radii from 3 Å to 10 Å, respectively. Here we extend our recent
work and generate multi-modal pore size distributions for low-density porous carbons, using
multi-modal distributions of virtual voids. This allows us to make more accurate comparisons with
experimentally generated micro-porous carbons, which often have a wide distribution of pore sizes.
Indeed, by using a combination of up to three different virtual void diameters, see Fig.1, we are able
to create amorphous porous carbon structures with pore size distributions closely resembling exper-
imental results. This enables us to create a comprehensive library of porous carbon structures using
our multi-modal virtual void method, complementing the limited number of experimentally gener-
ated porous carbons. In turn, this may allow us to design optimal carbon electrode structures
with respect to electrolyte permeability and carbon surface area.
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We experimentally investigate ice melting in porous media under overlaying saline water. Its ki-
netics provide key information to evaluate the consequences of seawater invasion into permafrost
zone caused by global climate change, as melted permafrost may release significant amount of un-
derground methane that further exacerbates the global warming.

Model permafrost is fabricated by glass bead-pack saturated with ice, at the temperature of -5℃.
Excessive NaCl aqueous solution initially lays above the model permafrost which further induces
melting. We vary glass bead diameter from 0.1-1 mm and salinity up to 25 wt%. Saline water is
dyed, so the melting front evolution can be recorded by camera. The fluid system is characterized
by its Rayleigh number, Ra=(k△ρgH)/(φμD), where △ρ is the density contrast between overlaying
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saline water and the diluted saline water that equilibrates to the ice under the experimental temper-
ature. The melting kinetics is evaluated by the Sherwood number, Sh, which is acquired by image
analysis.

Surprisingly, we identify three distinct modes of the melting kinetics, which are governed by the
value of Ra (Fig. 1):

Indico rendering error

Could not include image: Cannot read image data. Maybe not an image file?

1) The stable mode, in which case the melting front is horizontal and stably moving downward. The
concentration of the saline water is uniform, indicating good mixing in the melted zone. This mode
emerges when Ra > 1500, namely at high salinity and high permeability.
2) The critical mode, in which the melting front is flat but the concentration of the brine in the
melting zone is obviously non-uniform. Typical Rayleigh-Darcy convection can be identified in the
melted zone. This mode emerges when 330 < Ra < 1500.
3) The unstable mode, in which case fingers develop at the melting front. This mode emerges at low
salinity and low permeability that Ra < 330. We note that this low Ra is very common in practical
scenario for seawater invasion into permafrost zone.

We hypothesize that the emergence of these three modes is a result of the interplay between the
Rayleigh-Darcy convection and the dispersion kinetics. Stability analysis and numerical simulation
validate this hypothesis.

In the context of global warming, the unstable melting with fingering implies that seawater can
penetrate down through frozen layer of permafrost much deeper than previously estimated. It thus
brings higher risk for underground methane to be released into the atmosphere.
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Geologic storage of CO2 is a critical decarbonization pathway. CO2 and other fluids are primarily
stored through four trapping mechanisms (physical/structural, capillary, dissolution, and mineraliza-
tion trapping) all of which exhibit spatial-temporal changes throughout a porous material. Controls
on the distribution of mineral dissolution and carbonate precipitation and the evolution of porosity
and permeability as a function of in-situ and operational parameters is highly multivariate. This
research seeks to quantify the effects of early carbonate precipitation on formation CO2 storage ca-
pacity, hydrodynamic patterns, and mineralization rate with multiscale forward modeling in several
key storage rock lithologies. Here early time refers to a time period on the order of the lifetime of
an injection project (~50 years).

We posit that a strategic forward modeling approach using several pore-scale modeling tools and
multiple realizations of accessible reactive surface area afforded by high performance computing
(HPC) combined with complementary experimental data (feedback-loop) will: (a) elucidate the im-
pact of mineralization for a given range of routine petrophysical properties and (b) provide a frame-
work for upscaling the impact of concurrently investigated reactive transport functional relation-
ships. A combination of pore network models (PNM) and pore-scale computational fluid dynam-
ics (CFD) models are used for digital evaluation of key porous media transport properties that in-
form a reservoir-scale storage model: cell porosity, permeability, and brine-CO2 capillary pressure-
saturation (Pc-Sw) and relative permeability (Kr-Sw). The studied rock types represent a spectrum
of porosity, permeability, and reactive mineral surfaces: porous sandstones, volcanic-rich sand-
stones, igneous and metamorphic rocks (e.g., basalts and serpentinites), and synthetics/composites.
This work concentrates on two main injection scenarios, supercritical CO2 injection in deep saline
aquifers and dissolved CO2 injection in a mafic/ultramafic formation. The morphological distribu-
tions of mineral dissolution and carbonate precipitation (nucleation) are incorporated by way of
experimentally-based and theoretical models at the pore scale, determined or benchmarked by re-
active transport experiments and pre-/post-reaction characterization and imaging, generated from
concurrent in-house and collaborator studies. Pore-scale reactive transport modeling is also used to
establish local relationships, where applicable.

In consideration of the heterogeneous nature of geological formations and lithologies, the numerical
modeling with the precipitation rules will be applied to multiple 3D representations (informed by rou-
tine and special core analysis data and petrographic images) of the selected rock types, and a proba-
bility density distribution of the alteration and flow relationships will be established. To demonstrate
the impact of the pore-scale findings, the dynamic Pc-Sw and Kr-Sw relationship ranges acquired
from the pore-scale modeling processes are upscaled with a reservoir-scale model to show the effect
of pore-scale precipitation on storage capacity, hydrodynamic patterns, and the total mineralization
ratio of injected CO2 for a selected reservoir geometry and injection scenario. The authors note that
the multiscale workflow can be used to determine precipitation pathways for various environmen-
tal porous media including surface rocks, mine tailings, and the build environment. Ongoing and
future work will include incorporation of controlled fluidic experiments to inform the functional
relationships on carbonate precipitation, particularly in complex pore systems such as nanoscale
confinements.
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Natural gas hydrate (NGH) is considered as a type of potential clean energy resource concentrated
in permafrost layers and deep ocean floors. The hydrate reservoirs in South China Sea (SCS) have
small pore size (0.1 μm -100 μm) and extremely low intrinsic permeability (about 5 mD). and the
grains mainly range from clayey silt to silt. Permeability is one of the most decisive parameters
in controlling the distribution and concentration of gas hydrate and fluid flow in hydrate-bearing
sediments (HBS), which determines the efficiency of gas recovery from hydrate reservoirs.
Due to the extreme complexity of multiphase-flow experiments with hydrate, pore network model
(PNM) is widely used to estimate relative permeability. Percolation characteristics simulation results
largely rely on the accuracy and feasibility of physical equations in PNM, especially Darcy’s theory.
The accuracy and feasibility of PNM in simulating the gas and water relative permeability have been
proved in the coarse-grained hydrate-bearing porous media. However, in the fine-grained sediments,
numerous researchers have found that gas and water flow mechanisms is away from Darcy’s theory-
the basic theory of the PNM.
In this study, mercury penetration experiments were firstly conducted to obtain pore size distribution
of Berea sand and remolded hydrate-host sediments from SCS. Next, we made a criterion of the gas
flow regime in these two groups of sand based on the Knudsen number. In the following, Darcy
equations in the PNM code was modified based on the non-Darcy flow regime. After that, three-
dimensional pore networks were extracted from nano X-ray CT images of these two sand samples.
And then, based on the extracted pore network, gas and water flow simulation were conducted by
PNM with both original Darcy theory and the corrected no-Darcy function. At last, comparisons
were made between the two-phase flow relative permeability results calculated by original and the
corrected Darcy function to judge the gas and water relative permeabilities variation.
Results showed that gas-slip effect occurred in remolded hydrate-host sediments. Both gas and
water relative permeabilities at the same water saturation calculated by the corrected PNM code
with No-Darcy function were lower than those calculated by the original PNM with Darcy theory.
Results showed that the PNM used in low-permeability natural gas hydrate reservoir is essential to
be calibrated by non-Darcy theory function.
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Natural gas hydrate is a type of potential clean energy resource with vast reserves concentrated in
the permafrost and submarine deposits as a solid phase. During the hydrate exploitation process,
the hydrate transforms from a solid phase to the gas and water phases and flows in the porous me-
dia. Particle movement occurs in the pore space due to the hydrate phase transition, leading to the
variation of gas and water flow.
In this study, Micro X-Ray Computed Tomography (CT) and a pore network model (PNM) were
adopted to study gas and water flow during a continuous sand migration process in hydrate-bearing
porous media. First, the continuous hydrate dissociation experiment was conducted in the hydrate-
bearing sample with an optimal median grain size ratio (6.5) under conditions of a thermal-stimulated
process. Then, four groups of CT images were obtained and used to visualize the 3D pore network.
Next, pore space parameters are calculated after image processing. After that, gas and water flow
were analyzed by the PNM.
Results showed that in the early stage, the increase of pore space connectivity expansion caused by
hydrate dissociation was the main factor in gas-water flow increment. With the continuous hydrate
dissociation, the sharp increase of tiny pore and throat numbers caused by sand bridge structures
were the main factors leading to the decrease of both gas and water relative permeability. At the
final stage, sand migration and gas and water flow were mainly influenced by the occurrence of
stable sand bridge structures. Moreover, gas and water relative permeabilities at the same water
saturation were larger than that in the initial stage. And the extension of the pore space caused by
hydrate dissociation was in charge of this result. Sand bridge structure in controlling gas and water
relative permeabilities in this study can be considered as a micro mechanism reference in consider-
ing both sand production and fluid flow ability in hydrate-bearing porous media under the process
of hydrate dissociation.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

Yes, I would like to submit this presentation into the student poster award.

Country:

United Kingdom

Acceptance of the Terms & Conditions:

Click here to agree

Page 774



InterPore2023 / Book of Abstracts

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

Poster / 924

Effect ofWater on theMethaneAdsorption on theNa-Montmorillonite
Surface: Molecular Dynamics Study
Authors: Olga Solovyeva1; Vasily Pisarev2; Grigory Smirnov2

1 OmSTU University
2 HSE University

Corresponding Authors: grsmirnov@gmail.com, vpisarev@hse.ru, iolgasergeevna@yandex.ru

The study of methane adsorption on the surface and in the interlayer space of clay minerals is of
great importance for the exploration and production of natural gas and shale hydrocarbons. Substan-
tial part of the shale gas exists in the adsorbed state, so understanding the adsorption capacity as
well as mechanisms of adsorption is important to properly estimate the amount of shale gas and to
develop recovery strategies. Humidity is one of the key factors influencing gas adsorption. The goal
of this work is to study the effect of the water coverage of a weakly charged clay mineral in slit-like
pore on methane adsorption by the molecular dynamics method. An atomistic model of montmo-
rillonite with the structural formula Na0.75(Al3.75Mg0.25)(Si7.75Al0.25)O20(OH)4·2.5H2O was used
as a surface model. The interaction between the clay mineral, metal ions, and water molecules was
described by the ClayFF force field. The methane molecules were described by Trappe-UA and OPLS-
AA models. It was shown that the choice of the force field has little effect on the results. At STP
conditions methane molecules adsorb at the centers of free siloxane rings on the surface and water
molecules do not affect the adsorption mechanism.

As higher pressures (>6 MPa), two peaks are observed in the methane density profile, indicating
the presence of two methane adsorption layers near the pore walls. The first adsorption layer is
always ordered and contains methane even with high amount of H2O molecules. The structure of
the second adsorption layer depends on the pressure and amount of water.
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Current projections of the future energy consumption propose a radical reduction of conventional
energy use and that sustainable extraction of critical minerals should supply raw materials for re-
newable energy. With the global decline in the discovery rates of new mineral deposits, minimising
the energetic costs for processing minerals and metals is crucial to reducing the carbon footprint
and vital for the economic success of operations. For example, in mining, the comminution of raw
ore is the most significant energy sink. The energy consumption of the industrial process depends
significantly on the original material microstructure. Computational models of the coupled multi-
physics processes underpinning the relevant manufacturing steps constitute an indispensable tool
for optimisation in process, material, and energy extraction.

There are three challenges. First, the underlying coupled thermal, hydro-mechanical, chemical, and
electrical (THMCE) multi-physics processes are complex and often poorly understood. Second, the
solution of the coupled systems of partial differential equations (PDEs) is mathematically and com-
putationally challenging, and third, direct microstructural observations of dynamic processes in the
deforming porous medium are occluded to the observer.

To solve these challenges, we combine a new nonlocal multi-physics wave-mechanics theory to har-
ness the energy stored within the microstructure of solids by activating micro-macro-scale feedback
processes. We hypothesise that, by activating these feedback loops, we can turn raw materials into
active matter where a thermodynamic force can synergistically trigger a thermodynamic flux of an-
other kind. Recently, the study of such active matter in biological, biopolymers, colloidal systems,
and artificial particles gained significant momentum. Active matter, driven far from equilibrium on
its microscale, displays unexpected behaviour by local dissipation of internal energy under an exter-
nal forcing, for instance, displaying self-propelled motion and self-assembly. Under the right con-
ditions, an external load can sustain “perpetuum-mobile-like”behaviour. For a constant load, while
internal (microstructural) energy is available, the motion continues; otherwise, it stops.

Active matter involves chemical or fluid and mechanical mass fluxes to be unbalanced locally such
that no effective stress principle applies. It allows consideration of the possible interdependence of
solid pressure fluxes through matrix deformation enabling dehydration reactions for fluid release
mass fluxes in a nonlocal diffusive region. This interdependence can cause the local fluid pressure
to go through rapid changes accompanied by enforced mass exchange with the matrix environment
in the highly pressurized mixture. Such systems are understood as an entangled system in which
classical physics fails to describe the additional the capacity to tunnel through an energy barrier
through nonlocal interactions as in catalysts.

Here we discuss a promising application of the new approach. Novel breakthrough catalysts which
facilitate energy conversion or CO2 adsorption reactions have already been developed for renewable
energy in the laboratory scale. However, they are extremely delicate. Upscaling to a porous 3-D
network to achieve maximum surface for catalyst reaction without losing stability under operational
loads is crucial. A potential future breakthrough for use of the catalysts is their capability to operate
synergistically with the applied environment by unlocking a larger scale tunnelling effect up to the
system size.
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Air void is the primary passageway for water infiltration in asphalt pavements. Its morphological
characteristics and structure framework directly impact the inner water transfer behavior and fur-
ther decide the pavement performance in a water environment. However, the existing void analysis
method ignored the complicated void structure and failed to recognize the typical void elements,
which allows the research gap in assessing the effect of void structure on micro water transporta-
tion.
In this study, the digital processing based on X-ray CT images was conducted on three types of
asphalt mixture, including asphalt concrete (AC), stone matrix asphalt (SMA), and open-graded fric-
tion concrete (OGFC). The digital void model which consisted of the slices and frameworks was
developed. The evaluation indexes, including plumpness, roundness, frame angle, and vertical plane
angle, were established to assess the morphological characteristics of voids. After a comprehensive
investigation of the void slice and framework property, the typical elements consisting of the vertical
throat, corridor throat, tank, cone branch, and structured branch, were proposed. And the typical
void elements recognizing algorithm was developed.
The results show that the frame angle and vertical plane angle show superiority in the large angle
region in AC, indicating the void frameworks in AC are more tortuous than SMA and OGFC. The
roundness and plumpness of the void slices in OGFC are higher than that in the other two asphalt
mixture types, which concludes the voids in OGFC are relatively regular among the three types of
asphalt mixture. With regard to the typical elements, the proportion of the tank in OGFC is 15~20
% higher than that in AC and SMA, which indicates the void structure in OGFC contains extensive
large volume units for water storage. While the proportion of the vertical throat and corridor throat
in OGFC is lower than the other two asphalt mixture types. The proportion of the throat reaches 64
% in SMA, and 55 % in AC. This phenomenon indicates that it has more resistance for water seepage
in SMA and AC. In addition, the roundness and plumpness of the void throat in SMA are higher
than that in AC. While the vertical plane angle in SMA is lower than that in AC. That indicates the
framework of the void structure is straighter and the void slices are more regular in the throat of
SMA than in AC.
The result contributes to understanding the effect of the separated void structure on water trans-
portation behavior and proposed a method to recognize the typical elements of void in asphalt mix-
ture.
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With the rapid growth in the global demand for oil and gas resources and the successful development
of middle–shallow formations, the exploitation of oil and gas reservoirs is gradually extended to deep
formations. Hydraulic fracturing is a key technology for successful development of deep reservoirs.
However, the production of deep reservoirs faces the problem of “three highs”(high temperature,
high pressure, and high in-situ stress), resulting in the transformation of rock mechanical properties
from elasticity to plasticity. The hydraulic fracturing process in deep reservoirs involves complex
multi-physical effects, and the rock mass may exhibit extensive plastic deformation. The prevailing
fracture propagation models based on the linear elastic fracture mechanics are no longer applicable
to predict the evolution process of hydraulic fractures in deep formations. In this work, consider-
ing rock plasticity and thermal-hydro-mechanical coupling, the mathematical models of hydraulic
fracture propagation in deep reservoirs are established based on elasto-plastic theory, Biot’s the-
ory, local non-thermal equilibrium theory and cohesive zone model. The FEM and return-mapping
method are used to simulate the deformation of inelastic media with strong discontinuities. The
discontinuous pressure field and temperature field is simulated by the DFM and FVM. In addition, a
dual-layer iterative algorithm is proposed to solve the strong nonlinear systems by a combination
of the fixed-stress iteration, Picard iteration and Newton-Raphson iterative method. Then, the accu-
racy and ability of the proposed model are demonstrated through several reference cases. Finally,
the proposed model is applied to investigate the propagation mechanism of hydraulic fracture under
thermo-poro-elasto-plastic coupling. Results show thermal stress generated by the temperature dif-
ference between fracturing fluid and rock can reduce fracture extension pressure, and cooling effect
can reduce the adverse effect of rock plasticity on hydraulic fracturing. In addition, the increase
in fluid temperature during the fracturing process leads to a decrease in viscosity, which can also
reduce fracture extension pressure.
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A nonlocal approach here considers the microscopic interaction between skeleton and pore fluid in
an integrated way where the fluxes of both constituents are not bounded by the local equilibrium
assumption. Mass balance is achieved at the Representative Elementary Volume (RVE)-scale which
leads to the identification of new reaction and diffusion terms, here called cross-reaction and cross-
diffusion. These terms appear in addition to the self-diffusion process of the macroscopic system
described by local theories. We propose that they are key to pattern forming processes. Here we ap-
ply a reaction-diffusion formalism extended by nonlocal cross-diffusion/reactions terms for porome-
chanical processes and resolve additional system dynamics on shorter time and length scales that
have been overlooked. We argue that these processes are crucial for understanding the pathway to
instabilities of fluid-filled porous media and can alter the overall system behaviour in response to the
environment. This is hence essential for forecasting efforts of instabilities. For the overall system
response, it is necessary to identify situations for possible triggering of extreme events. These were
previously not captured since the cross-reaction/diffusion processes are assumed to have relaxed to
local equilibrium in classical theories.

Here we discuss one example (a natural geomaterial) where nonlocal interactions between the skele-
ton, the pore fluid and the environment are triggering large-scale instabilities. We consider a sub-
ducting slab where the hydrated mineral serpentinite starts to break down at a given temperature
during the plunge of the slab into the earth’s mantle. The mineral breakdown occurs only when there
is space for the fluid to flow thus requiring a porous environment. Serpentinite itself is, however,
a very tight formation and cracking (or local phase separation) is required to form the voids where
the fluid can flow into. This interaction is highly dynamic and cannot be described by a classical
self-diffusion formalism, while the nonlocal length and time scales become prominent. There are
two representative dynamical scenarios caused by these nonlocal interactions.

The first is a perfectly periodic long-time scale (multiple months) chemo-poro-mechanical oscillator
where a fast silent slip event is triggered by release of the internal energy of the geomaterial through
an exothermic reaction and fluids are generated inducing hydrofracturing, followed by slow creep
where the subduction process provides mechanical work to facilitate the endothermic rehydration
reaction. This phenomenon has been recognised in many subduction environments through GPS
recording of episodic oscillating silent slip. The fast dehydration branch is accompanied by seismic
tremor interpreted to be the consequence of the volume change. The term Episodic-Tremor and Slip
(ETS) has been coined to describe this fundamental thermodynamic oscillator.

The second dynamical scenario is a globally synchronised “violent”serpentinite dehydration event
that occurs when the cross-diffusion phenomenon takes short time-scale control over the subduction
process. During this event the exothermic processes are working in unison creating mechanical
work and providing a possible trigger for a major earthquake (as recorded 12 times over the past
6700 years in the Cascadia subduction zone) which is considered the archetype of silent subduction
systems underlined by ETS cycles.
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Digital Rocks Portal (DRP, https://www.digitalrocksportal.org) organizes and preserves imaged datasets
and experimental measurements of porous materials in subsurface, and beyond, with the mission to
connect them to simulation and analysis, as well as educate the research community. We have over
150 projects represented in more than 200 publications, and an active community that reuses the
data, most recently in multiple machine learning applications for automating image analysis as well
as the prediction of transport. Such automation is crucial for performing formation evaluation tasks
in near-real time. We present benchmark datasets that have played a role in recent machine learning
prediction successes in the field. We further discuss the vision for further research advances, edu-
cational materials, as well as growth and sustainability plan of this digital rock physics community
resource. In particular, we are in the process of expanding into a broader repository of engineered
porous materials, specifically those for energy storage and the portal will transition to Digital Porous
Media (DPM) in near future.
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The reduction of atmospheric greenhouse gas concentrations, for which CO2 contributes to 70% of
the greenhouse effect, involves securely trapping CO2 in the subsurface. This is done by one of
the four main mechanisms, namely structural, residual, dissolution, and mineral trapping [1-3], in
the order of their storage security. Dissolution trapping in deep saline aquifers occurs when the su-
percritical CO2 trapped below the cap rock dissolves into the brine underneath. The CO2-enriched
brine has a higher density than the ambient aquifer fluid, which causes it to form a gravitationally-
unstable layer between the pure brine and the supercritical CO2. This unstable layer’s destabilization
develops into a natural convection that brings the dissolved CO2 to the lower regions of the aquifer
while providing fresh brine to the brine-supercritical CO2 interface, in which the latter can further
dissolve [4,5].
This convective dissolution of CO2 in a brine saturating a granular porous medium was recently
investigated by Brouzet et al. [6] using refractive index matching and planar-laser-induced fluo-
rescence. In their study, the growth dynamics of the instability was significantly different from
Darcy-scale theoretical predictions. They explained this discrepancy by the coupling of heteroge-
neous advection and solute mixing at the pore scale, which cannot be accounted for by Darcy scale
models, unless they take local porosity fluctuations into account. These results suggest that Darcy
scale models of convective dissolution may underestimate the typical time scale of dissolution trap-
ping by up to several orders of magnitude.
In line with the work of Brouzet et al., we focus here on experimentally chacterizing the Rayleigh-
Darcy instability and resulting convection inside a three-dimensional (3D) granular porous medium.
That is, we decorrelate the convection from the dissolution, and use analog fluids to study the former
alone. The miscible light and heavy analog fluids’(solutions of Triton X-100, water, and zinc chlo-
ride) refractive index is matched to that of the porous medium’s transparent PMMA grains, to render
the medium transparent. The density difference between the fluids is achieved by adding a different
amount of ZnCl2. The heavier fluid initially carries a uniform colouring dye (Nile blue) concentra-
tion. We control the Rayleigh (Ra) number quantifying the initial strength of the instability, and the
Darcy number (Da) quantifying the model aquifer’s vertical size by changing the densities of fluids
and the size of the grains. A custom-made optical tomography scanner is used to reconstruct the
3D dye concentration field from horizontal cross-sections. The convection dynamics are analyzed
from the growth rate of the fingers and the finger number density. Measurements are performed
for various values of Ra, andand, independently, for each of them, for various values of the number
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Ra√Da, which quantifies the typical size of the most unstable instability mode with respect to the
typical pore size. The results seem to be consistent with the findings by Brouzet et al.
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This study sets out to investigate the anisotropy of clay swelling by comparing the free swelling of
specimens sampled radially and axially at different location in a large laboratory sedimented clay
sample 20 x 6cm (diameter x height). The free swelling was measured on 2 x 2cm (diameter x height)
cylindrical specimens sampled with stiff plastic containers having a closed based. The base had a
small hole to allow air to escape during the sampling process and a filter paper was position at the
base to allow uniform hydraulic boundary conditions during swelling. The sample was then placed
in the chamber of a H1 Nuclear Magnetic Resonance setup and porosity was assessed through inter-
pretation of the transverse relaxation time (T2) spectra. In addition, the setup used also provides the
water profile along the sample, which allows to study the uniformity of the pore structure before
and during swelling. Swelling was induced by filling the chamber with deionized water that entered
the specimen from the base of the sampler. The porosity and water profile were then assessed at
different time intervals and once marginal changes were observed the specimen was removed and
the free swell was additionally measured with a gauge. Specimens taken both in the radial and axial
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direction were compared, as well at different distances from the center line and the sample faces.
The results therefore address two issues related to homogeneity: the extent of initial pore structure
homogeneity in a large laboratory sedimented sample and the homogeneity in swelling of the pore
structure; besides swelling anisotropy due to preferential clay particles orientation during sedimen-
tation.
The preparation of resedimented artificial soil samples is a common practice in geotechnical labo-
ratory in many instances. Firstly, this may be applied to an intact sample (i.e. either block or core
samples) for removing its structure, defined here as the combination of particle bonding and fab-
ric. The aim being to quantifying the effects of such structure by subsequent comparison of the
mechanical behaviour of the two samples (e.g. Burland 1990; or Cotecchia & Chandler 2000). Sec-
ondly, this technique has been widely used to prepared specimens for mechanical testing of those
soils too difficult to sample without significant disturbance. Most commonly mine tailings, soil mix-
tures and intermediate soils, which tend to liquefy during sampling. In particular, Carraro & Prezzi
(2008) devised a method to be employed for the preparation of individual specimens, while others
(e.g. Shipton & Coop 2015) opted for batch production by using a large consolidometer to obtain a
large “cake”to be then subsampled. Such technique is also typically chosen when artificial mixtures
are prepared for ease and speed of production, e.g. when investigating fundamental aspects of soil
behaviour. The possible separation of components during the sedimentation process is of particular
concern in the case of soil mixture as this might result in heterogeneous samples. However, it has
been observed also when resedimenting “pure clay”samples (Stallebrass et al. 2008).
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Due to the complex and unpredictable dynamics of the waterflooding, optimization of oil recovery
in closed-loop management is always a difficult problem to solve. To maximize the total oil produc-
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tion, optimization of waterflooding using model-free reinforcement learning (RL) can potentially
increase the sweep efficiency of injection fluid. However, previous studies based on dynamic opti-
mization, such as nominal optimization, reactive-control approach, etc., often lack robustness in the
reservoir uncertainties. The presence of parametric uncertainties (like reservoir permeability, poros-
ity, wettability, etc.) can significantly reduce the recovery from the reservoir. These uncertainties
create problem for well control and reservoir management. In this study, we propose three model-
free RL approaches - proximal policy optimization (PPO), advantage actor-critic (A2C), and deep
deterministic policy gradient (DDPG). Tenth SPE Comparative Solution Project (SPE-10) waterflood
is a well-known and widely used reservoir case study, which is used to implement and assess the
proposed methodology. The saturation and pressure of well at various locations act as the states in
the RL formulation for optimizing well control, and the valve openings serve as the actions. The
reservoir permeability field is the uncertain model parameter, and the numerical reward is mapped
to the overall sweep efficiency. We have optimized the productivity of a 5-spot pattern by using the
proposed RL approaches. The results are compared with the differential evolution algorithm and
found the RL algorithms to be efficient and robust in optimizing the waterflooding process.
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Aquifer systems represent the major source for mankind’s drinking and irrigation water demands.
Throughout the past two decades, they have also increasingly got into focus for geothermal energy
usage. The protection of groundwater against detrimental impacts is essential to prevent or minimize
risks associated with contamination, water scarcity, and to ensure a sustainable transition towards
green energy. Together with issues related to the energy production itself (e.g. changing wind
abundance at wind parks leading to temporally unstable electricity supply), a large variability of
industries temporally as well as seasonally creates surpluses of energy. These surpluses are typically
not directly used (e.g., steelworks releasing heat into the atmosphere), which raises needs for (over-
)seasonal energy storage capacities to compensate supply-demand ratios.
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The BMBF-funded research project ‘UnClog-ATES’investigates one of the most common types of
storage systems, the so-called ‘aquifer thermal energy storage’(ATES) concept. With ATES, ther-
mal energy is intentionally stored underground for a later use. This can be done, for instance, by
extracting groundwater during the summer period from the ‘cold’well for cooling by using a heat
exchanger, and subsequently injecting the heated groundwater directly back into the aquifer to be
stored for heating purposes in the winter period. Borehole heat exchangers or (abandoned/partially
flooded) underground mines (see sister project ‘MineATES’) can also be used as parts of such energy
storage systems.

In the context of most existing ATES applications, elevated pressure and temperature conditions
can lead to unwanted mineral reactions, dissolution and chemical precipitation processes, floccula-
tion, or microbial growth, overall causing clogging and scaling. Among other factors such as rock
heat properties or available porosity, an adequate hydraulic permeability of the aquifer matrix is
crucial for successful ATES application . The aforementioned processes can hamper its proper func-
tioning, leading to decreasing aquifer permeability and increasing costs for, among others, cleaning
clogged pipes and replacing corroded parts. Clogging and scaling processes are to be deeply ana-
lyzed in Unclog-ATES, and technical countermeasures (e.g., scaling inhibitors, acids, or CO2) are to
be identified with an interdisciplinary consideration of microbiology, geology, hydrogeology and
geochemistry.

In the study presented here, we give an overview on influencing factors associated with clogging
and scaling in carbonate and silicate aquifers by employing a series of laboratory-scale experiments
under defined conditions mimicking typical ATES conditions (pressure, temperature, hydraulics, and
chemical composition). In specific, quasi-1-D column setups imitating the transport conditions in
the aquifer and, in parallel, batch experiments with intentionally varying chemical milieus and rock
compositions, will serve for analyzing possible hydrochemical reactions and precipitation processes
as wells as their impact on the system. Expected results of the UnClog-ATES project are predictions
for biogeochemical reactions, estimations on the clogging potential and the assessment of possible
countermeasures.
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Chemical reactions play a key role in the synthesis of specific substances, the removal of harmful
substances from mixtures, or in geochemical processes. Due to the increasing need of energy- and
resource-efficient processes, the optimization of such processes is an important step. High yield and
selectivity are desired. To identify optimization potentials, modeling and simulation is a suitable
tool to assist the process development. Reactive transport in porous media is a complex interplay of
flow, mass, and energy transport. The first step toward achieving such an optimization task is the
development of efficient algorithms for pore scale simulation in the case of complex reactions.
A chain of different software tools is utilized to resolve the chemical reactions enhanced by a catalyst.
The central component of this chain is the software tool PoreChem. With this tool, the convective
and diffusive transport in the porous medium and the chemical reactions are simulated. Moreover,
it is also possible to simulate the temperature distribution and its change due to heat of reaction or
external sources. The temperature, on the other hand, influences the reaction rate and therefore also
the performance of the reaction. Since the microstructure is resolved, the influence of the specific
geometry features on flow, mass, and energy transport can be investigated. In the case of complex
catalytic reactions, the choice of the reaction time scales is challenging.
In this presentation, several applications are investigated, e.g. packed bed reactors and catalytic
filters. Using simulation, it is shown how the interplay of the geometry, different transport mecha-
nisms, and the chemical reactions influence the outcome of the process.
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Atmospheric CO2 concentrations are expected to double over the next three decades, and reduc-
ing its emissions alone will not be enough to reduce greenhouse gas emissions and limit anthro-
pogenic warming. The removal of large quantities of CO2 from the atmosphere or the prevention
of newly produced CO2 from reaching the atmosphere is possible through the combination of car-
bon mineralization in basalt-hosted hydrogeologic systems with direct air or point source capture
technologies. Recent efforts in this direction have shown that rapid mineralization is possible, en-
suring the security of underground CO2 storage. However, predicting how far the injected CO2
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will migrate and how fast it will mineralize as it encounters spatial heterogeneity in basaltic for-
mations presents unique challenges to its full-scale implementation. Previous carbon sequestration
research, particularly in sedimentary rocks, has commonly investigated the effects of heterogene-
ity on CO2 migration, density-driven convection, dissolution efficiency, formation injectivity, and
leakage potential. Nonetheless, the efficiency of CO2 conversion to carbonate minerals in hetero-
geneous basaltic aquifers remains underexplored. In this study, we present our recent efforts to
constrain mineral surface area in laboratory experiments with the goal of improving predictions of
mineralization and evaluating its combined impacts with heterogeneity at the field scale. A combi-
nation of gas sorption measurements, Raman spectroscopy, and backscatter electron imaging (500
nm/pixel) with image processing techniques was utilized to quantify mineral-specific surface ar-
eas. We developed a continuum-scale reactive transport model based on these measured surface
area values and showed that predictions based on mineral-specific quantifications of surface area
are in reasonably good agreement with effluent chemistry produced from CO2 flow-through exper-
iments. While mineral surface area and porosity remain fixed, a spatially varying 3D permeability
field, defined by the Dykstra-Parsons coefficients and correlation lengths, introduces heterogeneity
to basaltic formations. We systematically generated an ensemble of 100 simulations and computed
the mean mineralization efficiency and corresponding correlation of variation in efficiency to an-
alyze the interplay between heterogeneity and the gravity-viscous ratio. Our findings show that
variability in permeability yields a greater interfacial area between free-phase CO2 and formation
fluids and thereby facilitates its enhanced transformation to carbonate minerals. In this context, we
demonstrate that, despite the uncertainty in heterogeneity and the inability to represent heterogene-
ity at an adequate scale in most numerical models, variability in permeability can enhance carbon
mineralization in basaltic aquifers, which has the potential to significantly reduce the global anthro-
pogenic CO2 budget and contribute to the achievement of an energy transition future.
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After CO2 is sequestrated into deep saline aquifers, it dissolves into underlaying brine. In presence
of Ca2+, extensive precipitation reaction may emerge. However, how precipitation reactions impact
CO2 dissolution kinetics is still an open question that affects the evaluation of sequestration safety
and efficiency. Three mechanisms are possible: (1) suspended particles changing fluid rheology;
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(2) cloudy suspension clog the throats and thus change porosity and permeability; and (3) particles
absorb on grain surface thus reduce the in-situ fluid density. Experiments are needed to find the
correct mechanism.

We thus conduct visualized experiments in a high-pressure chamber. Calcium hydroxide (Ca(OH)2)
solution saturated in bead-pack is positioned into CO2 atmosphere under 1Mpa, 25 ℃. Ca(OH)2 con-
centration is one order of magnitude lower than the saturated CO2 concentration, that reproduces
the ratio in practical scenarios. Permeability is tuned over five orders of magnitudes. pH indicator
is added into the liquid to enhance visualization.

In all experiments, we observe sharp front where pH quickly transients from 5 to 10, indicting a
stable reaction front. It is rationalized by the non-monotonic vertical density profile during the
reactive dissolution that the minimum density is at the reaction front. However, the behaviors of
precipitation in bulk and in porous media are fundamentally different:

• In bulk, CaCO3 particles are observed as cloudy suspension, that flows with the Rayleigh-Taylor
convection. In modeling such scenario, precipitation reactions affect the convection mainly by
changing the fluid rheology.

• In porous media, however, NO flowing CaCO3 particles or pore-blocking are observed. In-situ
microscopic experiments show very few CaCO3 particles exist, which all absorb on glass bead
surface and then re-dissolve (Figure 1(a)). In this case, precipitation rarely affects permeability
and porosity; however, as CaCO3 particles no longer flow with fluid, the fluid density at the
reaction front is significantly reduced compared to CaCO3 suspension, that affects the convection
kinetics.

We further quantitively record the reaction front velocity (U ) and correlate it with permeability (k).
We find the dissolution kinetics in high and low permeability media are remarkably different: in low
perm regime, the U is proportional to k; while in high perm regime, a sublinear U - k dependence is
observed that U approximates to a maximum value. We hypothesize that this transition is shaped
by 1) dominance of inertia term at large k, and 2) enlarged fluid density contrast due to particle
absorption. The transition point is theoretically predicted, and numerical simulation results supports
our hypothesis (Figure 1(b)).

This work presents experimental evidence that CaCO3 precipitation may not cause clogging or sus-
pension flow in porous media during CO2 sequestration. Instead, precipitation reactions in pore
structure accelerate CO2 dissolution rate, by limiting precipitated CaCO3 in pore geometry and on
grain surface, thus reshaping the in-situ fluid density which affects the buoyancy-driven convec-
tive dissolution kinetics. It thus helps to correctly simulate CO2 convective dissolution during its
subsurface sequestration.
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Figure 1: (a) experimental images in bulk and porous media with corresponding microscopic
observations; (b) U-k correlation curves obtained from experiments and numerical study.
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Ganglia (bubbles, or droplets) are widespread in porous media of various industrial applications.
Thermodynamic properties of a ganglion, such as its morphology, free energy, capillary pressure,
surface energy, etc., are crucial in determining its transport and reactive performance. Although
these in homogeneous porous media have been recently resolved [1, 2], it is still challenging to quan-
titatively describe the thermodynamic properties of ganglia in heterogeneous media [3-5].

We develop a pore-scale numerical algorithm for determining the thermodynamic properties of hy-
drostatic ganglia in heterogeneous porous media. We track cycles of quasi-static growth and quasi-
static shrinkage of a ganglion in a two-dimensional heterogeneous porous media, as shown in Fig-
ure.1(a). The algorithm is as follows:
(1) Create a heterogeneous porous medium and set the initial capillary pressure (Pc) and pore occu-
pancy of the ganglion.
(2) Find the hydrostatic morphology of the ganglia with set Pc and pore occupancy, and record its
properties including ganglion volume (V ), free energy (F ), surface area (A), etc.
(3) Make a small change in Pc while keeping pore occupancy unchanged, and then check whether a
new hydrostatic morphology can be achieved. If so, the change is reversible and we go back to step
(2) and continue. If not, an irreversible event emerges that changes pore occupancy while keeping
V unchanged, and we search for the new stable morphology.

This algorithm may be used to simulate degassing and dissolution process in heterogeneous porous
media and enhance our understanding of these processes. In addition, this algorithm may be used to
construct the energy landscape of the entire heterogeneous porous media. We believe that this work
helps better understand the behaviors of the dispersed phase in heterogeneous porous media.
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Figure 2: (a) Snapshots of ganglion growth in heterogeneous porous media. (b) Evolution of the
capillary pressure, surface free energy, and specific surface area with ganglion volume during
ganglion growth in heterogeneous porous media.
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Unconventional reservoirs play an important role in the path towards clean energy transition and
future energy demands. Several mechanisms are involved in the flow of fluids inside porous me-
dia with nano-pores which require accurate experimental and analytical evaluation that need to be
understood properly. Among different parameters, gas flow in shales is highly dependent on pore
pressure and net stress. During the production from an unconventional reservoir, two simultaneous
phenomena would occur. First, pore pressure decreases which results in an increase in gas slippage
effects. As a result, measured apparent gas permeability increases. On the other hand, by production
from the reservoir, net stress which is the difference between pore pressure and confining pressure
increases. As a result of this latter phenomenon, the size of the pores reduces which in turn causes
the measured permeability of the gas to reduce. In order to quantify the simultaneous impacts of
such phenomena, it is required to have reliable experimental data, especially for shale reservoirs in
the UK for which there is very little accurate data available.
The objective of this study is to implement a newly proposed methodology to take into account the
effects of pore pressure and net stress in a UK-based shale core sample. Based on our methodology,
several systematic pressure pulse decay (PPD) experiments were designed and performed at 50C
using an in-house core flooding experimental set up especially designed for measuring the proper-
ties of ultralow rock samples at high temperature and high pressure. Gas permeability of the shale
sample was measured at various pore pressure values ranging from 250 psi to 4500 psi for a constant
net stress of 500 psi. In another set of experiments, at constant pore pressure of 1500 psi, gas perme-
ability was measured at various net stress values ranging from 500 psi to 4000 psi by modifying the
confining stress.
The results showed that there are two different regions with time, i.e. early and late time region
(E/LTR). It was observed that the ETR permeability is less sensitive to pore pressure compared to
the LTR permeability. Moreover, it was observed that the LTR permeability continuously increase
with the reduction of pore pressure from 4500 psi to 250 psi, while for ETR there is no consistent
change in measured permeability. As it was expected, with an increase in net stress, both ETR and
LTR reduced dramatically.
We apply our methodology to simultaneously model the gas flow in shale samples and to present an
equation by which gas permeability can be predicted for any pore pressure and net stress.
The results of this study, can be used to generate more reliable simulation models of shale reservoirs
with focus on the UK based formations. Invaluable experimental data presented in this study are also
helpful for exploiting shale reservoirs in the UK both for clean energy production and gas storage
purposes.
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Today experimental and computational resources allow visualizing transport phenomena in ideal-
ized or more realistic pore geometries and modeling these processes starting from the first principles
of continuum mechanics (i.e., solving momentum- and mass-conservation equations by means of
tools borrowed from classic Computational Fluid Dynamics).
We briefly introduce these computational methods, which have become increasingly popular over
the last decade, and focus on the Volume Of Fluid method, which has been validated against multiphase-
flow experiment in pseudo two dimensional porous media 1 and has been used to elucidate the rela-
tionship between capillary pressure and the total surface energy of the system [2].
Then, we investigate the role of local inertial effects in influencing the morphology of the invading
front [3]. We pay particular attention to the characterization of abrupt events, to collective pore
filling, and to the effects of geometries of increasing complexity [4]. We discuss how local inertial
effects, resulting from surface energy instabilities and subsequent spontaneous reconfiguration of
the interface, cannot be avoided and how these processes are at the basis of hysteresis.
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This paper presents an experimental and simulation study to adequately identify the level of CO2-
Gas Condensate (CO2-GC) interaction during CO2 Huff-n-Puff injection in depleted gas condensate
reservoirs for enhanced condensate recovery (ECR) and CO2 storage. In this study, appropriate ex-
perimental phase behavior analysis and Equation of State (EOS) modeling were conducted using
synthetic-rich gas condensate mixtures. The results highlight the importance of EOS tuning in com-
positional modeling, especially as the fluid composition varies significantly in the reservoir and in
cases where the injected fluid is different from the resident fluid, particularly when the injected fluid
is CO2. A total of four injection cycles with incremental CO2 volumes relative to the initial resident
fluid volume prior to expansion were considered.
The observed PVT data was applied in designing a systematic CO2 Huff-n-Puff injection technique
considering the level of interaction between CO2 and resident fluid at the maximum condensate sat-
uration of the corresponding CO2-GC fluid mixture. This technique differs from the conventional
CO2 Huff-n-Puff injection method as it successfully optimizes the CO2 injection pressure and vol-
ume.
Experimental results revealed that condensate recovery would be enhanced similar to the conven-
tional CO2-Huff-n-Puff approach but with the added benefit of lower volumes of CO2 injected and
produced. The experimental results suggest condensate swelling and revaporization as the dominant
recovery mechanisms when the proposed CO2 H-n-P injection technique was implemented. The re-
covery potential of the proposed method is further investigated on different rock samples, including
high, low, and ultra-low permeability cores. Results suggest that although the proposed conden-
sate treatment technique can significantly alleviate condensate banking problems in Ultra-low and
low permeability gas condensate reservoirs, the condensate recovery and CO2 storage efficiency are
more profitable when implemented on high permeable reservoirs.
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We present a spatially and temporaly explicit mathematical model for root-soil interaction at the
microscale. This includes a cellular automaton model for dynamic rearrangement of soil particles
combined with a particulate organic matter turnover model. Additionally, the impact of root growth
and root exudates and their distribution into the soil on soil aggregation and stability are taken into
account.

We address the questions how soil aggregation and a growing root mutually interact in soils of dif-
ferent texture. We quantify how root shapes the rhizosphere and the bulk for instance by evaluating
the respective dynamical change in porosity.
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In 2022 a number of pre-exascale and exascale supercomputers had become available for scientists.
We took the opportunity of the pilot phase of the LUMI supercomputer to perform a number of
simulations of wormhole growth with an aim to use as much spatial information as possible. The
goal was to investigate if properties of growing wormholes could be recovered if sufficient resolution
is assured, and how porous matrix-wormhole interaction changes with CT resolution. Additionally,
samples used in this study underwent experimental studies. They were scanned before and after
the experiment, as well as during the dissolution. This 4D tomographic data and pressure history
provided necessary input for high-res simulations as well as validation framework.
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As the LUMI computer, as well as most of the newly built HPC machines, is based on GPUs we
decided to use the Lattice Boltzmann code as main flow and transport solver. LBM has signifi-
cant number-crunching performance thanks to its intrinsic parallelization properties which was
paramount for this study. Based on an open-source, highly parallel multi-GPU TCLB solver, we
design the model capable of handling Darcy - scale simulations with the initial porosity fields con-
structed based on X-ray microtomography images. In particular, we analyze the reactive-infiltration
instabilities, which lead to the formation of dissolution fingers (wormholes), in which both the flow
and reactant transport become spontaneously localized. Since dissolution fingers dramatically in-
crease permeability of the rock, wormholing is important both for industrial applications and in
hydrogeological studies. The main problem in modeling of wormholing is a multi-scale character
of this process, with flow and transport near a wormhole tip strongly coupled to the macroscopic
geometry of the emerging structures. The ability to perform large scale parametric and sensitivity
studies of wormholing constitutes thus an important addition to experimental studies, hence the
need for a high throughput simulator.

We test our numerical predictions against the data from time-lapse dissolution experiments in an
aim of constructing a predictive model capable of recovering time evolution of 3D wormhole shape
based on the initial X-ray tomography data.
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The atmosphere-soil system forms a highly coupled system, which makes key processes such as
evaporation complex to analyse as the mass, energy and momentum transfer is influenced by both
domains. To enhance the understanding of evaporation processes from soils, stable water isotopo-
logues are suitable tools to trace water movement within these systems as heavier isotopologues
enrich in the residual liquid phase. Due to the complex coupled processes involved in simulating
soil-water evaporation accurately, quantifying fractionation during flow and transport processes at
the soil-atmosphere interface remains an open research area. In this work, we present a multi-phase
multi-component transport model that resolves flow through the near surface atmosphere and the
soil, and models transport and fractionation of the stable water isotopologues using the numerical
simulation environment DuMuX. Using this coupled model, we simulate transport and fractiona-
tion processes of stable water isotopologues in soils and the atmosphere by solving compositional
flow equations and by using suitable coupling conditions at the soil-atmosphere interface instead of
commonly used parameterization.

In a series of examples of evaporation from bare soil, the transport and distribution of stable water
isotopologues are evaluated numerically with varied conditions and assumptions, including different
atmospheric conditions (turbulent/laminar flow, wind speed) and their impact on the spatial and
temporal distribution of the isotopic composition. Building on these results, we observed how the
enrichment of the isotopologues in soil is linked with the different stages of the evaporation process.
A qualitative study is conducted to verify single fractionation processes in our approach. As an
outlook, we will present how the coupling of the free-flow and the porous medium domain allows
us to use atmospheric measurements (which are often conducted at 2 m above the soil surface) and
account for convective transport in the free-flow region. Thus, we can validate our results by using
field-scale lysimeter experiments.
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Particulate flow in porous materials is a common phenomenon and also one of the big challenges in
flow dynamics. As one example, fines migration within porous rocks may block the pores and reduce
the permeability, leading to formation damage in subsurface reservoirs. Varied physical and chem-
ical parameters causing fines migration have been widely studied in many subsurface applications
such as geothermal exploitation, oil and gas extraction and carbon storage. However, the directly
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imaged evidence of porous structure changes and formation damage is still limited, which makes the
theoretical understanding of particulate flow challenging. This research has applied a combination
of two-dimension (2D) in-situ time-lapse radiography and three-dimension (3D) X-ray tomography
imaging techniques under in-situ sample environment to directly image and characterise the fines
migration and deposition in porous materials.

Time-lapse imaging experiment was performed at a high flux X-ray tomography scanner at Na-
tional X-ray Computed Tomography facility with within an in-house designed and 3D printed high-
pressure flow cell. A course-porous (pore size around 80-120 μm ) and a fine-porous (pore sizes
around 40 μm) sandstones and mix-size sintered glass beads (half pores around 80-120μm and half
pores <50μm) to form porous bed to analogue three different porous structure systems. A suspen-
sion fluid contains calcium carbonate powder (12μm) flew through the porous bed and deposited
inside and on top of the porous samples and this progress was captured using time-lapse radiogra-
phy images. X-ray tomography was performed before and after the experiment to quantify the pore
structure change and the deposition of particles. The results show that fine particles tended to fill the
pores evenly in the well-connected pore structure with larger pores (around 40-60μm) transformed
to small pores(20-40μm). Both internal and external filter cake were formed. While in the poorly
connected porous structure, pores filled the preferred flow pathways first and formed the external
filter cake. This imaging experiment quantified the fines migration deposition and migration within
the porous materials and the effects of pore structure controls spatially and temporally. The results
have improved the theoretical understanding of fine particles migration and deposition within var-
ied porous structure and will have wide applications in subsurface engineering, materials sciences
and material engineering.
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Bulk and leading-edge dynamics in glioblastoma invasion
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Abstract:
Despite significant recent advancements, the complex multi-scale brain tumour invasion patterns in
3D are still poorly understood. A particular role in the invasion patterns of the collective migration of
the glioblastoma cells populations is likely played by the distribution of micro-fibres, and to address
this aspect, in this talk we present our recent advances in this direction. Specifically, we will focus
on our recent 3D multiscale mathematical modelling and computational development that builds on
our previously introduced 2D multiscale moving-boundary framework and that is able to address
the 3D multiscale tumour dynamics. T1 weighted and DTI scans are used as initial conditions for our
model, and to parametrise the diffusion tensor. Numerical results show that including an anisotropic
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diffusion term may lead in some cases (for specific micro-fibre distributions) to significant changes in
tumour morphology, while in other cases, it has no effect. This may be caused by the underlying brain
structure and its microscopic fibre representation, which seems to influence cancer-invasion patterns
through the underlying cell-adhesion process that overshadows the diffusion process.
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Porous design of the nasal ducts of Arctic animals for efficient air
heating and moistening: An entropy generation approach
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Sophisticated porous structures are commonly used in nature for efficient heating/cooling, mixing,
uniform distribution of fluids and their components. Arctic animals have gained very efficient heat-
ing systems in their nasal ducts 1 and their design can be used for optimization of chemical reactors
[2], heaters/coolers and other engineered units. Among them are spiral-type 1, fractal-type [3], and
porous-type structures in the nasal ducts of Antarctic, desert and other animals accommodated to
extremal ambient conditions. Thermodynamic approach can be helpful in (i) understanding the phys-
ical mechanisms underlying the porous structure and function of the tissue/organ; (ii) understanding
the evolutional optimization processes; (iii) reasonable implementation of the nature-inspired design
in engineered systems. The shape optimization approach based on minimal viscous or thermal dis-
sipation is widely used in mechanical, chemical, biomedical and aerospace engineering, while the
minimal entropy generation Sirr approach combines both of them as well as other dissipation sources
in one optimization criteria Sirr min.
Here the porous design of the nasal ducts of seals and its efficiency for heating/moistening the
inhaled cold dry air and cooling/drying the exhaled air is studied based on non-equilibrium thermo-
dynamics. Detailed geometry of the structure was determined from CT images. The volume of the
air passages along the duct Va(z) determines the hydraulic resistance for the flow, while the surface
area Sa(z) of the porous structure that is is direct contact with air provides the heat conduction and
water evaporation/absorption.
An equivalent 1D model of the nasal duct as a tube with the same functions Va(z) and Sa(z) is consid-
ered. The governing equations for the temperatures and water concentration in the air and several
tissue compartments (mucus, interstitia, arteries and veins) have been obtained from general heat

Page 800

https://i.ibb.co/Jj6WDfF/Interpore2023-wcx-figure1.png
https://i.ibb.co/Jj6WDfF/Interpore2023-wcx-figure1.png


InterPore2023 / Book of Abstracts

and mass balance equations. The cross-coupled heat and mass transfer phenomena are taken into
account. Solution of the system has been composed for different boundary conditions and model
parameters by numerical methods. The mean axial velocity, pressure, temperature and water vapor
concentrations in each cross-section of the porous structure have been computed as functions of the
longitudinal coordinate. The entropy production Sirr due to the irreversible physical phenomena in
the system has been computed as a function Sirr(z) along the duct.
It was shown that the complexity of porous structures in the nasal cavity of Arctic seals ensure their
high efficiency for the heating/moistening of the inhaled air at low ambient temperatures till -30C
compared to the Mediterranean seals which can hardly survive in such low temperatures. The im-
portance of the surface/volume ratio Sa/Va(z) for the heating/cooling and moistening/drying of the
air or gas flow has been studied. It is shown the entropy production Sirr is an important parameter
for the shape optimization of the fluid-flow based systems. The input of the heat dissipation, pres-
sure loss and viscous dissipation to Sirr is revealed. The contributions to the energy dissipation from
heat flow, viscous flow and moisture loss is discussed. Possible engineered applications of the nature
inspired porous structures are listed. An importance of minimum entropy generation principle is
discussed.
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Pseudo-Thermodynamics of Immiscible Two-Phase Flow inPorous
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The problem of immiscible and incompressible two-phase flow in porous media can be recast in terms
of the average seepage velocity of the wetting- and non-wetting fluids and a novel velocity called the
co-moving velocity, which has the potential of simplifying the theoretical description of macroscopic
flow properties 1. The theory is based on degree-1 Euler homogeneity of the total volumetric flow
rate through the porous medium, and the framework takes on the appearance of a thermodynamic
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theory. The co-moving velocity is the quantity that bridges the gap between the measurable seepage
velocities and the abstract thermodynamic velocities that appear in the thermodynamic theory. It
has been shown both numerically and experimentally that the co-moving velocity has a particularily
simple behaviour [2], and understanding the role of this quantity in a more general theoretic setting
might aid our intuition for this abstract velocity.

We will present different interpretations of the transformation from the seepage velocities to the
total seepage- and co-moving velocity in the context of a pseudo-thermodynamic theory with as
few variables as possible. This will lead us to make the connection between the flow quantities
and differential geometry, and show that one is able to regain results from previous works and
uncover new descriptions of the flow by convenient coordinate-changes on the space of extensive
pore-areas. We discuss a general description of the flow-quantities based on vector fields, and the
relation between our framework and the broader field of geometric thermodynamics.
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This study uses an experimental approach to estimate the average longitudinal
and transverse dispersion coefficients in a homogeneous, non-uniform, and anisotropic porous medium
during miscible displacement. Traditionally, most miscible displacement studies have focused on re-
covery factor and recovery mechanism and the Peclet number is used to find the dispersion and
diffusion coefficients from mathematical correlations. This study employs a unique method to es-
timate the longitudinal and transverse dispersion coefficients. A unique image processing tool is
developed and used to analyze the developing mixing zone. Concentration profiles from the pro-
cessed images are then used to collaborate with Bayesian estimator tool, which is developed to find
the dispersion coefficients in the analytical solution of the Convection-Diffusion Equation (CDE).
The results confirm that both longitudinal and transverse dispersion coefficients strongly depend on
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the velocity of the displacing fluid. The effects of anisotropy on miscible mass transport are investi-
gated in this study using this unique method and longitudinal and transverse dispersion coefficients
are estimated.
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A Microfluidic Platform to Study Asphaltene Deposition; Study-
ing the Effect of Operating Conditions
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Asphaltenes are analogous to the “cholesterol”of crude oils, so they may cause significant flow as-
surance problems to various oil and gas processes such as the plugging of pipelines, the damage
of rock formations, and the stabilization of viscous water-in-oil emulsions, and negatively affect
the economy of the oil recovery, transportation, and processing by increasing operational expen-
ditures (OPEX). Having a comprehensive understanding of the interfacial behaviour of asphaltene
helps researchers to accurately design solutions for the asphaltene related issues. In this work, the
microfluidic devices and image analysis is used to visualize fluid flow in porous media and inves-
tigate asphaltene deposition. Effect of operating conditions on asphaltene deposition is important,
however, it has been investigated in very few research works. This study examines the effect of
operating conditions, e.g., pressure and gas injection, on asphaltene deposition in the porous media
using microfluidic platform. Conducting experiments under different operating conditions alters the
amount of asphaltene deposition due to changes in the amount of asphaltene precipitation (chang-
ing the solubility of asphaltene in oil mixture) and deposition mechanisms, e.g., adsorption. To
capture these phenomena, an automated image-based computational technique was used to assess
high-fidelity information on asphaltene deposition in a microfluidic device. For this purpose, the
advanced image-processing algorithm was used in LabVIEW to evaluate the quantity of asphaltene
deposition. The asphaltene was extracted from Athabasca oil with the initial content of 15 wt%. A
method by combining ASTM D2007-80 and ASTM D6560-00 was used to double wash asphaltene by
toluene and using a Soxhlet. Then, the synthetic oil was made with the same asphaltene content of
the original oil of 85 wt% toluene and 15 wt% dried asphaltene. The deposition of asphaltene was vi-
sualized using a high-resolution camera (Canon 6D) and a 105 mm macro lens. The image processing
technique is able to accurately measure the quantity of deposition within the micromodel using dif-
ferent operating conditions. The research also suggested that microfluid devices offer a reliable and
unique reproduction of porous media that can be used to study the flow assurance issues.
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The generalized physics-based scaling curve method proposed by Patzek et al. (2013) is an excel-
lent alternative to the decline curve methods that forecast gas production from shale reservoirs.
However, it still neglects the multiphase flow effects and may lead to unreliable hydrocarbon pro-
duction prediction from mudrock reservoirs. In this study, we perform a global sensitivity analysis
using a compositional reservoir simulator to analyze the sensitivity of the scaling factors describ-
ing the physics-based method to multiphase flow effects varying selected input factors. We built
a conceptual reservoir model of a typical, hydraulically fractured shale condensate gas well using
a commercial reservoir simulator. We select the fluid input factors and their range of possible val-
ues over which we analyze the scaling curve. We perform a space-filling design using the MaxiMin
Latin Hypercube sampling method. We run our simulation tests and estimate the scaling parameters:
characteristic time of pressure interference between neighboring hydraulic fractures (τ ) and hydro-
carbon mass in place in the stimulated reservoir volume (MSRV ). We then calibrate a surrogate
model to map the relationship between the multiphase flow properties and the scaling parameters
using Bayesian optimization. Finally, we identify the key parameters affecting the shale condensate
gas mudrock plays forecasting using global sensitivity analysis (“Sobol” indices). Our results show
the relative contribution of the multiphase flow input factors of the reservoir simulator to the vari-
ance of the physics-based curve scaling parameters. We demonstrate the importance of reservoir
permeability, initial condensate/gas ratio (CGR), initial reservoir pressure, wet-gas phase behavior,
and hydraulic fracture spacing in the variations of M and τ . We show that the mudrock ultimate
recovery factor (EUR) prediction when the condensate saturation around the wellbore is below a crit-
ical saturation may be accurately estimated using the single-phase solution. Finally, we highlight
the limitations of using the single-phase physics-based scaling curve method to forecast condensate
gas production from low-permeability reservoirs.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

Page 804



InterPore2023 / Book of Abstracts

Yes, I would like to submit this presentation into the student poster award.

Country:

Saudi Arabia

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

MS01 / 957

Visualizing the Effect of Gravity on Hydrogen Redistribution at
Pore Scale
Author: Omid Shahrokhi1

Co-authors: Amir Jahanbakhsh 1; Puyan Bakhshi 1; John Andresen 1; M. Mercedes Maroto-Valer 1

1 Heriot-Watt University

CorrespondingAuthors: o.shahrokhi@hw.ac.uk, a.jahanbakhsh@hw.ac.uk, j.andresen@hw.ac.uk, pb62@hw.ac.uk,
m.maroto-valer@hw.ac.uk

Hydrogen is considered a low-carbon fuel that can potentially contribute to the large-scale decar-
bonization of different sectors, including power generation, heating, transportation, and industry.
Blending hydrogen into national gas distribution networks can also help decarbonize distributed car-
bon emissions from domestic consumers where carbon capture is not feasible. More pilot projects
worldwide, such as H100 Fife and HYDeploy2 in the UK and HyGrid in Long Island, US [1–3], are
showcasing the use of hydrogen in the national gas networks. The reliable and robust operation of
a gas network at the national scale (12 to 51TWh of hydrogen in the case of the UK national gas
network [4]) would critically require safe and efficient large-scale hydrogen storage. As an example,
to meet the UK’s seasonal demand and production variations from intermittent renewable energies,
0.37-1.58 billion cubic meters of hydrogen storage capacity is required which represents 25-105% of
the current UK strategic natural gas storage capacity [5]. This means large-scale repurposing of cur-
rent storage sites (both salt caverns and depleted gas reservoirs) and the development of new sites.
To unlock the large-scale storage capacity of depleted gas reservoirs and saline aquifers for efficient
hydrogen storage, understanding the flow and trapping mechanisms of hydrogen at the pore scale in
contact with resident fluids is essential. To achieve this, a set of experiments is designed to explore
the fluid distribution in cyclic fluid displacements representative of seasonal storage and production
of hydrogen in subsurface reservoirs. These cyclic flow experiments are performed in a sandstone
core and the fluid distribution at the pore scale is imaged by an X-ray micro-computed tomography
(micro-CT) rig with a cubic voxel size of 3x3x3 microns. To achieve the highest imaging resolution
with our in-house testing rig, a core sample size of 5mm diameter and 10mm length is selected. The
outlet pressure is maintained by the receiving pump at 7.0 MPa. The fluids are injected through the
core at a constant flow rate of 5 mL/hr to ensure capillary-dominated flow. Potassium iodide (KI) salt
is dissolved as a dopant in the brine to provide effective contrast between the brine, hydrogen, and
rock sections of the images. To ensure gravity-stable fronts, hydrogen is injected from the top and
brine from the bottom of the core holder. The alternate injection of hydrogen and brine is then per-
formed until no significant change in saturations is observed along the sample. After gas injection
an average hydrogen saturation of 32% is observed in the core sample, however, about 6% fluctuation
in saturations is observed. The core is then isolated for 30 days, and the imaging experiment was
repeated. The amount of the displaced hydrogen by buoyancy effect and its distributions is then
discussed. This provides insight into hydrogen displacement by gravity forces. Ongoing studies are
investigating the trapping of hydrogen at similar flow conditions at the pore and core scale.
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Capillary trapping is an effective and rapid mechanism for CO2 storage in underground formation,
which has been studied by many researchers. However, the long-term storage of trapped CO2 can be
affected due to its dissolution into non-CO2 equilibrated brine. Understanding the mass transfer of
CO2 into formation brine both qualitatively and quantitively is crucial for improving the security of
geologic carbon storage. The aim of this project is to develop an understanding of the trapped CO2
dissolution behavior in carbonate rocks using X-ray micro-tomography. In this project, CO2-brine
flow experiments were performed using a unique X-ray transparent flow apparatus, specifically de-
signed for 120 ℃ and 200 bar. After establishing the residual saturation of supercritical CO2 (i.e.,
trapped CO2) using CO2-equilibrated brine, the sample was scanned after injecting pre-determined
pore volumes (e.g., 0.5 PV, 1.0 PV) of non-CO2 equilibrated brine. The results shows that CO2 satu-
ration decreases from 17.34% to 7.5% with 1 PV injection of non-CO2 equilibrated brine. In spite of
slow injection rate, two unique pore-scale processes were observed, i.e., CO2 dissolution and CO2
re-mobilisation. This study will be extended to 4D (i.e., time-resolved 3D) synchrotron imaging to
obtain a better understanding of these interlinked dynamics.
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Thermal degradation is a key element that determines the success of polymer projects. The published
work conducted on commercial polymers such as HPAM has suggested the infeasibility of polymers
used in harsh reservoir environments. Nonetheless, with recent advances in polymer technology
interest in numerical simulation evaluation on field-scale harsh reservoir environments has revived.
In this project, we aim to study the impact of thermal degradation, hydrolysis reaction, and salinity
simultaneously on polymer flood performance in a full field scale heterogeneous and harsh reservoir
environment. A set of sensitivities on operating parameters will set the strategy to minimize the
impact of degradation of polymer flood performance. To reduce the computation time of full-field
scale numerical simulation a workflow and method to upscale the polymer degradation model will
be established to facilitate an efficient simulation computing time.
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Intensive diagenesis and unprecedented contribution of organisms are often reflected in complex
internal structure of carbonate rocks. The related values of permeability coefficient may thus show
observable changes even at plug scale. The majority of existing permeability estimation workflows
either only deliver a whole-sample value of this parameter or its distribution in one direction. Con-
sidering high complexity of carbonates, this study aims to develop a new way of slice-to-slice per-
meability estimation in at least three directions using nuclear magnetic resonance imaging. The
model is based on a modified form of the SDR equation, where transverse relaxation time log mean
(T2lm) is computed for a number of slices acquired within a small plug sample. Two plugs represent-
ing reef carbonates of the Late Permian Zechstein Limestone formation (Ca1) of West Poland were
tested. Their diameter and height were roughly 2.54 cm and 1.2 cm, respectively. Whole-sample
and slice measurements were performed on plugs saturated with demineralized water. Eight images
representing 1.5 mm-thick slices were acquired and stacked for each plug under different echo time
values using Spin-Echo 2D sequence at 0.6 T. The echo times used for slices were: 7, 14, 28, 42, 56, 70
and 84 ms, whereas the corresponding echo time range for whole-sample scans was from 7 to 327 ms.
The repetition time was equal to 3000 ms, number of scans was 32 and the resolution of the images
was 0.5 mm × 0.5 mm × 1.5 mm. MATLAB software was used to compute the whole-sample T2lm
by bi-exponential curve fitting to signal intensity vs. echo time data. Mercury Injection Capillary
Pressure (MICP) measurements were carried out to obtain global plug permeability, while low-field
NMR relaxometry studies of saturated samples gave global porosity. The low-field experiments were
realized at 0.05 T using echo time of 100 μs and number of scans equal to 256. The whole-sample
T2lm, global MICP permeability, and low-field NMR porosity were used to compute the calibration
factor in the SDR equation. Having resolved the factor and derived slice-to-slice porosity by cal-
ibrating the MRI data to the global porosity value, slice permeability in xy, xz and yz planes was
estimated. Lastly, pore geometry was verified using transmitted light polarizing microscopy. The
obtained results delineated different sample characteristics with permeability ranging from several
to several tens of mD. The porosity-permeability relations were also variable, giving the determina-
tion coefficients of 0.57 and 0.94 for samples characterized by average permeability close to 7 mD and
40 mD, respectively. Such results were compliant with pore geometry observed at microscopic scale,
where worse permeability could be attributed to less uniform pore size distribution and weaker pore
communication. It seems that the proposed workflow can help determine the causes of small-scale
permeability changes as well as identify the potential risks of abrupt permeability reduction in cho-
sen reservoir regions. Complex reservoir characterization would, however, require extending the
population of samples.
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Authors: Reed Maxwell1; Laura Condon2

Co-authors: Elena Leonarduzzi 1; Yueling Ma 1; Andrew Bennett 2; Hoang Tran 3; Peter Melchior 1

1 Princeton University
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don@arizona.edu, leonarduzzi@princeton.edu, hoang.tran@pnnl.gov, reedmaxwell@princeton.edu

Today, water and resource managers face a huge challenge managing systems that are rapidly evolv-
ing in a warming climate, and where historical observations are no longer a reliable guide. Existing
water management tools significantly lag the state of the science and are often ill-equipped to pro-
vide reliable forecasts under these conditions. Similarly, historical observations are of limited use on
their own, without additional modeling and analysis. Simulations with integrated hydrology models
(that solve the 3D Richards’ equation and 2D shallow water equations in a globally-implicit manner)
provide robust results all the way to continental scales, yet are computationally expensive, running
on supercomputers. Our approach trains Machine Learning (ML) emulators of integrated hydrology
models to drastically reduce the computational burden. We combine these emulator approaches with
both purely data-driven approaches and Simulation-Based Inference, to generate seasonal to annual
hydrologic scenarios of both groundwater and surface water systems using observations and sophis-
ticated physics-based hydrologic models. This talk will highlight the technical challenges of this
rapidly developing branch of hydrologic modeling and discuss the platform we have developed, Hy-
droGEN, which provides seasonal forecasts over the Continental US (CONUS). We will also the path
forward for this platform and ongoing work to develop inclusive and diverse pilot studies.
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Leonarduzzi, E., Tran, H.V., Bansal, V., Hull, R., De La Fuente, L., Bearup, L.A., Melchior, P., Condon,
L.E. and Maxwell, R.M. Training machine learning with physics-based simulations to predict 2D soil
moisture fields in a changing climate. Frontiers in Water, DOI:10.3389/frwa.2022.927113, 2022.
Maxwell, R.M., Condon, L.E., Mechior, P. A Physics-Informed, Machine Learning Emulator of a 2D Sur-
face Water Model: What Temporal Networks and Simulation-Based Inference Can Help Us Learn about
Hydrologic Processes, Water, 13:3633, doi:10.3390/w13243633, 2021.
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chior, P., Condon, L.E., and Maxwell, R.M. Development of a Deep Learning Emulator for a Distributed
Groundwater-Surface Water Model: ParFlow-ML. Water,13(23), 3393, doi:10.3390/w13233393, 2021.
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Corner flow Impact in forced imbibition by color lattice Boltz-
mann model
Authors: Jianchao Cai1; Yang LiuNone; Steffen Berg2; Yang Ju3
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CorrespondingAuthors: juy@cumtb.edu.c, caijc@cug.edu.cn, steffen.berg@shell.com, liuycug@126.com

Capillarity in porous media plays a crucial role in many engineering and industrial processes, such
as enhanced oil recovery and groundwater contamination remediation. Due to the instabilities at
the two-phase interface, the defending fluids in these processes are often not effectively displaced.
Therefore, it is of great significance to study capillary-driven flow in natural rocks at the pore scale,
especially under the completely wetting and viscously unfavorable conditions due to their contribu-
tion to interfacial instability. In this work, numerical simulations of forced imbibition in three natu-
ral porous media are carried out at four different injection rates based on the color lattice Boltzmann
model. The interfacial evolution and in situ fluid distribution are analyzed from several perspectives.
Results show that as the capillary number, expressed in logarithms, varies from −2.5 to −4.0, the flow
characteristics of the invading fluid change from leading films on the solid surface of large pores to
corner flow along the pore corners of pores with different sizes, the dominant pore filling event
changes from ganglion dynamics to snap-off trapping, and the morphology of the displacement
front changes from viscous fingering to a rough but uniform characteristic. These changes at the
two-phase interface determine the fluid distribution and fluid structure, controlling the microscopic
displacement efficiency, interface area and fluid connectivity. This work investigates for imbibition
of the local and global flow physics and dynamics, the mechanical nature and the resulting effects
of interfacial instability under unfavorable conditions, which help to deepen our understanding of
the microscopic mechanism of forced imbibition.

Participation:

Online

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

China

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

967

Electrolyte Wetting in the Production of Lithium-Ion Batteries:
A Simulation Approach on Multiple Scales
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Driven by electromobility, the demand for lithium-ion batteries is strongly rising. Hence, it is imper-
ative to increase the production capacities by optimizing production processes. After cell assembly,
an important but time-consuming step is the addition of the liquid electrolyte. It is supposed to fill
the electrode and separator pores homogenously. Driven by capillary forces and external pressure,
the wetting process may take several hours. Moreover, since there is no inline characterization of
the wetting state yet, duration and process control are often based on experience or trial and error.
We propose to support process design by numerical simulations on multiple scales: On the macro-
scopic cell scale, we developed a new approach based on extended Navier-Stokes-Brinkman equa-
tions considering capillary forces as major driving force. Furthermore, the model does not only
account for the effective electrolyte flow, but also for the residual gas-phase inside the pores. The
new approach was implemented in our software framework CoRheoS FLUID enabling the computa-
tion of time and space evolution of the electrolyte distribution.
As input parameters, the outlined cell-scale approach requires knowledge of the saturation depen-
dent capillary pressure and the permeability of the microstructures present in the sheet stack of the
cell, i.e. anode, separator and cathode. To obtain those quantities, we perform microstructure sim-
ulations of fully resolved representative parts of the sheets. For structure generation and property
computation, the software GeoDict is used.
In this presentation, we will describe our models and workflow starting from the relevant microstruc-
ture analysis with GeoDict and the subsequent macroscale, time-dependent wetting simulation with
CoRheoS FLUID.
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Flow, heat, and transport at the scale of grains andpores in porous
building materials
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The transport of moisture and heat through building materials ultimately dictates their insulation
performance over its lifetime. However, characterisation of building materials is challenging be-
cause porous building materials are heterogeneous and their macroscopic physical properties (e.g.
permeability, thermal, and mechanical) depend on their micro scale characteristics, i.e. the local
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distribution and features of the solid components and the connectivity of the spaces between them.
Large-scale testing can measure these macro-scale properties, but often does not give insight into
the underlying structural properties that ultimately leads to optimisation. Thus, a knowledge of
the 3D structure is therefore required to assist in the development and implementation process. Ex-
periments combining X-ray microtomography with numerical modelling are an accepted method
of studying pore scale processes and have been used extensively in the oil and gas industry to
study highly complex reservoir rocks. However, despite the obvious similarities in structure and
application, these techniques have not yet been widely adopted by the building and construction
industry.

We have experimentally investigated the pore structure of several building materials using X-ray
tomography and direct numerical simulation. Four samples were imaged at between a 6 and 15 mi-
cron resolution inside a micro-CT scanner. The porosity and connectivity were extracted with the
grain, throat, and pore size distributions using image analysis. The permeability, moisture trans-
port, and heat flow were then solved using GeoChemFoam, our highly versatile and open-source
numerical solver. The heat and transport were then upscaled to create a custom heat and transport
dispersivity for each material. This is the first multi-scale study of structure, flow and transport on
building materials and this workflow could easily be adapted to understand and improve designs in
other industries that use porous materials such as fuel cells and batteries technology, lightweight
materials and insulation, and semiconductors.
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Advanced mesoporous thin film characterisation by ellipsomet-
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Mesoporous architectures in thin film configurations (< 10 μm) are promising class of materials for
a range of applications, including antireflective coatings 1, electrochemical sensors [2], and elec-
trode materials [3] among others. The low quantity of solid contained in such thin films makes
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their structural characterisation with conventional methods developed for bulk materials (e.g. N2
porosimetry) challenging [4]. Ellipsometric porosimetry (EP) is an alternative, purely optical char-
acterisation technique based on spectroscopic ellipsometry, enabling the study of very thin, porous
layers in a non-destructive way through acquiring refractive index, extinction coefficient and thick-
ness information based on the change of polarization of the reflected light. Ellipsometric spectra
are acquired at different relative pressures of a gas phase adsorptive to construct a volume adsorbed
isotherm via effective medium approximations. Since the characterisation is purely optical without
requirement for volumetric or gravimetric information of the adsorptive, the accuracy of measure-
ment is independent of the quantity of the studied adsorbent film, hence reliable information can be
obtained for limited sample sizes (in terms of thickness and lateral extension).

In this work, the mesoscale characterisation of porosity, pore size distribution and specific surface
area via EP is presented, as well as advanced methods for the investigation of mechanical strength
(Young-modulus) [5] and microscopic wettability [6]. A wide range of porous architectures and
surface chemistries were explored to provide guidance on the technique’s applicability with suitable
adsorptives, such as water, toluene, methanol, and other organic liquids.
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[5] B. Reid, I. Mane, F. Ahmed, M.J. Fornerod, M. Füredi, B. Schmidt-Hansberg, A. Alvarez-Fernandez, S.
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Microporous Mesoporous Mater. 345 (2022) 112246. https://doi.org/10.1016/j.micromeso.2022.112246.
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Evolution of porous rockpermeability under cyclic confining pres-
sure
Author: Evgenii Kozhevnikov1
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An increase in effective pressure causes deformation and a decrease in the conductivity of natural
porous media - rocks. Also, in many scientific papers, it is noted that porous rocks have a permeabil-
ity hysteresis with a cyclic change in effective pressure. The researchers argue that the main cause
of permeability hysteresis is the irreversible deformation that occurs due to compaction of the rock
matrix. However, when studying the permeability hysteresis, due attention is not paid to related fac-
tors, such as the presence of colloidal particles inside the pore medium. Colloidal particles less than
1 μm in size can be natural, which got inside during the samples manufacturing, and also formed
inside the pore space during destruction at grain contacts. All methods for determining permeability
consist in establishing the flow rate of fluids through a rock sample under a pressure drop. When
a gas or liquid moves, the colloids inside the porous medium also move and block the pore throats,
while the permeability of the medium decreases. During filtration, the blockage of the pore throats
occurs gradually, and therefore a slow decrease in permeability is observed, which is interpreted by
many authors as creep.
In this project, we have developed a methodology to evaluate the contribution of colloid migration
to the overall reduction in the permeability of core samples from effective pressure. The technique
includes changings in the flow rate and direction. The research results showed that during filtration,
colloids migration can lead to a decrease in core permeability by up to 50%, while an increase in ef-
fective pressure leads to a slight change in permeability. It was also found that with a cyclic change
in the effective pressure, the permeability does not always show hysteresis, in contrast to classical
laboratory studies. A comparative assessment of the effect of effective pressure on the porosity and
permeability of core samples, as well as computed tomography data confirm the non-deformative
nature of the decrease in permeability under cyclic loading. After a cyclic change in the effective
pressure, the permeability was restored to its original values, while no visible violations of the matrix
were found in the samples.

This work was supported by the RUSSIAN SCIENCE FOUNDATION, project no. 19-79-10034, https://rscf.ru/project/19-
79-10034/.
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Physics informed neural networks based on sequential training
for CO2 utilization and storage in subsurface reservoir
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Simulation of CO2 utilization and storage (CCUS) in subsurface reservoirs with complex heteroge-
neous structures requires a model that captures multiphase compositional flow and transport. Ac-
curate simulation of these processes necessitates the use of stable numerical methods that are based
on an implicit treatment of the flux term in the conservation equation. Due to the complicated
thermodynamic phase behavior, including the appearance and disappearance of multiple phases,
the discrete approximation of the governing equations is highly nonlinear. Consequently, robust
and efficient techniques are needed to solve the resulting nonlinear system of algebraic equations.
Machine learning (ML) techniques have recently been applied to a wide range of nonlinear computa-
tional problems. Recently, Physics informed neural network (PINNs) has been proposed for solving
partial differential equations. Unlike typical ML algorithms that require a large dataset for train-
ing, PINNs can train the network with unlabelled data. The applicability of this method has been
explored for the flow and transport of multiphase in porous media. However, for strongly nonlin-
ear hyperbolic transport equations, the solution degrades significantly. In this work, we propose a
sequential training PINNs to simulate two-phase transport in porous media. The main concept is
to retrain neural network to solve the PDE over successive time segments rather than train for the
entire time domain at once. We observe that sequential training can capture the solution more ac-
curately concerning the standard training method. Furthermore, we extend the sequential training
approach for compositional problems in which nonlinearity is more significant due to the complex
phase transition.
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The goal of this presentation is to highlight some of the recent developments of the Dept. Of Flows
and Material Simulation from the Fraunhofer Institute for Industrial Mathematics in the area of
modeling and simulation of batteries. The Department has a long history of academic research and
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industrial projects on modeling, simulation and development of customized soft-ware of processes
in batteries at different scales and complexity. Modern energy storage plays a key role in the course
of rapid developement in renewable energy. Especially in the field of electromobility high demands
like capacity, efficiency, endurance and security are made on the storage device, which are currently
mostly Lithium-Ion-Batteries. The development of new materials for such improved energy storages
is time- and money-consuming though. Hereby computer simulations can not only help to judge the
performance of potential new battery cells, but to better understand the microscopical reasons. The
latter leads to a more purposive and thus more efficient approach in the development of batteries. In
this way, in particular, the for-mation of solid electrolyte interphase layer can be better understand,
as well as the coupled electro-chemo-mechanical simulation processes.
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Multiphase fluid flow through porous media has many beneficial applications for various industries
such as oil and gas, hydrology, geothermal, medical, and manufacturing. A substantial amount of re-
search has been carried out at various scales (e.g., reservoir, Darcy, microscale) to further understand
the fluid behavior, with many recent studies directed towards the pore scale. This work has revolu-
tionized our understanding of the fundamental principles governing fluid flow in porous media and
their impact on larger scale applications. However, pore-scale investigation tools are not directly
applicable to multiscale porous media (e.g., fractured, and microporous rocks or multi-layered mem-
branes) because it is impossible to run simulations on an image of the domain that resolves all scales.
The multiscale Darcy-Brinkman-Stokes (DBS) approach is a novel technique that has been gaining
popularity in recent years that enables the inclusion of unresolved porosity in micro-CT images
through Darcy parameters (e.g., porosity, permeability). The DBS approach has been successfully
employed to investigate single-phase flow and reactive transport in multiscale porous media. DBS
models for multiphase flow exist, but their capability to represent accurately capillary effects at the
interface between scales is unclear. The main objective of this study is to evaluate the applicabil-
ity of a multiphase DBS approach to simulate multiphase fluid flow through a multiscale porous
medium. Simplified 2D models containing solid free regions and porous matrices are considered
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and the results of DBS simulations are compared with the results of fully resolved simulations. The
flow simulations are carried out using GeoChemFoam, our open-source pore-scale modelling solver
package, in which the DBS method has been implemented. A wide range of regimes is considered
and the domain of application of the DBS method is identified.
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Vascular Design: Freedom, Evolution, Hierarchy
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Porous materials are usually thought of as amorphous mixtures of two or more things, solids, fluids,
and voids. The research field started that way, and so did my own activity in it. Along the way, I was
drawn to the part of nature (the physics) that was missing from the amorphous view: the structure,
flow, configuration, drawing (design), purpose, and evolution.

The lecture is pictorial. It begins with defining the terms, because words have meaning: vascular,
design, evolution, and prediction (theory). Next, vascular (tree shaped) architectures flow more
easily than parallel channels with only one length scale (the wall to wall spacing). Transport across
channels is facilitated when the spacing is such that the channel flow length matches the entrance
(developing) length of the flow.

The tendency to evolve with freedom toward flow configurations that provide greater access is uni-
versal in nature, bio, and non-bio. This tendency is the Constructal Law, which empowers us to
predict the evolution toward flow access, miniaturization, high density of heat transfer, and the
scaling up (or down) of an existing design.

Vascular designs are icons of the design feature called hierarchy. Vasculatures occur naturally be-
cause they flow more easily than one-size designs. The movements in society are hierarchical, from
city traffic to global air traffic, fuel consumption, and wealth. The future of evolutionary design ev-
erywhere points toward vascular, hierarchical flow architectures that will continue to morph with
freedom and directionality.

To read more:

HEAT TRANSFER: Evolution, Design, and Performance, Wiley 2022.

FREEDOM AND EVOLUTION: Hierarchy in Nature, Society and Science, Springer 2020.

CONVECTION HEAT TRANSFER, 4th ed, Wiley, 2013.
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Providing clean, safe water reliably in an affordable manner is a major global challenge. A wide va-
riety of water pollutants, including heavy metals, dyes, pesticides, and pharmaceutical compounds
pose a threat to public and environmental health. Existing water treatment technologies do not
adequately meet water quality standards for removal of the diverse range of contaminants; thus,
technological innovation is needed to enhance water security and accessibility. Engineered nano-
materials, such as graphene oxide (GO), offer tunable multifunctionality for effective removal of a
diverse range of contaminants from water. However, the practical implementation of nanomaterials
such as GO in water treatment requires their immobilization into three-dimensional macrostructures
which may impair their performance. Unlike colloidal nanomaterials, solid macrostructures of GO
can be easily stored, transported and manipulated. Despite the progress on forming high surface
area and multifunctional GO macrostructures, synthesizing mechanically robust porous macrostruc-
tures, especially for wet applications, is a challenge. This talk will describe approaches for the prepa-
ration of GO-based macrostructures that can be used in water treatment. The functionalization of
macrostructures of engineered nanomaterials with antimicrobials for prevention of biofouling or
removal of pathogens from contaminated waters will also be discussed.
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Cellular membranes serve as selective barriers for regulation of molecular transport between inte-
rior and exterior of cells. Under the effect of electric field pulses of very short duration (from several
hundred of nanoseconds to several milliseconds) with pulse amplitude from 100-300 V/cm to 100-300
kV/cm, the biological membrane is electrically pierced and loses its semi-permeability temporarily
or permanently. The electrical permeabilization of biological membranes (called electroporation)
may be reversible or irreversible. It was shown that electroporation can serve to introduce into cells
or extract from cells small and/or large molecules. This phenomenon has been applied to amplify
the insertion of nucleic acid molecules in genetic modifications, to enhance drug transport in can-
cer treatment or for the killing of microorganisms. Electroporation can also be used to enhance
extraction of valuable cell compounds (polyphenols, carbohydrates, proteins,..) from biological me-
dia (plant tissue and biomass materials). Biological tissue with electroporated cell membranes, but
with a preserved cell wall network, is selectively permeable. For the purpose of mass transport,
electroporated cell tissue presents a porous network with improved permeability and diffusivity
characteristics.

This lecture presents the mechanisms of cell electroporation, its impact on the physical properties
of biological media, and gives examples of mass transfer enhancement in electroporated cell net-
work. Different methods to detect and quantify electroporation phenomena in porous network of
biological tissue are presented. Impacts of electroporation on the mechanical, diffusional and elec-
trophysical properties of biological media are illustrated by numerous examples. Physical models
of liquid expression and compounds diffusion in compressible electroporated biological tissue are
presented. Several innovative green technologies based on the pulsed electric energy induced elec-
troporation are presented, including selective extraction, filtration, pressing, and drying of plant
materials and biomass.
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Multi-Physics Repetitive Loads
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Most natural and engineered systems experience repetitive loading cycles of all kinds, including:
stress (our bones and foundations), fluid pressure (the beating of our hearts, tidal action, and pumped
hydro storage), suction (our lungs and natural dry-wet cycles), pore fluid chemistry (salt-water in-
trusion), and thermal cycles (such as silos, freeze-thaw, and geothermal systems). Repetitive loads
can cause significant accumulations of volumetric strain (towards the terminal void ratio) and plas-
tic shear strains (shakedown or ratcheting), lead to accelerated transport (of heat, chemical species
and particles), and alter material properties and system performance. Complementary multi-scale
experiments and simulations provide unique insights into the underlying mechanisms that explain
the observed responses. Analysis and design must consider the influence of multi-physics repeti-
tive loads on the long-term performance, serviceability and safety of engineered systems. Asymp-
totic trends can be used to obtain first-order estimates for simple boundary conditions; however,
complex boundary conditions require numerical simulations, the development of new constitutive
models and the implementation of hybrid algorithms that avoid standard time-stepping numerical
protocols.
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Stability and functionality of immobilised liquid-liquid interfaces
in periodic structured media
Author: Shervin Bagheri1
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Corresponding Author: shervin@mech.kth.se

In this talk, I will discuss how liquid-liquid interfaces can be stably locked into periodic structured
porous substrates and used for controlling the transfer of momentum, heat and mass with an external
flow. First, we address the behavior of liquid-liquid interfaces locked in textured surfaces and ex-
posed to an external shear flow. When the liquid-liquid interface remains stable, these surfaces can
enhance heat and mass exchange with a bulk flow and reduce flow drag and biofouling. We demon-
strate how shear stresses and soluble surfactants modify the dynamics of the liquid-liquid interface,
resulting in waves, drainage and Marangoni stresses, all of which significantly affect transport pro-
cesses with the external flow. Second, we introduce systems with liquid-liquid interfaces locked in
three-dimensional periodic porous scaffolds. By tuning the wettablity and introducing appropriate
“fluid traps”, we can immobilize interfaces of different morphologies, including spherical droplets or
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diamond-shaped structures. These multi-phase materials are remarkably stable and provide a very
high area-to-volume ratio. We will discuss their potential as flow-continuous heterogeneous catal-
ysis and for other applications that require optimizing mass transfer across interfaces, such as CO2
capture.
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Magnetic Resonance Measurements of Fluids in Shale
Author: Bruce Balcom1
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Corresponding Author: bjb@unb.ca

Shale formations are of increasing importance world-wide as petroleum reservoirs. Conventional
core analysis measurements are ill suited to the analysis of shale samples since the pore fluids present
are very difficult to extract due to the very small pore sizes. Magnetic Resonance (MR) permits non-
invasive analysis of intact samples and is therefore an intuitively appealing method for shale analysis.
The MR relaxation correlation measurement T1-T2 is now commonly employed for analysis of shale
fluids. The T1-T2 measurement struggles to observe and quantify the fast decaying signal from pore
fluids in shales. A new method, which we term T1-T2captures the very short-lived fluid shale MR
signal exceptionally well and provides well resolved discrimination and quantification of pore fluids, as
well as the solid-like kerogen. In this lecture we will review MR relaxation time measurements of fluids
in porous media, consider the broad category of MR relaxation correlation measurements ultimately
leading to T1-T2 analysis of shales.
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Thermodynamic efficiency/limit of subsurface energy production/storage
systems
Author: Rouhi Farajzadeh1

1 TU Delft

Corresponding Author: r.farajzadeh@tudelft.nl

To mitigate the negative impacts of increasing CO2 concentrations in the atmosphere on climate
change complementary decision tools should be considered when selecting or evaluating the per-
formance of certain (sub-surface) energy production and/or storage systems. Here we explain the
framework in which the subsurface energy system could be analyzed using the exergy concept based
on the Second Law of Thermodynamics. The analysis considers the energy requirement of different
stages in the life cycle of the considered system, which can later be used to quantify its CO2 emis-
sion. The exergy analysis provides valuable information on comparing different energy routes in
terms of their end-to-end efficiency and/or their CO2 intensity (gr-CO2/MJ). We show application
of the methodology for different hydrocarbon production systems, underground hydrogen storage,
and CO2 capture and storage. We assert that during energy transition time the focus should be on
minimizing CO2 intensity of the selected systems, regardless of its origin.
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Deep Learning for Parameterization and Calibration of Subsur-
face Flow Models
Author: Behnam Jafarpour1

1 University of Southern California

Corresponding Author: behnam.jafarpour@usc.edu

Calibration of subsurface flow models often leads to underdetermined inverse problems, where lim-
ited data is used to estimate spatially distributed hydraulic properties of geologic formations at
high resolution. The problem is usually solved by using a given model of geologic continuity to
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constrain the expected distribution and connectivity patterns of the solution. For non-Gaussian
problems, imposing the specified model of continuity is not trivial. Low-dimensional parameteriza-
tion methods are commonly adopted to improve problem ill-posedness and to capture and preserve
the expected spatial connectivity patterns in the solution. Deep learning offers a new perspective
for low-dimensional parameterization and calibration of complex high-dimensional flow models.
Using training data with diverse and complex spatial connectivity patterns, deep learning models
can learn a nonlinear mapping from high-dimensional spatial distribution of properties onto a low-
dimensional latent space that provides a compact description of model calibration parameters. The
resulting latent space can be used to parameterize the inverse problem and to facilitate the search for
solutions that are geologically plausible and that reproduce the observed flow response data. More
complex architectures can be developed by jointly constructing low-dimensional parameter and data
latent spaces, and a direct inverse mapping from the data latent space to the parameter latent space,
to perform regression. Alternative parameterization, inversion and data assimilation formulations
that exploit latent space representations of model parameters and data are presented and discussed
with examples to illustrate the performance of these methods.
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The Rheology of Granular Media: from Engineering to Geologi-
cal Applications
Author: Raffaella Ocone1
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Granular materials exhibit a broad range of intricate dynamic behaviours. The study of their hydro-
dynamics is extremely relevant in the chemical and process industries, where those materials are
widely handled and produced. Understanding how internal (e.g., particles size and shape) and exter-
nal (e.g., applied stresses, moisture content) physical properties impact on the flow behaviour of solid
particles helps industrial practitioners handle and produce particulates in an efficient and less costly
way. Building upon previous findings applied to the process industry, the talk explores the chal-
lenges associated with the dynamic behaviour of dry and wet granular material and discusses recent
experimental and modelling efforts on the flowability of pyroclastic powders. Pyroclastic powders
are investigated with the aim of predicting and managing the hazard resulting from volcaniclastic
debris flows, natural phenomena which occur when a mixture of pyroclastic fallout/current deposits
and water move down slopes under the action of gravity.
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Finite element modelling of the growth and flow properties of
multiple-scale three-dimensional fracture networks
Author: Adriana Paluszny1

1 Imperial College London

Corresponding Author: apaluszn@imperial.ac.uk

The generation and growth of multiple three-dimensional fractures, and fluid flow through the resul-
tant fractured rock mass, is modelled by solving the displacement and flow equations numerically,
using the finite element method. The approach uses the Imperial College Geomechanics Toolkit, an
in-house C++ 3D simulator that captures coupled thermo-poro-elastic deformation and damage accu-
mulation, while accounting for variable fracture apertures and local transmissivities on the fracture
surface, which evolve as a function of deformation. Simulations are able to capture fracture growth
at different scales, and model fracture nucleation based on the evaluation of a local damage model.
Quasi-static fracture growth is simulated for a number of different stress regimes, making use of a
new geometric representation of fractures, based on a novel periodic quadratic polynomial spatial
B-spline approach. Surfaces are formed by lofting tip curves during fracture growth, resulting in a
low-cost, high-resolution approach. Meshing of the domain uses quadratic quadrilaterals and hexa-
hedra, as opposed to triangles and tetrahedra. The generated fractures are generally non-planar, due
to the varying crack-tip stress intensity factors created by stress field interactions between neigh-
boring fractures. Realistic three-dimensional fracture patterns emerge from the simulations, due to
nucleation, growth, interaction and intersection of fractures at several scales. Datasets with thou-
sands of geomechanically interacting discrete fractures at different scales will be presented. Fluid
flow through the generated fractured rock mass exhibits interesting channeling effects, which are
strongly influenced by the stress regime.
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How the Chemical Vapor Infiltration process can be optimized
for the production of advanced composite and porous ceramics

Author: Gerard Vignoles1
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Chemical Vapor Infiltration (CVI) is a high-quality and versatile process enabling the preparation of
reinforced porous and architecture ceramics as well as Ceramic Matrix Composites (CMC), which are
high-temperature materials for aerospace, energy management and industrial systems. Very strong
market growth perspectives trigger renewed interest in this process. However, being expensive
and/or somewhat difficult to control and optimize, it needs modelling actions at least to provide
guidelines for industrial usage.

This presentation will describe the process physico-chemistry and its modelling, which has to be
multi-physics and multi-scale. The numerical tools range from simple analytical approximate for-
mulae to detailed, image-based modelling of heat & mass transfer coupled to chemical reactions and
featuring porous media with morphological evolution. Special attention is paid to (i) the relation-
ship between fibrous media structure and transport properties, including rarefied gas transfer mode,
(ii) the potential of using thermal gradients in order to optimise CVI and obtain a fast and efficient
infiltration.
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Investigation on the heat change during the disintegration pro-
cess of pharmaceutical tablets
Author: Jongmin Lee1
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The disintegration process of pharmaceutical solid dosage forms refers to a mechanical break-up
of an intact tablet into smaller fragments to enhance the drug substance’s contact with the disso-
lution medium. This process is particularly critical for immediate-release dosage forms to ensure
the end product’s bioavailability and efficacy. Despite the significance of disintegration, the assess-
ment methods specified by the regulators provide little scientific insight into the mechanisms of
the process. This lack of insight is not surprising as the methods are very simple. However, tablet
disintegration is a highly complex process due to the wide range of particle types being used, each
exhibiting their own time dependence in swelling and dissolution behaviour and the impact of pro-
cesses such as granulation or direct compaction. Previous studies have therefore focused on the
micro-structure of the tablets by considering factors such as porosity, pore size distribution, pore
connectivity, tortuosity, permeability, hydrophilicity, and so on for different pharmaceutical excipi-
ents and manufacturing conditions, but the mechanistic link to disintegration is not fully established
yet 1.

In this study, we investigated the tablet’s wetting process from a thermodynamic point of view by
monitoring the temperature change of 1 ml of distilled water in which a sample tablet was immersed.
In 1959 Claxton reported the observation of a temperature rise during spontaneous imbibition of a
porous medium, which was explained by a decrease of free energy in the system [2]. Claxton’s
experiment, and subsequent studies, focused on the temporal and spatial evolution of released heat
at the liquid front. Instead, we measured the total heat released during the wetting process as a
function of time using an adiabatic chamber. As a result, we obtained different profiles of how
temperature changes as a function of porosity in tablets of the same formulation. Measuring the
temperature change of the dissolution medium showed potential as a novel approach to quantifying
the hydrophilicity of complex compounds and estimating the liquid penetration into the porous
media by analysing the correlation between the amount of heat released and the properties of the
media.
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Particle-laden fluid flow in fractures: particle transport, deposi-
tion and clogging
Authors: Ahmed Hafez1; Qi Liu1; Thomas Finkbeiner2; J. Carlos Santamarina3
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Fluid flow through fractured rock masses determines groundwater resource utilization, contaminant
transport and remediation, resource recovery (oil and gas, geothermal), and energy waste storage
(CO2 geological storage). While the matrix determines storativity in most cases, fractures with high
transmissivity control fluid flow. Fluid flow through fractures may be accompanied by particle trans-
port, including detached native fines or injected proppants and lost circulation materials. Small-scale
experiments fail to capture the radial-dependent inertial effects and particle clogging patterns that
can emerge away from injection or extraction wellbores.
This research explores divergent particle-laden fluid flow through large-scale fractures. We designed
and built a large-scale parallel-plate setup (diameter=900 mm) to mimic fractures with different sur-
face topographies and apertures. The device is instrumented with multi-physics sensors, while the
transparent plates facilitate real-time visualization and particle-tracking. We explore particles with
different sizes, shapes and specific gravities (including quasi-buoyant and dense particles).
Experimental results, numerical simulations and energy-based analytical solutions highlight the de-
velopment of an annular zone with negative pressure away from the central injection point (previ-
ously reported in very few publications in other fields). Annular depressurization is more apparent
as the fluid flow rate increases, i.e., at high Reynolds numbers, and it is anticipated under field condi-
tions during drilling (particularly while traversing high aperture fractures) or when imposing high
fluid injection rates.
Quasi-buoyant particles follow the fluid streamlines. However, local changes in the fluid velocity
field during radial flow can enhance particle retardation, which changes the local particle concentra-
tion and enhances the probability of clogging. Dense particles transported along horizontal fractures
settle to form an annular “dune”during divergent radial flow. Experimental and numerical results
show the interplay between particle concentration, fracture aperture and injection flow rate on the
dune topology and its radial distance to the injection port. Particle deposition patterns and the
resulting dune topology become more complex in fractures with rough surfaces or shear-induced
anisotropic transmissivity. Analytical and numerical studies investigate the relative role of the var-
ious parameters involved.
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Droplets at Liquid-Fluid Interfaces: Pressure Field and Coales-
cence
Authors: JOSE LUIZ DAVALOS MONTEIRO1; Qi Liu1; J. Carlos Santamarina2
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When a water droplet falls through oil to reach the interface above a water layer, it can remain at the
interface for a prolonged time until coalescence takes place. A similar situation takes place when
an oil droplet ascends through a water column and reaches the interface beneath an overlying oil
layer. Several parameters affect the characteristic time to coalescence, including temperature, vis-
cosity, relative densities and solubility. The purpose of this study is to gain further insight into the
underlying mechanisms leading to coalescence.
We photograph droplets as they approach the liquid-liquid interface to assess the droplet and in-
terface deformations; in particular, we obtain undistorted images of the droplet at the interface by
matching the refractive index of silicone oil and a water-glycerol mixture, and determine the differ-
ential fluid pressure from continuous curvature measurements around the droplet (Young-Laplace).
Results show that the droplet and the interface interact through the fluid pressure within the thin
film that separates them; consequently, the droplet and the interface deform each other. Away from
the interface, the droplet curvature responds to the interfacial tension between the two fluids; at
the interface, the droplet curvature is proportional to ~2 because of the double-surface structure of
the thin film. More precisely, curvature measurements reflect the pressure gradient that drives fluid
drainage within the liquid film and eventually leads to coalescence. Complementary observations
show that an initially curved oil-water interface extends the time to coalescence (longer drainage
path), confirm “dimple”formation at the interface (depends on viscosity), show droplets bouncing at
interfaces (when they approach it with high terminal velocity), and indicate complex mutual inter-
actions when multiple droplets reach the interface quasi-concurrently.
These results are relevant to a wide range of liquid-liquid and liquid-gas systems, such as emulsions,
drug delivery, food preparation, cosmetics, painting, oil recovery, oil-water separation, offshore
contamination, LNPL and DNPL migration, and augmented sealing capacity for geological CO2 stor-
age.
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The capture of solid particles in a porous medium is critical for many processes but has a major
drawback: internal fouling due to pore clogging. Clogging at pore scale is now well understood for
inert and rigid particles, but the study of bio-clogging - clogging by biological objects, e.g. living cells
- opens many topical research questions as living cells have particular properties that may impact the
clog properties: they are deformable, endowed with specific adhesion mechanisms, and are able to
proliferate. As a result, these cells can both change their shape and volume, leading to local cellular
rearrangements, thus modifying the microstructure of the clog, and consequently its hydrodynamic
resistance. In the literature, this change of hydraulic resistance has been extensively studied at the
macroscale (the scale of a membrane, the whole clog). In particular, it has been reported that the
resistance of a clog depends on the hydrodynamic pressure imposed to the filtration system. But the
precise interpretation of this phenomenon is still controversial and patchy: observations are missing
at the microscale (the pore, the cell). In particular, a precise understanding of displacements and
rearrangements inside a yeast clog, and a link with the local microstructure is still missing.

To address this specific issue, we have developed an experimental quasi-2D microfluidic device con-
sisting in one single pore retaining cells whose properties are well known and easily controllable:
the baker’s yeast Saccharomyces cerevisiae. After an initial build-up phase, the pressure driving the
flow through the pore is changed in order to compress/decompress the clog cyclically, while the flow
rate is measured and the clog is imaged under an epifluorescence microscope. This allows to directly
measure the microstructure from nucleus fluorescence (figure, center panel), and to quantify the
movements within the clog (bright field microscopy, figure, left panel), using dedicated algorithms
to distinguish collective movements and local rearrangements (figure, right panel).

These results provide the first observations of the compressibility of a yeast clog at the microscale,
and reveal that, in the absence of proliferation, the clogs undergo a first compression with plastic-
elastic deformations, characterized by both large collective displacements and local cell rearrange-
ments, while the following compressions are characterized by smaller deformations that are mainly
elastic. The plastic deformations modify the local microstructure, as the clogs are denser after com-
pression/decompression cycles than before. Finally, the hydraulic resistance of the clog increases
with the hydraulic pressure.

Together, these results show a poromechanical fluid-structure coupling: the fluid deforms the porous
medium which in turn modify the fluid percolation. They also show several quantitative differences
with the predictions of poroelasticity theory. A dedicated DEM model has thus been developed, to
simulate the mechanical behaviour of individual yeast cells. Simulations reproduce quantitatively
well the experimental results, which suggests the discrepancies with the poroelasticity theory come
from the particle/particle and particle/wall friction.

Overall, this study presents the first measurements of the poromechanical behaviour of a yeast ag-
gregate, and suggest that it is significantly altered by the specific adhesion mechanisms of individual
cells.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

France

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

Page 829



InterPore2023 / Book of Abstracts

MS22 / 996

Direct fabrication of porous 3Dmicrostructures on siliconwafers
for MEMS applications
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A new automated method for the fabrication of functional 3D porous structures directly on planar
standard silicon wafers has been developed [1,2]. A typical approach comprises the filling of a mold
pattern with micron sized particles of the desired material, and their fixation via atomic layer depo-
sition (ALD). It has been demonstrated that it is possible to manufacture for example micromagnets
from NdFeB powders that can be used for energy harvesting.
In order to achieve smallest dimensions and highest filling factors, the utilization of dry powder as
the starting material is beneficial. The new approach utilizes the superimposition of high- and low
frequency oscillations for particle mobilization in order to achieve optimum mold filling. Addition-
ally, rubber balls are applied for densification of the powder packing.
For verification of the application properties, micromagnets were created from 5 µm NdFeB powder
on 8”Si wafers, using the novel automated mold filling technique, as well as an existing manual one
for benchmarking purposes. Subsequent atomic layer deposition were utilized to agglomerate the
loose NdFeB particles into rigid microstructures. The magnetic properties and inner structure of
the NdFeB micromagnets were investigated. It is shown that the novel automated technique outper-
forms the manual one in major terms. In addition, examples for further materials and applications
will be briefly discussed.
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OstwaldRipening Investigation using 3DMicro-CT Imaging
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The goal of reducing carbon emissions relies heavily on the world’s energy sectors to undergo sig-
nificant energy transformations. The hydrogen economy plays a critical role in achieving that goal
by harvesting hydrogen and using it as an energy carrier. The current storage options limit hy-
drogen’s large-scale adaptation to a major energy form. For that reason, underground hydrogen
storage has been an alternative that appealed to the scientific community and prompted multiple
studies to explore its feasibility in several aspects. One of those aspects is evaluating the potential
of remobilising trapped gases in a porous medium through the Ostwald ripening phenomenon. As
such, we examined the phenomenon of Ostwald ripening by leaving the H2-brine system in a sand-
stone sample uninterrupted for 12 hours to observe any hydrogen re-distribution. The sample was
scanned with a micro-CT twice: before and after. Additionally, we demonstrated the derivation of
a simple equation that estimates the timescale for disconnected gas ganglia to reach partial equilib-
rium over a given length scale. Finally, we explored whether changes in the interfacial curvature,
in-situ contact angles, saturation distribution, and gas ganglia size distribution occurred during the
12 hours.

We observed the re-distribution of gas ganglia and the emergence of multiple larger new gas ganglia
with a maximum extent of about 2 mm. This confirmed the length scale estimation made by the de-
rived equilibrium timescale equation. Additionally, a slight increase in curvature was observed after
12 hours, and the mean contact angle slightly increased at the bottom part of the sample. Overall,
our experimental study of the Ostwald ripening phenomenon presented significant remobilisation
of trapped gas ganglia and gas re-distribution at the pore scale, which could mean that residually
trapped hydrogen can be less than what is thought.
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Permeability damage and restoration in porousmedia due to clay
migration during fresh water injection
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The permeability decline in natural porous media due to clay mobilization is a problem of interest
in several subsurface engineering applications such as oil recovery, water disposal, and carbon stor-
age. When fresh water is injected into porous media containing resident brine, the sudden change
in salinity causes the native clay fines to mobilize and clog pore spaces, resulting in a sharp decline
in permeability. The mobilization of the clay fines is attributed to the weakening of the Derjaguin-
Landau-Verwey-Overbeek (DLVO) forces that bind them to the grain. Khilar and Fogler (1983) stud-
ied the cyclic injection of fresh water and brine into a Berea sandstone core, and found that the
permeability damage after fresh water injection in a given direction is not restored when followed
by brine injection in the same direction. However, injecting brine in the opposite direction restored
the permeability damage. These findings indicate a dependency of the permeability damage on the
immediate history of the flow, in addition to the salinity of the fluid.

Constitutive models of permeability in the presence of clay fines for field-scale simulations should
reflect this phenomenon, and pore-scale analyses of clay mobilization are a powerful tool to build
said models. In the current work we carry out 2D pore-scale simulations of cyclic fresh water and
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brine injection into a porous medium containing non-swelling clay fines. We consider a sandstone-
based porous medium of porosity 0.37, containing kaolinite with a clay mass fraction of 2%, and
in each cycle, we sequentially inject: brine forward, fresh water forward, fresh water backward,
brine backward, and brine forward. The brine salinity is 0.1M and the fresh water salinity is 0.001M.
The pore-scale simulations are carried out using an in-house CFD code that employs the immersed
boundary method to model clay-liquid and grain-liquid interactions. The code also accounts for the
clay-clay and clay-grain DLVO interactions. We present the permeability damage during the cycle
and the permeability restoration at the end of it.

Our ensemble averaged results from six randomized realizations of the porous medium with a uni-
form clay size of 3 micron, and a grain size of 20 micron, show that the permeability decreases by
two orders of magnitude during forward fresh water injection compared to forward brine injection.
When the fresh water flow is reversed, there is a momentary restoration in permeability followed
by a sharp decline. The permeability damage is not restored when brine is injected in the back-
ward direction, but is 99% restored when followed by brine injection in the forward direction. These
trends are consistent with Khilar and Fogler (1983)’s observations, and confirm the mechanism by
which clay fine mobilization affects permeability. Additionally, we present simulations of the cyclic
fresh water and brine injection with a non-uniform clay size distribution. For a fixed mean clay size
and clay density we observe that the non-uniform size distribution results in a lower permeability
damage compared to the uniform size case.
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By laboratory experiments, the heavy oil rheology is confirmed to has a critical temperature. Above
the critical temperature, the heavy oil exhibits Newtonian fluid properties; under the critical tem-
perature, the heavy oil exhibits Bingham non-Newtonian fluid properties. According to the mech-
anism of viscous flow activation energy reflecting the rheological changes of heavy oil, a critical
temperature discrimination method for heavy oil rheology was established. Based on the viscosity-
temperature relation experiment data of crude oil, the relationship between lnμ and 1/T is plotted.
The curve has obvious inflection point. At the inflection point, the viscous flow activation energy
changes. The heavy oil is converted from Newtonian fluid to non-Newtonian fluid. The correspond-
ing temperature of the inflection point is critical temperature. The practicability of the method was
verified by the heavy oil data of Bohai L Oilfield and Liaohe Lengjia Oilfield. By using this method,
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the critical temperature of heavy oil in well region 6 and well region 7 of Bohai N Oilfield is discrimi-
nated, which provides a basis for the formulation of thermal injection parameters in the preparation
of thermal recovery development plan.
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After more than 20 years of water flooding development in Bohai K Oilfield, the remaining oil after
entering the ultra-high water cut stage is highly dispersed, and it is increasingly difficult to stabilize
production rate. In order to improve the development effect of the oilfield, the method of enhanced
production control is proposed. For the parts with low permeability and poor water driven utiliza-
tion in the formation, the inherent balance of oil and water migration can be broken and the degree
of water driven utilization can be improved by increasing the production pressure difference, so
as to alleviate the contradiction in the formation in the later stage of water flooding development.
Based on the analysis of the relationship between the driving pressure gradient and the starting
pressure gradient under different permeability, from the perspective of effective utilization of low
permeability reservoirs, the relationship chart of reasonable production pressure difference and mo-
bility under different well spacing is established. Using this chart, it is proposed that the production
pressure difference of Bohai K Oilfield should be increased from 2.0MPa to 5.0MPa. This method has
achieved good practical results in this oilfield. The water cut of a single well has decreased and the
oil production has increased. The production of the oilfield has been stable for five consecutive years
and the oil recovery has increased by 4%. This method can provide reference for the development of
similar oilfields.
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Accurate prediction of the physical properties of heterogeneous porous media based on digital mod-
els requires 3D high-resolution (HR) and large-scale images. It is, however, extremely challenging
to acquire such images since the current imaging technologies cannot resolve the dilemma between
the high resolution and large field of view and we often end up with low-resolution images but with
a large field of view or HR images with a small field of view. Moreover, available HR images are lim-
ited and always unpaired with accessible low-resolution images. Therefore, we proposed a hybrid
unsupervised end-to-end deep learning method to fuse the fine-scale structures from 2D HR images
into 3D low-resolution CT images for reconstructing 3D HR and large-scale digital rocks based on
limited unpaired training images. The presented method is accurate since the porosity, pore size
distribution, multiple-point correlation, and permeability of the reconstructed digital rocks are in
good agreement with laboratory measurements.
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The remediation of contaminated soils is an environmental critical issue. A common form of con-
tamination is caused by heavy chlorinated solvents spills, commonly used in industrial processes
1. Also, remediation is particularly challenging when these pollutants are present in multi-layered
soils [2]. A promising approach for the treatment of these soils is the use of polymer solutions [3].
Although polymer solutions can improve the remediation of these pollutants, the residual pollutant
after the flushing can still be noticeable. Surfactant solutions can improve the recovery of pollutants
by surface tension reduction; however, their efficiency in multilayer systems is limited [4]. Combin-
ing polymer and surfactant in a mixture can result in a remarkable improvement in the recovery of
the pollutant [5].
In this work, experimental and numerical approaches are used. Xanthan as a biopolymer and sodium
dodecylbenzene sulfonate (SDBS) as a biodegradable surfactant are used. To study the interactions
between the polymer solution and surfactant, various tools such as rheometer, and scanning electron
microscope (SEM) are employed. 1D-column experiments have been used for both single-phase and
two-phase flow. To evaluate the performance of the polymer solutions in the remediation of chlo-
rinated solvents in a multilayer system, a decimetric-scale 2D sandbox is used. Two-phase flow in
multilayer porous media is simulated to understand the underlying physics behind the experimental
results. The continuity equation is coupled with generalized Darcy’s Law and the non-Newtonian
behavior of the polymer solutions is incorporated into the model.
The xanthan solution exhibited shear-thinning behavior. However, when mixed with SDBS, the
viscosity decreased with no correlation between the viscosity of the mixture and the concentration
of the surfactant, given a constant concentration of xanthan. This is attributed to the mutual elec-
trostatic repulsive forces and hydrophobic interactions confirmed by SEM images. The analysis of
two-phase flow in a 1D-column indicates that incorporating a surfactant in the polymer solution
leads to higher recovery efficiency for 15%. Furthermore, the flow of the polymer/surfactant mix-
ture when using a mixture of polymer and surfactant, the flow of pollutants after breakthrough lasts
longer and the pressure difference along the column is lower compared to using the polymer solution
alone. The experiments in the 2D system illustrate similar results, the higher recovery and lower
differential pressure for the mixture of polymer/surfacatant. Another important feature of the 2D
experiments is the density-driven flow of the polymer/surfactant solution in the multilayer system.
The multilayer experiments for the polymer and heavy pollutants flow visually demonstrate that the
density, as well as permeability differences between the layers, have an impact on cross-flow. The
simulation of multiphase flow in a multilayer system produced results that matched well with those
from the experiments. The simulation results also reveal that if the upper layer in the 2D system is
not confined, the polymer solution as the lighter fluid moves mainly vertically. To address this, a
set of experiments were conducted in a larger 2D system with a horizontal well injecting a blocking
agent, which successfully prevented the vertical movement of the polymer solution.
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Radioactive waste arising from the production and use of radioactive materials calls for a sustain-
able waste management system which guarantees long-term safety to human and environment. To
this end, a multi-barrier deep geological storage system consisting of both natural geological forma-
tions and engineered barriers has been proposed by several countries as a viable concept to store
intermediate and high level wastes [1-3]. One of the central issues in the quantitative assessment
of the integrity of a deep geological repository is gas generation and migration. Hydrogen (H2) gas,
resulting from the anaerobic metal corrosion and water radiolysis processes is the most significant
gas expected after the closure of the facility. Clay minerals, which are abundant in these geological
sites, exhibit an intricate atomic structure with different polar species able to interact with H2 gas.
In this study, we explore the structure and energetics of H2 gas adsorption on the interlayer, basal
and edge surfaces of a montmorillonite clay model using molecular dynamics simulations. A special
focus is given on the effects of local compositional and structural heterogeneity of montmorillonite.
The simulation results show that on the basal surfaces, H2 occupies the siloxane cavities with the
Al/Si isomorphic substitutions on the tetrahedral sheet limiting the occupation of those sites. A de-
tailed analysis on the edge surfaces reveal that the local structure of water governs the adsorption
energetics of H2 on the edges and within the interlayer pores.
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ceous formation (2005).
2. Société coopérative nationale pour l’entreposage de déchets radioactifs (Suisse), & Johnson, L.
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Colloidal particles (amidine latex, 1 μm in diameter) in aqueous solution are put in contact with a
glass slide under ambient conditions where they adsorb. The particle concentration is fixed during
the experiment by mean of an infinite reservoir. Using a simple optical microscope, 240 x 320 μm2
images of the population of the adsorbed particles are taken while the glass slide and the solution are
at equilibrium. Analyzing the surface population we get the direct access to the isotherm, i.e. sur-
face concentration as a function of solution concentration. The isotherm is alternatively obtained
both from the density fluctuation and/or from the pair distribution function and the use of the Kirk-
wood Buff Integral. The results clearly show the equality of the chemical potential between the two
phases.
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Heat transfer processes and non-isothermal effects are found in many technical and environmental
coupled porous-media free flow systems.
Prominent examples including two-phase flow range from fuel-cell water management
and food drying to soil evaporation and salinization. Modeling these types of systems is challeng-
ing due to the variety of length and time scales involved and the high physical complexity of the
processes

In this work, we introduce a fully coupled, locally energy- and mass-conservative dual
network model for the simulation of heat transfer in realistic natural porous media, allowing the
consideration of pore-local thermal non-equilibrium and structural heterogeneity coupled with a
free flow system . Energy transfer in the dual network is modeled as a fully coupled processes using
pore and grain-local heat transfer rules derived from the analysis of local idealized but spatially
resolved problems and geometrical considerations. he solid space. Both porous media subdomains
are simplified using the same model reduction technique commonly applied exclusively to the void
space, where it is known as pore-network modelling.

Using selected examples, we will show the conditions under which
thermal non-equilibrium plays a role.
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The wettability of reservoir rocks is an intrinsic property that affects the behavior of fluid flow
through porous media. The wettability of rocks in tight sandstone reservoirs affects the occurrence
state and location of oil in pores. However, quantitative measurements of wettability are difficult to
accurately characterize in tight sandstones. In this study, we measured the contact angle of dense
sandstone using micro-CT image analysis and analyzed the distribution of oil and brine in the pores
of the rock and the wettability of the rock.

The experimental steps are as follows:

1. Select rock samples with good physical properties and samples are cleaned to remove oil, and
then the 3D CT data volume of the dry rock sample is obtained by micron CT scanning;

2. The sample is then saturated with brine doped with 10% NaI as a contrast agent, and crude oil is
injected to displace the brine to the bound water state. The core is immersed in the crude oil to
restore the wettability of the sample to the original reservoir state;

3. The brine with 10% NaI is used to displace fluids in the core plugs. The displacement of the brine
would attain 30 PV (pore volume). And then micro-CT scanning would be conducted again to
obtain the 3D X-ray CT data volume of the saturated mini-plug sample with oil and brine;

4. The CT data volume obtained is processed using the Avizo software. The CT data volume of dry
rock samples can be processed to obtain the three-dimensional morphology of pores;

5. On this basis, according to the difference of CT values of different fluids in the pores, the oil
is black, the brine with the contrast agent is dark gray, and the rock skeleton is light gray, the
segmentation threshold was set according to the gray distribution. Brine, oil and rock skeleton
were obtained after 3D CT images of rocks saturated with oil and water were segmented;

6. The methodology for measuring the contact angle is as follows. Select the image of oil and water
coexistence in the pore, observe the distribution characteristics of oil and water, and measure the
contact angle between oil and solid space in the pore.

Conclusions：
In this study, the contact Angle of oil in the pore of sample 1 is between 115.13° and 155.29°, with
an average value of 135.81°, indicating that sample 1 is a hydrophilic rock. The contact Angle of
oil in the pore of sample 2 is between 30.58° and 75.98°, with an average value of 54.54°, indicating
that sample 2 is an oil-wet rock. In pores of oil-wet rocks, oil is attached to the surface of porous
rocks in the form of film or dispersed liquid droplets occupying the edge of the pores, while brine
occupies the centers of pores. In pores of water-wet rocks, brine mainly occupies the corners of
pores, enclosing oil in the form of droplets or films.
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In petroleum industry, formation heterogeneity is often observed in many oil reservoirs, which im-
pairs the efficient sweep of oil by waterflooding. In such reservoirs, conformance control is essential
to ensure the injected water or chemical solutions optimally contact the remaining oil with minimal
throughput. Foams and gels have been applied as fluid diverting or blocking agent to improve oil
displacement efficiency in many reservoirs. Combining foam and gel for conformance application
also attracted attentions in recent years. With limited studies for high temperature and high salinity
carbonates, the careful laboratory evaluation of the transport of these chemicals in carbonates is
essential for screening reliable agents to achieve successful field applications.
In this study, we performed a comparative evaluation on the potentials of foam, gel and foam-gel
for high temperature carbonates. Bulk tests were used for initial screening. Foam heights were used
to screen foaming agents. A wide range of foam-gel solutions were prepared with different polymer
types and polymer concentrations to study gelant effect on foam stability. The effect of foamer on
gelation was evaluated through bottle tests. Based on the results, an optimal concentration ratio of
gelant to foamer was determined and used in core-scale displacements to further study the potential
of this hybrid foam-gel process.
Coreflooding experiments were performed at high temperature and high pressure conditions to eval-
uate the achieved and sustained mobility reduction (resistance and residual resistance) for different
conformance control processes, including foam, foam-gel and gel. Results showed that compared to
the water/gas co-injection, foam provided no additional resistance factor (RF). However, injecting
foam resulted in higher and more sustainable residual resistance factor (RRF). Foam-gel injection
exhibited higher RF and RRF values than the foam process, while the conventional gels showed even
higher RF and RRF values than foam-gels. Relatively lower RRF was achieved by the foam-gel com-
pared to the gel treatment, indicating that the foam-gel treatment might be less effective when strong
blocking is required (for example, extremely high permeable regions). However, combining two of
the most widely used conformance control methods (foam and gel) can strike a balance. The foam-
gel tends to be more easily delivered than pure gelants, and the stability is significantly improved
compared to the pure foam. Foam-gel may offer a treatment that is deeper and more sustainable
than foams, while the treatment is more practical and cost effective than gels. Results of this study
also demonstrate that such synergetic conformance control can be achieved in high salinity and high
temperature carbonates with pronounced impact.
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Traditional mineral investigation techniques are normally destructive and although they provide
very useful information, they come with disadvantages and limitations some of which cannot be ig-
nored. A case in point is the mechanical damage in the preparation process of SEM scanning during
which artifacts will be introduced to the results. Micro-computed tomography (µCT) in combina-
tion with Finite Element Analysis (FEA) based simulation provides a unique opportunity to develop
a non-destructive analysis tool. The workflow is as follows:
First, the µCT provides a voxel-based image. Using the already commercial software, this image can
be translated into a 3D digital version, meaning that the pore-throat network and the grain struc-
ture are modeled and mapped digitally. At this point, porosity, permeability, pore size distribution,
capillary pressure and etc are the deliverables. To Apply a structural analysis, a mesh can be created
using the geometry of the sample. This mesh can then be used by a finite elements simulator to
simulate mechanical properties like strength. The Application of Random field theory is necessary
to count for the heterogeneity of the sample.
As for mineral detection,here we have used monoenergetic µCT. The novelty of the technique is to
scan some reference materials alongside the sample. There are some subtle points to consider in
the choice of the reference material, for example, the density of the reference materials should be
distributed alongside the histogram.
Since the density(ρ) of the reference materials is known, the intensity( ) and the pertaining standard
deviation can be easily calculated which will be used to correlate a particular density to intensity.
Using the histogram, the count for the calculated intensity is the volume of the related density. This
volume can again be converted to weight percentage using density.
Important to note is that before applying this technique a database must be created that includes
the mineral phases/groups we are expecting. Here, this was done by scanning and analyzing three
samples. The minerals in the fourth sample then was predicted using the µCT and was compared
afterward with the XRD results. A good similarity is found.
The Differences could be owing to the presence of different mineral groups with similar densities.
This problem can be addressed by considering more elements (for example topological factors) into
consideration. Moreover, we can increase the accuracy of the ( , ) function by using more reference
materials.
Conclusion
As a proof of concept, a simple yet relatively accurate method is described here to confirm that min-
erals can be identified by mono-energetic µCT. To do so, an initial database was necessary. Using
four reference materials with known densities, a regression model was used to correlate the pixel
intensity with the density of the reference materials in the first step and with the density of miner-
als in the second step. Afterward, by using the frequency (counts in the histogram), the minerals
abundance was quantitatively calculated for a new sample that was not used for the development of
the model.
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Partial Molar Properties from Single Molecular Dynamics Simu-
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It is shown how to compute partial molar properties (e.g. partial molar volumes, energies, and
enthalpies) of fluid mixtures from single Molecular Dynamics simulations in the microcanonical or
canonical ensemble, using only relatively simple post-processing of trajectories. The method uses
least squares linear regression of local fluctuations of particle numbers and energies in combination
with the Small System Method, and is in principle valid for any number of components and for any
type of intermolecular interactions. For multicomponent systems, only a single simulation is needed
for a given composition of the mixture. Simulations of a binary WCA mixture are used to illustrate
the method, and to investigate the effect of system size. This approach has some practical advantages
over the Kirkwood-Buff approach.
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Nanoscale interface dynamics: Self-assembly and stability of in-
terface film of multi-phase flow in porous media
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Corresponding Author: yuequn.fu@fys.uio.no

Self-assembly phenomena have been observed widely in the interface of multi-phase flow in porous
media. Surfactant or surfactant-like particles play an important role during the self-assembly pro-
cess. In this work, we employed a series of molecular dynamics simulations to investigate the self-
micro emulsification and formation of self-assembly nanoparticle film. Atomistic insights into the
self-micro emulsifying process and the underlying mechanisms are crucial for the design and tun-
ing of the size of microemulsion droplets toward applications. Coarse-grained models were used
to explore the role that droplet sizes played in the preliminary self-micro emulsifying process. The
time evolution of liquid mixtures consisting of several hundreds of water/surfactant/oil droplets was
resolved in large-scale simulations. By monitoring the size variation of the microemulsion droplets
in the self-micro emulsifying process, the dynamics of diameter distribution of water/surfactant/oil
droplets were studied. The underlying mass transport mechanisms responsible for droplet size evolu-
tion and stability were elucidated. Specifically, temperature effects on the droplet size were clarified.
As a continuous task, the self-assembly behavior of amphiphilic nanoparticles was studied, and the
mechanical properties of the interface film has been measured. This work provides knowledge of
the self-micro emulsification of water-in-oil microemulsions at the nanoscale and the formation of
nanoparticles film. The results are expected to serve as guidelines for practical strategies for prepar-
ing a microemulsion system with desirable droplet sizes and an expected interface film consisting
of nanoparticles.
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The cell membrane plays a crucial role in supporting the energetic operations of biological systems.
Cells are amazingly energy efficient, relying on mechanisms to process and store energy that evolved
over hundreds of millions of years. Understanding and harnessing these mechanisms will be a key
to developing the next generation of biotechnologies. Within this context, the movement of ions
determines the electronic structure of the cell membrane and controls many aspects of the non-
equilibrium response. Depending on the particular process, hundreds to thousands of membrane
proteins may be involved in controlling these effects. Whole cell models provide a way to directly
resolve these physics as a way to predict membrane responses and inform engineering approaches
that target membrane transport. In this talk I will describe a new approach to model cell membrane
transport problems using lattice Boltzmann models. I will highlight examples where whole-cell com-
putational models can provide a way to understand how cell structure influences thermodynamic
efficiency in biological systems.
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porous flow experiment
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The unconventional oil and gas (shale gas, shale oil and tight oil, et al.) revolution has supported
the rapid rise in oil and gas production in the United States. China is rich in unconventional oil
and gas resources, which will be the main body of the company’s current and future production.
However, the unconventional oil and gas development is not effective, so it is urgent to explore new
development methods. These new development methods depend on the research of physical simula-
tion experiment technology. Therefore, this paper discusses problems that need to be paid attention
to in the physical simulation experimental of unconventional oil and gas porous flow mechanism.
Firstly, the unconventional oil and gas reservoirs are distributed continuously in a large area, but
their heterogeneity is strong. Are the cores obtained in experiments representative? For example,
On the one hand, shale oil can be divided into three types: interbedded type, lamellar type and pure
shale type. The representativeness of the cores obtained from each type of shale oil has an important
influence on the results. On the other hand, shale gas reservoir has strong vertical heterogeneity,
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which requires high target location, and plane heterogeneity leads to large productivity difference of
single well. Hence, obtaining representative shale core samples is of great significance for planning
and improving production. Secondly, the unconventional oil and gas reservoirs require volumetric
fracturing. What is the fluid flow mechanism under such conditions? Taking shale oil as an example,
it is necessary to explore how to exert pressure imbibition and spontaneous imbibition to improve
the development and production effect of shale oil. Finally, the large-scale development of uncon-
ventional oil and gas was achieved through “horizontal well + volumetric fracturing” in the early
stage, but the investment was large and there was little room for adjustment of well pattern in the
later stage. How to improve the development effect? Similarly, the primary recovery time of shale
oil development is short and the secondary recovery effect is poor. The concept of enhanced oil
recovery (EOR) needs to be integrated into the experimental design of unconventional oil and gas
development to improve the performance of shale oil.
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Dynamic contact angles and dynamic regimes for advancing liq-
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Flocks of birds, schools of fishes, or bacterial colonies constitute examples of living systems that
coordinate their motion. In all these systems their constituent elements generate motion due to en-
ergy consumption and can exchange information or react sensitively to chemical cues in order to
move together or to react collectively to external signals. Artificial systems, such as Janus colloids,
exploit the heterogeneous compositions of their surface to displace as a result of the heterogeneous
chemical processes that take place in the presence of appropriate chemical substances.
All these systems are intrinsically out of equilibrium in the absence of any external driving. There-
fore, their collective behavior emerges from a balance between their direct interactions and the
indirect coupling to the medium in which they move, and a self-consistent dynamical approach is
required to analyze their evolution. The mechanical balance that determines their collective behav-
ior makes these systems very versatile.
Synthetic active particles constitute a class of model systems with huge technological potential.
I will analyze in the role that phoresis plays in the rectification of such model systems and the
different mechanisms that lead to their propulsion. I will discuss the role that the dynamics of
the embedding medium plays in the different regimes that characterize active colloids. These sim-
ple models will help to address the fundamental properties of active systems and I will discuss the
generic implications that self-propulsion has in the emergence of structures in suspensions of model
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self-propelled particles.
In general, the steady states that characterizes these systems require a consistent dynamic treat-
ment. I will analyze the role that the medium in which active colloids displace has in generating
correlations among active particles them.

I will consider different mechanisms, such as swimming or heterogeneous catalysis, which lead to
spontaneous self-organization in the absence of external driving for a variety of active suspensions.
Such a comparison will help to discern between specific ingredients and general features determining
the emergent properties of active systems.
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The modeling of lithium-ion cells plays an important role in the electrification of many industries,
such as the automotive industry. Models with high accuracy and low computational complexity are
essential for the optimization of such applications.

To achieve this, a fully homogenized macroscale (FHM) model has been proposed 1. This reduced
model is based on effective mass and charge transport equations in isothermal active particles and
electrolyte.
In current-limited battery operation, and thus at low C-rates, the FHM model works very well. At
high C-rates, the predictions of the FHM model deviate significantly from those of the Direct Nu-
merical Simulations (DNS). A high C-rate leads to high current densities between the active particles
and the electrolyte and thus to steep concentration gradients near the interface. The resulting devi-
ation between the inner concentration and surface concentration can no longer be covered by the
homogenized value. Consequently, the FHM model is not applicable to diffusion-limited battery
operation.
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Therefore, we propose an extension of the FHM model based on Wang’s diffusion length concept
for spheres [2]. Here, the diffusion length is an additional variable that characterizes the correlation
between the homogenized concentration and the surface concentration as a function of the C-rate.
This extension allows to consider the diffusion limitation within the active particles, thus allowing
a reliable application at higher C-rates.
The extended FHM model is validated using a direct numerical simulation (DNS) for the charge of
a graphite half-cell. Despite the non-spherical properties of the graphite electrode, the diffusion
length concept can be successfully applied. The concentrations and potential distributions of the
FHM model are in good agreement with the DNS results.
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Entropic origin of the deviations from Darcy’s law in porous me-
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Knowing how liquid matter moves through a crowded medium due to the action of a force is cur-
rently a problem of great practical importance, present in cases as diverse as the transport of particles
across a cell membrane and through a porous medium. To calculate the mass flow through the sys-
tem, we propose a model 1 that emulates the texture of the medium by means of entropic barriers
that the particles must overcome to move. The model reproduces the velocity scaling behaviour with
force found in many systems, showing how the scaling exponent depends on the microstructure of
the medium and what the limit of validity of Darcy’s law is. Our model offers a new perspective
capable of characterising the flow of matter through the medium which may be useful in studies of
nanofluids, oil recovery, soil drainage, tissue engineering and drug delivery.
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Liquids under nanoconfinement and non-equilibrium conditions feature in many problems of in-
terest in energy recovery, management of energy dissipation or liquid storage. Nanoconfinement
influences the structure of liquids and their response to external fields. In this talk, I will discuss re-
cent investigations, using non-equilibrium molecular dynamics techniques, on the coupling effects
between nanoconfinement and external fields. I will illustrate these ideas with two examples: ther-
modiffusion of aqueous solutions in nanopores and nanotribology of room-temperature ionic liquids
in slit nanopores.
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Pore-scale Modelling of Salt and Hydrate Formation During CO2
Injection
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As a greenhouse gas, CO2 contributes significantly to the rise in global temperatures. The concen-
tration of CO2 in the atmosphere has increased by 45\% since the First Industrial Revolution, as a
result of continuous CO2 emissions. In order to reduce artificial emissions of CO2 into the atmo-
sphere, measures must be taken. Currently, fossil fuels still dominate the energy market, and CO2
capture and storage is considered the most feasible and effective method of reducing CO2 emissions.
However, injection of CO2 into the subsurface water presents significant challenges, especially near
the well bore. During CO2 injection into saline aquifers, salt precipitation near the well and the
formation of hydrates near the well are two significant challenges reported in the literature. These
challenges can result in injectivity loss if not mitigated.

Understanding the fundamental physics of the problem, identifying the critical physical and chemi-
cal parameters that may affect salt precipitation requires pore-scale insight. Pore scale simulations
in contrast to Darcy-scale simulations require less requirements about fluid dynamics and reactions
and thus they provide more detailed insights into the processes, but these models cannot simulate
physically a large system due to computational limitations. The objective of this study is to develop
pore-scale models for non-isothermal, multicomponent multiphase flows along with a geochemical
simulator that can simulate thermodynamic conditions. This study will also provide recommenda-
tions on designing and the required time scale for laboratory experiments, such as salt precipitation
and hydrate formation. It is also the objective of this study to investigate how porous media proper-
ties can be upscaled for given thermodynamic conditions based on dynamic conditions.
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As a popular method to study systematic evolution of pore structures or geochemical properties of
source rocks during thermal maturation, pyrolysis (either the hydrous pyrolysis or the anhydrous
pyrolysis) is widely employed to simulate the oil generation process. However, the variations in
mechanical properties of shale samples during the pyrolysis which plays important role in the hy-
draulic fracturing design which is one of the most important tools to increase the production are
rarely studied. In this study, by using the multiple methods such as grid nanoindentation method
with gas adsorption, organic petrology and bulk geochemical analysis, we evaluated the changes in
mechanical properties of shale samples under both anhydrous pyrolysis (AHP) and hydrous pyroly-
sis (HP). The results showed that thermal maturity (%BRo) of the products is different under these
two separate pyrolysis methods. Moreover, at the same pyrolysis temperature, mechanical param-
eters (i.e., Young’s modulus, hardness, and fracture toughness) of the HP product were found to be
smaller than those of the AHP. During the pyrolysis process (increasing the pyrolysis temperature),
the reduction in the mechanical parameters (mean Young’s modulus, mean hardness, and mean frac-
ture toughness) following AHP and HP can be larger than 40%. This study shows that water plays
an important role in changing the physico-chemical parameters during the process which should be
considered in development plans of the formations that’d undergo in situ conversion.
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Generating a solution for the pressure in reservoir models with fine-scale heterogeneities, modeled
at a meter scale, can be compute-intensive. Multiscale methods aim at reducing the runtime for the
solution of Poisson-type equations by solving coarsened flow problems that account for fine-scale
variations. To obtain a coarse-scale operator one needs to project the fine-scale operator using pro-
longation and restriction transfer operators. The choice of transfer operators determines the sparsity
pattern and the quality of the coarse-scale operator. Multiscale restriction-smoothed basis (MsRSB)
method and the classical multiscale finite volume (MSFV) method provide coarse-scale operators
with MPFA-like stencils even when TPFA fine-scale operator is used at the fine level. Typically, the
use of a denser MPFA operator is justified by its ability to capture tensorial permeability effects un-
like TPFA or multiscale coarse-scale operators.
In this work, we show an algorithm that reduces the sparsity pattern of the coarse-scale operator
for multiscale methods irrespective of the choice of prolongation and restriction operators. Once
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the choice is made on the transfer operators, the algorithm sparsifies the coarse-scale operator to
the desired sparsity pattern. We test the algorithm on the state-of-the-art MsRSB method to solve
the elliptic pressure equation on 2D layers of the 10th SPE comparative solution project. The SPE10
problem has uniform structured grids with diagonal permeability tensor which motivated our choice
of reducing the coarse operator sparsity to a TPFA-like stencil structure. Results show the poten-
tial of this approach as we were able to reduce the coarse-scale stencil size and get solutions with
tolerable errors compared to the reference solution.
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The rise in greenhouse gas emissions, particularly carbon dioxide (CO2), has become a significant en-
vironmental issue and is directly responsible for global warming and its harmful effects on the planet.
Geological CO2 storage (GCS) has emerged as a promising solution to reduce CO2 emissions into
the atmosphere. However, for GCS to be successful, long-term containment of CO2 underground is
essential. CO2 leakage can occur through both engineered pathways, such as leaks associated with
wells, and natural pathways, including caprock and geological faults. Existing materials developed
to prevent CO2 leakage have exhibited problems such as aggregation, degradation, high viscosity
which limits the injectivity, and poor tolerance to temperature, pressure, and salinity. Therefore, it
is crucial to identify materials that do not have these shortcomings to enhance the safety of GCS
projects.

The aim of this research study is to design materials that are sensitive to CO2 and have the ability to
block leakage pathways while remaining stable under high temperatures, pressure, and salt concen-
trations. Another aspect of this study involves testing the rheology of the materials under different
conditions that may be encountered during underground storage. To gain a deeper understanding
of the behavior of these materials in porous media, numerical modeling will be conducted from both
a pore and field perspective. As a reactive, multicomponent, and multiphase issue, this problem
requires a comprehensive numerical approach. This research is also a collaboration between the
University of Manchester and A*STAR institutition.
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The shale reservoir has more surface on account of the presence of nanopore, which is different from
the conventional reservoir. The differentiation of fluid occurrence can occur due to the coexistence
of pore and surface, that is the adsorbed and free state. However, as a result of unclear relation
between pore and surface, the evaluation and classification of shale are limited from the perspective
of the reservoir. In this paper, a suite of shale samples were collected from the Shahejie Formation in
the Jiyang Depression for nitrogen gas adsorption (N2GA), high pressure mercury intrusion (HPMI)
and field emission scanning electron microscopy (FE-SEM), thin sections observation. We analyzed
the relation between the pore volume (PV) and the specific surface area (SSA), classified the shale
reservoir on the basis of the relation furthermore and then discussed the characteristics and signifi-
cance.
The results show there are various relationships between the different PV and the SSA. The micro-
pore PV exhibits the strong positive correlation with the SSA. The mesopore and macropore PV
indicate the similar and complex correlations with the SSA: There is a weak positive correlation
when the SSA is less than 10 m2/g, but the correlation of macropore is worse. There is a weak neg-
ative correlation when the SSA is greater than 20 m2/g. It shows a transitional phenomenon in the
range of 10 to 20 m2/g. The shale reservoir can be divided into the pore type, the surface-pore type
and the surface type according to the relationships between the PV and the SSA. The pore type has
the smallest SSA, the largest average pore size, is richer in mesopore and macropore and is poorer in
micropore. Thus the adsorption potential or capillary pressure is weakest and the fluid exists in the
pore in the form of slight multilayer adsorption and obvious capillary condensation, which shows
the free state is dominant. The surface-pore type has the modest average pore size and SSA, is richer
in mesopore and micropore, is poorer in macropore. The adsorption potential or capillary pressure
is modest and the fluid exists both in the pore and on the surface saving as monolayer absorption,
multilayer adsorption and capillary condensation which shows the coexistence of free and adsorbed
state. The surface type has the smallest average pore size and the largest SSA, is richer in micropore,
is poorer in mesopore and macropore. The adsorption potential or capillary pressure is strongest
and the fluid tends to be adsorbed on the surface in a monolayer mainly and multilayer adsorption
partly, which shows adsorbed state mainly.
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Capillary trapping (also known as “residual trapping”) of supercritical carbon dioxide (‘‘scCO2’’) is
a key mechanism contributing to the safety and security of geologic sequestration operations for
carbon capture and storage (CCS). Recent experimental studies have suggested that cycles of scCO2

and brine injections alter surfaces of sandstone grains and increase capillary trapping. We present
results from two supercritical-condition core-flooding experiments aimed at pinning down specifics
of the alteration mechanism. Multiple cycles of scCO2 and brine injections were performed in two
Bentheimer sandstone samples; pore pressure was monitored during injections via transducers, and
after cessation of flooding, fluid configuration and scCO2 trapping were visualized via 3D X-ray
microcomputed tomography at the Australain National University’s CTLab. We confirm previous
results that demonstrated shifts in injection pressure and scCO2 trapping behavior over multiple
injection cycles, and we conduct additional analyses to discern the fluid-fluid macroscopic contact
angle, interface mean and Gaussian curvatures, scCO2 interfacial area, and topology of trapped
scCO2 ganglia. Microstructural analysis of the scCO2 phase indicates increasing presence of rela-
tively high contact angle (i.e. less water-wetting) surfaces as the experiment progresses, indicating
a transition to a “patchy”mixed-wet state. We observe that this wettability alteration renders scCO2

more stable in the rock pore space, increasing capillary trapping over four injection cycles. However,
the effect is only evident for homogenous region of the core; in regions where capillary heterogene-
ity dominates, wettability alteration effects are not evident. These results support previous work
demonstrating progressive shifts in fluid flow and trapping due to scCO2/brine cycling, and provide
new clarification as to the conditions under which this phenomenon may occur. [1,2]
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Several cities in developing world are facing growing problems of water scarcity and water pollution.
The city environment is characterized by fast changing demography and landscape as witnessed by
increasing population, urban sprawl, infrastructural growth, and mushrooming industries. A very
critical issue of water pollution arises from the sprawling dwelling units and small-scale industries
in various urban clusters because of improper management of sewage and industrial water. The
untreated sewage and industrial waters are most often discharged into the natural drains, although
such disposals are prohibited. The contaminants migrate from these wastewater drains to the sub-
surface media and percolates down through the variably saturated soil that leads to groundwater
contamination in adjoining areas of the drain throughout its course of travel. The objective of this
paper is to present a modelling framework of contaminant migration from wastewater drains to
investigate how the contaminants affect the root zone soil quality and how much it poses contam-
ination risk to groundwater system in the region. The modelling framework includes the channel
flow hydraulics to simulate the flow behavior in wastewater drain under varying hydrodynamic
conditions and Richards’equation to simulate the subsurface flow and advection-dispersion equa-
tion to simulate the multicomponent contaminant transport through the variably saturated porous
medium. The modelling framework was applied to the Najafgarh drain which traverses through
west, central and north parts of Delhi city before joining the Yamuna River at Wazirabad. The Na-
jafgarh drain accounts about 69% of wastewater that is discharged into the river Yamuna and is the
main culprit for deteriorating river water quality. The present study investigates the flow condition
in drain and the behavior of contaminant migration from the drain to the subsurface stratum and
examines potential risk of contamination to groundwater system. The subsurface flow and contam-
inant transport simulations were carried out using COMSOL Multiphysics software. The hydraulic
properties of variably saturated porous medium were estimated using van Genuchten formula. The
study reveals that the contamination spreading grows with the time as the drain flow is blocked
due to filthy condition which provides greater retention time and increases seepage. The heavy sed-
imentation reduces seepage but becomes potential source of contaminant accumulation which can
release miscible contaminants to migrate to shallow aquifers through the subsurface porous media.
The contamination spreads more than 65% of the modelled domain in 10 years of time. The contam-
inant spreading is sensitive to the rainfall, lateral flows, and subsurface hydraulic and dispersion
parameters. The study shows that there is a need of taking strategic measures to clean the drain
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which will not help in reducing the pollutant load to river Yamuna but will also help to minimize
the groundwater contamination risk and allow the drain to function like a recharging channel for
the groundwater system and making adjoining areas ecologically rich.
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In the path to a net-zero carbon and energy transition from fossil fuel, the world is facing a dilemma
of growing global energy demand and required actions on climate-related risks. While over 80% of
the current global energy needs are supplied by fossil fuels, 88% of estimated world greenhouse gas
emissions is related to fossil fuels due to combustion, extraction, flaring and venting of associated
gas. Furthermore, carbon intensity (CI) of upstream production, defined as Kg CO2e per barrel oil,
has increased due to a growing reliance on unconventional and heavy oils and depletion trends in
conventional resources, which make the energy sector the most sensitive sector impacted by an ac-
celeration in the transition to green economy. Moreover, there is a huge gap in terms of scale and
distribution of planned and ongoing carbon capture, utilization and storage (CCUS) plants and high
CI regions, as most of the fossil fuel dependent countries (FFDCs) are least prepared for the energy
transition in terms of exposure (hydrocarbon exports make up for GDP) and resilience (revenues
from oil and gas sales not adequately managed) to carbon emissions associated with oil production.
Therefore, the role of oil and gas companies on developing strategies for lower carbon technologies
and applying decision-making workflows for sustainable resource management is highlighted to
smooth the low-carbon transition period.
The focus of this work is on carbon resilience calibration and emissions scenario analysis in invest-
ment decisions to realize decarbonization goals through balancing short-term actions with long-term
energy transition plans. The complex porous media and reservoir fluid properties of a carbonate oil
and gas field with high CI and large flaring volumes is studied to analyze carbon footprint (CFP)
and carbon risk associated to development and production operations such as drilling new wells,
artificial lift systems (ALS) and oilfield-produced water treatments. A cash flow model for a sam-
ple CCUS project based on data-driven CI estimates and emission scenario analysis is proposed to
promote carbon resilience calibration in decision-making process.
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Deliquescence is the process by which a solid picks up water vapor from the atmosphere sponta-
neously and forms a solution. The deliquescence of a salt crystal is characterized by the deliques-
cence relative humidity (DRH) of the salt. Salt nanocrystals deliquesces differently than the bulk
salt crystals. It has been shown in previous study that in comparison to the DRH of the bulk NaCl
crystals (75.3% RH), the DRH of NaCl confined in nanoporous silica materials decreases from 73 to
58% as the pore size decreases from 89 to 8 nm 1. Contrary to that, the DRH of levitated nano-sized
NaCl crystal increases to 83% RH as the crystal size decreases to 6 nm [2,3].
The present work focuses on the deliquescence of salt crystals (NaCl and KNO3) confined in meso-
porous SBA-15 and MCM-41 silicas having pores upto 3 nm. Salt-silica-composite materials were
prepared by impregnating the porous materials with salt-solutions avoiding over-filling of the avail-
able pore volumes. After drying, water vapor sorption isotherms of bulk salts, unloaded porous
materials and the respective salt-silica-composites were determined. The experimental results re-
veal that the deliquescence of salt crystals confined in pores occurs not only far below the DRH of
bulk salts but also much earlier than the capillary condensation in the unloaded porous materials.
Even the capillary condensation in unloaded MCM-41 silicas is significantly lower than the DRH of
bulk salts. Thus, in contrast to DRH of levitated salt nanocrystals, the DRH of confined nanosized
salt crystals decreases with decreasing pore size.
A thermodynamic model approach, based on the combination of an ion-interaction model, the Laplace
equation and the Kelvin equation, is used to predict the deliquescence of both levitated and confined
nanosized salt crystals. The calculations agree well with the experimental results and reveal that the
shift in the DRH is largely the result of the curvature of the vapor–liquid interface that is formed
during deliquescence 1. In contrast, the influence of Laplace pressure and size of the crystal on the
solubility is small.
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The human placenta is an evolving organ where the mother feeds her fetus with oxygen and nutrients
through solute transport processes, which rely on robust maternal blood flow in the highly heteroge-
neous intervillous space (IVS) resembling random porous media in nature [1,2]. Since flow channels
within the IVS are sometimes comparable in size with red blood cells (RBCs), the cellular character
of blood can lead to rheological behaviour that existing continuum models fail to capture [3]. In this
work, we consider blood as a suspension of deformable RBCs in plasma and model cellular blood
flow across realistic IVS domains, to enable a mechanistic understanding of the structure-function
relationship between the IVS’s architecture and haemodynamics.

First, 3D IVS domains were reconstructed from synchrotron micro-CT image stacks of the human
placenta tissue (Fig. 1a) [4]. Cellular blood flow of designated feeding haematocrits (i.e. HF, volume
fraction of RBCs) in the reconstructed flow domain was then simulated with our high-performance
parallel blood flow simulator HemeLB (open source: https://github.com/hemelb-codes/hemelb) us-
ing the lattice-Boltzmann and immersed-boundary methods [5]. For comparison, homogeneous
Newtonian flow with physiological blood viscosity and pure plasma flow with liquid water viscosity
were also simulated.

Our preliminary flow simulations in a large IVS domain (Fig. 1a) recapitulate the exponential flow
distribution reported for IVS flow [4], either for homogeneous blood or for dilute RBC suspen-
sion (HF = 1%). Further simulations with homogeneous blood along three principal directions of
a cropped cubic domain (Fig. 1b) reveal a moderate degree of flow anisotropy. For semi-dilute RBC
suspension (HF = 10%, Fig. 1c), the flow resistance in the three directions varies as evaluated by the
apparent viscosity of the suspension relative to plasma viscosity, although the RBC residence time
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distributions are similar (Fig. 1d). The RBC deformability is also found to have a notable effect, with
elevated viscosity for hardened cells. These cell-scale haemodynamics investigated in our work can
help elucidate the elusive structure and function relationship in the IVS which may explain how
impaired placenta architecture causes pregnancy pathologies.
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Abstract: There is still more residual oil in heterogeneous reservoirs after water injection, and it is
difficult to recover them by further water flooding. As a common gas flooding medium, CO<SUB>2</SUB>
can further improve the recovery of heterogeneous reservoirs after water flooding, so it is of great
significance to study the laws of CO<SUB>2</SUB> miscible flooding under different injection meth-
ods in heterogeneous reservoirs. In this study, according to the heterogeneity characteristics of Lun-
nan Oilfield in Tarim, China, a single 1 m double-layer long core model was designed and prepared,
and CO<SUB>2</SUB> miscible displacement experiments with four different injection methods
were carried out. Through the comparison and analysis of the experimental data, the displacement
effect of CO<SUB>2</SUB> miscible flooding under different displacement methods is obtained,
and the laws of CO<SUB>2</SUB> miscible flooding under different injection methods in hetero-
geneous reservoirs are summarized. The research shows that: ① The oil displacement efficiency
of different injection methods of CO<SUB>2</SUB> miscible flooding in heterogeneous reservoirs
from high to low is: CO<SUB>2</SUB>-water alternate injection, continuous CO<SUB>2</SUB>
flooding, periodic CO<SUB>2</SUB> flooding, and CO<SUB>2</SUB>-hydrocarbon gas alternate
injection. ② CO<SUB>2</SUB> miscible flooding in heterogeneous reservoirs mainly relies on con-
vective diffusion and miscible mass transfer to recover crude oil. ③ The effect of convective dif-
fusion mainly depends on the plugging of the dominant channels in high-permeability areas and
the control of injection-production pressure differential. The effect of miscible mass transfer mainly
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depends on the degree of displacement in the early stage and the strength of gas miscibility. ④ To im-
prove the recovery efficiency of CO<SUB>2</SUB> miscible flooding in heterogeneous reservoirs,
on the one hand, gas channeling should be slowed down, dominant channels should be blocked,
and displacement pressure differential should be improved. On the other hand, the miscibility of
CO<SUB>2</SUB> should be improved.
Keywords: Different injection methods; Heterogeneous reservoir; CO<SUB>2</SUB> miscible flood-
ing;
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Synthetic membranes are among the most effective technology in separation, fractionation, concen-
tration, and purification. Their nanostructured pores have demonstrated their unique role also in im-
plementing processes such as catalysis, and molecular recognition. Engineering the chemistry of the
material, the structure of the pores, and the process conditions permits an extension of the areas of ap-
plication of membranes. The combination of porous and mesoporous membranes with biomolecules
leads to the development of artificial membranes with biofunctional properties. Biorecognition and
bioconversion confined in micro and nanoscale compartments are emerging as important properties
in the development of membrane-based biosensing and biocatalytic tools. For example, the trace
presence of recalcitrant micropollutants (such as pesticides, antibiotics, hormones, etc.) in the en-
vironment causes chronic exposure that represents a threat to health and socio-economic wellness.
The availability of technologies able to detect and eliminate trace micropollutants appears to be cru-
cial.
The lecture will discuss the development of biofunctionalized porous membranes and their ability in
intercepting traces of a model pesticide (such as paraoxon). The capability of membranes function-
alized with an enzyme (phosphotriesterase) to fully degrade the pesticide will be also illustrated.
Superparamagnetic plasmonic nanoparticles (core-shell iron-gold nanoparticles) conjugated with
enzymes are orderly arranged in porous polymeric frameworks able to accumulate the trace contam-
inant and enhance the interaction with the biochemical receptor. The role of membrane material,
pore size, structure, morphology, topography, thickness, and surface energy on the mass transport,
molecular interaction, and stabilization of the biomolecules will be outlined.
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The efficient exploitation of coalbed methane (CBM) plays an important role in reducing outburst
hazards, securing energy supply and reducing carbon footprint. Horizontal well cavity completion
performs well in Zhengzhuang Block, China, with stable daily gas production of 10,000 m3, which
was four times more than that of the adjacent fractured well. However, the stimulation mechanism
of horizontal well cavity completion is not clear and it is a challenge to directly reveal the evolu-
tion of stress and strain. This study proposes a method, finite discrete element method (FDEM), for
characterizing fracture and describing stress and strain evolution. A visualization experimental de-
vice based on digital image correlation (DIC) was proposed to measure the strain field. Then the
established FDEM model is calibrated based on observations from the experiment. And the effects
of cavity diameter and in-situ stress on short-term response of stress evolution and fracture exten-
sion were investigated. The results show that numerical simulations are in good agreement with
the experimental observations. The stress concentration occurs first around the cavity, and then in-
duces fracture propagation, which further leads to stress release. The fracture extension and stress
relief is limited in the vertical direction as the vertical stress decrease. The fracture length grows
linearly with cavity diameter. The key findings of this study provide insights into the progress of
stress reconstruction and fracture extension in CBM horizontal well cavity completion.
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Large-scale fracture network and fracturing fluid retention in shale reservoir will inevitably affect
the stress sensitivity. We focused on different areas of shale gas flow, and design several stress sensi-
tivity tests of matrix, unsupported fracture, supported fracture and water-bearing fracture cores. The
influence of different types of fractures and fracture water content on permeability is clarified. Fur-
ther more, a characterization model describing the change of permeability with stress is established.
The result shows: The stress sensitivity of different areas varies greatly. The loss of conductivity
of support fracture is small under high stress conditions. But the loss rate of unsupported fracture
permeability under the effect of effective stress is up to 97%, and the permeability recovery rate
after stress recovery is less than 20%. Permeability decreases by 3-4 orders of magnitude after micro-
fracture water cut, which is more sensitive to stress change. The research support the optimization
of fluid filling intensity and flowback system of shale gas wells.
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Carbonate rocks are highly heterogeneous due to post-deposition physical and chemical changes. It
exhibits various types of pores and a wide range of pore size distribution, making it challenging to
capture all pores in a single pore geometry model obtained from imaging techniques used in Digital
Rock Physics (DRP).
Digital rock analysis has proven to be promising and time efficient in deriving the pore-scale perspec-
tive of reservoir rock using simulation based on 2D or 3D image data. 3D models of rock microstruc-
tures are required to predict the rock properties without performing lab experiments; however, in
the case of carbonate, DRP is affected by a trade-off between image resolution and Field of view.
Here we are presenting a process-based approach to creating 3D pore geometry of carbonate rock
which incorporate micro and macro pore in the 3D geometry. The developed 3D model was used to
study the effect of microporosity on rock permeability and elastic properties.
In the present study, SEM images, thin sections, and XRD data are analysed for the size and shape
of pores, pore geometry, mineral composition, and diagenesis process.
Two 3D digital samples of highly heterogeneous carbonate rock, one with micro porosity and the
other without micro pores, were synthetically created based on the input of pore characteristics,
mineral content, and diagenesis. The pore scale simulation was performed on synthetic 3D geome-
try using the Finite volume method and Pore Network modelling.
In parallel, we have scanned an actual sample at two scales (high and low resolution), we used the
extracted pore network information from two data sets to create a single pore network stochasti-
cally.
The results from the process-based and stochastical pore networks were compared and analysed for
their efficiency in predicting the rock properties. We have also compared our results with experi-
mental data, which is in good agreement.
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Applied smouldering systems harness waste combustion within porous media to drive thermally
efficient environmental engineering processes. These systems use various reactor orientations for
a range or purposes, like (i) hazardous liquid management, (ii) faeces management in off-grid la-
trines, (iii) wastewater sewage sludge treatment, (iv) waste-to-energy, and (v) resource recovery.
These systems provide unique benefits over other thermal treatment systems due to their broad op-
erational limits offered by smouldering’s inherently resilient combustion characteristics. Practically,
this means that smouldering systems can manage traditionally problematic waste streams with mini-
mal energy input, e.g., those with low-volatilities and high moisture contents. Smouldering is driven
by coupling heat and mass transfer within porous media with chemical reactions. These combined
processes lead to a series of distinct smouldering zones characterized by their dominant process, i.e.,
the cooling zone, reaction zone, and preheating zone. Ultimately, the rate of smouldering is limited
by oxygen diffusion in the pore space to the fuel surface, which leads to characteristically cool peak
temperatures, slow propagation velocities, and gradual heating rates. These characteristics foster a
highly energy-efficient thermal treatment process.

Engineers and researchers are making strong progress in better understanding and unlocking the
potential of these systems across scales. However, the impacts of heat losses on applied smouldering
have not been rigorously investigated. This research gap inhibits the design and progress in applied
smouldering systems development.

This presentation presents the culmination of seven years in experimental work and analyses to bet-
ter understand the effects of heat losses in these systems. This work led to valuable insights into the
impacts of heat losses on applied smouldering systems. These insights clarify various key phenom-
ena, such as: (i) the key sensitivities in the global energy balance to system scale, (iii) the impacts of
non-uniform air flux due to heat losses, and (iv) the steady-state behaviour in smouldering systems
when the rate of global losses balance the energy released from smouldering. Altogether, these in-
sights shed light on many multidimensional phenomena in smouldering systems due to heat losses
and tool engineers to design improved applied smouldering systems for various environmentally-
beneficial purposes.
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Following the need for clean energy transit and lowering carbon emissions, many electrochemical
devices have been put out as energy storage tools such as fuel cells, batteries, supercapacitors, etc.
all these applications require electrodes with high surface area, good flow, and mass transport hosts
active material and releases bubbles. For these properties, we introduce porosity into our electrodes.
However, what is important in porosity, how can we control it, and which properties are critical for
catalytic purposes?
Pore Connectivity is a critical aspect in templated carbons that is usually dismissed or overdone,
adding more template and connecting the nodes in the system shows percolation behavior in poros-
ity, as properties grow after the percolation threshold where connectivity is satisfied. In this work,
we analyzed two carbons (PAN and glucose) produced through a hard template synthesis (zinc ox-
ide and silica) with a changing template ratio to understand the way the pore architecture is molded
and formed. Using N2 BET adsorption, Computational simulations, and different electrochemical
measurements. we report the findings that porosity produced via hard templated carbons behaves
as a step function and so do many other properties which are derived from the surface area change.
We observed many properties of these hard-templated carbons acting as a percolation phenomenon
(step function behavior). For ZnO templated PAN carbons plotting the SSA and ECSA as a function
of template ratio generated a percolation (step-function) type behavior, this was also seen in other
measurements with, RDE measurements, as well as computational calculation of the surface area
producing the same phenomenon and confirming even further the percolation effect in connectiv-
ity.
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Most flow-based domestic and industrial heaters/coolers are composed as a set of plates, tubes and/or
fins with certain constant temperature kept at the solid surfaces. The problem of their design op-
timization aimed at faster heating/cooling of the higher volumes of fluid per unit time with lower
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energy costs is very important for all types of thermomechanical units from macro to micro and
nanofluidic systems. In this study the regular and fractal type porous structures are studied as
optimal nature inspired design taken from nasal ducts of Arctic seals 1. Their nasal cavity can
be modeled as a circular tube with a porous structure inside that is used for splitting of the flow
into small jets which are in direct contact with the heating/cooling walls. Constant temperature
Tw = T∗ = const(i), heat flux Jw = const (ii) or convection Jw = −λ (T − T∗)(iii) boundary
conditions (BC) at the solid walls can be used for different types of heaters/coolers.

A regular-type porous model as a set of parallel channels with circular, square and triangle cross-
sections is considered. In the steady fluid flow case Q = const , analytical expressions for the
pressure P (r⃗) , temperature T (r⃗) and flow velocity v⃗ (r⃗) are known with BC (i),(ii),(iii). As op-
timization criteria the hydraulic resistivity Zhydr = (Pin − Pout) /Q, thermal resistivity Zth =
(T0 − T∗) /Jth, inlet length Lin(Fig.1b), and entropy production in the irreversible processes [2]
Ṡirr =

∫
V

(
λ
T 2 (∇T )

2
+ Π:∇v

T

)
dV , where Π is the viscous dissipation have been considered. The

problem {Fj → min, Vs = const}, where {Fj}4j=1 ∈
(
Zhydr, Zth, Lin, Ṡirr

)
and Vs is the volume

of solid material in the system, has been solved based on the analytical expressions.

It was shown, different sets {a, b,H,W,L}are produced by Zhydr → min and Zth → mincriteria.
Optimal solutions have been proposed base on the Pareto frontiers (Zhydr, Zth) and (Zhydr, Lin).
Analytical solutions have been checked by CFD computations. It was shown, the approach Ṡirr →
min produce unambiguous and more efficient design accounted both viscous and thermal energy
loss.
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Progress towards a net zero carbon economy involves subsurface activities, such as geothermal en-
ergy production and geological storage of carbon dioxide, hydrogen and radioactive waste, that
disturb tectonic stresses in the Earth’s crust. Seismicity induced by such stress perturbations is as-
sociated with risk from damage due to ground motion, fluid leakage and pollution due to increased
permeability, and the potential loss of public confidence. Safe operation of these activities therefore
requires effective management to minimise induced seismicity. Failure in brittle, porous materials
initiates when structural damage, in the form of smaller-scale fractures, localises along an emergent
failure plane or ‘fault’ in a transition from stable crack growth to dynamic rupture. Due to the ex-
tremely rapid nature of this critical transition, the precise micro-mechanisms involved are poorly
understood and difficult to capture. However, these mechanisms are crucial drivers for earthquakes,
including induced seismicity, and other devastating phenomena.

Here we observe these micro-mechanisms directly by controlling the rate of micro-seismic events
to slow down the transition in a unique triaxial deformation apparatus that combines acoustic mon-
itoring with contemporaneous in-situ x-ray imaging of the microstructure. We compare the seismic
signatures from this experiment with those from a sister experiment carried out under constant
strain rate loading. The results [1, 2] provide the first integrated picture of how damage and associ-
ated micro-seismic events emerge and evolve together during localisation and failure and allow us to
directly constrain the partition between seismic and aseismic deformation at the micro-scale.

The evolving damage imaged in the 3D x-ray volumes and local strain fields undergoes a break-
down sequence involving several stages: (i) self-organised exploration of candidate shear zones
close to peak stress, (ii) spontaneous tensile failure of individual grains due to point loading and
pore-emanating fractures within an emergent and localised shear zone, validating many inferences
from acoustic emissions monitoring, (iii) formation of a proto-cataclasite due to grain rotation and
fragmentation, highlighting both the control of grain size on failure and the relative importance of
aseismic mechanisms such as crack rotation in accommodating bulk shear deformation. Dilation
and shear strain remain strongly correlated both spatially and temporally throughout sample weak-
ening, confirming the existence of a cohesive zone, but with crack damage distributed throughout
the shear zone rather than concentrated solely in a breakdown zone at the propagating front of a
discontinuity.

Contrary to common assumption, we find seismic amplitude is not correlated with local imaged
strain. The seismic strain partition coefficient is very low overall and locally highly variable. Lo-
cal strain is therefore predominantly aseismic, explained in part by grain/crack rotation along the
emergent shear zone. Reactive loading to maintain a constant micro-seismic event rate increases the
seismic b-value, decreases the maximum event magnitude, and reduces the seismic strain partition
coefficient compared with loading under a constant strain rate. Adding event rate control to that of
maximum recorded magnitude may therefore be more effective than the current ‘traffic light’system
(based on maximum magnitude alone) for managing the risk of induced seismicity.
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Drag reducing agents (DRAs) are molecules that are able to reduce the frictional losses in turbulent
flows. Typical examples are high molecular weight polymers, or surfactants that form worm-like
micelles. DRAs are widely used in industrial applications : for example they can be used to reduce
the pumping requirements in long pipelines such as the Trans-Alaska pipeline (1), to increase the
flow rate in fire-fighting systems (2), and to reduce operating costs in district heating networks (3).
The aim of the current work is to assess the viability of DRAs for geothermal energy systems, with
the aim of reducing the pumping costs at both the production and injection wells. In particular, we
want to know how these DRAs interact with the subsurface. For example, the DRAs being tested
might have the ability to significantly reduce drag, but this benefit would be negated if they are then
shown to cause injectivity problems in the reservoir.
In this work, a number of potential DRAs, both polymers and surfactants, were obtained and two
sets of screening tests were carried out to identify the strongest candidates. Firstly, the DRAs were
tested for their thermal stability at reservoir salinities and temperatures. Several of the DRAs showed
precipitation and phase separation at the test conditions, and were therefor removed from the study.
Secondly, high-shear rheometric tests were performed with the DRAs to determine if they can pro-
vide drag reduction in turbulent Couette flow. These tests allowed us to determine the optimal
concentrations for each DRA, and how this optimal concentration varies as a function of tempera-
ture.
Following these screening tests, the most effective DRAs were flowed through natural porous media
samples (Bentheimer sandstone) to test for injectivity problems. It was found that for slow flows, i.e.
a low shear state, there was little injectivity decline, whereas for strong flows, significant injectivity
decline could be seen at the inlet of the porous media for some of the DRA samples.
Finally, in ongoing work, the final candidate DRAs will be tested in a large scale flow-loop to con-
firm the scale of the drag reduction that could be observed in pipe flow. A preliminary flow-loop
test has been carried out with a DRA from literature (4), and drag reduction of up to 75% was ob-
served.
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Geothermal power output and the associated heat depletion in hydrothermal doublet systems depend
largely on the existing reservoir and operational conditions. In this study, we use CMG-STARS Simu-
lator to numerically simulate the temperature depletion of a homogeneous, horizontal hydrothermal
reservoir in Western Saudi Arabia due to geothermal exploitation by a well doublet. We vary the
reservoir, operational, and boundary conditions to account for uncertainty or natural variability in
the model and to calculate the corresponding variations in thermal power generation over time. For
a given reservoir depth, thickness, pressure-and-temperature-related parameters, permeability, flow
rate, and well configuration, it is imperative to determine the optimal well spacing to achieve the
largest thermal energy generation over the lifetime of the hydrothermal reservoir. To determine the
optimal doublet spacing would require hundreds, if not thousands, of permutations of the different
uncertain or naturally variable reservoir and operational parameters for any specific hydrothermal
system. In this study, we develop a novel generalized non-dimensional expression of power gen-
eration over production time. The dimensionless power is calculated as the ratio of the enthalpy
difference between the geofluid at the production wellhead and at the injection wellhead to the en-
thalpy difference between the geofluid at the initial reservoir condition and at the injection wellhead.
A dimensionless time is also calculated as a function of circulation flow rate, fluid density, porosity,
doublet spacing, reservoir thickness, and time. We conducted simulations varying these parameters.
The results tend to collapse onto a single curve in this non-dimensional phase diagram. Hence, this
graphical representation can be used to predict the evolution of power over time for various combi-
nations of the parameters without running new simulations. From this dimensionless power-time
plot, the thermal power output can be calculated at four critical dimensionless times, which include
the power output at (i) τ_d=0 (start of production), (ii) τ_d,max signifying the dimensionless time at
maximum thermal power output, (iii) the dimensionless thermal breakthrough time, τ_d,TB. With
this value, the thermal breakthrough time of a doublet for the hydrothermal system considered in
this study can be determined without carrying out computationally expensive simulations. Lastly,
(iv) dimensionless time after the thermal breakthrough has occurred, τ_d>τ_d,TB. The heat depletion
at this stage can be expressed mathematically as an exponential decay.
Hence, for any combination of the reservoir and operational parameters, the optimal well spacing
that provides the largest thermal power output over the reservoir lifetime and what combination of
the parameters depletes the reservoir heat the fastest can be provided easily with the dimensionless
power-time plot.
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Among the strategies that are being undertaken to decarbonize the energy sector, many options
involve underground hydrogen and carbon dioxide storage facilities. Therefore, efforts are being
addressed to understand and characterize flow phenomena occurring in underground porous sys-
tems.

In this context, microfluidics offers a cost-effective option to extract large sets of information at
the pore-scale. Microfluidics makes it possible to perform a wide series of experiments, having full
control over the porous system and the experimental conditions, with little consumption of materials
and fluids. Although microfluidic works on pore-scale analysis for underground fluid storage can
already be found in literature, to the best of our knowledge a comparison between different porous
patterns within the same experimental conditions is still missing.

In this work, we design, characterize, and fabricate four different micromodels, and we perform
cycles of air/water drainage and imbibition, at different capillary numbers, to observe the influence
of the network geometry on the fluid dynamics.

The four micromodel patterns respectively represent a regular grid, a Voronoi diagram, a mosaic com-
posed of repeated images extracted from real Hostun rock thin sections, and a synthetic anisotropic
porous medium generated with the QSGS algorithm. The design of these porous networks follows an
increased level of complexity. All these patterns are fully characterized in terms of porosity, tortuos-
ity, and pore size distribution using a methodology based on the A* algorithm and CFD simulation.
Air/water drainage and imbibition tests are performed at standard conditions.

With this approach, we create a set of pore-scale observations that are meaningful for further un-
derstanding and future modeling of underground fluid storage sites. In particular, we describe and
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compare the pore-scale phenomena and percolation patterns observed in the four micromodels, un-
der the same experimental conditions. The strengths and limitations of 2D microdevices applied to
the study of underground porous systems are discussed with respect to the observed results.
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Surface charging at immiscible liquid-liquid interface is essential to the emulsion stability, surfac-
tant adsorption, and various engineering applications such as drug delivery and mineral flotation.
However, droplet electrophoresis, as a widely-used electrokinetic method to measure the surface
charge density, has various limitations in physical modeling and sample preparation. In this work,
an alternative experimental method based on streaming potential setup is proposed. A Y-Y shaped
microchannel was used to make a flat and stable liquid-liquid interface. The inner wall was coated
with polymer to suppress the interference of the solid-liquid interfacial electrokinetics in the liquid-
liquid one. The experimental setup was first verified by revisiting the aqueous solution-silicon sur-
face charging, after which the surfactant-free decane-KCl solution interface charging was investi-
gated. The negative surface charge at the decane-KCl solution interface is confirmed and is found to
increase when increasing the pH. This result is compatible with the probable charging mechanism
that the acquired negative surface charge results from hydroxyl ion adsorption onto the interface.
The proposed method enables the simplicity and flexibility for further side-by-side studies on the
liquid-liquid interface charging mechanism and will inspire the quantitative macroscopic interfa-
cial modeling for numerous scenarios, such as the droplet electrophoresis and interfacial electro-
hydrodynamics.
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The prospect of finding new fields for oil and gas-based energy sources faces critical challenges.
These challenges can be successfully addressed through enhanced oil recovery. Water cut, produc-
tion costs, and oil recovery are all adversely affected by premature water channeling. Increasing
heterogeneity in oil fields has led to the use of more and more profile control techniques. Polymer
flooding has been widely used and recognized for its low cost and ease of use.

In this study, a series of flat core models including a water injection well and four production wells,
each with different thickness and heterogeneous zone electrodes, have been developed using the
parameters of reservoir permeability (200/400/600mD) and reservoir thickness ratio (3:3:4) of Sa II of
Beierxi. In heterogeneous flat plate rock core models, electrodes are placed at the top of the medium
and low permeability reservoir to improve saturation measurement accuracy. Using comprehensive
analysis, the experimental results of the schemes are compared, and corresponding conclusions are
drawn.

Using actual injection parameters in the field, we designed four types of flooding experiments in
flat cores using different injection-production cycles. With different water permeability values, we
tested a series of standard curves corresponding to resistance and oil saturation. Different resistance
values can directly reflect different oil saturation values in the core since other components are not
conductive. The displacement effect and swept volume after pressure system changes are clarified by
using the electrode plate core as a physical model experiment. Compared with conventional water
injection, cyclic water injection can further expand the swept volume of medium and low perme-
ability reservoirs with dominant flow channels, and improve the producing degree of the top and
middle layers of thick oil layers, and cyclic water injection increases the average recovery percent
of reserves up to 1.04 % in thick oil layers.

In an experiment involving constant pressure water injection, the recovery percent of high, medium,
and low reservoirs increased by 3.83%, 1.74%, and 1.01%, respectively, and total recovery percent
increased by 2.25% with an increase in injection pressure (from 0.16 MPa to 0.20 MPa).
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Groundwater monitoring is the most widely used technique to detect non-aqueous phase liquid
(NAPL) leakage from underground storage tanks. However, this method allows the detection of
leakage as soon as the pollutants reach the groundwater table, dissolve, and move forward to the
monitoring wells. In addition, this technique is often expensive and has to be accurate enough to
allow rapid identification of the source in case of sudden detection of pollutants. Here, we present a
new detection method for the leakage of volatile compounds in the soil before reaching the ground-
water by monitoring the soil gas. A model has been developed to validate the proposed monitoring
technique by the NAPL leakage from an underground reservoir tank. The model simulates the pollu-
tant infiltration into the unsaturated porous media using the generalized Darcy’s equations and the
soil gas extraction using the advection-diffusion equation, taking into account the gas adsorption
onto grain surfaces. A decimetric-scale 2D tank experimental setup filled with different sand sizes
was used to validate the developed model. The front part of the 2D tank was made of transparent
glass to photograph the NAPL front propagation using the light-reflected method. We investigated
the infiltration of two light NAPLs (diesel fuel and gasoline) from the middle top of the tank and
different gas extraction flow rates. The gas extraction was performed from a port on the middle
right side of the tank. The extracted gas was analyzed continuously using a portable gas chromato-
graph. The comparison of experimental and numerical results for LNAPL front propagation and
gas concentration allowed the validation of the developed model. Therefore, the impact of the soil
gas monitoring well distance from the leakage source, extraction flow rate, and soil and pollutant
type on detection efficiency have been tested using the numerical model at a real scale. The results
demonstrated that the proposed soil gas monitoring technique could detect pollution with a low
soil-gas extraction flow rate in a radius of tens of meters around the soil gas monitoring well and
after a few months for high and medium soil permeability.
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Currently, the industry standard for modelling Li-ion batteries at cell scale is known as “Porous Elec-
trode Theory.”This approach has prevailed for about 50 years, and still undergirds the majority of
commercial software and academic tools for this application. The macroscale equations employed in
these models typically use a single tortuosity factor to estimate both effective diffusivity and ionic
conductivity. Furthermore, it is standard practice to use the Bruggeman correlation to calculate this
tortuosity factor, despite its validity for this application being the subject of some dispute 1. In re-
cent years, various authors have explored the versatility of the Bruggeman correlation for Li-ion
battery electrodes [2, 3], but there has been comparatively little investigation of the battery separa-
tor. In this work, the pore-scale transport equations are upscaled using a volume-averaging method,
giving insight into the possible structure of the macro-scale equations, and the nature of the effec-
tive properties, thus highlighting which assumptions are implicit in the use of a single tortuosity
factor. Additionally, effective transport properties for a Celgard® PP1615 battery separator are de-
rived directly from tomographic images, to evaluate if the Bruggeman correlation is appropriate, and
to further clarify if using a single tortuosity factor is reasonable. To do so, concentrated-solution
transport equations are solved over a reconstruction of the separator geometry whilst imposing
various Dirichlet conditions on electrolyte concentration and potential. To give a benchmark for
comparison, the pore-scale transport equations are solved for a separator sample under realistic dis-
charge conditions, allowing evaluation of the accuracy gain offered by a macroscale model with
tomography-derived transport properties.
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As an alternative to water, supercritical carbon dioxide (CO2) has higher mobility and heat capacity
to be used for heat extraction from geothermal reservoirs, while also trapping most of the injected
CO2 underground to reduce carbon emissions and mitigate climate change. CO2 capture, utilization,
and storage (CCUS) in geothermal reservoirs has become an attractive option for circular carbon
economy models for governments and green energy business decision takers. Therefore precise
fluid property parametrization and modeling workflows are essential for CCUS simulations to reach
the right economic decisions.
CO2 injection in a saline aquifer is a multi-phase flow problem where scientists have to take into
account the multi-component fluid flow and heat transport. For many multi-phase flow systems,
viscosity plays an important role; hence it characterizes the fluids’ resistance to flow (mobility) and
the displacement rate of other fluids in the reservoir. In cases of injecting CO2 in thick, deep, saline
aquifers, where the changes in pressure and temperature are considerably high, the viscosity of the
injected fluid is also changing significantly in reservoir conditions. Moreover, the mutual solubility
of CO2 and water has many obvious implications for long-term carbon sequestration and fluid-rock-
heat interactions, which also changes with pressure and temperature. Therefore fluid properties,
especially the viscosity and solubility of CO2, is critical to be prescribed precisely in the expected
ranges of pressure and temperature of reservoir conditions.
We prescribed the CO2 viscosity based on the National Institute of Standards and Technology (NIST)
database (https://webbook.nist.gov/chemistry/fluid/) and mutual solubility of CO2 and water based
on the published laboratory experiments. We used the CMG STARS simulator as main solver, which
has excellent performance in calculating heat exchange between fluids and rocks, and often is used
to simulate thermal recovery processes in oilfields. To validate our results of viscosity and solubility
inputs, we compare our model results with simulation results from compositional simulators CMG
GEM and TOUGH2. These compositional simulators use their inbuilt libraries for fluid properties
and their own interpolation algorithms (empirical relationships) for changing viscosity and solubility
in defined P-T ranges. We then check the CO2 saturation and pressure results for different model
scenarios in both CMG STARS, CMG GEM, and TOUGH2 to validate our main modeling approach
in CMG STARS.
The comparison study and results show that our modeling technique achieves equivalent saturation
and pressure values in the same injection production scenarios compared to verification simulators
(CMG GEM and TOUGH2), where it outperforms by fully coupling the solubility and enthalpy. This
modeling approach gives us the flexibility to prescribe fluid parameters that change at different
pressure, temperature and brine concentrations. The model results reveal how the dense mixture
of dissolved CO2 and formation brine moves in the reservoir and thus affects the reservoir’s heat
recovery scheme in long term.
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The hydrological cycle is highly affected by changes in vegetation cover. One of the most important
forces in this cycle is transpiration. This process returns approximately 50% of precipitated water
back to the atmosphere, and accounts for more than 60% of the evapotranspiration rate. Vegetation
is thus exposed to and governed by different meteorological variables, as well as by the availability
of water in the soil and subsoil [1-9]. It’s known that the variation in temperature of the groundwa-
ter at depths of up to 30 meters is subjected to daily and seasonal interference with the changing
surface temperature. Beyond this depth thermal conductivity is not applied to detect signals of the
surface temperature variation [10, 11]. However, groundwater microtemperature is clearly affected
by vegetation activity [12-16].
The periodic variation in plant electrical potential has been evidenced in other studies [1, 17-19].
Some studies have shown that despite the periodic daily variation in electric potential in plants [1,
17, 20, 21], there is no direct link to xylem flow [17, 19, 22].
Atmospheric electricity has long been studied [23-25] and exhibits diurnal and seasonal variation
[26]. While land and ocean tides are gravitationally controlled, atmospheric tides are mainly ther-
mally controlled by solar radiation [27, 28].
The variation in groundwater microtemperature in summer was compared with meteorological pa-
rameters and with the electrical potential at plants. With increasing surface temperature, there is
a decrease in relative humidity and an increase in the electrical potential of a tree, measured as the
difference between the northern and the southern face of the stem (N –S), in order to eliminate the
impact of the atmospheric electricity. This increase also coincides with an amplitude of approxi-
mately 2 mK in the groundwater temperature change and agrees with a vertical flow component of
less than 10 cm. Possibly changes in the macro weather situation events were observed in the south-
ern electric potential and groundwater temperature records. Atmospheric tides were detectable in
the measurements of both, the north and south electric potentials.
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Geologic carbon storage is the most readily available technique that can store the carbon in a rel-
atively larger volume. The higher injectivity and the larger storage capacity are required for the
efficient and economical geological carbon storage. The storage capacity of reservoirs highly de-
pends on the multiphase flow properties of the reservoirs, especially the residual saturation of CO2
. The CO2-compatible surfactants can enhance the storage capacity by increasing the residual sat-
uration of CO2, due to the reduced interfacial tension between brine and CO2 . A few groups of
CO2-compatible surfactants have been tested for their performance in controlling interfacial ten-
sion in various pressure and temperature conditions. The interfacial tension and contact angle on
commercially available substrate, such as quartz mineral and sandstones, were experimentally mea-
sured. The pressure and temperature ranges 25~40℃ and 4~10MPa, respectively. Non-ionic surfac-
tants perform better than ionic surfactants in the brine-CO2 system, whereas the performances were
similar to each other in the brine-air system. The contact angel alteration become more prominent
in higher pressures. Lower interfacial tension and higher contact angle, induced from surfactants,
will lower capillary pressure, and thus increase the residual saturation of CO2. The lower capillary
pressure also enhance the sweep efficiency during the geologic carbon storage operation. Further
study with various and systematic measurement conditions are required for the operation design in
field scale.
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Residual bubbles in porous media, initially emerging at non-equilibrium state by direct injection,
phase changes or imbibition, spontaneously coarsen towards a thermodynamic equilibrium state.
During coarsening process, bubbles’morphology and pore occupancy change that affects hydraulic
conductivity, mass & heat transfer coefficients, and chemical reaction kinetics. The kinetics from
initial distribution to equilibrium is critical in determining physically-correct models for predicting
CO2 subsurface sequestration and gas condensate production.

Based on our earlier theoretical approaches on bubbles’coarsening [Xu et al., PRL, 2017; Xu&Mehmani
et al., GRL, 2019] and on bubbles’stability analysis [Wang et al., PNAS, 2021], we apply recently-
developed pore-network modeling (PNM) tool [Mehmani & Xu, JCP, 2022; Mehmani & Xu, AWR,
2022] to investigate the kinetics of bubble coarsening in porous media, and reveal the final state
in both homogeneous and heterogenous media. The time scale of coarsening is also theoretically
derived and numerically validated [Yu & Wang, et al., GRL, 2023].

We first study the local equilibrium state of a two-bubble system in two connected pores. Without
external field, there are three different equilibrium states when increasing the initial bubble volume:
(a)the smaller one is eaten by the larger one, (b)both bubbles survive but of different sizes, and (c)both
bubbles survive and of the same size. When there is an external field, only (a) and (b) are found with
the growth of initial bubble volume. Analytical solutions matches the simulation well.

We then simulate the bubble coarsening in a 200×200 homogeneous pore-network model. The results
show that some bubbles survive and are all finally of the same volume while others disappear. Bubble
coarsening kinetics in porous media deviates from Lifshitz-Slyozov-Wagner theory, showing a much
slower radius –time scaling. We attribute this new scaling to that porous structure quantizes the
space and decouple the mass transfer coefficient from the bubble size. We accordingly develop a
new theory for bubble coarsening in porous media, that matches the theory well.

Finally, we investigate bubble coarsening in heterogeneous systems. Although slightly affected by
initial condition, we note that survival bubbles at equilibrium statistically fill from the largest pore to
smaller pores. We plot capillary pressure –saturation curve and pore-occupancy –saturation curve
at equilibrium, that can well match our theory considering pore-size distribution. The time scale
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for reaching equilibrium can also be estimated by the homogenous media theory, with necessary
modification of perfector.
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Plume deformation and mixing determines the effective reaction in porous media
chracterised by internal heterogeneous reaction. Via pore-scale simulations, we show the dynamic
of a passive scalar injected in a packed bed consisting of a mixture of chemically inert and reactive
spherical particles (adorbers), to mimic, e.g., the contaminat uptake by a fraction of grains in the soil
matrix 1.
The scalar plume deformation is a consequence of the different mechanisms of transport characteris-
ing the transport of molecules in the proximal and remote pores relative to the adsorbers, diffusion
and advection, respectively. The scaling laws governing stretching and broadening of isoscalars are
quantified and discussed in relation to medium characteristics, such as the mean adsorbers’ inter-
particle distance.
We show that a transition from diffusion- to advection- dominated macroscopic adsorption is deter-
mined by the amount of adsorbers within the medium, with diffusion and advection dominating at
high and low fractions, respectively.
At high fractions the temporal evolution of the macroscopic adsorption scale as ∝

√
t. while at law

fractions it follows ∝ t. The transition shows that more rapid adsorption is taking places in areas
of soils where the fraction of adsorbers is lower, leading also to a faster saturation of contaminant
uptake capacity.
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The intense use of fossil fuels worldwide has increased the release of greenhouse gases (GHG) into
the atmosphere, with carbon dioxide (CO2) being the main one. In this context, Carbon Capture
and Storage (CCS) technology has been promoted over the last few years as a good long-term al-
ternative to help countries reduce the emission rate of greenhouse gases, especially carbon dioxide
(CO2). Despite having few projects, Brazil has advanced in CCS implementation studies, some off-
shore and others related to BECCS onshore. Implementing BECCS systems in the country may be
very useful in reaching negative CO2 emissions, especially in the South-Southeast region, which
concentrates the most significant number of bioenergy plants. In his favor, Brazil has an extensive
area of continental proportions, encompassing several sedimentary basins prone to the application
of CCS, such as the Paraná Basin. The Paraná Basin nestles sandy and clayey sedimentary units ex-
hibiting significant lithological heterogeneity, such as those of the Rio Bonito Formation (Permian).
The Rio Bonito Formation is approximately 350 meters thick and comprises sandstones, conglomer-
ates, siltstones, coal, and carbonaceous shales, deposited in coastal to shallow marine environments.
The Rio Bonito sandstones present great regional diversity in the Paraná Basin, resulting in different
types of mineralogy and portions with higher porosity and others with lower porosity, as well as
varied permeability. This Formation is the main oil play in the intracratonic Basin of Paraná, with
characteristics of a suitable reservoir, even on a non-commercial scale. This work aims to character-
ize the sandstone layers of the Rio Bonito Formation to confirm if it is suitable for CCS reservoirs,
based on mineralogy, porosity and permeability for implementing CCS in southeastern Brazil. Pre-
liminary data suggest a positive potential of some sandstone portions for geological CO2 storage.
This research is supported by the RCGI –Research Center for Greenhouse Gas Innovation, hosted
by the University of São Paulo (USP) and sponsored by FAPESP –São Paulo Research Foundation
(2014/50279-4 and 2020/15230-5) and Shell Brazil.
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Ion-exchange membranes(IEMs) have been widely used for desalinated and energy conversion pro-
cesses. Since the IEMs determine the efficiency of the above process, it is necessary to develop
them with impoved separation performance and durability. Novel composite-type anion- or cation-
exchange membranes were prepared as follows; first, pore-filling of monomer mixtures (styrene/
divinylbenzene (DVB), vinylbenzylchloride(VBC/DVB)) and an initiator was done in commercial
polytetrafluoroethylene(PTFE) porous films, respectively. Thermal polymerization was followed in
high temperature oven for the formation of precursor membranes. Post-sulfonation was done with
chlorosulfonic acid in methylene chloride to give -SO3H for the preparation of cation exchange mem-
branes. Post-amination was performed in trimethylamine (TMA) in acetone to give -N+(CH3)3- for
the preparation of anion exchange membranes. SEM analysis confirmed these membranes were suc-
cessfully prepared.
The electrochemical properties of the resulting membranes - ion exchange capacity, electric resis-
tance and water content - were studied in terms of the ratio of dope compositions of monomers
(Styrene/DVB, VBC/DVB).The composite membranes showed excellent electrochemical properties
–electric resistance, water content and IEC value - depending on the monomer dope compositions
(Styrene/DVB ratio and VBC/DVB ratio). These membranes showed lower electric resistances, lower
water contents and higher IECs than commercial membranes thanks to thin PTFE supports. These
results showed our composite membranes could be applied to the desalinatings electro-dialysis and
energy conversion process.
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The geological disposal facility (GDF) is the most common planned method for the disposal of ra-
dioactive waste. GDFs utilise a multi-barrier concept designed to prevent the release of radionuclides
into the surrounding environment, collectively known as the engineered barrier system (EBS). The
EBS is a key component for GDF safety as it slows the inflow of water to limit corrosion, protects
the structural integrity of the container, and prevents radionuclides from being released into the
environment.

The EBS also manages gases that are produced in the GDF during container corrosion and waste
degradation, providing pore-space and passively controlling gas release to limit pressures and reduce
the risk of gaseous radionuclide release. This project explores use of bentonite clay and waste rocks
(WR) from quarries, excavated GDF rocks and re-use of other materials for the EBS. Their use as
an EBS material would lower the environmental footprint and prevent these materials from filling
landfills. We are assessing whether WR/bentonite mixtures meet criteria for EBS usage, including
mechanical strength, fluid/gas permeability, microbial activity for gas consumption and the long
term performance of these re-used materials. This is being conducted through a series of laboratory
based and modelling techniques.

The use of bentonite in the EBS is internationally supported by several waste management organi-
sations due to its high adsorption capacity, swelling properties and its low hydraulic conductivity.
The addition of WR aggregate provides increased mechanical strength, improves gas permeability
and increases the potential to host communities of gas-consuming microbes. This poster showcases
the results from initial mechanical tests.
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Ion-exchange membranes(IEMs) have been widely used for desalinating electrodialysis and energy
conversion processes. Since the IEMs determine the efficiency of the above process, it is necessary to
develop them with improved separation performance and durability. Novel composite-type anion-
or cation- exchange membranes were prepared as follows; first, pore-filling of monomer mixtures
(styrene/ divinylbenzene (DVB), vinylbenzylchloride(VBC/DVB)) and an initiator was done in com-
mercial thin polyethylene(PE) porous films, respectively. Thermal polymerization was followed in
high temperature oven for the formation of precursor membranes. Post-sulfonation was done with
chlorosulfonic acid in methylene chloride to give -SO3H for the preparation of cation exchange mem-
branes. Post-amination was performed in trimethylamine (TMA) in acetone to give -N+(CH3)3- for
the preparation of anion exchange membranes. SEM analysis confirmed these membranes were suc-
cessfully prepared.
The electrochemical properties of the resulting membranes - ion exchange capacity, electric resis-
tance and water content - were studied in terms of the ratio of dope compositions of monomers
(Styrene/DVB, VBC/DVB).The composite membranes showed excellent electrochemical properties
–electric resistance, water content and IEC value - depending on the monomer dope compositions
(Styrene/DVB ratio and VBC/DVB ratio). These membranes showed lower electric resistances, lower
water contents and higher IECs than commercial membranes thanks to thin porous PE supports.
These results showed our composite membranes could be applied to the desalinating electro-dialysis
and energy conversion process.
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Aging is a key milestone of spirits production during which mass exchanges occur between brandies
and the external environment. The barrel is a complex porous media made of oak wood and acting
as a container 1. During aging, the liquid present in a barrel partially impregnates the wood and
migrates as liquid state. In the outer, non-impregnated part of the stave, vapour concentration gra-
dients trigger diffusion. These mechanisms are responsible for a volume loss from 1% to 3% per year,
depending mainly on environmental conditions [2]. In addition, wood is not an inert interface since
the presence of water and ethanol modifies its physical properties.
The hygroscopic nature of wood is responsible for adsorption as bound phase when in contact with
aqueous solutions or liquid ethanol. Such adsorption causes swelling of the wood due to its sub pari-
etal macromolecular structure. In the case of barrels, the mechanical assembly of the staves hinders
the free swelling of the wood and thus creates mechanical constraints that improve the sealing be-
tween staves. However, the coupled effects of water, ethanol and time on the cell wall are not fully
understood. Because of the diversity of alcohol content of the brandies, it appears relevant to study
the effect of the liquid composition on the wood swelling. Previous studies highlighted dimensional
changes in pure ethanol to be lower than in pure water [3][4]. This work focuses on oak wood
dynamics and equilibria when soaked in pure water, pure ethanol or binary mixtures. A custom
device has been developed to determine the evolution of swelling in both transversal directions as
a function of the liquid composition, through image processing. Eight ethanol concentration values
have been tested from 0% to 100% (vol/vol). As shown in the attached figure (a), a synergic effect
is evidenced for a wide range of concentration from 20% to 80% of ethanol (vol/vol). This is in ac-
cordance with previous studies that have reported a higher swelling than with pure solvents [3][5].
This suggests a collaborative action of sorption sites when both solvents are in sufficient quantity.
To complete these experiments, we studied sequential scenarii namely pure water followed by pure
ethanol and vice versa (b). Results show that wood slightly shrinks when put in ethanol after having
swelled in water. Thus, it seems that only a part of the previously bound water remains adsorbed
onto wood while another part is desorbed due to its affinity with ethanol. On the contrary, when the
chronology of pure liquids is inverted, the previously mentioned synergic effect is observed leading
to the same swelling values as for mixtures between 20% and 80% of ethanol (vol/vol). Such results
emphasize the influence of the history between wood and liquids.
To complete the study, a Dynamic Vapour Sorption device will be used to obtain sorption isotherms
of oak wood for both water and ethanol in gas phase. This equipment allows also to study the
reversibility of interactions between wood and vapours.
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Hydraulic fracturing is a widely used technique in shale oil and gas development. As a promising
method, CO2 fracturing has been suggested because of various advantages, including lower forma-
tion sensitivity, lower fracturing pressure, and higher fracture intensity. However, the mechanisms
are not well-understood. One of the potential reasons is the strong interaction between the fluids
and rock. In this study, the process of micro-crack evolution is investigated by molecular dynam-
ics simulations and nanomechanical experiments. The effect of CO2 and H2O on the mechanical
properties of typical components in organic-rich shale is analyzed. The strength and fracture tough-
ness of solids in fluids are computed through molecular dynamics simulations. The results indicate
that, due to the physical fluid-solid interactions, the mechanical properties of minerals and kerogen
may change after exposure to fluids, which is different from geochemical processes. Based on the
simulations and experiments, the changes in elastic modulus can lead to complex stress conditions
due to swelling and shrinkage, and the presence of oil and gas can further complicate the behavior.
The effect highly relies on the interfacial properties between fluids and shale. In the CO2-philic
components (e.g., kerogen), the strength and fracture toughness may reduce by CO2 significantly.
In hydrophilic constituents (e.g., clays), H2O has a more pronounced effect on mechanical proper-
ties than CO2. These findings suggest that CO2 can decrease the strength and fracture toughness
of organic-rich shales, and micro-crack may propagate through CO2-philic components. This study
provides a microscopic perspective on fracturing in shale, which may facilitate the improvement of
the CO2 fracturing technique.
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DeepAngle uses machine learning to determine contact angles between different phases in the to-
mography images of porous materials. The measurement of these angles in 3D can be inaccurate
and time-consuming due to the discretized space of image voxels. A computationally intensive so-
lution involves fitting and vectorizing all surfaces using an adaptable grid to measure angles be-
tween the desired vectorized planes. However, the present study offers an alternative low-cost tech-
nique that utilizes deep learning to estimate interfacial angles directly from images. DeepAngle was
tested on synthetic and realistic images and was found to improve the r-squared of predicted an-
gles by 5 to 16%, while reducing computational costs by 20 times. This rapid method is particularly
useful for processing large tomography data and time-resolved images that are computationally
intensive. The developed code and the dataset are available in a public repository on GitHub at
[https://www.github.com/ArashRabbani/DeepAngle].

Note: An extended version of this poster has been accepted for publication by in Journal of Geoen-
ergy Science and Engineering.
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Microfluidic devices offer unique opportunities to directly observe multiphase flow in porous me-
dia. However, they face difficulties in representing steady multiphase flow without fluctuating oc-
cupancy of locations in the network. The ability of two phases to form steady, intertwined flow
pathways is a key property of 3D pore networks (Sahimi, 1994; King and Masihi, 2019). This is not
possible in a two-dimensional network (Fisher, 1961) unless the flow paths of the two phases can
cross at some locations in the network. Crossings are possible in a microfluidic network if wetting
phase can form a bridge across the top and bottom of a gap between grains at a pore throat while
nonwetting phase flows through the throat, as illustrated below.
We examine the conditions under which this is possible using the Surface Evolver software (Brakke,
1992) to determine fluid interface shapes in several different throat geometries (Cox et al., 2023). For
relatively long straight or curved throats, the most common geometry in microfluidic networks used
for modeling flow in geological formations, the capillary pressure for bridging is the same as that for
snap-off. This means steady two-phase flow is not possible in these networks without fluctuating
occupancy of the pore space. In other words, flow is forced into a regime where phases displace
each other in the network, even at the very lowest capillary number.
Concave throats, as between cylindrical barriers, can support bridges over a substantial range of
capillary pressure. The range of capillary pressures at which bridging is stable increases as throats
become more strongly concave (i.e., pillar radius decreases) and for narrower throats. Steady two-
phase flow would be possible in networks of pores with throats of this geometry.
For networks of this geometry, we estimate the range of fractional flows of wetting and nonwetting
phase that could be sustained. In addition to bridging, the geometry of the wetting-phase flow paths
are complex. To get past pore bodies occupied with nonwetting phase, wetting phase is restricted
to the corners at the top and bottom of the pillars, as illustrated below. We input flow geometries
determined by the Surface Evolver into the COMSOL numerical flow solver to esimate relative per-
meabilities of both phases for a given network realization. We choose assumptions that favor the
flow of the wetting phase: for instance, penetration of the nonwetting phase just to the point where
it connects across the network. The results show that the relative permeability of the wetting phase
is roughly 1/10 of that of the nonwetting phase. If viscosities of the two phases were roughly equal,
that the maximum fractional flow of wetting phase would be 0.1. For gas-water studies, where the
viscosity ratio can be 50:1, the maximum fractional flow of water would be 0.2%. Imposing a frac-
tional flow above this would guarantee fluctuating pore occupancy in the network.
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Growth mechanisms of CO2 hydrates in pores dictate the capacity, injection rates, and long-term
security of sequestered carbon. We reveal a previously unrecognized reactive transport mechanism
dictating hydrate growth in pores: capillarity. Hydrate crystals, having superhydrophilic surfaces
(θ~0°), form a secondary microporous medium (~ 100 nm pores) within individual lithologic pores
(~ 10 to 100 μm pores) that promotes hydrate growth in a positive feedback cycle wherein water
is imbibed spontaneously through the hydrate that forms at the water-CO2 interface. This self-
reinforcing process drives hydrate film growth along the pore wall, and acts as a supply mechanism
of water for hydrate formation in the gas-filled pores. The importance of capillarity on hydrate
growth is validated experimentally and numerically through fluorescent imaging and by tracking
the water phase movement during hydrate formation. Hydrate stability against temperature pertur-
bations is provided by the endothermic nature of hydrate dissociation that would otherwise cause
catastrophic release of CO2 from hydrate.
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The spontaneous imbibition (SI) of water plays a crucial role in determining the wetting effect of
water injection in coal seams. It is important to explore the flow behavior of water in coal during
the SI. Contact angle measurement, SI experiment, and low-field nuclear magnetic resonance (LF-
NMR) tests have been conducted to measure the properties of coal plugs from five different regions
of China. The mass change of the coal by SI is related to the square root of time divided into three-
stage linear functions in which the slope represents the imbibition rate of coal. The imbibition rate
decreases with the increased SI time. The contact angle of bituminous coal is smaller than that of
anthracite and is negatively proportional to the SI rate and capacity index C. Water is primarily
stored in the adsorption and seepage pores, and little in microfractures. It shows that the fractal
dimensions of the partial free pore (Db) and total pores (D) decline in a form of power law, while
the fractal dimension of the free pore (Dz) declines irregularly. D-10 and D10 are strongly linear
with the T2 spectrum area of adsorption pores, seepage pores, and microfractures, respectively. It
indicates that e the low-probability measurement area represents the adsorption pores, and high-the
probability measurement area represents seepage pores and microfractures. Adsorption pores play
an important role during SI. The difference between the amplitude change of adsorption pore and
that of seepage pores/microfractures is the key factor affecting multifractal parameters of T2 spectra.
The linear relationship between H and Db reveals that water preferentially enters a pore with lower
roughness and better connectivity during SI. The process of SI has been divided into three stages in
terms of SI rate. The transport process of water within the coal at different stages has been discussed
as well. The results of this work are of great significance for optimizing the coal seam water injection
and reducing the risk of underground coal mine disasters.
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In this paper, a hydro-mechanical model is established to simulate the multiple hydraulic fractures
propagation in naturally fractured deep reservoirs. The Drucker-Prager plasticity model, Darcy’
s law, cubic law and cohesive zone model are employed to describe the plastic deformation, ma-
trix flow, fracture flow and evolution of hydraulic fracture, respectively. The cohesive finite element
method and return-mapping method are used to simulate the deformation of inelastic rock. The fluid
flow in hydraulic fractures and matrix are modeled by the discrete fracture model (DFM) and finite
volume method (FVM). In addition, a hybrid iterative algorithm is proposed to solve the strong non-
linear systems by a combination of the fixed-stress iteration, Picard iteration and Newton-Raphson
iterative method. Then, the accuracy and ability of the proposed model are verified against analyt-
ical solutions of several classical reference cases. Finally, some numerical cases are conducted to
investigate the influences of rock plasticity on the simultaneous propagation of multi-fractures and
study the optimization of multi-fracturing of horizontal wells in deep reservoirs. Results show that
plastic deformation greatly reduces the effectiveness of staged volume fracturing in horizontal wells.
By appropriately optimizing the cluster spacing, not only the optimal reservoir reconstruction can
be performed, but also the adverse effect of rock plasticity on fracturing treatment can be weakened
by using the stress interference effect.
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Svelvik CO2 Field Lab is a small-scale field laboratory located about 50 km southwest of Oslo in Nor-
way. The test site occupies an inactive part of a sand and gravel quarry, located in a glaciofluvial –
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glaciomarine environment. It consists of an injection well surrounded by four monitoring wells cov-
ering an area of approximately 300m x 150m. The injection well facilitates water and CO2 injection
at a depth of 64-65m. From September to November 2019, through the Pre-ACT project (Pressure
control and conformance management for safe and efficient CO2 storage –Accelerating CCS Tech-
nologies), an injection campaign was performed. The data sets gathered from this campaign are
geophysical monitoring of the CO2 plume (seismic and ERT), water and CO2 injection rates, and
pressure at the depth of injection for the injection well and the monitoring wells. By using this data,
numerical simulations of CO2 injection at Svelvik CO2 Field Lab were performed. To capture the
CO2 plume movement, a fine grid geological model was used in the simulation study which takes
seven hours to complete the Pre-ACT injection.
In this study, an initiative is proposed using proxy models to reduce the simulation time and to be
used for the next injection design. A prediction scenario of two cycles with one week injection and
one week shut-in is recommended for the proxy model development. By using the history-matched
model, 18 different injection cases with different CO2 injection rates were simulated by using a nu-
merical reservoir simulator. The results from the numerical reservoir simulator were used to train
the proxy models. The proxy models used in this study are response surface proxy and universal
kriging proxy with the input of first and second cycle CO2 injection rate. Several outputs are pre-
dicted using the proxy models, such as injection bottomhole pressure, average field pressure, field
dissolved CO2 in water, and field CO2 in the gas phase. The validity of the proxy models is evaluated
by percent error and correlation coefficient (R2).
The results of the response surface and universal kriging proxies show promising results for the
evaluation and validation cases. All predicted results have R2 greater than 0.99, which means that
the proxy models are highly correlated to the simulation results. The universal kriging proxy shows
a better performance than the response surface due to the limitation of the response surface in fol-
lowing the polynomial regression model, while the universal kriging has the potential to minimize
the error through the Gaussian process.
Overall, this study presents a success story of proxy model implementation in CO2 injection to
replicate key results from the numerical simulations. Moreover, the proxy model can reduce the
time required to complete a numerical reservoir simulation, which is an advantage in performing
experiment design for the next injection in Svelvik CO2 Field Laboratory.

Participation:

In-Person

References:

MDPI Energies Student Poster Award:

No, do not submit my presenation for the student posters award.

Country:

Norway

Acceptance of the Terms & Conditions:

Click here to agree

Energy Transition Focused Abstracts:

This abstract is related to Energy Transition

1083

Digital core on a chip
Author: Dmitrii Pereponov1

Co-authors: Alexander Avdonin 2; Michael Tarkhov 3; Vitaly Kazaku 4; Vladislav Krutko 2; Alexey Cheremisin 1;
Evgeny Shilov 1

1 Skolkovo Institute of Science and Technology, LABADVANCE

Page 892



InterPore2023 / Book of Abstracts

2 Gazpromneft STC
3 Institute of Nanotechnology of Microelectronics of the Russian Academy of Sciences
4 Skolkovo Institute of Science and Technology

CorrespondingAuthors: dmitrii.pereponov@skoltech.ru, krutko.vv@gazpromneft-ntc.ru, a.cheremisin@skoltech.ru,
e.shilov@skoltech.ru, avdonin.as@gazpromneft-ntc.ru, tmafuz@mail.ru, vitaly.kazaku@skoltech.ru

The development of hard-to-recover oil and gas reserves every year requires ever-more-innovative
approaches for the efficient production of hydrocarbons. The petroleum industry has recently turned
to the use of microfluidic technology for the laboratory investigation of the fluids’interaction under
reservoir thermobaric conditions. The idea of this study lies in a development of a methodology
for creating a porous microfluidic chip structure with properties that closely resemble those of the
real deposit. To achieve this, we constructed a high-quality digital model of the pore space using
advanced technologies such as high-contrast CT scanning, FIB-SEM technology, and the Navier-
Stokes-Brinkman hydrodynamic solver. By adding all the 3D layers along a given axis, we obtained
a 2D image that was subsequently segmented by a local median filter, expansion, and erosion op-
erations. This image formed the basis of the porous structure of the silicon-glass microfluidic chip,
which allowed us to experiment under high pressures and temperatures. The pore size distribution of
the model was found to be in complete agreement with the distribution of the core, which confirmed
the accuracy of the executed structure. Several experiments were conducted on the microfluidic chip,
which helped determine the permeability value of its porous medium. The experimentally obtained
value was validated on Geodict and in-house software in 2D and 3D projections. Furthermore, we
performed a microfluidic test for pure n-decane and water, followed by the calculation of the displace-
ment coefficient. Additionally, for the microfluidic chip, a detailed SEM scan was done with a large
magnification, and subsequent watershed segmentation that proved similarity of the model with a
real manufactured microchip. All in all, the symbiosis of two advanced technologies, microfluidics
and digital core modelling, has facilitated in even greater benefits for the petroleum industry from
laboratory research. This approach has allowed to significantly speed up laboratory tests, reduce
their cost, and enable the validation of newly created software for numerical simulation.
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Understanding of heat transfer processes in subsurface fractured rocks is critical for the develop-
ment of geothermal resources. One of the challenging tasks is to build models that can adequately
represent the complexity of the formation geometry and subsurface processes without the extensive
computation cost. Single porosity models with effective parameters are commonly used for this pur-
pose. However, these models are often too simplistic and inadequate to represent complex fractured
rocks. The aim of this study is to evaluate when a single porosity model can adequately represent
heat flow in fractured rocks. Our study uses numerical modelling to simulate heat flow and upscale
hydraulic and thermal properties. We then use thermal breakthrough curves generated from the
simulation results to evaluate the performance of the upscaling. Embedded discrete fracture model
(EDFM) with explicit fracture and rock properties provides the base solution with which we evalu-
ate the performance of the single porosity model. Our sensitivity analysis includes fracture density,
connectivity, fracture lengths as well as the permeability contrast with the background matrix. The
results indicate that single porosity models are mostly inadequate to reproduce the thermal break-
through of fractured rocks except for cases where the permeability contrast between the fractures
and the matrix is less than three order of magnitude. Overall, this study demonstrates when a single
porosity model can be useful to represent heat flow in fractured rocks.
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We consider the Wooding problem, which consists of a semi-infinite porous medium which is heated
from below and in which the overlying cold ambient fluid is drawn uniformly downwards through
the bounding surface. Our aim is to determine the effect of mechanical anisotropy of the medium
on the onset of convection. To this end, a linear stability theory is developed and solved using
standard numerical methods. The degree of anisotropy is measured by the permeability ratio, ξ,
which is the ratio of the horizontal and vertical permeabilities. We present the variation of the
critical Darcy-Rayleigh number and wave number with ξ. Using an asymptotic analysis it is also
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found that the critical wave number tends towards being proportional to ξ^{-1/4} as ξ increases
without bound.
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Biochar is a carbonaceous porous material with wide range of applications. Biochar is produced
via pyrolysis of organic material such as agricultural or forestry waste. Some examples of possi-
ble applications are fertiliser production, carbon storage, and water/soil decontamination (Cao et
al., 2009). Biochar can be produced from waste material, such as manure, sawdust, or wastewater
sludge (Chen et al., 2021). This makes biochar especially valuable, as it allows to recycle waste along
with production of useful material. This also proves useful when we speak of net zero economy.
Decomposing biomass emits carbon dioxide in the atmosphere while pyrolyzing it into the biochar
allows to capture carbon in the solid form for centuries.
This work studied the possibilities to use brown algae as a feedstock for biochar production, as it can
be grown year-round, at a rapid rate due to natural plant properties (Singh et al., 2021). With the
ongoing climate change and resulting eutrophication, the total amount of brown algae in the sea has
increased. This excess algae growth offers an excellent opportunity if it can be converted into some
useful and valuable material (Zhao et al., 2022). An added benefit of using brown algae as a feedstock
for biochar production is that algae do not compete with traditional terrestrial sources of biomass.
Important factors to consider here are competition with food crops, land use, and fresh water use.
For this study, two species of brown algae were selected - Laminaria Digitata and Pelagic Sargassum.
The algae were pyrolyzed at temperatures of 300 ℃, 600 ℃, and 800 ℃. Samples pyrolyzed at 600 ℃
were additionally chemically activated with potassium hydroxide (KOH).
The X-ray micro-CT study was performed on the biochar samples to measure the porosity and, us-
ing pore-network modelling, to calculate the permeability of the samples. In addition to that, similar
study was performed on commercial biochar (SoilFixer) to compare their properties. To better un-
derstand the chemical composition of the biochar, and if there are differences between the activated
and non-activated biochar samples, a study with Fourier-Transform Infrared Spectroscopy (FTIR)
was performed.
As a result of the X-ray micro-CT study, it was concluded that algal biochar is heterogeneous, with
large mineral deposits in the structure. Additionally, it was shown that despite being of the same
species, porosities measured for different (mm scale) samples were not necessarily similar. This
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stands true for algal and wooden biochar. Distribution of porosity along the sample, however, was
more homogeneous for wooden biochar.
The FTIR study showed that spectra produced for the biochar samples were similar, which may
signify that there is a common compound in the algae, which influences the spectra, such as cellu-
lose.
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This work considers the coupled system of equations that describe flow in fractured porous media.
To approximate by space, we use a finite volume approximation with an embedded fracture model
to simulate large thin fractures (hydraulic fractures) and a dual continuum (dual porosity dual per-
meability) approach for natural fractures. Such models are similar and can be described using the
multicontinuum approach. The main goal of the work is to develop, analyze and investigate an ef-
ficient decoupling scheme that allows separating equations for each continuum. The approach is
based on the semi-implicit approximation by the time where the coupling part between each con-
tinuum is taken from the previous time layer. We apply and analyze this approach for classical
multicontinuum problems in fractured porous media on regular, sufficiently fine grids. We show
that the presented scheme is stable, accurate, and computationally efficient. Presented decoupled
schemes separate the continuum, and the resulting equation in a sequence requires a smaller number
of iterations.
Next, we consider a multiscale approximation, where the same multicontinuum approach can be
used to construct an accurate reduced-order model by space. We construct the multicontinuum
upscaled models based on the nonlocal multicontinuum (NLMC) method, where multiscale basis
functions are calculated in a local domain for each continuum. Numerical results show that the
presented scheme for the NLMC method provides an accurate and efficient upscaled model on the
coarse grid.
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Multicomponent reactive transport codes couple biogeochemical models with solvers for flow and
transport and other relevant processes. Many of these codes are the legacy of years of development
and research, over which model complexity has increased incrementally. Often the complexity of
implementing a comprehensive and flexible treatment of biogeochemistry is a significant obstacle to
the development of new biogeochemical capabilities. As a result, this step is often circumvented by
coupling flow and transport codes to existing biogeochemical codes. However, this is typically done
as a one-off to a specific code. In this poster presentation, Alquimia, an open-source software library
is introduced that provides a generic interface to existing biogeochemical capabilities. This software
is intended to facilitate interoperable code development by exposing tried-and-true biogeochemical
capabilities in existing software. To exemplify its use, the geochemical capabilities in the open-source
reactive transport codes PFLOTRAN and CrunchFlow are made available via Alquimia’s generic
interface. This interface is then used to add geochemical capabilities to Amanzi and ParFlow. We
show that because Alquimia allows for different geochemical codes to share flow and transport
solver, and therefore the same spatial discretization, time stepping control, and coupling schemes,
it may be a useful tool for benchmarking. We also present examples of how Alquimia has enabled
incorporation of geochemical capabilities to codes for a range of applications.
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The occurrence of negatively buoyant plumes in various real-world scenarios has rendered it a rele-
vant topic in research. For example, solute transport and dispersion of contaminants in subsurface
flows are defined by plumes. We perform a series of laboratory experiments to study negatively
buoyant plumes in homogeneous porous media. The experiments are performed in a large transpar-
ent tank to minimize the boundary effect. We inject dyed salt water at the top surface of the medium,
which is saturated with fresh water. To imitate a wide range of flow conditions, we study the effects
of variation of reduced gravity, inflow flux, and permeability. During experiments, high-resolution
images of the running plumes at regular intervals are captured using a DSLR camera. We use the
dye attenuation technique for flow visualization, where calibration experiments are performed prior
to starting the plume experiments to relate the injected dye concentration with the light intensity.
The calibration curve obtained from these experiments is then used to obtain concentration maps
of the plume in the flow domain. Subsequently, through image processing with in-house MATLAB
code, we determine an optimal threshold to find the interface between the injected fluid imitating
the contaminant and the ambient in the saturated media. Figure 1 shows the evolution of the plume
for a sample experiment and also draws a parallel between the plume interface in captured images
and concentration maps

Following the extraction of relevant data, we investigate the extent of longitudinal length and vol-
ume spread with time. Additionally, we classify the plume as - “Early plume” and “Transitioning
plume” and define a “transition time” based on its flow regime. We propose a semi-empirical model
correlating the length and volume spread of the plume with time and experimental parameters such
as flux, reduced gravity and permeability, and transition time for both the flow regimes with the
same set of parameters. Analysis of the proposed model with the obtained experimental data shows
a good agreement. We find an equation correlating dimensionless length with dimensionless time
of the form L̂ = 23.79q1.73g′−1.75k−2.07t̂, where L̂ is the dimensionless length, p0 = 23.79 is the
experimental constant, q is the flux, g′ is the reduced gravity, k is the permeability and t̂ is the di-
mensionless time. Similar correlations, to be discussed in the talk are also formulated, for volume
spread and transition time. The talk will also briefly highlight research gaps in previous studies and
conclude with discussion of prospects and applications of the study in subsurface flows.

Figure 1: Temporal evolution of a plume, along with its concentration maps.
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Reactive boundary conditions are employed to model an increasingly wide range of transport sce-
narios. While the capability of a variety of computational schemes for reliable description of such
reaction-diffusion processes at the boundary of a given domain has been assessed in the literature,
the effects of hydrodynamic processes on the rates of reactions taking place at the boundary are still
largely unexplored.
We present a computational algorithm to model the turbulent mixing and transport of scalars through
a channel in the presence of reactive boundary conditions, and obtain a pdf of their concentrations
through time and space. A Lagrangian stochastic particle technique is used to model scalar trans-
port. We consider a system with a partially adsorbing boundary condition modelled through the
coarse-graining of small scale linear reactions. We observe a nonlinear dependence of the boundary
reaction (i.e., sorption) rate on the turbulent frequency.
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With climate change mitigation actions in place, Carbon Capture and Storage (CCS) is by far the
most industrially efficient technology to reach net-zero carbon emissions (HM Government, 2018),
with current annual capture capacity exceeding 40 million tonnes of CO2 world-wide (BP, 2020).
While supercritical CO2 is stored in conventional reservoirs or saline aquifers, overlying mudrock
formations create a structural trap, preventing CO2 leakage. Opalinus Clay is a perfect candidate
for CCS research, with a large amount of existing data (Bossart and Milnes, 2017) and experimental
work performed, allowing for good understanding of pore space processes. Upscaling properties
such as absolute and relative permeabilities and capillary pressures are necessary for reservoir-scale
modelling of CCS processes and caprock leakage assessment, but are difficult to obtain experimen-
tally.
Pore Network Modelling (PNM) is a method used for estimating representative rock flow proper-
ties, and is significantly more computationally efficient than most other methods. In this work we
created an algorithm, which generates a representative pore space model with pore sizes ranging
from sub-nanometre to over a micron, while carefully calibrating pore geometry to match observed
porosity and pore size distributions. Novel technique for representation of the shale pore space
anisotropic behaviour, which allows for adjustment of the degree of orientation of pore throats with
respect to the bedding plane, based on Small-angle X-Ray Scattering observations. Real gas and
adsorption effects were accounted for following the method used in (Song et al., 2018) and using ex-
perimental high-pressure sorption data respectively. Single phase gas permeability was simulated at
various conditions and verified against unsteady state plug permeability measurements, performed
on Opalinus Clay.
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Multi-layer tight gas reservoirs have played a most important part in the development of tight gas
reservoir. As we know, the separate layer hydraulic fracturing is very essential to multi-layer tight
gas reservoirs. Therefore, the production performance analysis of tight-gas separately fractured well
is important for us to study. However, until now, few researchers focused on layer discrete fracture-
matrix(DFM) model. To supplement this disadvantage, this work proposes a layer DFM model to
improve this situation. Considering that discrete fracture-matrix model is very useful for us to do
our research on the well performance analysis about fractured well, this study uses a Layer DFM
model based on the FVM-TPFA and Automatic-difference (AD) to do some research on the analysis
of fractured well’s production data analysis on multi-layer tight sandstone gas reservoirs. In this
paper, a Layer Discrete fracture–matrix method is based on numerical simulation model (DFM-PDA).
And it also provides an accurate code for the simulation of gas flow, including gas transport, and
non-linear gas properties coupling in unconventional fractured gas reservoirs.
First, we present a new application of the FVM-TPFA formulation to model well performance about
gas flow in hydraulically fractured multi-layer tight sandstone gas reservoirs containing hydraulic
fractures by use of layer discrete fracture-matrix method. Then, the resulting system of equations is
solved simultaneously for fracture, matrix and boundary conditions by use of finite volume method,
two point flux approximation and automatic difference for pressure-dependent nonlinear terms such
as density, viscosity and compressibility. Numerical examples and field cases are presented to test
the validity and show the capabilities of the proposed approach. Compared with the conventional
DFM model, the proposed model (layer DFM) is much more reasonable than it. And then proposed
model provides a general framework that can be applied to a well intercepting multiple fractures and
other multiple operating schedules, and it is used to analyze complex behaviors for gas wells. This
layer DFM-PDA is verified through a commercial simulator. It can be applied in the performance
analysis of well intercepting multiple fractures in Shenmu gas field. Not only in a way can this
framework solve the problem in which nonlinear, pressure-dependent gas properties are captured
without approximation, but it also can overcome the limitation of conventional DFM model.
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A numerical model is developed to simulate the drainage process of porous pavements. The aim of
this work is to gain a deeper understanding of the underlying processes and the relevant influencing
parameters.
Porous pavements, such as porous asphalt (PA), are characterised by their high void content and are
increasingly used in Germany and many other countries on highly congested roads outside urban
areas due to their ability to reduce and absorb traffic noise. PA can achieve almost complete infiltra-
tion of all rainfall, with the water draining along the underlying dense layer. As a result, it increases
road safety significantly (prevention of aquaplaning, splash and spray and glare by reflecting light),
reduces and delays peak runoff during heavy rainfall events, and additionally traps pollutants to a
certain extent.
The model is developed in the open-source simulation environment DuMuX and validated with mea-
surement data and a simpler numerical model for the coupled drainage behaviour of porous asphalt
available in the literature.
A parameter study with the model investigates the influence of road parameters (e.g. transverse/longitudinal
slope, roadway width, as well as porosity and its decrease in the life cycle of the roadway due to clog-
ging) on the drainage process. Additionally, reduction or delay of peak runoff with the help of PA
compared to conventional wearing courses is analysed.
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Wettability plays a crucial role in reservoir exploration and production by determining the micro-
scopic distribution of fluids in rock channels. However, characterizing and understanding wetta-
bility in tight reservoirs remains a challenge due to the complexity of pores and minerals. In this
study, Baikouquan and Wuerhe Formation core samples from the Mahu oil reservoir in China were
used to conduct wettability evaluating and aging experiments through apparent contact angle and
nuclear magnetic resonance (NMR) T2 spectroscopy. The cores were vacuumed and saturated with
formation water, replaced with manganese water and simulated crude oil, and aged at high temper-
atures for 2-8 days. T2 spectra were utilized to monitor this process. Two contact angle tests were
conducted on fresh and aged surfaces. The research revealed that the fresh rock surface of the tight
sandy conglomerate samples are water-wet, but after aging, it becomes neutral to oil-wet due to
crude oil peeling off the water film at high temperatures, allowing it to to approach the walls of the
pore and enter the capillary depth. The physical and lithological properties of the core collectively
influence wettability, with the presence of quartz enhancing hydrophilicity in the fresh state, and
higher clay mineral content resulting in stronger hydrophilicity after aging. The physical property
of the sample affects wettability, with tighter samples exhibiting higher hydrophilicity due to crude
oil migration difficulty through micropores. A wetting index model was established using T2 geo-
metric mean and T2 cutoff as a function of saturation, which correlated well with the wetting angle
test results. The difference in the results of the two methods is related to the trapping capacity of
the rock surface for the wetting phase.
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Soil temperature is a key parameter defining the coefficient of performance (CoP) for shallow burial
ground source heat pumps (GSHP). Whilst many studies incorporate the effects of temperature atten-
uation due to conduction and temperature reduction due to evaporation, few studies incorporate the
effects of latent heat of fusion associated with ice formation/thawing. This latter effect will be more
important in areas experiencing continental climates, where GSHP is considered to be particularly
attractive.

Our project concerns developing an appropriate numerical modelling framework to explore the im-
pact of ice formation/melting on GSHP-CoP. As a simple first step, we developed a heat conduction
model accounting for moisture freezing and thawing combined with evaporation. The water is as-
sumed immobile within a rigid solid porous matrix. Water within the soil matrix exists as either
ice or liquid. Gains and losses of heat due to ice formation/thawing, respectively, occur throughout
the model domain. Loss of heat due to evaporation occurs only at the soil surface, with water be-
ing instantaneously replaced such that the total mass of water in the system remains constant. The
water (both ice and liquid) and soil are assumed to be in local thermal equilibrium. The resulting
partial differential equation (PDE) uses specific internal energy as the primary dependent variable.
Numerical solution is achieved using the method of lines.

An important factor that appears during the phase transition is the melting point temperature de-
pression. Researchers mainly use a modified version of the Clapeyron equation known as the gen-
eralised Clapeyron equation, which estimates the equilibrium relationship between the temperature
and pressure in freezing soils. Modifications to the original Clapeyron equation have been consid-
ered necessary because of potential misunderstandings about how matric potential (the capillary
suction associated with soil pores) affects the melting temperature of ice.

To explore these ideas further, we studied the process of freezing of compressible water in a rigid tank
of constant volume. The classical Clapeyron equation was coupled with the specific water volume
functions to obtain two coupled ordinary differential equations (ODEs). These equations were then
extended to consider freezing of water in a porous medium using constant rock properties and a
uniaxial strain assumption. By solving the ODEs we were able to plot freezing point temperature as
a function of liquid water volume fraction for different rock compressibilities.

Our preliminary simulations demonstrate important aspects concerning the effect of ice on soil tem-
perature. The presence of ice leads to significant delays in changes in temperature around the melting
point. Furthermore, heat conduction within the ice is faster due to its higher thermal diffusivity as
compared to liquid water. There is also a significant difference between how the liquid water volume
fraction depends on freezing temperature for the rigid tank model with and without uniaxial strain
condition. It is expected that such effects will have a significant impact on GSHP-CoP. Future work
will involve incorporating a more accurate representation of liquid and vapour movement within
the soil as well as the effect of salt on the melting point depression.
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For gas storage in the geological reservoirs, it is important to understand fluid flow behaviour when
capillary forces are dominant i.e. after the gas injection stops. In this work, we use numerical simu-
lations to understand the capillary driven flow in layered porous reservoirs at Darcy scale. Using our
model we want to predict if capillary breakthrough is possible in the cap rock based on the proper-
ties of the layers. We used MATLAB Reservoir Simulation Tool (MRST) for unidirectional capillary
driven flow assuming horizontal displacement in co-current mode. The core dimensions of 5 m x 1 m
x 1 m are used for two-layered reservoirs. We placed an additional grid cell of pore volume ten times
to that of the core at one end of the setup which acts as a water tank. The boundary conditions in
simulation are controlled using the wells. We positioned one injector well in the water tank and one
production well at the other side of the core with pressures of both the wells being the same to allow
for capillary driven flow. For a single layered, homogeneous system, we compared the obtained
saturation profiles from the simulation with the analytical solution published in the literature. Com-
parisons are provided for three different wettability states for oil-water systems. For mixed wet case,
the numerical solution shows a good match with the analytical solution. We validated our simula-
tion model using several cases of the homogeneous reservoirs of different petrophysical properties,
relative permeability, capillary pressure - saturation curves, and varying mobility ratios. Using our
model for layered porous media, we observed that the fluids propagate with different velocity in
each layer and wetting fluid (i.e., water for strong water-wet) reaches farther through the low per-
meability layer due to high capillary forces. The solution obtained can be used to study the influence
of wettability, predicting saturation profiles and breakthrough characteristics. The simulation study
undertaken can be used to understand the flow of wetting and non-wetting fluids in a geological
layered reservoir, for example in CO2 sequestration when CO2 injection has stopped. Using this
model we can estimate the required properties of the caprock for no leakage of CO2.
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