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The Richards equation, a nonlinear elliptic-parabolic equation, is widely used to describe
infiltration in porous media. We present a finite element method for solving the Richards
equation by introducing a bounded auxiliary variable that removes unbounded terms from
the weak formulation. The formulation is discretized with a semi-implicit scheme, and the
resulting nonlinear system is solved using Newton’s method. This approach eliminates the
need for regularization techniques and provides advantages in handling both dry and fully
saturated zones. A non-overlapping Schwarz domain decomposition method is employed
for modeling infiltration in layered soils. The proposed method is tested using the van
Genuchten models for capillary pressure. Numerical experiments are performed to validate
the approach, including flows in fibrous sheets with initially dry media, cases with both
saturated and dry regions, and infiltration in layered soils. The results demonstrate the
stability and accuracy of the method, with numerical solutions remaining positive even in
completely dry zones. The simulations confirm the ability of the proposed approach to
predict the dynamics of unsaturated flow in soils effectively.
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The additive manufacturing by molten material extrusion of edible and (bio-)resorbable
parts based on zein, a protein by-product of corn starch production, opens up perspectives
for application in food processing, biomedical or pharmaceutical fields.

Adhesion between deposited layers requires filaments spreading and diffusion of polymer
molecules at their interface. Then, fusion-bonding has to be monitored and modelled in the
case of the plasticized zein, to control its 3D printing. Such phenomenon is linked to melts
surface tension (I'), being the driving force of filaments sintering, and viscosity (1).

Melts fusion-bonding ability is generally assessed in an instrumented furnace and modelled
using Frenkel-Eshelby’s approach, based on the measurement of bonding neck’s growth rate
between two circular parts (i.e., powder particles, or filaments sections). This approach was
recently enhanced by the acquisition in 3D of zein-based extruded filaments hot melt
sintering by dynamic X-ray tomography (5.2 pm pixel size, 1 scan/s) on the ANATOMIX
beamline of Synchrotron SOLEIL (4 filaments disposed as 2 superimposed layers;
L_Filament=5 mm, @_Filament=2 mm).

The rate of central pore collapse is assessed from the reconstructed volumes and leads to the
evaluation of zein-based filaments viscous sintering kinetics. 2D and 3D multiplysics
modelling, including multiphase flow, heat transfer and surface tension, are carried out by
FEM combined to Level Set with COMSOL Multiphysics®. Such approach requires a
simplification of the geometry, thanks to symmetry of the considered volume and an
adaptive time-stepping.

At 120 °C, a typical temperature to process zein, 2D and 3D simulated, as well as
experimental sintering kinetics are similar, with a decrease rate of the central pore at about
1% /s. Increasing bonding rates are obtained as surface tension and temperature increase,
especially through the impact of the latter as reducing melts viscosity.
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For reservoir simulations which are essential to explore and optimize the feasibility for
underground storage of hydrogen in saline aquifers, besides porosity and permeability also
relative permeability is a required input parameter. Traditional methods to determine
relative permeability suffer from various technical complications, safety risks in the
laboratory, and most importantly a limited accessible mobile saturation range. Also,
dissolution effects associated with ripening make the determination of the residual gas
saturation very challenging. The available data is scarce (particularly for imbibition) and
trends of relative permeability for similar rock types and same or different gasses are
inconsistent across the literature, which is mainly attributed to inconsistencies in
measurement protocols.

Here we present a new method which is a hybrid approach involving micro-CT flow /
displacement experiments to obtain time lapse sequences pore scale fluid distribution on
which single-phase flow simulations are conducted to obtain hydrogen relative
permeability. The key novelty is that during imbibition the non-wetting gas phase very
quickly disconnects into smaller clusters and inlet-outlet connectivity is lost which prevents
to conduct Stokes flow simulations over the whole sample length. Instead, smaller sub-
regions with more prolonged connectivity are identified and demonstrated that they belong
to the same population and follow same relative permeability trends, unless they become
too small.

The method is demonstrated for imbibition hydrogen relative permeability which is
compared with nitrogen and methane. A much wider mobile saturation range is accessible
than in traditional approaches, and the uncertainty ranges can be accessed in a more robust
manner. The key finding is that no significant differences are observed. A more detailed
analysis of fluid topology using Minkowski functionals supports the view that all 3 data sets
belong to the same population. This is an important finding because it implies that
potentially relative permeability data for nitrogen and other gasses which is more readily
available/accessible for relevant rock types.
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At all scales, porous materials stir interstitial fluids as they are advected, leading to complex
distributions of matter and energy. Of particular interest is whether porous media naturally
induce chaotic advection in Darcy flows at the macroscale, as these stirring kinematics
profoundly impact basic processes such as solute transport and mixing, colloid transport
and deposition, chemical reactions, geochemical and biological reactivity.

While the prevalence of pore-scale chaotic advection has been established, and many studies
report complex transport phenomena characteristic of chaotic advection in heterogeneous
Darcy flow, it has also been shown that chaotic dynamics are prohibited in an important
class of heterogeneous Darcy flows.

In this study we rigorously establish that chaotic advection is inherent to steady three-
dimensional (3-D) Darcy flow with anisotropic and heterogeneous hydraulic conductivity
fields. These conductivity fields generate non-trivial braiding of streamlines (as shown in
Figure 1(d)), leading to both chaotic advection and purely advective transverse macro-
dispersion. We establish that steady 3-D Darcy flow has the same topology as unsteady 2-D
flow and use topological braid theory to establish a quantitative link between transverse
macro-dispersivity $D_{T,\ infty}$ and Lyapunov exponent $\lambda_\ infty$ in
heterogeneous Darcy flow.

We show that chaotic advection and transverse macro-dispersion occur in both anisotropic
weakly heterogeneous and in heterogeneous weakly anisotropic conductivity fields, and
that the quantitative link between chaotic advection and transverse dispersion persists
across a broad range of conductivity fields.

Conversely, isotropic heterogeneous Darcy flows are not chaotic and exhibit zero transverse
macro-dispersion (as shown in Figure 1(c)). As field experiments report non-zero transverse
dispersion in the limit of large Peclet number, we conclude that the corresponding hydraulic
conductivity fields must be anisotropic and hence the stirring kinematics are chaotic.

We demonstrate that such chaotic advection profoundly augments mixing, transport and
reactions in heterogeneous porous media. Specifically, the concentration variance of a solute
plume decays exponentially as $\langle c*2\rangle\ sim\ exp(-\lambda_\ infty t/3)$ rather
than algebraically, and dilution index of a Gaussian plume grows exponentially as
$E(t)\sim\exp(\lambda_\infty t)$ rather than algebraically. Similarly, transverse
dispersivity $D_T$ of diffusive solutes is exponentially amplified by chaotic advection.
Mixing-limited reactions are impacted in the same manner as solute dilution, whereas more
complex reaction systems that involve autocatalysis, oscillatory reactions, bistable and
competitive reactions are qualitatively altered by chaotic advection.

The recognition that chaotic dynamics are inherent to porous media flow across all scales
opens the door to the development of a broad class of upscaling methods that explicitly
honour these kinematics and new class of tuneable engineered porous materials that exploit
these phenomena. The ubiquity of macroscopic chaotic advection has profound implications
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for the myriad processes hosted in heterogeneous porous media and calls for a fundamental
re-evaluation of transport and reaction methods in macroscopic porous systems.

Figure 1. (a) Iso-surfaces of typical heterogeneous log-conductivity field used to model
isotropic and anisotropic conductivity tensors, (b) iso-surfaces of associated potential field
for heterogeneous Darcy flow driven by a uniform mean potential gradient. Associated
streamlines of heterogeneous Darcy flow with (c) isotropic conductivity field and (d)
anisotropic conductivity field. Adapted from (1).
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Evaporation in porous media plays a key role in many natural and industrial processes, such
as drying of products, CO2 sequestration, soil remediation and many more. Despite its
significance, controlling evaporation at the pore scale remains challenging because it
depends on several factors like wettability, pore geometry and fluid distribution. Surfactants
are often used to alter liquid-gas interface properties in porous systems; however, their
specific influence on evaporation at the pore scale is still not well understood.

We hypothesized that adjusting the surfactant mass fraction, particularly around the critical
micelle concentration (CMC), would significantly influence how liquid evaporates in a
porous medium. Therefore, we performed microfluidic experiments in a two-dimensional
PDMS pore network. We compared pure water to sodium dodecyl sulfate (SDS) surfactant
solutions at 0.10 wt.% (below the CMC), 0.23 wt.% (at the CMC), and 0.3 and 0.5 wt.%
(above the CMC).

We recorded the evaporation process using an imaging technique (experimental setup
shown in Figure 1) and used an image processing algorithm in Python to analyze the
snapshots obtained. This allowed us to measure how liquid saturation changed, observe the
movement of the liquid-air interfaces, and track how the contact angle changed as
evaporation progressed.

Our results showed that surfactant mass fraction significantly influenced the evaporation
dynamics. The fastest evaporation occurred at the critical micelle concentration (CMC) of
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SDS, which is 0.23 wt.%. At this optimum concentration, SDS reduced the surface tension
from about 72.01 mN/m to 39.95 mN/m, thereby lowering the capillary pressure required
for air entry and accelerating the evaporation process to complete roughly 47% faster than
with pure water. Even at 0.10% (below CMC) air invaded pores more easily, speeding up the
initial evaporation phase. At higher mass fractions above the CMC (0.30% and 0.50%),
increasing the surfactant amount did not speed up the evaporation process; instead, the total
evaporation time was slightly longer than at 0.23%. We believe this happened because the
excess surfactant formed micelles, which may have slowed vapor transport and reduced the
benefit of having a lower surface tension.

Our results demonstrate that adjusting the surfactant concentration is an effective way to
control evaporation in porous media. By lowering surface tension and influencing how
liquid distributes within the pore space, surfactant addition promoted more efficient liquid
removal, confirming our initial hypothesis. These findings provide a foundation for
developing more accurate evaporation models in porous materials and can inform the
design of improved materials and processes for applications such as industrial drying and
enhanced oil recovery.
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Evaporation droplet is a complex process influenced by multiple factors, including
temperature, airflow, and the presence of surface-active agents. While each of these
parameters has been studied in isolation, their combined influence on evaporation behavior
remains poorly understood. Surfactants such as sodium dodecyl sulfate (SDS) significantly
reduce liquid surface tension and alter wetting, often affecting the dynamics of evaporation.
This motivated the present work, which examines the evaporation of droplets with varying
surfactant mass fractions under controlled airflow and temperature conditions.

Single droplet evaporation experiments were performed in a controlled chamber using
droplets with surfactant mass fractions ranging from 0 to 0.5 wt.%. The experiments were
carried out under airflow rates between 28 and 65 mL/min and at ambient temperatures of
either 30°C or 45°C. Sessile water droplets deposited on a hydrophilic glass substrate were
also tested to measure contact angles across the same range of surfactant mass fractions.
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High-resolution imaging and image analysis were used to track each droplet’s size and
contact angle over time.

Our results showed that increasing the airflow significantly increased evaporation by
enhancing vapor removal from the droplet surface. At the highest flow rate (65 mL/min),
the total evaporation time was about 24% shorter than at the lowest flow rate. Likewise,
raising the temperature from 30°C to 45°C nearly halved the evaporation time.

The addition of surfactant had a pronounced impact on droplet wetting and evaporation
dynamics. Even a small surfactant amount (0.1 wt.%) reduced the initial contact angle from
57° (water) to 33°. At 0.3 wt.%, the initial contact angle dropped below 11°, resulting in an
almost completely flat droplet. Pure water droplets typically evaporated in a pinned contact
line mode, whereas the presence of surfactant caused an earlier transition to a spreading
mode. At higher surfactant mass fractions (0.3-0.5 wt.%), the contact line depinned almost
immediately and the droplet became essentially flat soon after deposition. In contrast, the
pure water droplet maintained a finite contact angle until near the end of its evaporation.

This study highlights the interaction between surfactant chemistry and environmental
conditions in controlling droplet evaporation and wetting behavior. The findings provide
valuable insights for optimizing industrial processes that depend on controlled droplet
evaporation.
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Salt precipitation during CO2 storage in saline aquifers can plug the injection well and
disrupt the storage process. Reactive transport modelling involving geochemistry in porous
media, especially relevant to salt precipitation in CO2 storage processes in brine aquifers, is
very proprietary and restricted to some commercial simulators. On the other hand, powerful
open-source CFD (Computational Fluid Dynamics) simulators such as OpenFOAM are
lacking a geochemistry modeller at the large (i.e., Darcy) scale. Although there is a package
at the pore scale that couples flow transport in OpenFOAM with geochemistry in PHREEQC
[1], a salt precipitation solver is still missing at both scales.
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Through this research project, we have been working on developing an open-source solver
in OpenFOAM that can cover the gap mentioned above. For this aim, we previously
published a new OpenFOAM solver based on C++ (compositionallGFoam) in InterPore 2024
[2] and released an update to this solver (idealCompositionalFoam) in InterPore 2025 [3].
These codes are able to account for the CO2 / water mutual solubility (CO2 dissolution in
water and water evaporation in CO2) in CO2 storage processes in aquifers. In these codes,
the impesFoam solver of the PorousMultiphaseFoam (PMF) package [4] in OpenFOAM was
modified to account for the compositional interactions between liquid and gas phases . In
this study, we have incorporated geochemistry (to clarify, salt precipitation) to the previous
package. So, a 3-phase (gas / liquid / solid) 4-component (CO2 / H20 / Na+ / Cl-) model,
called darcyCompositionalFoam, is developed.

The base code of this new package is not impesFoam, but it is coupledMatrixFoam [5]. This
change of base code is to benefit from the advantages that this solver offers, as it accounts for
fluid compressibility and also a solution for species transport equations. So unlike our
previous codes, there is no need to develop a species transport equation in this solver.
Additionally, because coupledMatrixFoam adopts a fully coupled approach between
pressure and saturation, it is not bound to IMPES time-step limitations and can take up
higher time-steps. Therefore, the runtime is reduced and speed is increased.

In this work, we further developed coupledMatrixFoam solver and incorporated a
compositional model in this fluid transport modeller by adopting a segregated approach;
This means that after each transport stage, an equilibration is conducted between all the 3
phases in the same timestep to incorporate a geochemistry module to the previous involved
phenomena. A stability analysis is performed, and all the possible solid/liquid, liquid/gas
and gas/liquid/solid equilibriums are investigated.

The validation of darcyCompositionalFoam was conducted against CMG-GEM commercial
compositional simulator. The salt precipitation profile along a brine-saturated core model
during CO2 injection was simulated and a great match was obtained (see Attachment). The
contribution of this study is twofold; firstly, an open-source salt precipitation code with the
precision of a commercial simulator is developed; and secondly, it pushes fluid flow
modelling in porous media in OpenFOAM one step forward. Therefore, this work
contributes to the advancement of knowledge in this field.
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The Tarim ultra-deep, fractured, low-porosity sandstone gas reservoir is deeply buried and
is characterized by high temperature, high pressure, high in-situ stress, multi-scale fracture
development, and strong edge and bottom water drive, which together result in a highly
complex system. At present, the gas reservoir is experiencing severe problems such as water
invasion and a rapid decline in gas production. Therefore, this study independently
developed a multi-field coupled physical experimental platform capable of replicating the
high-temperature, high-pressure, and high-stress conditions. In addition, a preparation
method for three-dimensional large-scale rock samples (260 mm % 260 mm X 260 mm) was
established to accurately characterize the multi-scale features of the “large fracture, small
fracture, and matrix pore” in the reservoir. On this basis, four types of physical experiments
were conducted: single-phase gas depletion production, constant-volume bottom-water
depletion production, depletion production under different production pressure differences,
and gas production with drainage to enhance recovery. The experimental results show that,
in the early stage of single-phase gas depletion production, gas stored in the large fracture is
produced first, followed by gas supplied from the matrix block surrounding the large
fracture. Subsequently, small fracture and the entire matrix block are progressively
activated, and the slope of the cumulative gas production curve increases until a pseudo-
steady state is reached within a relatively short time. This behavior confirms the flow
characteristics of sequential utilization and coupled superposition among large fracture,
small fracture, and matrix block. It was also found that the matrix gas-supply capacity
decreases as gas reservoir pressure declines, further exacerbating the imbalance between
supply and production. During constant-volume bottom-water depletion production, the
experimental process can be divided into three stages based on the pressure-evolution
characteristics. Gas supply from the matrix and fractures stage, water sealing stage, and
unsealing stage. When the water content in the fracture system exceeds a critical threshold,
the matrix gas-supply capacity drops sharply, leading to gas water sealing effect, a
mechanism revealed for the first time in this study for bottom-water fractured gas
reservoirs. Continuous drainage and pressure reduction in the fracture system can partially
alleviate water sealing and restore intermittent gas-supply capacity from the matrix block,
however, the associated production enhancement is limited. A smaller bottom-hole pressure
drop corresponds to a higher natural gas recovery factor. Experimental results under
different production pressure differences indicate that faster gas-production rates and larger
water volume multiple lead to lower cumulative gas production before water sealing, higher
abandonment pressures of production well, greater difficulty in unsealing the reservoir after
water sealing, and correspondingly lower recovery factors. Under different drainage
volumes, gas production with drainage water also exhibits three stages, the gas supply from
the matrix block and fracture, a drainage-well discharge stage, and production resumption
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stage of production well. Drainage wells can, to some extent, improve the recovery of such
gas reservoir. The study provides a basis for rational development and enhanced recovery
strategies of the ultra-deep, fractured, low-porosity sandstone gas reservoir.
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Capacitive deionization (CDI) is widely implemented as an electrosorptive desalination
technology that is typically designed and operated to maximize overall salt removal rather
than to achieve ion-specific selectivity. However, ion electrosorption in porous carbons is
inherently governed by pore size, surface chemistry, ion hydration, and transport kinetics,
so that selective behavior can be deliberately exploited. This presentation will show how
appropriate control of carbon porosity and operating conditions enables robust ion
selectivity, from classical CDI cells to continuously operated flow-electrode CDI (FCDI)
systems.

First, the presentation will address ion sieving in ultramicroporous carbon cloth electrodes
with a very narrow pore size distribution centered around approximately 0.6 nm. In mixed
electrolyte solutions, sub-nanometer confinement imposes hydration-shell energy barriers
that depend strongly on ion size and dehydration energy. As a consequence, heavier
monovalent cations such as K+ and Cs+ are preferentially electrosorbed over Li+ and Na+,
while divalent cations such as Mg2+ and Ca2+ are effectively excluded from the smallest
pores. When the pore size is increased into the wider micropore range, the selectivity pattern
gradually shifts back toward the classical preference for multivalent species, illustrating the
competition between electrostatic attraction and dehydration penalties. The time-dependent
uptake further highlights how equilibrium and transport jointly shape the observed
selectivity.

In the second part, the focus will shift from cyclic CDI operation to continuous separation
using FCDI with activated carbon slurry electrodes. Here, ion removal and selectivity are
tuned via pore structure, applied voltage, slurry composition, and flow conditions. In multi-
cation feed solutions, the FCDI cell exhibits a pronounced preference for the removal of
Ca2+ and Mg2+ over monovalent cations, consistent with their higher charge-to-hydrated-
size ratio, while maintaining high separation rates and charge efficiencies approaching 70 %
at moderate cell voltages.

Taken together, these results define a materials- and process-based design space for selective
CD], from static ion sieving in well-defined sub-nanometer pores to continuous
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monovalent-divalent separation in flow-electrode systems. The presentation will emphasize
how precise control and characterization of pore networks, in the spirit of the InterPore
community, can be translated into targeted ion separation at the device level.
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A theoretical approach to estimating stable drainage front widths in three-dimensional (3D)
random porous media under gravitational and capillary effects is presented. Based on the
frontier of the infinite cluster in gradient percolation, we propose an expression for the 3D
front width dependent on the pore-network topology, the distribution of capillary-pressure
thresholds for the pore throats, the stabilizing capillary-pressure gradient, the average pore
size, and the correlation length critical exponent from percolation in three dimensions.
Theoretical predictions are successfully compared to numerical results obtained with a bond
invasion-percolation model for a wide range of drainage flow parameters.

Presenter: Paula Reis
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In this paper, we derive a new effective interface condition governing the transition between
porous and free flow regions of a fluid domain via asymptotic analysis. The proposed non-
standard condition represents a Darcy-type law acting across the imaginary interface,
asserting that the trace of the free-flow velocity is proportional to the difference in stresses
on both sides of the interface. Higher- order asymptotics reveals that the leading-order
approximation corresponds to a no-slip condition, the first-order to a non-penetration
condition with tangential slip, whereas the second-order approximation acknowledges the
leaking across the interface. This hierarchical behaviour is particularly relevant in modelling
blood flow in the arteries, where the arterial wall behaves as a porous medium, allowing
slow blood seepage relative to the main flow. Our result generalises and improves the usual
Beavers-Joseph condition as well as some other conditions used in practice. For instance the
continuity of the normal velocities and stresses.

Coupled weak formulation of the obtained problem is given in appropriate setting and it is
shown that it is very natural from mathematical and physical point of view. The well-
posedness for the obtained problem is proved. The model is justified by rigorous asymptotic
analysis confirmed via an error estimate. Corresponding interior-layer problems are studied
in more details and the analysis of the effective coefficients in the effective law is given.
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Hydrodynamic transport in rough-walled geological fractures is governed by the strong
spatial heterogeneity of the aperture field. Even in the purely advective limit, this
heterogeneity produces pronounced velocity intermittency along streamlines, with fluid
particles alternating between fast channelized regions and extended low-velocity or quasi-
stagnant zones. Such intermittency generates broad residence-time distributions,
breakthrough-curve (BTC) tailing, and nonlinear growth of plume spatial moments. We
study these mechanisms using a Monte Carlo ensemble of synthetic self-affine fracture
aperture fields with prescribed relative closure and correlation length. Depth-averaged
Stokes flow is solved under the lubrication approximation, and advective transport is
simulated through a time-domain random walk (TDRW) scheme that tracks particle
trajectories and residence times. Across all realizations, the velocity distributions exhibit a
robust excess of low velocities controlled primarily by the fracture closure, revealing the
geometric origin of transport anomalies.

To upscale these dynamics, we represent the Lagrangian velocity series as a stochastic
Ornstein-Uhlenbeck (OU) process, embedded within a one-dimensional continuous-time
random walk (CTRW). This reduced model uses only the velocity distribution, the advective
tortuosity, and an effective Lagrangian correlation length. Despite its simplicity, it
reproduces the detailed simulations, including early-time ballistic spreading, late-time
superdiffusive behaviour, and the characteristic power-law BTC tailing associated with
intermittent advective transport.

This work clarifies the physical origin of anomalous purely advective dispersion in rough
fractures and provides a predictive, computationally efficient framework for upscaling
fracture-scale transport into broader subsurface flow models.

Presenter: Alessandro Lenci
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Microfluidic experiments in transparent, engineered micromodels that replicate porous
media enable direct visualization of pore-scale processes and their connection to
macroscopic behavior (Wu et al., 2020). Pore-scale simulations, in particular dynamic pore-
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network modeling, complement these experiments by including pore-scale interactions that
are typically averaged out in continuum-scale descriptions and are therefore difficult to
capture with macroscale models (Weishaupt & Helmig, 2021).

However, the coupled evolution of liquid films, interfacial curvature, and evaporation
kinetics in porous structures remains a challenge for predictive modeling. This work
addresses this gap by combining high-resolution microfluidic experiments with dynamic
pore-network simulations in a geometrically controlled two-dimensional porous network.
The experiments provide time-resolved measurements of water morphology, saturation, and
curvature evolution, while the simulations elucidate the pore-scale mechanisms that control
the evaporation process.

Within this integrated framework, a comprehensive quantitative comparison between
experimental observations and model predictions is conducted to both validate key
modeling assumptions and identify systematic discrepancies. These discrepancies, in turn,
highlight pore-scale mechanisms such as corner flow and vapor shielding effect and thereby
guide future model refinements as well as the design of targeted microfluidic experiments.
Our analysis further shows that inherent uncertainties in microfluidic experiments can
significantly influence the outcome and interpretation of model validation, underscoring the
challenges of benchmarking pore-scale models against experimental data. An initial
mismatch between simulated and experimental results, therefore, does not, by itself,
invalidate a model or imply a flawed experiment. Instead, a systematic diagnosis of the
underlying processes and error sources is essential for assessing model validity and
improving both pore-scale models and experimental design.

References:
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Accurate modeling of mineral dissolution plays a key role in many geochemical processes.
Previous studies have demonstrated the need for parameterizing the intrinsic surface
reactivity in reactive-transport models (Agrawal et al., 2021). Recent surface
nanotopographic parameterization methods are based on the nanoroughness of the surface
(Yuan et al., 2021) and the surface slope (Karimzadeh and Fischer, 2021; Schabernack and
Fischer, 2022). However, surface-slope calculations are difficult in three-dimensional (3-D)
systems because minerals have several faces with different orientations, requiring a
separation of surface faces and slope calculations in coordinates aligning with the faces. This
limits the applicability to complex geometries containing edges, corners, and arbitrarily
oriented surfaces. In this study, we propose a new roughness-based method using the
micro-continuum approach (Soulaine, 2024). We suggest a rotation-invariant roughness
factor Rq, computed at each surface point from the covariance matrix of coordinates of that
point and its neighbors on the surface. The smallest eigenvalue measures the variance
normal to the local tangent plane, providing our orientation-independent roughness factor
Rq. This metric is then used to parameterize surface reactivity in the pore-scale reactive-
transport model for arbitrarily oriented surfaces. We demonstrate the approach in three
numerical experiments of calcite dissolution using different geometries with distinct surface
orientation: (i) a two-dimensional (2-D) rough channel, (ii) a complex 3-D polycrystalline
calcite marble surface, and (iii) a 3-D calcite crystal. The model results show that the
calculated Rq consistently identifies highly reactive edges and corners versus weakly
reactive flat faces. The resulting heterogeneous dissolution patterns and orientation-
independent surface evolution are validated with published experimental data, confirming
the general applicability of the proposed methods for modeling mineral dissolution with
complex geometry. The proposed parameterization improves the predictability of reactive-
transport models at the pore scale, thus contributing to an enhanced prediction of mineral
dissolution at the Darcy scale and beyond.
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Wood and wood-based composites are increasingly studied for their potential to regulate
indoor humidity through moisture exchange with the air. Understanding their dimensional
stability under fluctuating moisture conditions is essential for uncovering the underlying
mechanisms and their practical use. This study employed neutron imaging to elucidate the
moisture dynamics within wood materials under varying relative humidity conditions.
High-resolution and in-situ golden ratio tomography provided insights into moisture
distribution and dimensional changes within the wood. Affine and non-affine registration
techniques identified both the global and local deformations, highlighting dimensional
instability in native wood and its improvement through laser drilling. Structural
modification by laser drilling processes is effective in improving the moisture transport
speed in wood and limiting dimensional changes. Moreover, the laser-drilled wood
provides a highly feasible scaffold for further chemical modifications. Coating the cell
lumina surface of laser-drilled wood with MOFs results in remarkably high moisture
sorption capacity and improved dimensional stability compared to native wood and laser-
drilled wood. The MOF layer acts as a barrier during water adsorption and as a reservoir
during desorption. This study presents a promising strategy for the development of high-
performance wood materials that leverage wood's inherent benefits while overcoming some
current limitations.
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Geomaterials are complex porous materials presenting a wide diversity of structures, which
set how a fluid will flow through it. The understanding of the mechanisms controlling the
flow kinematics at the pore scale is however decisive to predict and control transport
processes (dispersion and mixing). Using index matching techniques, one can develop
transparent porous media to perform direct visualization of the flow in model porous media
composed of randomly packed solid spheres, allowing to directly visualize the flow within
the bulk of the 3-D media, and to investigate how a blob of dye stretches and get mixed
when injected within such 3-D porous media. Using Particle Image Velocimetry techniques
(PIV), successive scans of the velocity field are used to provide highly resolved experimental
reconstruction of the 3-D Eulerian fluid velocity field. Using this experimental data set to
validate numerical SPH simulations, we investigate numerically the effect of varying the
pore size distribution over the velocity distributions and the dispersion process.
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Mixing and clogging phenomena in porous media are of major interest in both industry and
agronomy. While numerous studies have investigated the macroscopic influence of porous
microstructure on flow, the exact flow paths have long remained inaccessible due to the
opacity of most natural media. In this work, we use X-ray 3D tomographic data to fabricate
transparent resin replicas of porous structures through 3D printing, thus allowing for direct
visualization techniques within real porous media microstructures. By flowing an index-
matched, tracer-seeded liquid through these transparent models, we directly visualize
streamlines, to characterize the flow kinematic and quantify how subtle microstructural
changes affect flow behavior. Such characterization will then allow to investigate the
transport properties of the medium, namely the mixing & the dispersion process, and to
decipher the effect of microstructural heterogeneities.

Presenter: Adam Gargasson
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Fractured vuggy carbonate reservoirs are critically important, contributing significantly to
hydrocarbon reserves and production. The presence of fractures and vugs distinctly
influences fluid flow and transport within carbonate rocks, differentiating fractured vuggy
carbonate reservoirs from most other geological formations. Apart from matrix carbonate
rocks, isolated fractured vuggy carbonate reservoirs are still the targets for acid stimulation
due to the limited contribution of isolated fractures and vugs to fluid flow capacities. This
study is motivated to investigate the acid stimulation process in isolated fractured vuggy
carbonate reservoirs. In this work, the classical two-scale continuum model has been
extended to describe the transport and reactive dissolution processes within complex media
comprising matrix, fractures, and vugs. The discrete fracture model and the Navier-Stokes
equation are used to respectively characterize fluid transport in the fractures and vugs
regions. Fluid interactions between different regions are governed by the extended Beavers-
Joseph-Saffman (B]S) interface conditions. Dynamic boundary conditions are applied to
describe the dissolution and deformation behaviors at the boundaries of vugs. In addition,
Biot equations are utilized to specifically examine the mechanical responses within the
poroelastic region during the acid stimulation process. A finite element model has been
developed, incorporating an effective loosely coupled sequential iterative scheme for the
numerical discretization and solution of the coupled hydro-mechanical-chemical control
equations. The simulation results show that the presence of fractures and vugs in carbonate
formations does not perturb the equilibrium conditions necessary for wormhole formation,
thereby preserving the dissolution patterns associated with a specific acid injection rate.
Nevertheless, mechanical stress shows a significant influence on fracture closure behavior.
The stress-induced alteration in the acid flow and dissolution structures necessitates an
increased pore volume to breakthrough (PVBT) to attain comparable dissolution effects. The
increment in acid breakthrough volume finally escalates both the operational costs and
complexity.

Presenter: Zhaoqin Huang
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Evaporation from porous media partially saturated with saline water can cause density
instabilities to form. As water evaporates, the dissolved salt stays behind, which causes the
salinity to increase near the top of the porous medium. This creates a gravitationally
unstable setting, where density instabilities in the form of fingers can develop. Whether
these density instabilities form, depends on several parameters like the permeability and
evaporation rate, but also the (initial) water saturation has a strong influence. As water
saturation decreases, the storage, convection and diffusion of the dissolved salt also
decrease, which all influence the onset of the density instabilities. In this talk, we analyze the
formation and development of these instabilities for different initial water saturations, via
linear stability analysis and numerical simulations. We find that decreased storage and
diffusion make onset of instabilities occur earlier, while decreased convection give later
onset. The combined influence is however that lower saturation overall gives earlier onset
times. We also find that lower saturation overall gives more fingers, but they are smaller in
size. This talk is based on the published paper [1].

[1] C. Bringedal, S. Kiemle, C. J. van Duijn, R. Helmig: Impact of Saturation on Evaporation-
Driven Density Instabilities in Porous Media: Mathematical and Numerical Analysis.
Transport in Porous Media (2025) https:/ /doi.org/10.1007 /s11242-025-02207-y
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Chemical diffusion in disordered porous media plays a crucial role in various geochemical
processes, including secondary mineral formation, dissolution kinetics, redox reactions,
nutrient transport at root-soil interfaces, and interactions between solutes and charged
surfaces. Therefore, a robust quantitative understanding of these processes is essential across
multiple disciplines in geoscience and engineering. In this study, we present a unique
experimental diffusion cell setup to investigate the Fickian diffusion limit in fully saturated
disordered porous structures.

We present breakthrough curves (BTCs) for bromide diffusion across five distinct chalk and
dolomite samples [1]. Our results reveal that during the initial phase of the experiments, the
bromide tracer exhibits Fickian diffusion. However, as diffusion continues over time, the
tails of the BTCs exhibit a transition from Fickian to anomalous diffusion. This research
effectively clarifies the characteristics of anomalous (non-Fickian) diffusion, challenging the
classical assumption that diffusion is solely Fickian in complex porous media.

Using the Continuous Time Random Walk (CTRW) framework, we provide spatial
concentration profiles and temporal breakthrough curves that correlate with experimental
data in cases where solute diffusion exhibits anomalous behavior [2, 3]. The robust
mechanistic foundations of the CTRW framework enabled us to derive solutions to an
associated fractional diffusion equation across a wide range of power law values, from
nearly Fickian to highly anomalous diffusion behaviors. Notably, these solutions clearly
distinguish between early-time Fickian and anomalous diffusion, with the differences
becoming more pronounced over time. The observation that diffusion in natural rocks can
exhibit distinct, potentially widespread anomalous behavior suggests that diffusion-driven
processes in subsurface regions should be analyzed using methods that accommodate non-
Fickian diffusion.

Presenter: Ashish Rajyaguru
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The simultaneous increase in electronic device integration density and thermal design
power (TDP) in recent years has created significant challenges for thermal management.
This has made flat and even ultra-thin passive phase-change heat transfer devices suitable
for confined spaces a major research focus in this field. Representative ultra-thin vapor
chambers and flat heat pipes now have thicknesses reduced to 300 micrometers or less.
Conventional porous media wicking structures, such as those made from sintered powder,
screen mesh, or metallic foam, struggle to meet the size and performance requirements of
next-generation communication devices. The limitations of these materials primarily include
inherent difficulties in reducing raw material thickness, an inability to balance the
conflicting demands of capillary pressure and flow resistance, and limited enhancement of
phase-change heat transfer. To address these issues, this study proposes and successfully
fabricates a novel porous media featuring a well-defined microstructure. Microscopically,
this structure functions as a hybrid system combining microchannels and micropore arrays.
Smooth, straight microchannels minimize flow resistance, while the micropore structures
enhance thin-film evaporation and provide high capillary pressure. The capillary
performance and phase-change heat transfer enhancement of this novel wick were
experimentally validated through independent capillary rise tests and capillary-driven
evaporation tests under adverse gravity conditions. Furthermore, a multiscale model
coupling unit cell-level heat transfer and percolation characteristics with chip-scale
macroscopic heat transfer was developed to predict its performance in ultra-thin passive
heat transfer devices. Ultimately, this novel porous media was integrated into an ultra-thin
flat heat pipe with a thickness of only 220 micrometers, achieving highly effective heat
transfer with an equivalent thermal conductivity of up to 17,000 W/m K.
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Characterizing how water moves through variably saturated soil layers is essential not only
for hydrological modeling but also for interpreting gravity signals recorded at surface or
subsurface stations. Even small variations in subsurface water content can modify the local
mass distribution and lead to measurable gravity changes. Because of this sensitivity, linking
hydrological processes to gravity responses is becoming increasingly important for
groundwater monitoring, climate-related soil-water studies, and geophysical interpretation.

In this work, we use the TRACES (Transport of Reactive and Conservative Elements in Soils)
finite-element framework to simulate water flow in both unsaturated and saturated zones
and to compute the corresponding water content distribution within the model domain.
Being able to estimate water content at the element level is a key step toward translating
hydrological states into expected gravity changes. To make this possible, we focused on
improving and validating the mesh-connectivity routines in TRACES, including the
construction of element-to-node, face-to-node, and element-to-face relationships for
unstructured triangular meshes generated. These developments ensure consistent geometric
representation and more reliable calculation of water volumes in variably saturated
conditions.

TRACES uses an implicit formulation of Richards” equation, together with nonlinear
hydraulic relationships such as the van Genuchten-Mualem model. When combined with
accurate mesh connectivity, this framework becomes well suited for exploring how different
hydrological scenarios, such as infiltration, drainage, or water table fluctuations, may
influence gravity measurements. This provides a useful tool for researchers interested in
how water mass redistribution affects geophysical observations.

After computing changes in water content for each finite element, we convert these values
into water mass variations using the element geometry and corresponding saturation state.
These mass changes are then used to estimate gravity variations at observation points. By
approximating each finite element as an equivalent prism, we can assess how local changes
in subsurface water storage contribute to the total gravity signal. This creates a direct link
between hydrological modeling outputs and potential measurements at gravimetric stations.

Presenter: Maryam Khodadadi
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This study investigates Laponite® suspensions as injectable, self-organizing flow barriers for
subsurface hydrogen storage by linking rheology to pore-scale containment performance.
Guided by the phase diagram, 2-3 wt% suspensions were prepared and rheologically
characterized, revealing low initial viscosity followed by time-dependent increases in
viscosity and elasticity; 3 wt% suspensions aged (gelled) too rapidly for practical injection,
whereas 2-2.5 wt% formulations provided a workable sol-gel transition window.
Injectability and sealing performance were evaluated in rock-patterned microfluidic devices
emulating Berea sandstone, where 2 and 2.5 wt% suspensions were injected, aged at 20, 45,
and 75 °C for prescribed periods, and then subjected to pressurized hydrogen in a custom
high-pressure setup until breakthrough. Breakthrough pressures across 38.38 mm of porous
media reached 105 psi for 2 wt% and 346 psi for 2.5 wt% suspensions after 18 days at 75 °C,
demonstrating that appropriately aged 2.5 wt% suspensions form a robust, pressure-bearing
in situ geobarrier. These results establish a direct link between aging rheology and
containment performance and highlight the potential of Laponite® suspensions as
engineered thixotropic geobarriers for subsurface containment and energy storage
applications.
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Foam-injection has been a highly effective Enhanced Oil Recovery (EOR) method for
decades (Rossen, 1996; Lake et al., 2014). In addition to its applications in conventional oil
and gas industry, injecting foam in porous media also greatly benefits various
environmental applications such as soil remediation, ground water cleaning, and CO2
sequestration (Rossen et al., 2022) etc. Success of foam injection project usually requires
generation and deep penetration of foam into the formation layers. Theories of foam
generation and propagation (Rossen and Gauglitz, 1990; Gauglitz et al., 2002; Ashoori et al.,
2011; 2012) demonstrate two important properties of foam: 1) foam generation, propagation
and collapse require achieving a critical superficial velocity; 2) the efficiency of foam
propagation decays rapidly with decreasing superficial velocity. The experiments of Yu et al.
(2019; 2020) verify the critical superficial velocities predicted by theories (Rossen and
Gauglitz, 1990; Ashoori et al., 2012) and reveal the significant effects of surfactant
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concentration and foam quality on foam properties. Their results (Yu et al., 2020) also imply
that there is a trade-off between injecting foam at high and low foam qualities (and
surfactant concentrations). The intricate balance between surfactant concentration and foam
quality is critical for the efficiency and safety of foam injection.

The goal of this study is to investigate the effects of foam injection condition, aka. surfactant
concentration and foam quality, on the efficiency of foam propagation. We begin the study
by fitting the updated version of Kam’s Population-Balance (PPB) model (Kam, 2008) to the
experimental data of Yu et al. (2020). The effects of surfactant concentration and foam
quality on the kinetic of lamella coalescence is included in the model. We use the Local-
Equilibrium (LE) version of this model to predict the critical superficial velocities for foam
generation utgen and foam collapse utcol at various surfactant concentrations and foam
qualities. Then we deploy numerical simulation in MATLAB (he MathWorks Inc., 2022) to
predict the critical velocity for foam propagation utprop at the same injection conditions.
Finally, we embark on a preliminary analysis for the optimization of foam injection strategy
based on simulation results. The efficiency of foam injection is evaluated with respect to
both cost and safety, namely, total time of injection, total PVI (and cost) of surfactants and
gas, and near wellbore pressure etc. at the end of foam injection.

Our analysis shows that the LE version of the revised PPB model of Kam (2008) yields fairly
accurate predictions of the critical superficial velocities for foam generation (Yu et al., 2019),
foam propagation and foam collapse (Yu et al., 2020). In addition, simulation results reveal
an important correlation between injection condition and the efficiency of long-distance
foam propagation. We find that there is an optimum range of injection conditions for N2-
foam at foam quality between 82% and 98% and surfactant concentration between 0.05 wt%
and 0.5 wt%. Lastly, we briefly discuss the challenging aspects of simulation experiments on
the generation and propagation of foam.

Presenter: Guanqun Yu
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For years, our group has been developing innovative experimental methodologies [1] to
monitor liquid transfer in porous media and complex fluids using dynamic NMR
relaxometry. Combined with MRI, this non-invasive, multiscale, and time-resolved
approach enables the individual tracking of all out-of-equilibrium protonic liquid phases
during processes such as drying, imbibition, or internal water redistribution in model
nanoporous media [2], for various applications involving geo-based (clay, granular systems)
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or bio-based materials (wood, paper, plant fibers Fig. 1) and gels [4]. Here we show how in
this context original quantitative information can be extracted from the detailed analysis of
the evolution of the NMR relaxation time distributions over time during such transfers,
revealing phenomena such as wetting and dewetting, chemical instabilities of the solid
matrix, or the progressive loss of moisture homogeneity inside non-transparent materials —
information that is highly valuable for improving predictive physical models of liquid
transport for a large range of scale corresponding to all liquid states. Several examples will
be presented to illustrate the versatility and robustness of this approach.

Presenter: Benjamin Maillet

Contribution ID: 32

A generic analytical pore-scale model for predicting pressure

drops as an alternative to empirical models
(MS09) Pore-Scale Physics and Modeling

Presentation Type: Poster Presentation

Author: Sonia Fidder (Stellenbosch University)
Co-Author:

Pressure drop is a key performance indicator in any system involving flow through porous
media (filters, catalytic beds, membranes, soil, packed columns, fuel cells, etc.). Many
studies have been concerned with the understanding of the microscopic influence on the
macroscopic transport properties. Hence, various porous media flow models and techniques
have been developed over the years. Besides the advanced numerical modeling procedures,
which rightfully owns its place in the literature, the focus will be on the analytical drag
models, mainly because these models are aimed at providing physical meaning to the
empirical coefficients in empirical curve fitting models. The drag resistance models are
based on statistical averages, e.g. the unit cell models, and rectangular Representative Unit
Cell (RUC) model. A well known empirical model is the Ergun equation, based on the
capillary tube model. Many adaptations and improvements have been added to this
equation by several authors in the literature, resulting in, for instance, the tube-sphere
model. The drawback of the empirical models is that they are only applicable to the media
from which the empirical coefficients have been obtained. The Ergun equation is nonetheless
a successful model based on its extensive use, despite its empiricism. Following a
fundamentally different modelling approach, although also involving the capillary tube
theory, are the fractal models. Although these models account accurately for micro-
structural complexity, such as pore irregularity and surface roughness, it is usually difficult
to assign numerical values to the various fractal dimensions involved. In this study an
overview will be provided of some existing models with the main focus on the predictive
capabilities of the RUC model. The latter model has served well over the years and was
initially introduced to predict the pressure drop and permeability for Newtonian flow
through different types of porous media, i.e. granular, foamlike (i.e. metal foams) and
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fibrous media. An RUC is introduced for each of the three different porous medium
geometries. In the modelling approach involved, macroscopic equations are derived from
the spatial averaging of the microscopic equations over a representative elementary volume
(REV), assuming that the pore structure within the REV can be statistically represented by
the averaged kinematic and geometric properties. The adaptability of the model will be
illustrated to result from sound physical reasoning and consequently extends its range of
applicability to different applications in which porous media are used. This includes model
adaptations to predict (i) non-Newtonian flow behaviour, (ii) the permeability of low
porosity sandstone by taking pore blockage into account, (iii) the effective diffusivity in the
case of diffusion and (iv) the formation factor for electrical conduction. An overview will,
furthermore, be given of the use of the model in collaboration with IMT Atlantique in
Nantes, France, over the years for predicting the permeability of fibrous filters used in air
filtration as well as predicting the pressure drop over a biofilter by taking particle surface
roughness into account. Finally, planned future adaptations will be mentioned and an
invitation extended to join in future collaborative projects.
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When modelling fluid flow in porous media, invasion percolation is a widely employed
approach to determine how two immiscible fluids distribute in the pore structure of the
medium. In the invasion percolation model, an invading fluid (e.g. water) displaces the
defending fluid (e.g. oil or air) when its capillary pressure exceeds the pores’ threshold
capillary pressure. This approach is often applied in pore-network modelling, wherein the
pore network is a simplified representation of a pore structure, consisting of pore bodies and
pore throats, each assigned geometric and physical properties that influence fluid
movement.

Invasion percolation can be simulated with or without pore trapping. During the simulation,
each pore receives an invasion step that indicates when it becomes invaded, and these
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invasion steps allow the identification of trapped pores. Trapping happens when a pore
tilled with defending fluid becomes surrounded by pores filled with invading fluid or other
trapped pores, and it is no longer accessible for invasion. Applying trapping results in a
more realistic fluid distribution, although it adds more computational and algorithmic
complexity.

Once the invasion is complete, the search for trapped pores begins. The classical trapping
algorithm requires repeatedly checking connectivity to the outlet from the very first invasion
step to the last, re-evaluating the network many times. This repeated connectivity testing is
the main source of the high computational cost. On the other hand, Masson [1] introduced a
more efficient algorithm that runs the trapping analysis in reverse order, starting from the
final invasion step and moving backward. In this approach, a pore becomes trapped when
all its neighboring pores are either invaded or already identified as trapped. If at least one
neighbor remains connected to the outlet, the pore is accessible for invasion and cannot be
marked as trapped. This approach does not require repeated global connectivity checks, and
the runtime efficiency improves from O(N?) to O(N).

The present work adapts and extends Masson’s algorithm so that it can be applied to pore-
network models. In particular, it accounts for three major differences: 1) both pore bodies
and pore throats may become trapped, meaning the algorithm must treat both elements
consistently, 2) the network is unstructured, and pore bodies may connect to several throats
with no regular pattern, and 3) multiple pores can share the same invasion step because
several elements may fill simultaneously.

To implement these modifications, the weighted adjacency matrix defined over pore bodies
is reformulated as an unweighted matrix spanning all pore bodies and throats, making it
suitable for backward connectivity tracking and allowing pore throats to be treated as
potentially trapped as well. Additionally, a disjoint-set (union-find) data structure is used to
efficiently label and track trapped clusters. This structure avoids repeated full-network
searches and ensures that trapped regions are identified consistently.

For a pore network containing approximately 440,000 pores, the modified algorithm
achieves about an 85% reduction in computational cost compared with the classical method.
This improvement highlights the algorithm’s suitability for large, unstructured pore-
network simulations where efficient trapping detection is essential.
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Soft porous media consisting of assemblies of biological objects are common in many
industrial and natural situations. They are often confined, as in the case of yeast clogs
trapped in a filtration membrane, or human tumor cells in the case of e.g. bone cancer.
Whereas this confinement and the possible friction induced at the boundaries of the porous
media are not addressed by the well-known poromechanics theory [1], some recent
experimental results tend to prove their importance [2].

For this presentation, we have studied the mechanical properties of a clog of living particles
based on observations at the microscale in a model configuration: we used the baker's yeast
Saccharomyces cerevisiae, with known mechanical and biological properties, to form clogs
that were observed in a quasi-2D microfluidic device with well-controlled dimensions to
ensure a high degree of confinement [3]. After the formation of a clog, compression and
decompression cycles were applied (see Figure), both in a flow-driven configuration and in
an impermeable piston-driven one. The results show that the stress-displacement
relationship deviates from the predictions of poromechanics theory and conventional
interpretations in the literature, revealing a strong hysteresis. This is the signature of energy
loss during the compression-decompression cycle. In addition, complementary experiments
show that stress is stored during decompression.

A continuous model is proposed, which takes into account the coupling between the fluid
flow, the deformation of the clog, and the friction against the device's walls. This reveals that
the friction magnitude is dictated by a single dimensionless number, which is proportional
to the friction coefficient multiplied by the aspect ratio of the device. This model reproduces
all the observations remarkably well. Taken together, these results provide a first theoretical
framework for the study of bioclogging on small scales and show that friction can have non-
trivial effects on the mechanics of confined deformable porous media.
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Shale reservoirs exhibit a wide distribution of nanopore sizes, ranging from ultrafine pores
of roughly 5 nm to larger pores exceeding several hundred nanometers. At the smallest
scales, methane adsorption becomes a dominant storage mechanism. To quantify this effect,
molecular simulations coupled with an equation of state are employed to characterize CH4
adsorption in nanopores of various sizes, and the results are incorporated into a lattice
Boltzmann (LB) free-energy model via a calibrated fluid-wall interaction formulation. The
simulations reveal that adsorption can enhance methane storage by 10-25% in pores smaller
than ~20 nm, whereas its influence becomes minimal (<3%) in pores larger than
approximately 40 nm.

This scale-dependent behavior allows a natural transition to the flow regime: pores larger
than ~100 nm, which constitutes the primary connected flow pathways in shale, but exhibits
negligible adsorption effects. Building on this insight, pressure-driven flow and
displacement processes are simulated using a multiple-relaxation-time LB model with a
combined bounce-back/specular-reflection boundary treatment and regularization
algorithm. The model is applied to investigate CO. and H: transport and storage in depleted
shale gas reservoirs, focusing on how these injected gases move through with slippage
velocity and displace residual methane in the larger, flow-dominant pore networks.
Simulations quantify velocity fields, mass fluxes, apparent permeability, pressure drop, and
displacement efficiency, revealing distinct CH4 displacement mechanisms driven by the
contrasting molecular properties of CO: and Ho.

Together, these two complementary components (adsorption analysis in ultrafine nanopores
and flow modeling in larger and connected pores) provide a coherent, scale-consistent
framework for understanding CH4/CO./H: storage and transport across the hierarchical
pore structure of shale formations.
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Biomethane is an environmentally friendly alternative to natural gas and is regarded as a
key energy source for aiding the decarbonization of the energy system. The urgent need to
transition to clean energy has driven the demand for large-scale storage of alternative
energy carriers, such as biomethane, in subsurface porous reservoirs. Biomethane typically
contains oxygen as an impurity (up to 1%), yet the potential impact of oxygen on reservoir
rock integrity and subsurface fluid composition during storage remains poorly understood.
This study presents a comprehensive geochemical investigation, combining experimental
and modelling approaches, to evaluate oxygen’s impact on rock mineralogy and fluid
composition at two potential subsurface storage sites with distinct rock properties and
mineralogy.

Batch-reaction experiments were conducted under worst-case scenarios, including a high
fluid-to-rock ratio and elevated oxygen partial pressures (~3%). Three different experiments
were performed for each site: (1) oxygen-brine-rock, to directly evaluate oxygen-brine-rock
reactions; (2) nitrogen-brine-rock, to isolate the influence of oxygen; and (3) oxygen-brine, to
assess oxygen’s impact on fluid composition alone. Fluid samples were collected regularly
during the experiments and analysed alongside pre- and post-experimental fluids to assess
changes in ion concentrations. Mineralogical analyses of pre- and post experimental rock
samples were also performed to identify any changes in rock composition.

Fluid analysis shows relatively higher increases in potassium and iron concentrations in the
oxygen-brine-rock experiments compared to the nitrogen-brine-rock experiments,
suggesting slight dissolution of $K"{+}$-bearing minerals. However, the changes were
marginal considering the amount of these minerals present in the rock. Other ions, including
Ca$™{2+}$, Mgb™N2+}$, Na$"{+}$, and SO$_4"{2-}$, exhibit minimal changes, primarily
attributed to brine-rock interactions rather than reactions involving oxygen.

Mineralogical analysis shows negligible changes in bulk rock composition, with major
minerals such as quartz, calcite, and K-feldspar remaining stable. Minor changes in clay
minerals, such as slightly increased kaolinite and decreased illite/ smectite, were consistent
across both gas-brine-rock experiments, indicating that oxygen does not cause significant
mineralogical alterations. Geochemical modelling corroborated the experimental findings,
showing that oxygen has no long-term negative impact on rock mineralogy.
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These results demonstrate that the presence of oxygen in biomethane has a minimal effect
on reservoir rock and fluid stability, supporting the geochemical feasibility of subsurface
biomethane storage. Moreover, the findings suggest that existing regulatory oxygen limits
could be slightly relaxed for subsurface biomethane storage, facilitating a smoother
transition to this alternative energy source.
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Accurate characterization of porous media at the pore scale is fundamentally challenged by
two critical limitations: the scarcity of core data available only at discrete well locations, and
the high spatial heterogeneity inherent in rock formations that renders small, randomly
sampled sub-images non-representative of bulk core properties. This work introduces PCP-
GAN, a tailored multi-conditional Generative Adversarial Network (cGAN) framework,
designed to synthesize geologically accurate pore-scale images with precise and
simultaneous control over multiple petrophysical properties.

The unified cGAN framework was trained on an integrated dataset of thin section imagery
derived from four distinct geological depths (1879.50 m to 1943.50 m) within a marine
carbonate formation. By simultaneously utilizing both sample depth and porosity as
conditional inputs, the model was forced to learn both universal pore network principles
and the unique, depth-specific geological characteristics of the sequence. This conditioning
enabled the model to accurately capture a wide spectrum of pore architectures, ranging from
high-porosity grainstone fabrics to complex, low-porosity crystalline lithologies with
anhydrite mineral inclusions.

PCP-GAN demonstrated high precision in property generation, achieving an R-squared
value of 0.95 for porosity control across all tested geological conditions, with mean absolute
errors consistently below 0.02. Beyond quantitative metrics, visual fidelity analysis
confirmed high mineralogy accuracy, specifically, the model successfully preserved features
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critical to geological interpretation, such as dolomite grain boundaries, angular crystal
morphology, and the sharp delineation of non-porous anhydrite patches in the crystalline
samples (Figure below). Furthermore, comprehensive morphological analysis confirmed
that the generated images preserved critical pore network characteristics, including the
average pore radius, specific surface area, and tortuosity, within standard geological
tolerances.

Crucially, we developed a validation framework to benchmark the representativeness of the
generated images against laboratory-measured core data (porosity and permeability).
Optimized synthetic images were selected based on a dual-constraint error metric. These
generated images exhibited a combined property deviation (dual-constraint error) of only 2-
12% from the core targets. This performance stands in contrast to the high spatial variability
observed in the real rock, where randomly extracted sub-images from the same cores
showed significantly higher property deviations, ranging from 36-570%. This remarkable
improvement indicates that the framework successfully addresses the core
representativeness challenge in digital rock physics.

This breakthrough ability to produce synthetic rock images that are quantitatively more
representative of bulk formation properties than natural, randomly sampled sub-volumes
offers a powerful new tool. It significantly enhances the reliability and applicability of digital
rock physics modeling and is a critical advancement for characterizing sparse-data
environments relevant to energy storage, carbon capture and storage, and sustainable
groundwater resource management.
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Filtration flows through nanoporous membranes play a crucial role in a range of cutting-
edge technologies, including water purification, osmotic power generation, and targeted
drug delivery. Molecular dynamics simulations are currently considered the state-of-the-art
approach for modeling nanofiltration processes.
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However, their high computational cost makes simulating large-scale filtration systems
impractical, limiting the ability to conduct extensive parametric studies and optimize design
strategies.

In the present contribution, we merge a molecular analysis of the nanofiltration problem
with a homogenization technique [1], to upscale the filtration flow from the single nanopore
description to the whole membrane scale phenomenon. The homogeneous model employed
[1] allows replacing the detailed description of the flow through the whole membrane
(figure 1a) with a simplified flow description, where the membrane is

a fictitious smooth interface (the red surface of figure 1c) between two macroscopic fluid
regions. The model rigorously quantifies jumps in the macroscopic solvent velocity and
stresses across the homogeneous membrane $\ mathcal{C}$ via a set of tensorial quantities
computed once and for all via characteristic problems at the pore-scale for given membrane
properties. In [1], these quantities solve Stokes problems within the periodic microscopic
domain of figure 1b.

We downscale the model by replacing the microscale Stokes problems with molecular
dynamics simulations, enabling us to predictively quantify the membrane properties in the
presence of nanoscopic pores. Such confined regions are indeed challenging for continuum
mechanics: the usual concepts of density and viscosity, for example, are not well posed at
these scales. The use of molecular dynamics is thus the only means to ensure the physical
phenomena occurring at those scales are accurately reproduced. Finally, we validate the
model by comparing it to molecular dynamics simulations of water flow through arrays of
pores. Additional strategies for reducing total computational costs while preserving the
predictive power of the molecular-homogeneous model are also discussed.
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The storage of hydrogen, produced via water electrolysis, in a cementitious cavity offers a
solution to the overproduction of electricity from wind farms. But chemical degradation,
structural damage, loss of mechanical strength, and an increased leak risk could be caused
by hydrogen infiltration into the materials. It is necessary to predict and prevent these issues
to ensure safe and efficient storage.
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This work aims to propose a Thermo-Hydro-Mechanical model that describes non-
isothermal, compressible gas flow in a porous medium characterized by small deformations
and porosity variations. Linear isotropic thermo-poroelastic constitutive laws are considered
for the solid skeleton, assuming small temperature variations around a reference
temperature, and thermal equilibrium is assumed between the fluid and the skeleton.

This model consists of a system of nonlinear PDEs representing the conservation of fluid
mass, the conservation of entropy under reversible mechanical deformations, and the
momentum conservation equation.

The energy estimates for the compressible flow provide control over the solution under
certain assumptions. The numerical analysis is based on an implicit Euler scheme for time
discretization and a two-point flux approximation (TPFA) scheme for space discretization.
Particular attention is given to the definition of the discrete density at cell interfaces, which
is crucial for preserving the energy estimates at the discrete level. Numerical experiments
are conducted to validate the proposed scheme. We compute the errors between the
numerical and analytical solutions, examine the evolution of pressure, temperature, and
displacement field at different time values, and investigate the effects of compressibility and
displacement on the solution behavior.
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The continuous release of microplastics (MPs <5 mm) has made them a global
environmental concern. While early research focused on marine systems [1, 2], growing
evidence shows that soils are a far larger and more persistent sink for plastic pollution [1, 3,
4]. MPs can also act as carriers for antibiotics, heavy metals, and organic pollutants,
increasing risks to soil health, food safety, and groundwater quality [3, 5, 6]. Advances in X-
ray computed tomography (CT) have enabled non-destructive visualization of large MP
fragments in water, soils, and sediments. Previous studies have used CT to detect manually
mixed MPs, image millimetre-scale plastic particles in organic-rich soils or assess how they
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alter soil pore structure and water-holding capacity [3, 6-9]. However, these studies rely on
static systems where relatively large particles (>150 pm) were introduced manually, rather
than capturing dynamic injection, flow, and transport processes.

In this study, we use high-resolution micro-CT (uCT) to visualize the transport and retention
of 2-pm polystyrene MPs in soil columns (3 mm dimeter, 10 mm length) at low
concentration (0.05 wt. %). After MP injection, soil columns were scanned at both saturated
and dried conditions with a ZEISS Xradia 620 Versa system. A series of test scans with
varying resolutions and acquisition parameters (e.g., fast versus high quality scans) were
performed to optimize MP contrast in soil and minimize imaging artifacts. A multi-
resolution scanning approach with voxel sizes ranged from 0.7 um (the practical resolution
limit of the scanner) to 8 um was used. In addition to conventional absorption-contrast
imaging, propagation-based phase-contrast imaging was employed to enhance MP
visibility. Furthermore, multi-position vertical scan stitching was also used to capture the
full column length. Reconstruction was performed using filtered back-projection followed
by a non-local means filtration. A multiphase Random Forest-based segmentation algorithm
was implemented to segment soil and pore spaces and to detect microplastics (Figure 1). All
imaging configurations, including different voxel sizes, contrast modes, and scanning
geometries, were systematically compared to identify the most effective micro-CT strategy
for revealing the distribution of MPs in soil columns.

Although the smallest voxel size (0.7 pm) produced the clearest images, each scan required
long scanning hours (>80 hours) and covered only a small field of view of the column,
making it unsuitable for full-column studies. Phase-contrast imaging at this resolution was
also highly time-intensive (approximately 34 hours per scan), but it produced the most
noise-free images and the strongest MP contrast. After evaluating all options, we selected a
voxel size of 2 um as the best compromise between resolution, contrast, scan time, and field
of view for MPs used in our study. This resolution allowed us to detect individual MPs and
small clusters while imaging the full soil column length. To achieve this, the source-to-
sample distance was minimized, and detector settings were optimized for each scan. Four
vertically stacked scans with ~14% overlap were acquired to image the entire column, and
the reconstructed volumes were stitched into a final dataset of ~1,000 x 1,000 x 3,500 voxels.
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Accurate prediction of $CO_2$ storage performance in fractured geological formations
depends critically on how uncertainty is transferred from the scale of individual fractures to
the reservoir grid scale. Natural fracture networks exhibit complex aperture variability,
roughness-controlled flow, and spatially correlated heterogeneity, yet conventional cubic-
law representations often fail to capture how these features influence large-scale fluid flow
and transport [1,2]. This work develops an uncertainty-upscaling workflow that quantifies
how geometric uncertainties propagate to hydraulic response in complex fracture systems.

At the local scale, uncertainties in the fracture conductivity are characterised through
Bayesian correction of simplified flow laws, yielding posterior permeability distribution
instead of a single-value estimate [3]. This step mitigates model misspecification and
produces uncertainty-aware training data that reflect the variability observed in real
fractures. These posterior fields then support a purely data-driven upscaling strategy
capable of bridging multiple orders of magnitude in scale.

A U-Net surrogate is trained on paired fracture-image and hydraulic-response datasets to
learn a probabilistic mapping from geometry to permeability. Once trained, the model
generates distributions of hydraulic properties directly from aperture images, allowing
uncertainty to be efficiently propagated to larger resolutions and to more complex fracture
systems. The resulting ensembles preserve key structural features such as channelisation,
contact zones, and preferential pathways, while retaining fine-scale uncertainty that
deterministic upscaling systematically discards.

We demonstrate the developed workflow on natural sheared fractures extracted from a
regional caprock formation within a natural $CO_2$ reservoir in Utah [4]. By combining
physics-based correction with data-driven upscaling, probabilistic flow predictions are
produced at negligible cost relative to direct Monte-Carlo exploration of the fracture
geometry, rendering uncertainty quantification tractable for high-resolution fracture
systems. Overall, the workflow provides a scalable surrogate for uncertainty-aware
predictions at larger scales by converting imperfect geometric observations into actionable
hydraulic responses relevant for leakage-risk assessment.
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Wall-induced ordering in randomly packed particle beds remains a central challenge for
porous systems confined by cylindrical containers. Smooth walls promote radial layering
and oscillatory void-fraction patterns that decay slowly into the bulk and can compromise
flow uniformity and, in reactive systems, overall performance. Although the wall effect has
been extensively characterized, practical geometric strategies to attenuate it are still limited.

This study investigates whether sinusoidal corrugation of a cylindrical wall can disrupt
near-wall ordering and promote more homogeneous random packings. Random beds of
mono-sized spherical particles are generated in columns whose walls feature regular
sinusoidal undulations. The objective is to quantify how wall structuring modifies packing
organisation and radial porosity structure relative to a smooth-wall reference, and to
identify corrugation geometries that most effectively suppress confinement-driven layering.

To assess corrugation performance, two complementary criteria are applied. First, packing
disorder is evaluated using a configurational entropy criterion, defined as the Shannon
entropy of particle-centre projections on the column base and reported as an entropy gain
compared to the uncorrugated wall [1]. This metric captures how strongly wall structuring
increases the spatial randomness of particle arrangements. Second, the remaining near-wall
heterogeneity is quantified through two normalised void-fraction variability criteria: the
normalised standard deviation of local void fraction in the wall zone and in the transition
zone. These region-specific measures track how corrugation reduces void fraction
oscillations adjacent to the wall and how rapidly bulk-like uniformity is recovered.

Across the investigated bed geometries, sinusoidal wall corrugation is found to
systematically alter near-wall packing, weaken radial layering, and reduce void-fraction
oscillations extending into the bed. Appropriately scaled corrugation leads to smoother
radial porosity profiles and a more gradual transition from the wall region to the bulk,
indicating a clear mitigation of wall-induced ordering. The results demonstrate that
engineered sinusoidal surface structuring offers a practical route to homogenising random
packed beds, with direct relevance to applications where uniform packing and flow
distribution are critical.
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The term "kerogen" is defined as the organic matter (OM) that produces oil during the
geological process of thermal maturation, in which the OM is progressively exposed to
higher temperatures and pressures. The kerogen maturity indicates whether it is in a state of
oil generation (immature), gas generation (mature), or above its hydrocarbon production
stage (overmature). In the so-called van Krevelen diagram, the maturity of kerogen is
characterised through a two-dimensional diagram showing the evolution of the atomic H/C
and O/ C ratios. Kerogen has gained a lot of attention due to the emergence of shale gas, as it
is the key phase impacting hydrocarbon recovery or carbon sequestration processes, with
fluid molecules mainly trapped within its amorphous microporosity (pore size < 20 A),
which is very close to that of biochars. Owing to the inherent complexity, heterogeneity, and
diversity of such carbon microstructures, predicting their thermodynamic properties
remains challenging.

In recent years, a strategy based on the replica exchange molecular dynamics (REMD)
method has been developed to obtain models of kerogens directly related to their organic
precursor (see presentation by Jean-Marc Leysale). The main advantage of this method is
that the pore space is not prescribed for the microstructures but is the emergent result of the
decomposition process as simulated.
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Here we use 11 models built by this technique from a fatty acid precursor (type I) at various
maturities (H/C ratio from 1.3 to 0.3), allowing the study of the transition from very
immature to overmature microstructures. Notably, their mechanical properties shift from
soft viscoelastic immature matrices to hard elastic mature ones. Given this diversity in
mechanical behaviour, it is important to account for the poromechanical coupling between
the adsorbed fluid and the kerogen structure, as some can be significantly prone to
adsorption-induced swelling. This is achieved by alternating between molecular simulations
in the grand-canonical (uWVT) and the isobaric-isothermal (NPT) ensembles for a large
number of cycles until both the volume V and the number of adsorbed molecules N
fluctuate around equilibrium values, thus giving access to the adsorption isotherm and the
volumetric swelling. The imposed chemical potential of the fluid corresponds to a bulk fluid
at the same mechanical pressure P that is imposed on the system (unjacketed or drained
condition, as in most adsorption experiments). We indeed show for adsorption of both pure
CH. and CO: at 318 K that the immature kerogens (H/C > 0.7) can exhibit large swelling
above 10 bars, as opposed to the mature ones (H/C < 0.7), where swelling remains below
5% even at 500 bars. In this study, the applicability of the conventional Toth adsorption
model to describe the evolution of adsorption properties with the H/C ratio is examined,
along with the relevance of results obtained by neglecting poromechanical coupling (i.e., the
rigid matrix assumption). The impact of adsorption-induced swelling on diffusion in such
conditions will be anticipated in light of the findings of previous studies.
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The study of immiscible two-phase flow in porous media remains a topic of major scientific
and technological relevance, with applications in reservoir engineering, hydrogeology, and
enhanced oil recovery. Since the 1930s, several models have been proposed to describe this
phenomenon at the pore scale, yet significant challenges persist due to the complexity
introduced by mobile interfaces and their coupled physical interactions.

This work presents a numerical methodology to estimate permeability and viscous drag
tensors in water/ oil systems under drainage and imbibition scenarios, based on the
theoretical framework developed by Whitaker (1986, 1994). The model consists of four
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governing equations: two for the mass balance of the mobile phases and two for the
momentum, coupled through four tensors. Two tensors represent the effective permeability
of each phase, while the other two correspond to viscous drag tensors, which capture cross-
phase interactions.

The methodology employs a representative unit cell mimicking pore and throat geometry,
with dimensions derived from a standard sandstone sample. Fluid dynamics and interface
motion are simulated using the Phase-Field method implemented in Comsol Multiphysics.
Solving the associated closure problems in these representative geometries allows the
estimation of transport coefficients.

Results indicate that the qualitative permeability predictions are consistent with values
reported in the literature and align with Whitaker’s analytical predictions, while also
partially agreeing with empirical correlations. These findings validate the proposed
approach and highlight its potential to address problems that historically remained
unsolved due to computational limitations.

In conclusion, this study provides a modern computational framework that bridges rigorous
theoretical formulations with advanced numerical simulations. It represents a significant
step toward the accurate characterization of transport tensors in immiscible two-phase
porous media, paving the way for extensions to more complex geometries and flow
conditions representative of natural and industrial systems.
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Carbon capture and storage (CCS) in geological formations is a promising approach to
mitigating CO: emissions, with mineralization providing a stable, long-term solution. In this
process, CO: dissolves in brine and reacts with minerals in the rock matrix, leading to the
precipitation of stable carbonate phases. However, understanding the evolution of
crystallization within the rock matrix is crucial, as it affects porosity, permeability, and
mechanical integrity. Accurately modeling this process requires a detailed representation of
fluid-mineral interactions at the pore scale while capturing the large-scale effects on storage
efficiency and rock stability.
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To address this challenge, we developed a high-fidelity numerical model using semi-
Lagrangian methods [2,3] to simulate crystal growth within the porous matrix [1]. The
methodology has been developed and validated for dissolution process in previsous work
[5,4]. The semi-Lagrangian approach effectively handles advective transport in complex
flow fields while tracking the evolution of mineral precipitation. This method allows us to
resolve moving phase boundaries and capture intricate interactions between fluid flow,
reactive transport, and crystal nucleation. By leveraging direct numerical simulations (DNS),
we can obtain detailed insights into the dynamic evolution of mineral structures within
geological formations, offering a predictive tool for assessing long-term storage
performance.

Building on this framework, we have now coupled our model with the linear elasticity of the
rock matrix to evaluate the mechanical stability of the storage reservoir. We compute the
Von Mises stress criterion to assess whether crystallization-induced stresses exceed the
rock’s failure threshold, which is critical for maintaining the integrity of the formation. This
approach enables us to predict potential fracturing or mechanical weakening caused by
mineral growth and ensures that the CCS process remains safe and effective. By integrating
fluid-mineral interactions with rock mechanics, our model provides a comprehensive tool
for optimizing CO: mineral storage strategies in deep geological formations.
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The percolation of acidic fluids through natural rocks (e.g. CO2 storage, Karst formation,
geothermal formation) induces chemical reactions of dissolution and/or precipitation,
which consequently alter the structural and hydrodynamic properties of the rock. These
reactions are not uniformly distributed but instead become localized based on various local
parameters, such as fluid velocity heterogeneities, chemical or mineralogical composition,
and petrophysical properties. Understanding the influence of these local heterogeneities is
crucial for predicting the evolution of rock properties in natural and engineered systems.

This study presents laboratory experiments involving the percolation of reactive fluids
through rock samples. The primary objective is to elucidate the role of local heterogeneities
in governing reaction rates, the type of reactions occurring, their spatial localization, and the
resultant impacts on structural and hydrodynamic properties. The experiments are designed
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to simulate natural conditions, allowing for controlled variations in fluid flow rates,
chemical composition, and rock mineralogy.

Key findings from these experiments reveal that local variations in fluid velocity
significantly influence the distribution and intensity of dissolution and precipitation
reactions. Zones of higher fluid velocity tend to exhibit more pronounced dissolution due to
increased fluid-rock interaction time and reactant supply. Conversely, areas with slower
fluid movement often show precipitation as a result of reactant saturation and limited
transport away from the reaction sites. Chemical composition and mineralogical
heterogeneity further modulate the reactions. Petrophysical properties, such as porosity and
permeability, also play a critical role. High-porosity regions facilitate fluid flow and enhance
reaction rates, whereas low-porosity areas impede fluid movement, reducing reaction rates.
These variations result in differential alterations in rock properties, creating a heterogeneous
structure that affects overall permeability and fluid flow patterns.

The results underscore the complexity of fluid-rock interactions in heterogeneous systems.
They highlight the importance of considering local heterogeneities when predicting the
behavior of natural and engineered systems subjected to reactive fluid percolation. The
insights gained from these laboratory experiments contribute to a better understanding of
geological processes such as diagenesis, reservoir stimulation, and carbon sequestration,
where fluid-rock interactions are crucial.

Presenter: Linda Luquot

Contribution ID: 50

Coated Metallic Foams as Versatile Porous Substrate: From
Hydrogen-Electrolysis Electrodes to Photocatalytic Water
Treatment

(MS17) Electrochemical Processes in Porous Media

Presentation Type: Oral Presentation

Author: Felix Neupert (Fraunhofer IFAM Dresden)

Co-Author: A. Tillmann (Alantum Europe GmbH), I. Lindemann (Fraunhofer IFAM
Dresden), N. Eiffmann (Fraunhofer IFAM Dresden), T. Biittner (Fraunhofer IFAM Dresden),
T. Weifigédrber (Fraunhofer IFAM Dresden + TUD Dresden University of Technology)

Open-cell metallic foams offer a combination of high permeability and a large accessible
surface area, as well as good thermal and electrical conductivity. This makes them a versatile
substrate for functional porous-media devices. Their three-dimensional strut network
enables efficient heat and mass transport at low pressure drop. However, practical
performance depends heavily on how surface functionality is introduced without
compromising pore accessibility.
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This contribution discusses the use of coated metallic foams as general materials and design
concept for engineered porous media. We highlight the main challenges associated with
coating open-cell foams, such as generating a uniform, conformal layer across the three-
dimensional strut network and achieving sufficient adhesion and long-term stability during
operation. Another challenge is maintaining the foam’s effective porosity to ensure that its
transport benefits are not lost.

To illustrate these ideas, we refer to two ongoing thematics in our group that employ coated
foams in different operating regimes. The first theme focuses on electrochemically
functionalised foam electrodes for hydrogen electrolysis, demonstrating how conductive
porous architectures can be transformed into highly active interfaces without sacrificing
favourable mass transport. The second thematic examines photoactive coatings on foams for
use in flow-through water treatment, showing how light-responsive surface functionality
can be integrated into a permeable backbone. Together, these examples offer a practical basis
for discussing transferable coating strategies across electrochemical and photocatalytic
porous media technologies.

Overall, coated metallic foams emerge as a robust, porous platform for technologies relevant
to energy and the environment, as well as being a useful case study of how the interplay
between microstructural design, transport and surface reactivity determines the
macroscopic performance of porous materials.
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Understanding the saturated and unsaturated flow in porous media by producing ceramic
porous model samples with controlled morphology. By controlling the morphology over a
large range of microstructure, the study aims to isolate the parameters influencing resin
impregnation and permanent flow in porous media. This subject has been treated by the
community with many different approaches [1]. Unfortunately, existing models often fail to
predict flow behavior correctly in cases where the porous medium is unsaturated,
particularly during infusion. Compared to deformable fibrous media, porous ceramic model
samples allow limiting and controlling the geometric variability of the porous network.
Aiding in isolating the parameters influencing resin impregnation regimes in the material.
This study has applications in the medical field (ceramics/polymers).
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The medium-term objective is to develop models to better understand fluid flow in complex
and controlled porous media [2]. To support this goal, a comprehensive experimental
database is currently being built based on the study of porous ceramics manufactured with
the sacrificial template method. First, an active-learning algorithm based on Gaussian
Process Classification (GPC) has been developed to efficiently identify the parameters and
boundaries of the chosen porous ceramic manufacturing process, with a minimal number of
trial iterations. This approach is particularly advantageous for processes involving multiple
parameters, where classical experimental designs would require extensive testing. We
demonstrate the predictive capability of the algorithm for a test case involving two varying
parameters: porogen volume and size.

Second, instrumented infusion tests are performed with an in-house set-up able to measure
samples permeability from 10"(-16) to 10”(-12) m2. Based on these measurements, a
regression model is developed to predict permeability from the porogen characteristics
(volume fraction of 2 classes of porogen). In parallel, the samples are characterized to
quantify their internal structure (e.g., pore-size distribution) [3], enabling the quantitative
assessment of how these parameters influence the fluid flow behavior.

Finally, dedicated descriptors are used to represent the 2D pore morphological features
extracted from image-based characterization. These features are projected into a latent space
using dimensionality-reduction techniques to obtain a compact representation of the pore
morphology. Thus, regression is performed between reduced descriptors and permeability
to establish a quantitative pore structure-property relationship. The study could bring
insight into the relevant features of porous geometry that affect the permeability.
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Interfacial mechanisms governing foam generation and propagation play a central role in
gas mobility control for CCS and CCUS applications. In this study, we investigate how
surfactant-rock interfacial interactions shape the optimal design of surfactant slugs for foam
injection in porous media. Foam flow in a one-dimensional core is formulated as a sequence
of two Riemann problems, allowing us to capture sharp displacement fronts together with
adsorption-driven depletion of surfactant available for lamella formation. Using the
modified implicit-texture foam model implemented in CMG/STARS, we extend classical
analytical solutions to incorporate more realistic interfacial behavior. We then employ the
standard definition of optimal slug size to develop a methodology that minimizes surfactant
usage while maximizing CO: storage efficiency.

Our results show that interfacial adsorption parameters exert a dominant control on the
optimal surfactant concentration and slug length, emphasizing the need for accurate
characterization of rock-surfactant interactions across scales. Although a linear Henry
isotherm is adopted, the optimal solutions consistently lie in its physically valid low-
concentration regime, reinforcing the robustness of the model. Pareto front analysis further
provides insights into the trade-offs between interfacial efficiency, injectivity, and economic
viability. All analytical predictions are confirmed through direct numerical simulations.
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Timber has been widely adopted since humans started constructing buildings and sees
increasing interest as effective carbon sink compared to conventional building materials like
steel and concrete. An organic material, wood is prone to moisture-induced biodegradation
over sustained wet periods while swelling/shrinkage deformation can occur in a matter of
minutes. Water loads on buildings are majorly affected by climate change, with varying
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wind-driven rain loads and increased risks of flooding, be it fluvial or pluvial.
Understanding moisture transport in wood remains as crucial as ever for optimal
application of timber and advanced imaging is offering new paths to document wood-water
interactions.

Wood has a particular structure as a sparse network of long tube-like pores (lumen cells)
connected by small throats (pits). Spontaneous imbibition in wood eludes common
continuum models, shows irregular flow dynamics and, to this day, is only poorly
understood at cellular scale.

We study spontaneous water imbibition in a sample of spruce wood by fast X-ray
tomographic microscopy at the TOMCAT beamline of the SLS, Paul Scherrer Institut, and at
the ID19 microtomography beamline at ESRF. We recorded 120 tomographic scans at 2Hz
for the first 60s capturing the fast initial water uptake with 2.75 um voxel size and 70 scans
every 34s with Tum voxel size to observe the subsequent slow network filling and
hygroscopic absorption resulting in lumen deformation.

We combine the analysis of capillary filling with digital volume correlation to trace the
coupled nature of heterogeneous pore filling and hygroscopic swelling. We find an initial
fast phase of capillary filling of open pores, followed by staggering network filling with
delayed throat transitions and a diffusion dominated hygroscopic moisture uptake in the
solid nanoporous phase.
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The retention of suspended particles in porous media plays a critical role in a wide range of
subsurface processes, including filtration, contaminant transport in environmental
applications, and formation damage in subsurface energy applications. As flow with
suspended particles flow through porous media, they may deposit or clog flow pathways,
changing local porosity, and ultimately impacting large-scale hydraulic behavior
(permeability). Although pore-scale computational fluid dynamics (CFD) coupled with
discrete element models (DEMs) can resolve these mechanisms, their high computational
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cost prevents extensive sensitivity analyses. Moreover, the absence of large pore-scale
datasets suitable for surrogate modeling represents a major research gap.

To address this, we systematically extended the pore-scale model of Sadeghnejad et al.
(2022) to generate a large-scale dataset for machine-learning surrogate development. Key
physical and geometric parameters, including particle size, concentration, injection velocity,
and pore-space morphology, were varied across wide ranges. For each realization, the
Eulerian-Lagrangian workflow (including Navier-Stokes flow simulation, individual
particle tracking modeling, dynamic voxel-based deposition, and porosity/permeability
updating) was executed until steady post-retention conditions were achieved.
Approximately 130,000 simulation points were run, consuming ~49,000 CPU-hour, which is
one of the largest particle-retention datasets reported to date. Moreover, outliers of the
dataset were removed by the Isolation Forest algorithm. Seven machine learning models
(i.e., Adaptive Gradient Boost (AGB), Decision Tree (DT), Extremely Randomized Trees
(XRT), Extreme Gradient Boost (XGB), Gradient Boost Machine (GBM), Multi-layer
Perceptron (MLP), and Random Forest (RF)) were trained on 80% of the dataset with
standard hyperparameter values to predict the final porosity and permeability of the
domain after particle deposition.

Initial evaluations identified XGB and XRT as the most promising surrogate candidates.
Both models were subsequently refined through Bayesian hyperparameter optimization to
enhance predictive robustness and generalization. Model performance was assessed using
five-fold cross-validation and the metrics Mean Squared Error (MSE), Mean Absolute Error
(MAE), and the coefficient of determination (R?). The optimized models achieved excellent
predictive accuracy, with R? values exceeding 0.98 for porosity and 0.90 for permeability,
respectively. In addition to their accuracy, these surrogates provide orders-of-magnitude
faster inference than pore-scale simulations, underscoring their suitability for rapid
assessment of particle-retention behavior. Comparative performance metrics and predictive
outcomes are illustrated in the following figure.
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In the context of energy transition and carbon dioxide emission reduction, the optimization
and development of techniques for separating chemical species in the gas phase is a crucial
challenge. Membrane separation and selective adsorption are attractive solutions due to
their low energy costs compared to other processes (e.g., cryogenic distillation). In this
context, innovative materials such as 2D membranes appear promising: in addition to their
advantageous physicochemical properties, they significantly reduce the cost of gas
compression. Whether to optimize their performance or guide their design, the theoretical
prediction of their transport and separation properties is a goal of great importance.

This presentation summarizes work aimed at clarifying the mechanisms of gas adsorption
and diffusion in this type of material, focusing on the example of nanoporous graphene
membranes. The proposed methodology relies on molecular simulations to document key
mechanisms for inclusion in tractable theoretical models, most often in the form of scaling
laws or analytical formulas that highlight the link between performance and membrane
structural properties [1]. The case of permeation and separation of small gas molecules is
considered, and the importance of taking flexibility into account in graphene molecular
models is highlighted [2].
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The simulation of single- and multiphase flow in fractured porous media has been the topic
of ongoing research for decades with wide-ranging applications in the geosciences and
beyond. Among the approaches previously suggested, embedded discrete fracture models
(EDFM) and projection-EDFM (or pPEDFM) distinguish themselves by providing accurate
results that explicitly include matrix-fracture interactions while not requiring the matrix
mesh to refine near or conform to the discrete fracture network. While the original EDFM
and pEDFM approaches were designed for structured meshes alone, recent advancements in
this field aim to expand these approaches to more flexible environments. For example,
unstructured computational meshes are often used in the simulation of flow in porous
media; however, EDFM and pEDFM methods have not been developed for these mesh types
beyond tetrahedral-based schemes. Here, we present a method for implementing EDFM and
pEDFM in fully-unstructured computational meshes with polyhedron of arbitrary order.
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The calculations of intersection area and the so-called connectivity index (CI) employ Monte-
Carlo sampling rather than purely geometric techniques, making this approach agnostic to
the mesh configuration and maximizing computational efficiency. We apply this method to
a study of CO2 storage in a fractured reservoir to both verify the model behavior and
showecase the utility of the new method. Our results indicate that the model can indeed
simulate the expected results: CO2 storage in fractured reservoirs tends to enhance
dissolution and residual trapping of CO2 throughout the reservoir while eliminating density
driven fingering near fractures.
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The evaporation of a liquid from within a porous material is a multi-phase, interfacial flow
process involving coupled vapour diffusion, phase-change, and capillary flow. Mass transfer
across the microscale water-air interfaces drives the macroscale porous-medium flow.
Typically, different drying behaviours are seen at different stages in the drying process.
When capillary forces dominate, liquid is initially drawn to the surface by capillary forces,
where it evaporates at a near constant rate (stage 1); thereafter, a drying front recedes into
the material, with a slower net evaporation rate (stage 2). Modelling drying porous media
accurately is challenging due to the multitude of relevant spatial and temporal scales, and
the large number of constitutive laws required for model closure. The motion of microscale
phase interfaces results in macroscale nonlinearity of the model. I will derive simplified
mathematical models for both stages of this drying process by systematically reducing an
averaged continuum multi-phase flow model, using the method of matched asymptotic
expansions, in the physically relevant limit of slow vapour diffusion relative to the local
evaporation rate. The analysis gives insight into the subtle mechanisms that determine the
overall drying rates and explains sudden changes that are observed in the evaporation
dynamics. The resulting reduced models may be used to predict both the net evaporation
rates and flow dynamics, and have applications in industrial drying processes, soil science,
and understanding the salt-weathering of rock.
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Foam injection in porous media has been extensively studied for its ability to improve sweep
efficiency and gas conformance by mitigating nonlinear phenomena, such as gravitational
segregation and viscous fingering. However, modeling foam flow remains a significant
challenge, particularly in geologically complex formations, due to difficulties in accurately
characterizing the permeability field and foam behavior. These challenges are closely linked
to reservoir heterogeneity, specifically the uncertainties inherent in absolute permeability
tields, which remain underexplored in the literature. This work [1] addresses this gap by
performing uncertainty propagation studies to investigate the influence of permeability
heterogeneity on two-phase foam flow. The methodology couples the Karhunen-Loéve
Expansion (KLE), to generate Gaussian random permeability fields, with Polynomial Chaos
Expansion (PCE), a machine learning method for computationally efficient uncertainty
propagation. This approach evaluates the impact of permeability variations across three
scenarios (strong foam, weak foam, and foamless) on key quantities of interest, including
pressure drop, breakthrough time, and cumulative water production. Simulations involve
water (with surfactant) and gas injection into a fully water-saturated medium using
previously validated software. Results derived from Uncertainty Quantification (UQ) and
Sensitivity Analysis (SA) reveal that foam behavior is highly sensitive to the spatial
correlation structures of permeability, yielding critical insights for process optimization. The
integration of KLE and PCE establishes the first systematic framework for uncertainty
propagation in foam flow, unveiling previously unexplored correlations and behaviors.
These findings highlight the necessity of incorporating permeability uncertainties into
computational models to enhance the reliability of subsurface flow applications, including
resource recovery and carbon sequestration.

The current work was conducted in association with the R&D project ANP 20715-9,
“Modelagem matematica e computacional de injecdo de espuma usada em recuperacdo
avancada de petrdleo” (UFJF/Shell Brazil/ ANP). Shell Brazil funds them in accordance with
ANP’s R&D regulations under the Research, Development, and Innovation Investment
Commitment.
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Mitigating global warming requires a substantial growth in permanent geological CO$_2%
storage by 2050 compared to today’s scale. An increasing number of active CO$_2$ storage
projects leads to increased risk due to uncertainty from potential pressure communication
between different projects, as well as utilization of sites with limited data. Thus, insurance
and other forms of risk sharing under uncertain geological conditions become relevant to
many injection well operators.

We propose a stochastic game theoretic model for independent and competing reservoir
agents (e.g., injectors) to find out whether they should collaborate in situations with
uncertain geological conditions, as well as uncertainty in the possible injection volumes as a
consequence of the actions of competitors. The injection operators are modeled as agents in
a cooperative game with uncertainty in the amount of CO$_2$ they can safely inject. No
injector knows exactly how much CO$_2$ can be injected, but may prefer to share the
associated risk by collaboration with other injectors. Depending on the preferences of the
agents, they can be more willing to take financial risks with the prospective of larger
injection volumes, or they may prefer to make choices that avoid the risk for smaller-than-
expected injection volumes. Under some conditions, they can form collaborations that are
attractive for all of them, even if all of them prefer to avoid financial risk.

If the operations of the agents are truly independent of each other, there is a natural baseline
scenario where they maximize their own injections without collaborating or interfering with
each other. There may still be incentive to collaborate for risk sharing, but only if the
outcome is assumed more likely to be more attractive than the baseline scenario. The
physical uncertainty is modeled using geostatistical methods combined with numerical
simulation to estimate the effect on the storage potential. Any given agent is faced with the
task of choosing between an unknown outcome of the baseline scenario, and the outcome of
one or more risk sharing schemes agreed upon with the other agents. A stochastic
preference relation provides a means to systematicaly make such decisions.

If the agents' operations affect each other by means of, e.g., pressure communication, there
may be no unique natural definition of a baseline scenario. As a remedy we suggest belief
distributions that combine uncertainty in physical data with least-informative prior
distributions to model a perceived baseline scenario. The belief distribution should use as
much physical information as possible, but with as few as possible assumptions not directly
supported by data or otherwise justified by apriori considerations.
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W present numerical results for the Utsira formation in the North Sea, for cases both
including and excluding pressure competition. We show that risk adverse agents benefit
from collaboration in settings where there is no pressure communication or other
interference between agents. It is also demonstrated that pressure communication leads to
large variability in the feasible injection rates, but the resulting belief distributions are still
informative and can be used to aid in decision making about collaboration.
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We investigate the role of the fluid properties on convective mixing in confined porous
media. We consider two miscible fluid layers in which the density of the fluid is controlled
by the presence of a solute, quantified by its value of concentration. When these fluids
combine, the density of the resulting mixture increases, originating hydrodynamic
convective instabilities that further enhance mixing. The relative importance of driving (i.e.,
convective) and dissipative (i.e., diffusive) mechanisms is quantified by the Rayleigh-Darcy
number. We perform numerical simulations to analyse the behaviour of different fluids, in
which the density is a (non-)monotonic function of the solute concentration, and we focus on
high Rayleigh-Darcy numbers. We analyse the impact of the density-concentration law by
looking at two effects: (i) the density contrast between the mixture and the starting fluids,
and (ii) the position of the concentration value that maximizes the density, relative to the
concentration of the starting fluids. We show that in all the cases considered, the mixing
process is controlled by the mean scalar dissipation, and we derive simple physical models
to explain this behaviour. We also explore the role of different boundary conditions and
analyse the mixing rate to identify optimal conditions for mixing. Finally, we investigate the
effects of the dimensionality of the system, and we draw possible implications for
geophysical flows. Funded by the European Union (ERC, MORPHOS, 101163625). Views
and opinions expressed are however those of the author(s) only and do not necessarily
reflect those of the European Union or the European Research Council. Neither the
European Union nor the granting authority can be held responsible for them.
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The production of renewable energy is gradually increasing as part of the global efforts to
mitigate the global warming. However, the inherent intermittency of renewable energy
sources creates a growing need for reliable large-scale energy storage devices. Flow batteries
(FBs) are considered a promising candidate for large scale stationary energy storage, but
their energy efficiency is limited by various losses, like mass transport, kinetic, ohmic, and
pressure losses all of which are strongly influenced by the electrode material and porous
structure [1], [2]. Carbon electrodes are currently the most promising electrode materials for
FBs due to their chemical stability, high surface area, good electrical conductivity and their
ability to suppress parasitic reactions such as the hydrogen evolution reaction [3].
Nevertheless, the range of available porous electrode designs remains narrow, with most
studies relying on traditional architectures such as carbon felts, papers, and cloths.

In this work, we developed a novel method to fabricate porous 3D-structured carbon
electrodes, using PAN as the primary precursor material, typically used in commercial felt,
paper and cloth based electrodes. This new fabrication approach enables the creation of
custom-designed 3D architectures, allowing precise control over the electrode structure. As
a result, new possibilities emerge for enhancing mass-transfer characteristics and reducing
pressure drop, ultimately lowering the pumping energy required during operation [4], [5].
This work focusses on the production method of these 3D structured carbon electrodes. For
the fabrication, we combined the non-solvent induced phase separation (NIPS) method with
dissolvable mold materials to create 3D PAN structures. These structures are subsequently
carbonized under inert conditions, yielding 3D structured carbon electrodes. The effect of
different mold designs, PAN:PVP:DMF ratio’s and oxidation temperatures were studied
electrochemically and physically. The electrochemical testing was performed in a custom
made flow battery system and compared with traditional felt electrodes. Being able to cycle
the flow battery equipped with these 3D structured electrodes in the range of 100 mA /cm?
without optimizing the structure, shows the promising nature of this method. Moreover,
this method makes it possible to design various carbon electrodes, like Triple periodic
minimal surface (TPMS) structures, static mixer and carbon meshes.
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Foam injection has attracted increasing interest as an effective strategy for improving gas
mobility control in subsurface processes, including CO$_2$ utilization and storage,
enhanced oil recovery, and environmental remediation. Recent advances show that
incorporating nanoparticles can significantly enhance foam stability, particularly under
harsh reservoir conditions. However, nanoparticle addition also introduces competing
mechanisms: while it strengthens the foam and increases its apparent viscosity, excessive
particle retention may reduce permeability and impair injectivity. Despite growing
experimental evidence, a rigorous analytical understanding of these competing effects
remains limited.

In this work, we propose new mathematical models that couple foam flow in porous media
with nanoparticle transport and retention, and perform analytical investigations of how
these particles influence foam-flow efficiency. Analytical and semi-analytical solutions allow
us to evaluate several operational indicators relevant to field-scale applications, including
breakthrough time, water production, and pressure-drop evolution. We also examine how
particle retention affects sweep efficiency and overall pressure-drop behavior. By
systematically comparing the positive and negative effects of nanoparticles, this study
provides a unified theoretical framework for understanding and optimizing nanoparticle-
stabilized foam injection.
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This project aims to investigate the corrosion mechanisms of the formation-cement-casing
system under CO2 injection and storage conditions, with a particular focus on analyzing the
evolution characteristics of wellbore wall fractures and the degradation behavior of the
cement-formation interface, thereby providing a scientific foundation for developing an
integrity assessment methodology for this system. Through the implementation of CO2
corrosion experiments in conjunction with CT scanning and imaging technology, the
following key insights have been obtained. The corrosive effect of CO2 on the system is
significantly influenced by environmental temperature and partial pressure, with corrosion
severity increasing under elevated temperature and pressure conditions. Cement exhibits a
dendritic corrosion network in the low-temperature condition, whereas molten-like damage
is observed in the high-temperature condition. Under supercritical conditions, the expansion
of karst cavities and the propagation of micro-cracks become more pronounced. The
cemented surface tends to develop “erosion fracture canyons” in supercritical environments,
with the corrosion front propagating in a stepwise manner over time. The porosity at the
core end increased markedly, resulting in the formation of a multilevel pore system. CT
scans indicate that prolonged exposure to CO2 can lead to the expansion or regeneration of
fractures along the wellbore wall, particularly under fluctuating temperature and pressure
conditions. The corrosion process is governed by both chemical reactions and thermally
activated mechanisms. Elevated temperature induces a transition in corrosion morphology
from uniform penetration to the formation of directional channels, whereas increased
pressure promotes the occurrence of layer cracking and enhances the diffusion rate of CO2.
The depth of corrosion increases over time, with a higher corrosion rate observed during the
initial stage. Under prolonged exposure, a three-dimensional “tree-root” corrosion network
develops. The corrosion and fracture evolution mechanism elucidated in this study holds
significant scientific value for assessing the stability of sealed wellbores and mitigating the
risk of CO2 leakage.
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Thermochemical energy storage (TCES), where thermal energy is stored in a reversible
chemical reaction in a porous powder bed, is a promising technology for large-scale and
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long-term thermal energy storage. Extensive research has been conducted on the subject for
potential applications, including the capture of excess heat from industrial processes and the
storage of energy in concentrated solar power plants. This study investigates TCES in the
SrBr2 system, which offers a high energy capacity and near-perfect reversibility for medium
temperature applications.

However, the scaling up of these reactors is hindered by the limited heat transfer from the
heat source, such as reactor walls, to the powder bed. To address this challenge, heat
conducting structures, such as fins, are incorporated into the bed to enhance thermal contact
and shorten transport paths. Moreover, the powder agglomerates to a porous solid medium
which expands and contracts during water uptake and release, respectively. This
deformation of the bed may result in its detachment from the heat conducting surfaces, as
illustrated in Figure 1, further inhibiting heat transport.

In a previous presentation [1], we presented the use of machine learning techniques to
enhance heat transfer within the reactor with a non-deforming bed, which is achieved
through the design of optimized heat-conducting structures. Due to the prohibitive time
requirements of direct simulations, an artificial neural network surrogate model was
constructed. The method entails the training of a neural network utilizing simulated data,
which was generated with randomly generated fin structures. Subsequently, the trained
network is used to predict the progression of the reaction over time. In this presentation, we
will present the most recent findings on the use of neural networks for surrogate modeling,
employing architectures based on the SinGAN [2]. Furthermore, the methodology for
extending the surrogate model by a mechanical model for the deformation of the porous
powder bed will be demonstrated. This enables the estimation of the powder bed /wall
detachment, the resultant transport resistance, and the consequent impediment to reactor
performance (see Fig. 2).

However, the primary emphasis of the presentation will be on topology optimization. The
presentation will show the methodology employed to couple the surrogate model with
topology optimization algorithms, which are based on the brute force, level-set (for an
illustration see Fig. 3), and stochastic optimization methods [3]. These methods are
employed to calculate optimal geometries for heat-conducting structures minimizing an
objective function, which encodes the desired reactor performance characteristics. Finally,
we will demonstrate how different objective functions give rise to different optimal
geometries.
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Horizontal well fracturing is widely regarded as the most effective technology for enhancing
the recovery rate of shale-gas reservoirs. Due to the complex flow mechanisms and
significant reservoir heterogeneity, the collaborative optimization of well-fracture pattern
parameters is highly challenging. In multi-well development optimization, the number of
wells itself cannot be predetermined, and parameters of individual horizontal wells and
their corresponding fractures vary. Thus, well-fracture pattern optimization is inherently a
dynamic variable-dimensional optimization problem. Existing meta-heuristic algorithms
typically fix the dimension of optimization variables and cannot address such variable-
dimensional problems. To tackle this issue, this paper proposes a variable-dimensional
evolutionary transfer optimization (VDETO) framework, which incorporates a probability
controlled dimension adaptive adjustment mechanism. By minimizing the characteristics
differences among population particles, it enables knowledge transfer across dimensions,
allowing for the collaborative optimization of the number of wells, individual well
parameters, and fracture parameters, thereby achieving an integrated design of well-fracture
pattern. The VDETO framework was validated using benchmark functions and compared
with methods such as Particle Swarm Optimization (PSO), Variable-length Particle Swarm
Optimization (VPSO), and Modified Variable-length Particle Swarm Optimization
(MVPSO). Furthermore, a collaborative optimization study of well-fracture pattern was
conducted on a 2D shale-gas reservoir mechanistic model. The results demonstrate that
VDETO outperforms commonly used variable-dimensional algorithms in both convergence
speed and accuracy. Compared to traditional uniform well placement or concentrated well
placement only in high-permeability zones, this method optimizes well locations across
different sweet spots, creating high-permeability channels through fracturing to effectively
connect multiple sweet spots, thereby significantly improving the net present value. This
framework provides a novel approach for the collaborative optimization of well-fracture
pattern parameters.
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Redox flow batteries are promising for large scale stationary energy storage, necessary with
the rising share of intermittent electricity sources like wind mills and solar panels. The
performance of redox flow batteries is however hindered by hurdles such as mass transport
limitations and slow kinetics, affecting its efficiency. In this work, we studied the effect of
non-steady state pulsatile flow regimes in porous electrodes. By applying a pulsatile flow,
eddy generation is stimulated in the porous electrode, which replenishes the diffusion
boundary layer in the vicinity of the electrode’s surface [1]. As a result, mass transport
limitation is diminished, boosting capacity utilisation of the electrolyte and power output of
the redox flow batteries. Utilizing a commercial porous felt electrode and parallel flow field,
the discharge accessible capacity was increased by 38.7% compared to the same net flow rate
of 5 ml/min without pulsations [2]. Electrochemical impedance spectroscopy attributes
these effects to a reduction of the mass transfer resistance by 71.4 % due to the pulsating
flow. To study the effect of the pulsatile flow, pumping power characterisation experiments
were conducted allowing to assess the effect of the pulsatile flow versus conventional steady
state flows as function of the electrode geometry. This allows to tailor the porous electrode
geometry towards the pulse amplitude and pulse frequency, opening new possibilities for
boosting performance in flow batteries through flow engineering.
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Flow maldistribution is a persistent limitation of narrow packed beds, where wall effects can
dominate the internal structure and create preferential high-velocity channels. These
channels lead to non-uniform residence times, reduced heat and mass transfer efficiency,
and uneven reactor performance. This study investigates a simple passive strategy to
mitigate this problem: introducing a regular sinusoidal corrugation to the container wall [1].
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We employ a validated numerical framework combining random packing generation of
monodisperse spheres with fully resolved pore-scale computational fluid dynamics. Packed
beds spanning a range of container-to-particle diameter ratios typical of narrow industrial
systems are analysed. The corrugated wall geometry is designed to be manufacturable and
does not require any internal inserts or active elements.

The simulations show that wall corrugation disrupts the ordered packing patterns that
normally form near flat walls. This structural change translates directly into a more uniform
flow field. Radial velocity profiles become smoother, and the strong oscillations together
with near-wall velocity peaks characteristic of flat-wall beds are largely suppressed. High-
speed flow pathways are broken into smaller regions that are distributed more evenly across
the cross-section, yielding a substantially more homogeneous fluid flow. An entropy-based
measure applied to the velocity distribution confirms this homogenisation. The utility of the
entropy-based measure is demonstrated by comparison of the entropy gain with respect to
the flat-wall reference for two cases: a) the efficient wall corrugation and b) resonant
configuration, in which the organisation of particles near the wall is even more pronounced
than in the reference case.

In addition to improved flow uniformity, beds packed in corrugated containers exhibit a
slight reduction in pressure drop (up to 10%) compared with flat-wall references - a benefit
linked to a modest increase in global void fraction. The effect is most pronounced in the
narrowest beds, where wall-induced maldistribution is strongest, but remains significant
across the entire range of investigated ratios.

Overall, sinusoidal wall corrugation emerges as an effective and low-complexity design
modification for improving flow uniformity in narrow packed beds. The results highlight its
potential for enhancing the performance of packed-bed reactors, heat exchangers, and other
porous systems where the flow maldistribution restricts efficiency, offering a practical
pathway to better operation without changing the packing material or adding complex
internals.

** Acknowledgements**. The investigation was supported by the Polish National Science
Centre under Grant No. UMO-2023/51/B/ST8/01624.
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The underground storage of hydrogen (H$_{2}$) in porous rock formations offers a
possibility for large-scale energy storage. However, hydrogenotrophic microorganisms can
oxidize hydrogen through various metabolic processes e.g. sulfate or iron reduction,
methanogenesis or acetogenesis. Since microorganisms can occur naturally or may be
introduced through operational processes at the storage site, microbial processes must be
considered when storing hydrogen in geological formations. In addition to hydrogen loss,
microbial oxidation of hydrogen can also lead to other undesirable reactions, such as the
formation of hydrogen sulfide, methane, organic acids, biofilms or corrosion. These
reactions can affect the quality of the hydrogen as well as the storage performance.

Since the activity of microorganisms is determined by the *in situ* environmental
conditions, it is also essential to understand the dependencies of microbial activity during
hydrogen storage on the geochemical and mineralogical properties of porous rock
formations in order to assess the potential effects of microbial activity during hydrogen
storage.

Laboratory experiments simulating hydrogen storage with fluids from porous rock
reservoirs showed hydrogen consumption, underlining the possibility of microbial activity
during hydrogen storage (Dohrmann & Kriiger 2023). In addition, experiments with pure
cultures in batch incubation with minerals can help to better understand how microbial
activity may be affected by porous rock material. Recent laboratory experiments in batch
cultures have shown that hydrogen consumption by the methanogenic archaeon
*Methanothermococcus thermolithotrophicus* was enhanced in the presence of rock
material (Khajooie et al. 2024). The surface area was found to have a stimulating effect on the
activity and that a formation-specific effect requires further investigation. So far, it is still
unknown what role the surface plays and what mechanism controls the observed effects of
rock material on microbial activity, including whether these effects are only temporary and
how widespread they are. Therefore, further research on this aspect is needed. Preliminary
results with two other hydrogen-consuming microorganisms did not show enhanced
hydrogen oxidation in the presence of rock material.

In addition, porous rock formations also provide a habitat in which microorganisms may
survive and persist. At the same time, biological processes like biomass accumulation,
biofilm formation or microbially induced mineral precipitation might pose further
challenges, as such activity might affect porosity and permeability of the porous rock
reservoir. However, research on the impact of microorganisms on rock porosity and
permeability is limited, mainly due to technical challenges in this research field. To simulate
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more *in situ*-like conditions a low-pressure flow-through system was used. *M.
thermolithotrophicus* was successfully introduced into porous rock plugs while the
anaerobic microorganisms stayed alive and active. At the same time, the setup was sensitive
enough to detect a permeability reduction induced by the introduced microorganisms. This
experimental workflow, which is a combination of batch incubations and flow-through
experiments, allows us to study microbiology in direct relation to mineralogy. It will be used
to gain further insights into the mechanisms that control microbial activity in rocks, as well
as how microbial activity could affect the performance of a storage site.

Presenter: Anja Bettina Dohrmann

Contribution ID: 73

Thermal Maturity and Gas Loading Effects on Transport

Properties of Kerogen from Molecular Simulations
(MS13) Fluids in Nanoporous Media

Presentation Type: Oral Presentation

Author: Alex Eduardo Delhumeau Lozano (Université de Bordeaux)
Co-Author: Amaél Obliger (CNRS), Jean-Marc Leyssale (CNRS)

Kerogen is the dispersed organic matter in sedimentary rocks from which natural gas and
oil are generated over time by thermal maturation. There has been widespread interest in
developing atomistic models of kerogen for numerical investigations of adsorption and
diffusion behavior. Currently, the most popular kerogen models for use in molecular
simulations are "molecular models," which consist in packing and annealing small
macromolecules in order to create a 3D kerogen model. This method neglects the cross-
linking that occurs as maturity increases, which can strongly control both the amount of
pore space and the mechanical properties of kerogen, and is crucial for studying the
transport properties of adsorbed fluids. Whereas, Leyssale and coworkers have pursued a
different approach to kerogen modeling by using statistical mechanics-based methods to
simulate the formation process of kerogen from organic precursors [1], [2], [3], [4]. This new
generation of kerogen models, called "mimetic" models, capture the evolution of the cross-
linking and chemistry with the maturity [5].

Here, we report on an exhaustive investigation of the self-diffusion coefficient of CH$_4$ in
kerogen using eleven different mimetic models of kerogen derived from fatty acid
precursors, spanning the range of maturity from immature to post-mature. Kerogen
swelling and matrix flexibility must be considered in order to accurately estimate the self-
diffusion coefficient for soft matrices [6]. It is well-established now that the collective effects
on CH$_4% (or CO$_2$) transport in kerogen are negligible even when flexibility matters [7],
[8]. So, the self-diffusion coefficient can capture the impact of the adsorption and mechanical
properties of kerogen on transport. Furthermore, CH$_4$ and CO$_2$ transport in flexible
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kerogen are known to be quite similar, as both can be modeled by the same free volume
theory [8]. Therefore, gas loading was calculated at pressures between 0.1-50 MPa by using
a hybrid method that alternates between hybrid grand canonical Monte Carlo and
isothermal-isobaric ensemble molecular dynamics simulation in order to explicitly allow for
adsorption-induced deformation of the kerogen matrix due to the presence of adsorbed
fluid. Thermomechanical and chemical equilibrium are thus simultaneously maintained
during adsorption. Molecular dynamics simulation are then performed at a constant
temperature of 45 °C in the canonical ensemble starting from the fluid-loaded matrix.

A free volume model inspired by Fujita-Kishimoto theory can fit the observed trends in the
self-diffusion coefficient of CH$_4$, with regard to both gas loading and kerogen maturity,
in the kerogen models that display significant adsorption-induced swelling. Maturity
influences transport in kerogen by both static and dynamic effects. On the one hand —
consistent with the experimentally observed gradual stiffening of kerogen during
maturation — the flexibility of kerogen matrices decreases with increasing maturity, which
reduces the enhancement of diffusive transport due to the fluctuating microstructure.
However, more mature kerogen is also more porous, which naturally allows for more
efficient diffusion as mean free paths are lengthened due to greater pore connectivity. With
regard to gas loading, the fluid content of kerogen mainly influences transport through
swelling effects, which again depend on the maturity [9].
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Proton exchange membranes (PEMs) has a crucial role in determining the fuel cell efficiency,
durability, and performance of PEM fuel cells and water electrolysers. It governs proton
transport while simultaneously acts as electronic insulators and gas separators. The current
state of the art system employs composite membranes to enhance its efficiency manifold.
Conventional macroscopic continuum models treat the membrane as a homogeneous
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medium with effective transport properties, enabling efficient computation but failing to
capture localized variations arising from complex microstructures. At the other extreme,
molecular- and atomistic-scale simulations provide detailed insight into proton transport
mechanisms but are computationally prohibitive for device-scale analysis. In the detailed
literature reported so far, there is lack of understanding in transport process through
composite membranes which is simultaneously fast and effective to optimise the charge
transfers. To bridge this gap, this work presents a multiscale homogenised transport model
for porous composite PEM membranes, capable of capturing microstructural effects while
remaining computationally tractable.

The proposed framework utilises a mesoscale, homogenisation-based approach, accounting
the heterogeneous morphology of composite PEMs which is composed of hydrophilic ion-
conducting water channels-hydrophobic polymer backbones. This is added with embedded
inorganic or carbon-based additives. The membrane microstructure is embodied using a
two-dimensional zonal arrangement where ion-impermeable hydrophobic regions co-occur
with interconnected aqueous pathways which serve as proton transport channels. Additives
are considered as charged obstacles within the proton conduction pathways, with their size,
surface charge, spatial distribution, and orientation systematically incorporated into the
model. Proton transport is described using a homogenised Nernst-Planck-Poisson
formulation, in which diffusive and electromigrative fluxes dominate, while convective
contributions are ignored under typical membrane operating conditions. Volume averaging
is employed to upscale the governing equations from the microscale to the mesoscale,
yielding effective transport equations that retain sensitivity to local geometry, interfacial
area density, and surface charge effects. The homogenised Poisson equation captures
electrostatic interactions arising from charged additives, while the homogenised Nernst-
Planck equation resolves proton flux through the composite membrane structure. The model
is used to predict effective proton conductivity under a range of structural and
physicochemical conditions. Results for membranes without additives demonstrate that
proton conductivity decreases with increasing segregation between hydrophilic and
hydrophobic phases, highlighting the importance of percolated water channels. For
composite membranes, the influence of additive arrangement (square, hexagonal, and cubic
pitch), surface charge, and relative size with respect to hydrophobic domains is
systematically analysed. Negatively charged additives are shown to significantly enhance
proton conductivity by strengthening electromigration-driven flux, which constitutes the
dominant contribution to overall transport. Furthermore, increasing additive size relative to
the hydrophobic region leads to a pronounced increase in total proton flux, accompanied by
only a marginal reduction in electric field strength, resulting in an overall enhancement of
membrane conductivity.

Overall, the proposed multiscale homogenised model provides a robust and physically
consistent framework for linking membrane microstructure to macroscopic proton transport
performance. By balancing accuracy and computational efficiency, it offers a powerful tool
for the rational design and optimisation of advanced composite proton exchange
membranes for fuel cell and electrolyser applications.
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A thorough understanding of how food matrices influence liquid permeation is essential for
the optimization of filling and coating processes in food manufacturing. To this end, in this
study, on the one hand, bread —widely consumed and commonly used as a carrier for
sauces —is selected as a representative food matrix. On the other hand, power-law fluids—
which can capture the rheological behaviors typical of many food sauces —are used as the
penetration fluids. In this study, we combine an enhanced GPU-accelerated lattice
Boltzmann method (LBM) with X-ray micro-computed tomography (micro-CT) to simulate
pore-scale fluid flow of various liquids within the actual microstructure of bread. Based on
that, we can elucidate how variations in fluid properties and microstructural features lead to
distinct flow behaviors and penetration capacities. Specifically, regarding fluid properties,
the influences of the flow behavior index n, and consistency coefficient k are examined,
which characterize the non-Newtonian rheology of the fluid. Regarding microstructural
features, porosity, connectivity, pore-size distribution, and tortuosity are analyzed. Finally,
Spearman correlation analysis is employed to integrate these factors and identify the key
rheological and microstructural parameters governing penetration in this cereal-based foam
structure.
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In the domain of thermal insulation at high temperatures, refractory porous or fibrous
materials are of particular interest. In these materials, the conductive and convective heat
transfer modes can be negligible and thus, the radiative transfer plays a key role that must
be accurately quantified

In this work, we study a random array of overlapping infinite cylinders under vacuum,
assumed to be representative of a felt of fibers. The solid phase is assimilated to a
homogeneous cold dense participating (absorbing and non scattering) medium with a
spectral complex optical index. The distribution of cylinders inside the calculation box is
imposed to be statistically homogeneous and isotropic to ensure interesting morphological
properties. To achieve this, an algorithm generates each cylinder axis as a p-random chord of
the calculation box. Analytical expressions for the average porosity, the overlapping ratio,
the autocorrelation function and some chord lengths statistics are deduced.

A Monte Carlo ray tracing method is implemented to simulate the propagation of radiation
inside the medium. Each ray enters the box following a direction that complies with the
conditions of the incident illumination, and may be absorbed inside the cylinders, or
reflected or refracted at the interfaces between the cylinders and the vacuum. The fractions
of rays exiting the box provide the directional-hemispherical transmittance and reflectance
values of the calculation domain. They serve as numerical measurements.

The radiative characterization is done based on rather recent methods formalized to various
extents by several authors [1, 2, 3], where the generalized radiative properties of an
equivalent homogeneous medium are determined and approximated numerically with the
use of a Monte Carlo method. Yet, the originality of our work is in the analytical
determination of these generalized radiative properties of our particular material. A “non-
Beerian” behaviour of the medium is highlighted. The generalized radiative properties are
then used in a radiative model, which is then solved with a Monte Carlo algorithm. The
results of transmittances and reflectances issued from this approach are compared to our
previous numerical measurements. The agreement between the two methods is not perfect
in all the situations that we consider but the behaviors of the curves are always very
consistent. Investigation and improvements of the method are still undergoing.
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The novelty of this research lies in its original approach to controlling and suppressing
viscous fingering in radial Hele-Shaw cells through time-dependent injection strategies
tailored to the rheology of the fluid. Viscous fingering (also known as Saffman Taylor
instability) is a hydrodynamic instability where a less viscous fluid displaces a more viscous
one —leads to complex interfacial patterns that significantly reduce displacement efficiency
in porous media applications. The research introduces a rheology-dependent injection flow
rate, $Q(t)~t"-\frac{(2-n)}{(2+n)}}$, where $n$ is the power-law index of the non-
Newtonian fluid, stabilizing the interface and suppressing fingering. For a Newtonian fluid,
it translates to a simple relationship as $Q\sim t"*{-1/3}$. The theoretical predictions are
corroborated by experimental evidence showing that at specific conditions fingering can be
entirely avoided even at constant injection —an unexpected and highly non-intuitive result.

This mechanism is quantified through a single dimensionless control parameter $(J)$,
derived from a linear stability analysis that incorporates fluid rheology, interfacial tension,
and system geometry. The connection of this parameter to the dominant instability mode is
quadratic in nature (for higher modes) and also dependent on the power law rheology, $J =
3m”2 - 2m(1-n) - 1$. The Fourier Transform of the experimentally observed fingering pattern
reveals the dominant mode of the instability with corroborates with the modelling outcome.
The core innovation is the integration of a classical porous media flow with perturbation
based methods to modal analysis, which is validated and used with real-time experimental
control, establishing the prediction and dynamic suppression of interfacial instabilities. The
math model plays a key role in identifying the critical thresholds of pattern growth,
determining the dominant modes of instability, and guiding the design of temporally
controlled displacement profiles and ensure long-term stabilization accounting for large
displacements. This is especially relevant to multiphase flow engineering, where interface
dynamics dictate performance outcomes.

The relevance to enhanced oil recovery (EOR) is profound: suppressing viscous fingering
can significantly reduce bypassed oil and improve sweep efficiency in non-Newtonian fluid-
assisted processes such as polymer flooding. In the domain of enhanced oil recovery (EOR),
the findings provide a pathway to significantly improve recovery efficiency during polymer
or surfactant flooding in porous reservoirs. By eliminating or controlling the onset of
fingering in shear-thinning or thickening media, operators can enhance sweep uniformity,
reduce chemical loss, and lower operational costs, directly translating to increased yield and
economic benefit. In carbon capture and storage (CCS), particularly during the injection of
liquefied CO: into geological formations, the ability to predict and suppress fingering in
complex fluids mitigates the risk of caprock breach, improvement in storage capacity
utilization, as well as CO2 based EOR.

Presenter: Sourav Mondal

101



InterPore2026

Contribution ID: 79

Stochastic Modeling of Particle Transport in Micrographs of
Porous Shale Media Using Cellular Automata: Validation

with Carman-Kozeny
(MS10) Advances in imaging porous media: techniques, software and case studies

Presentation Type: Oral Presentation

Author: Jorge Alberto Briones Carrillo (Universidad Auténoma de Nuevo Leén)

Co-Author: Benny Obregon-Gonzalez (Universidad Autonoma de Nuevo Leén), Dario
Farrera-Salazar (Universidad Auténoma de Nuevo Leén), Juan Emiliano Acevedo-Gonzalez
(Universidad Auténoma de Nuevo Leén), Leonel Escobar-Herndandez (Universidad
Auténoma de Nuevo Ledn), Se

This study introduces a stochastic model based on cellular automata (CA) to simulate
particle transport in two-dimensional porous media. The model is applied to
microstructures obtained from digital micrographs of shales from the La Pefia and Eagle
Ford formations in the Sabinas Basin, Coahuila. The displacement dynamics combine a
directional trend driven by a pressure gradient with a random component, representing
fluid movement as a biased random walker. This approach enables the characterization of
fluid-rock interactions within complex microstructures, quantifying key petrophysical
parameters such as tortuosity, effective porosity, and specific surface area.

Image preprocessing, including binarization and segmentation, was performed using open-
source software (GIMP, Inkscape, Fiji). Simulation results were integrated into the Carman-
Kozeny equation to estimate absolute permeability and analyze pore-scale flow behavior.
The findings indicate that the model effectively captures the impact of structural
heterogeneity on transport, showing consistent correlation with theoretical predictions.

The proposed methodology provides a robust tool for petrophysical characterization from
digital images, with potential applications in unconventional reservoir evaluation and
production optimization. Its stochastic nature and computational efficiency make it an
attractive alternative to traditional deterministic approaches.

Keywords: porous media, shales, cellular automata, Carman-Kozeny, particle transport,
stochastic modeling.
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The growing need for large-scale, flexible energy storage has increased the interest in using
porous geological formations for hydrogen storage, but the associated geomechanical risks
are still not well understood, particularly in structurally complex saline aquifers. This study
presents a fully coupled hydro-geomechanical analysis of cyclic hydrogen injection and
production in a fault-bounded reservoir, the Stuttgart Formation at Ketzin (North German
Basin). It previously served for a successfully completed benchmark CO$_2$ storage pilot
project. Using a compositional reservoir simulator (CMG-GEM), we evaluate the
development of pore pressure, gas saturation, fault stress state, slip tendency and vertical
displacement over multiple operational hydrogen injection cycles. The model incorporates
facies-dependent elastic and strength properties, fault-specific mechanical behaviour and
poroelastic coupling between pressure and deformation.

Simulation results show that pore pressure exhibits strong cyclic fluctuations near the well
and attenuates towards the opening of the eastern fault, while the hydrogen plume remains
largely confined between two bounding faults. Gas saturation is strongly influenced by
facies-related permeability differences, with higher saturations in high-permeability sandy
channel deposits and significantly reduced values in the lower-permeability floodplain
facies. No evidence of uncontrolled plume migration or cross-fault leakage is observed.

The results indicate that the fault network remains geomechanically stable throughout all
cycles. Slip-tendency values remain well below critical thresholds ($ST < 0.13$), and only
minor stress redistribution is observed. Localised zones of increased shear stress occur at
fault segments exhibiting a slight dip, demonstrating that geometric factors exert a strong
control on resolved stresses. Time-series analysis shows that slip tendency increases during
injection and decreases during production, driven primarily by pore-pressure-induced
variations in effective normal stress. Results of the cyclic loading reveal that vertical
displacements are small but measurable with magnitudes that fall well below typical
detection thresholds and several orders of magnitude below levels known to affect
infrastructure. The temporal evolution of displacement shows a consistent elastic response,
with only a minor cumulative compaction trend (<0.02 mm per cycle) near the well.

Overall, we could demonstrate that hydrogen storage at the Ketzin site under the tested
operational conditions induces modest hydraulic and mechanical perturbations and poses a
low risk of fault reactivation or significant deformation. However, we emphasise that
uncertainties in fault friction, cohesion and stress-dependent permeability remain important
and should be addressed through targeted laboratory testing and sensitivity analysis. The
findings support the mechanical feasibility of underground hydrogen storage in structurally
complex saline aquifers while underscoring the need for continued monitoring and
evaluation of higher-pressure operating scenarios.
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This work applies the pore network modeling methodology, a widely used technique for
simulating multiphase flow in porous media. A case study was designed to estimate key
petrophysical parameters such as porosity, permeability, relative permeabilities, tortuosity,
capillary pressure, and effective diffusivity in porous media generated using OpenPNM,
based on data obtained from SEM images of sedimentary rocks from the Chicontepec
paleochannel.

The numerical experiment simulated two immiscible fluids under imbibition and drainage
scenarios, reproducing conditions representative of displacement processes in reservoirs.
For geometric characterization, Image] was used for quantitative image analysis, calculating
pore and throat size distribution, diameter, and surface area. In parallel, displacement tests
were conducted at the Petroleum Engineering Laboratory of UANL to obtain porosity and
permeability of rock samples, aiming to validate the numerical results.

The results show strong consistency with experimental data and values reported in the
literature, confirming the model’s ability to reproduce multiphase flow phenomena in
complex porous media. This methodology provides a robust tool for digital petrophysical
characterization, with direct applications in the oil industry, particularly for the evaluation
and optimization of unconventional reservoirs.
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In-depth understanding of gas and oil phase behavior in shale nanopores is of significant
scientific importance for accurately predicting shale reservoir production. The confinement
effects induced by the abundant meso- and nanopores developed in shale formations
significantly alter the phase behavior of hydrocarbons. Although numerous studies have
focused on the phase transition characteristics of shale gas and short-chain alkanes (carbon
chain length <8), systematic research on long-chain alkanes under nano-confinement
conditions remains notably insufficient. This study aims to establish a quantitative shrinkage
model describing the relationship between n-dodecane phase diagrams and pore diameter,
and to elucidate the differential regulatory mechanisms of nanoconfinement on phase
equilibria of hydrocarbons with different chain lengths by comparing n-dodecane, n-octane,
and methane. Using Gauge Gibbs ensemble Monte Carlo simulation methods, we
systematically investigated the vapor-liquid phase equilibrium characteristics of fluids in
nanopores. Results indicate that as pore diameter increases, the confinement effect decays
exponentially, with fluid thermodynamic properties asymptotically approaching their bulk
values. Notably, under equivalent confinement conditions, carbon chain length exhibits a
positive correlation with the degree of phase behavior deviation. Long-chain hydrocarbons
show more significant alterations in phase transition characteristics. As confinement
intensity increases, this chain length-dependent effect is further amplified. The research
reveals that carbon chain length is a critical factor in determining the critical parameters of
confined hydrocarbons, a conclusion that has important implications for evaluating and
predicting hydrocarbon phase behavior in shale oil reservoirs, especially those rich in long-
chain hydrocarbon components.
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Miscible viscous fingering is a hydrodynamic instability that occurs when a less viscous
fluid displaces a more viscous, fully miscible fluid, giving rise to complex interfacial
patterns that strongly influence mixing and transport in confined flows and porous media.
Laboratory experiments are performed in a Hele-Shaw cell under controlled conditions,
where a low-viscosity fluid (water) displaces a more viscous resident fluid (glycerol). The
experiments are conducted at high Peclet numbers to ensure advection-dominated
transport, allowing clear visualization of finger initiation, linear growth, and subsequent
nonlinear interactions. Time-resolved concentration images capture the evolution of
fingering patterns from onset to the fully nonlinear regime, including finger splitting,
shielding, and merging.

Despite extensive experimental and numerical studies, achieving a rigorous quantitative
comparison between simulations and experiments remains challenging due to the diffuse
nature of miscible interfaces and the multiscale evolution of finger structures. In this work,
miscible viscous fingering is investigated through a combined experimental and numerical
approach, with validation conducted using Fast Fourier Transform (FFT)-based spectral
analysis of the mode. The mathematical model is based on solving the coupled Darcy flow
and species transport equation, considering a concentration dependent viscosity affecting
the relative mobility of the two phases. The simulations reproduce the principal qualitative
features of the experimental fingering dynamics, including the formation, elongation, and
interaction of fingers.

For quantitative comparison, discrete FFT analysis is applied to both experimental and the
computational output. Fourier transforms of transverse concentration profiles are used to
compute amplitude and power spectra at successive time instants. The spectral analysis
identifies the dominant mode and corresponding amplitude, providing a quantitative
measure of characteristic finger spacing and growth. The experimentally measured
dominant mode and amplitude show close agreement with numerical predictions,
indicating that the numerical framework accurately capture the primary instability
mechanisms and mode selection processes.

The mode analysis further reveal spectral broadening and a gradual shift toward lower
modes at later times, reflecting nonlinear finger interactions and merging. The combined
experimental, numerical, and spectral approach offers deeper insight into instability
dynamics, mode selection, and nonlinear evolution, and provides a methodology that can be
extended to other miscible displacement and transport problems in confined and porous
flow systems related to CO2 geo-sequestration and CO2 enhanced oil recovery applications.
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We investigate the shape and diffusion-limited evaporation of a sessile droplet pinned on an
inclined solid substrate in the small Bond number regime. The theoretical description is
based on an analytical framework that accounts for weak gravity-induced deformation of
the droplet interface \ cite{timm?2019evaporation,popov2005evaporative}. Predicted droplet
shapes are quantitatively validated against laboratory measurements over a range of
inclination angles, allowing us to assess the validity and range of applicability of the
perturbative shape description. On this basis, evaporation is examined by tracking the
temporal evolution of the droplet volume and the total evaporation rate and comparing
these measurements with model predictions. This work aims to assess the assumptions
commonly made in diffusion-limited evaporation models for inclined droplets and to
quantify the role of gravity-induced interfacial deformation in the evaporative flux. The
results are relevant for multiphase mass transfer processes on inclined substrates, as
encountered in porous and engineered surface systems.
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Hydrogen (H2) storage in underground porous media could support the energy transition
by acting as an energy store to balance supply and demand in the renewable energy sector.
Important unknowns to this technology include the H2 fluid flow through a porous medium
which affects the H2 injectivity and recovery. We used time-resolved X-ray micro-computed
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tomography to image unsteady and steady-state injections of H2 and brine (2 M KI) into a
Clashach sandstone core at 5 MPa and ambient temperature (Clashash composition: ~96
wt.% quartz, 2% K-feldspar, 1% calcite, 1% ankerite).

During steady-state injections, initial entry of H2 into the brine-saturated rock was within
seconds, with H2 dispersing into several discrete pores. Over time, some H2 ganglia
connected, disconnected and then reconnected (intermittent flow), indicating that the
current anticipation of a constant connected flow pathway during multiphase fluid flow
may be an oversimplification. Pressure oscillations at the core outlet during steady-state
experiments were characterized as red noise, confirming observations of intermittent pore-
filling. At higher H2 fractional flow the H2 saturation in the pore space increased from 20-
22% to 28%. The average Euler characteristic was generally positive over time, indicating
poorly connected H2 clusters and little control of connectivity on the pore space H2
saturation. During unsteady-state injections, H2 displacement of brine included Haine’s
jumps.

Dynamic fluid rearrangements such as intermittent flow and Haine’s jumps are outside the
framework of Darcy’s law extended to multiphase flow. However, the evolution of H2
saturation with H2 fractional flow could still be described using the conventional framework
of relative permeability functions, suggesting that the large-scale movement of H2 was not
affected by intermittent flow. Yet, never previously has intermittent flow been documented
at low capillary numbers of 4.7 x10-9. Due to the high viscosity ratio of the H2-brine system
intermittent flow may be relatively more important than for nitrogen or oil.

Our results suggest a lower H2 storage capacity in sandstone aquifers with higher injection-
induced hydrodynamic flow and suggest a low H2 recovery. For more accurate predictions
of H2 storage potential and recovery, geological models should incorporate energy
dissipating pore-scale processes such as Haine’s jumps and intermittent flow.
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Lignocellulosic biomass is an abundant source of low-carbon energy that remains largely
untapped, with 181 billion tonnes of waste per year [1] mainly coming from cereal
agriculture. The architecture of this type of biomass is highly complex and varies with
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species: it can be defined as a continuum of spatial scales, from the scale of polymeric
molecules making up plant cell walls to the scale of plant tissues and organs (stem, leaves,
etc.). These scales are highly interconnected and reflect not only the chemical and structural
properties of biomass, but above all its reactivity to transformation processes such as
chemical, physical, mechanical or biological reactions. To optimise the recovery of
agricultural waste, a detailed characterisation of its properties is essential.

In this context, the aim of this project is to develop a homogenized model of enzymatic
hydrolysis, one of the most widespread processes for converting lignocellulosic biomass in
applications such as production of biofuels or bio-based chemicals. Existing models of
enzymatic hydrolysis, including [2], do not consider the dual porosity structure of biomass,
as illustrated in Figure 1.

In the present work, theoretical and numerical tools [3] are used to address this problem of
diffusive and reactive transport in such a spatially heterogeneous porous medium. A
numerical homogenization technique is developed to work on the scale of a fragment
representative of maize stem, while considering physical phenomena at lower scales. It is
implemented on 2D image sets, currently for pure diffusive enzyme transport including
heterogeneous cell wall properties (Figure 2), before including the reactive component of
the problem.
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The wide variety of microbial processes provides a flexible biotechnological platform for
polymer production. In this study, *Azotobacter vinelandii* is used to produce the
polysaccharide alginate. Alginate is used in the food industry and has many medical
applications. It consists of two linearly linked co-polymers: a-L-guluronic acid and (1-4)-f-
D-mannuronic acid. The properties of alginate depend on the amount and composition of
these sugar acids. Currently, alginate is produced from seaweeds (40.000 t/year). However,
the composition of alginate can hardly be controlled during the growth of the seaweeds in
the marine environment (Hay et al., 2013). More control options for tailor-made polymer
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production are arising from the use of microorganisms such as *A. vinelandii* in a
bioreactor setup. Furthermore, bioreactors that enable biofilm formation can potentially
enhance the growth and production efficiency because of the high surface-to-volume ratio.
Biofilms are structured communities of microorganisms embedded in a self-produced,
extracellular polymeric matrix consisting of extracellular polysaccharides (EPS) protecting
the cells from environmental influences (Kapellos et al., 2015). *A. vinelandii* is able to grow
as a biofilm while producing alginate as EPS component. Productivity can be improved by
using porous support structures with large internal surface area. However, experimental
investigation is challenging for such structures, wherefore *in-silico* methods are often
proposed. An in-house mathematical model for the prediction of biomass growth in porous
structures was recently developed (Aamer et al., 2026). Currently, no experimental data on
the biofilm growth of *A. vinelandii* in porous structures are available that would allow the
application of the computational model to the investigation of *A. vinelandii*.

For this purpose, we develop experiments with microfluidic devices, that enable the
visualization of *A. vinelandii* growth in single pores and provide information about
growth kinetics. These experiments aim to quantify the time-dependent biofilm growth and
alginate production obtained under given nutrient and oxygen concentrations in the feed.
The small dimensions of microfluidic devices require appropriate measurement methods.
One option is the optical visualization of biofilm formation and growth. The gathered data
can be used to parametrize the model kinetics. In this study, we will present our initial
experimental results using microscopy techniques and the microfluidic device to observe
biofilm growth in single pore structures. These will lead to a solid understanding of *A.
vinelandii* biofilm formation which can be used for the development of a biofilm reactor
with a competitive alginate yield.
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Geologic carbon storage in mafic and ultramafic formations offers a promising strategy for
long-term CO2 sequestration through in situ mineralization. Although this process can
permanently immobilize carbon, its efficiency depends on the interplay between fluid flow,
solute transport and geochemical reactions occurring within complex fracture networks. In
this study, we develop a two-dimensional discrete fracture-matrix model that explicitly
resolves fracture geometry and simulates coupled flow, solute transport, and dissolution
and precipitation processes using the dfnWorks and PFLOTRAN frameworks. A set of
global sensitivity analysis strategies are performed for in situ mineralization taking place in
heterogeneous fractured formations to quantify the influence of key structural, hydraulic,
transport and geochemical parameters. Additionally, we explore parameters interactions
and the presence of thresholds and diverse response regimes through enhanced scatter
plots. Our results show the key control of the combined degree of hydraulic and structural
heterogeneity, which dictates two diverse response regimes in which either the pressure
gradient sustaining flow or the strength of diffusive solute transport impact the amount of
mineralization. At the same time, parameters associated with the geochemical aspect, like
reaction rates and surface areas, exert minor influence. These findings demonstrate that the
interplay between fracture network structure and its coupling with reactive transport
govern carbon trapping efficiency, providing new mechanistic insight for optimizing
mineralization-based carbon storage in fractured mafic and ultramafic rocks.
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In bakery products, quality attributes such as texture, colour, softness and springiness of the
crumb are important attributes for consumer’s perception. These attributes mainly set up
during the baking stage and are influenced by baking conditions. Many physical and
chemical changes occur to lead to a porous structure. The objective of this work is to follow
the setting of a bread structure with focuses on the cellular microstructure of sandwich
bread type by X-ray micro-tomography (uCT).
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Samples like fermented dough continue to evolve even during the uCT scanning entangling
the possibility to get focused images. An alternative is to scan them in the frozen state. A
sample holder was designed (Chevallier et al., 2016) in order perform a fast freezing inside a
Dewar filled with solid CO2. Samples included dough, bread and partially baked samples at
48 °C, 68 °C, and 98 °C, to identify critical stages of the structure development and fixation.
Then, the frozen samples could be scanned without getting defrosted for acquisition times
varying from 3 to 5 min.

The porosity and the size of the gas cells were analyzed from reconstructed sections after the
determination of the minimum representative volume of interest and an automatic
thresholding to get binary images. Porosity was determined from the voxel ratio (void
volume in the volume of interest) in the 3D image analysis. The size of the gas cells was
derived from the local thickness calculation (Hildebrand and Riiegsegger, 1997) i.e. the
diameter of the largest sphere which encloses a point in the void and which is entirely
bounded within the solid surfaces.

Dough samples exhibit a homogeneous distribution of small gas cells. When temperature
rises in the sample during baking, pores sizes evolve until the structural fixation which
occurred near 68 °C, marking the transition between pore expansion and stabilization. This
fixation is caused by starch gelatinization and protein denaturation which are well-known
key processes for dough setting and gas retention capacity.

A methodology has been successfully developed for the study of dough samples in the
frozen state. It allowed the acquisition of 3D images with a higher resolution by reducing the
movements inside the samples. This is a powerful tool in characterizing the microstructure
of dough and its transformation in bread during baking. It gives access to the 3D structure
that can be analyzed and gives access to the porosity, the size distributions of the pores and
the matrix to describe the cellular structure. The 3D model that can be built from the data set
can be a really helpful tool for different applications and, particularly, the simulation of the
heat and mass transfers occurring during baking and the understanding of the
implementation of structure during food processing.
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Fibrous textiles constitute a class of porous media in which moisture transport is strongly
affected by finite-size effects and by non-linear couplings between fluid state, pore structure
and material swelling. During wetting and drying processes such as washing, drying or
perspiration transport, the dynamics cannot be described solely in terms of capillary flow in
the pore space.

In bio-based fibrous materials, a significant fraction of water is absorbed within the fibres
themselves, where it is bound to amorphous regions. This bound water may represent up to
30% of the dry mass and induces swelling and non-linear moisture transport behaviour [1,2].
We hypothesize that the partitioning of water between free water, pore-confined water and
tibre-bound water governs both imbibition and drying dynamics in textiles.

To test this hypothesis, we use 1H NMR relaxometry to monitor moisture evolution in time
and to discriminate water populations according to their molecular mobility (cf Figure). This
approach allows us to quantify and localize bound and free water during transient wetting
and drying [3]. A comparative study of cotton, wool and acrylic textiles reveals that bound
water plays a dominant role in controlling transport kinetics when present in significant
amounts, leading to competing transport pathways at the fibre and pore scales. Accordingly,
bio-based fibrous materials exhibit complex and non-linear moisture dynamics, particularly
wool due to its hydrophobic yet highly hygroscopic nature.

These results demonstrate that moisture transport in bio-based textiles is governed by non-
linear interactions between water state and material structure. Accounting explicitly for
bound water is therefore essential for modelling wetting and drying in textiles, with
implications for the broader understanding of flow and transport in specialized porous
systems.

Figure: Evolution of the probability density function (PDF) of the NMR signal during the
transport of a drop in a wool textile from impregnation (a) to drying (b).
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Quantitative monitoring of subsurface changes is essential for ensuring the safety of
geological CO$_2$ sequestration. Full-waveform monitoring (FWM) can resolve these
changes at high spatial resolution, but conventional deterministic inversion lacks
uncertainty quantification and incorporates only limited prior information. Deterministic
approaches can also yield unreliable results with sparse and noisy seismic data. To address
these limitations, we develop a Bayesian FWM framework that combines reservoir flow
physics with generative prior modeling. Prior CO$_2$ saturation realizations are
constructed by performing multiphase flow simulations on prior geological realizations.
Seismic velocity is related to saturation through rock physics modeling. A variational
autoencoder (VAE) trained on the priors maps high-dimensional CO$_2$ saturation fields
onto a low-dimensional, approximately Gaussian latent space, enabling efficient Bayesian
inference while retaining the key geometrical structure of the CO$_2$ plume. Hamiltonian
Monte Carlo (HMC) is used to infer CO$_2$ saturation changes from time-lapse seismic data
and to quantify associated uncertainties. Numerical results show that this approach
improves inversion stability and accuracy under extremely sparse and noisy acquisition,
whereas deterministic methods become unreliable. Statistical seismic monitoring provides
posterior uncertainty estimates that identify where additional measurements would most
reduce ambiguity and mitigate errors arising from biased rock physics parameters. The
framework combines reservoir physics, generative priors, and Bayesian inference to provide
uncertainty quantification for time-lapse monitoring of CO$_2$ storage and other subsurface
processes.
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Tight oil reservoirs are typically developed using hydraulic fracturing technology, wherein
the leak-off behavior of fracturing fluid into the formation significantly impacts subsequent
production processes. However, most current numerical simulations of fracturing and
production are conducted independently, failing to accurately characterize the dynamic
distribution of reservoir fluids throughout the entire fracturing-to-production lifecycle. To
address the unclear bidirectional coupling mechanism between fracture propagation and
fluid flow in porous media during the integrated fracturing and production process in tight
oil reservoirs, this paper establishes an integrated numerical model that couples wellbore
flow, fracture propagation, dynamic fracturing fluid loss, and matrix fluid flow. The model
employs wellbore pressure drop equations and flux distribution equations to describe the
flow within the wellbore, two-phase oil-water flow equations and proppant transport
equations to characterize the flow behavior in the matrix and fractures, and an elastic
mechanical model to capture the mechanical deformation of fractures. Changes in the
temperature field are represented by an energy conservation equation that accounts for heat
conduction and convection. Fracture propagation is simulated based on the Mode-I stress
intensity factor criterion, and the embedded discrete fracture model (EDFM) is used to
characterize the fracture system while explicitly calculating cross-flow between fractures
and the matrix. The flow equations and energy conservation equation are discretized using
the finite volume method, while the elastic mechanical model is discretized using the
displacement discontinuity method. A sequential iterative coupling approach is applied to
solve the thermo-hydro-mechanical mathematical model for the wellbore, fractures, and
matrix in steps, resulting in the development of an integrated numerical simulation method
for the fracturing and production process in tight oil reservoirs applicable to corner-point
grids. The accuracy of the proposed numerical simulation method is validated through
comparisons with analytical solutions. A series of case studies demonstrate that this
numerical simulation method can accurately assess fracturing fluid loss, dynamically
describe the coupling process between fracture propagation and reservoir fluid flow, fully
simulate the entire process of fracturing, shut-in, and production in tight oil reservoirs, and
exhibit its applicability on corner-point grids.
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Digital rock serves as a vital tool for pore-scale flow simulation in geo-energy, carbon
sequestration, and hydrogen storage studies. Under subsurface conditions, rocks undergo
deformation, and pore structures evolve due to changes in temperature and stress. Existing
digital rock reconstruction methods —including physical experiments, stochastic modeling,
and machine learning —typically do not account for the coupled effects of high temperature
and stress. To address this limitation, this paper introduces a process-based method that
integrates the discrete element method (DEM) with thermo-mechanical coupling. First,
computed tomography (CT) images are segmented using a watershed algorithm, and a
contour database is built via spherical harmonic analysis. A clump template library is
subsequently developed in PFC3D. Following this, a DEM model is generated based on
target porosity and particle size distribution, with accuracy verified through two-point
correlation and linear path functions. After calibrating interparticle micromechanical and
thermal properties, various temperature and stress boundary conditions are applied to
simulate digital rocks under different thermo-mechanical states. The geometric and
topological characteristics of these digital rocks are then examined, along with computations
of permeability and relative permeability. Using Bentheim sandstone as a case study, digital
rocks under multiple temperature-stress scenarios are constructed. Results indicate that
elevated temperature and stress reduce pore and throat radii, elongate throats, weaken
connectivity, decrease porosity and permeability, and enhance water-wetting behavior. This
work offers a theoretical foundation for more accurate pore-scale flow simulations of geo-
energy fluids, CO;, and Ho.
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Local thermal non-equilibrium (LTNE) can play a crucial role in porous-media heat transfer,
particularly in applications such as transpiration cooling [1], fuel cells [3] , and geothermal
systems [2]. Hereby, the commonly used assumption of instantaneous heat transfer between
phases (local thermal equilibrium, LTE) might break down under strong temperature
gradients or pronounced contrasts in thermal properties between the phases. To investigate
validity of this assumption under different conditions, modeling and accounting for the heat
transfer between different phases is crucial.

This poster presentation will showcase our recent work on the influence of different non-
dimensional parameters on LTNE in fully saturated porous media. We will present pore-
scale results obtained with a coupled pore-network model [4], which takes into account the
pore structure by idealized geometries and accounts for the heat transfer between the solid
and fluid phases. Additionally, we will provide a brief overview of corresponding results on
the REV scale and recent developments in coupled free-flow/porous-medium models for
LTNE.
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Coalbed methane (CBM) reservoirs store gas primarily by adsorption in nanoporous coal
matrices while flow occurs through stress-sensitive cleat networks. During CO2-enhanced
coalbed methane recovery (CO2-ECBM), preferential CO2 sorption promotes CH4
desorption and enables long-term CO2 sequestration through competitive adsorption effects
[1]. However, field operations often face a progressive loss of injectivity driven by coupled
hydro-mechanical effects: sorption-related nanoscale fluid-solid interactions and matrix
swelling alter the local stress state and promote cleat closure, reducing near-well
permeability [2,3,4].
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We develop a multiscale mechanical skin-factor formulation that captures evolving,
pressure-dependent near-well additional flow resistance and can be embedded in reservoir-
scale well models. The approach links three scales: (i) nanoscale solvation forces computed
via Density Functional Theory (DFT) to quantify adsorption-related stresses responsible for
matrix swelling, (ii) mesoscale coupled flow-deformation in the cleat-matrix system
governed by a Barton-Bandis joint law for cleat closure, consistent with non-linear cleat
deformation mechanisms, and (iii) field-scale upscaling to an equivalent well index (WI)
and a non-linear mechanical skin factor defined relative to a reference (non-deforming)
configuration. The coupled problem is solved in a preprocessing step on the well-block scale
to generate WI and skin factor as functions of injection pressure for coarse-grid cells
intersecting the injection well.

Numerical experiments show a marked, non-linear decline of WI with increasing bottom-
hole pressure and a corresponding increase of the mechanical skin factor to values of order
102, indicating substantial injectivity deterioration driven by hydro-mechanical coupling.
When integrated into coarse-grid simulations, the WI/skin upscaling reproduces direct
numerical simulation (DNS) trends for pressure fields and CO2 storage rates with small
cumulative storage errors. Compared with DNS, the proposed approach avoids near-well
mesh refinement and fully resolved coupled calculations, delivering approximately a tenfold
reduction in computational cost while retaining the key physics required for designing and
optimizing CO2 injection strategies in coal seams.
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Bioclogging is a process that result from the separation of biological particles from a fluid by
a membrane; it has many environmental and sanitary applications. It results in a reactive
porous medium with emerging properties: cells are deformable, can proliferate, consume
nutrients and oxygen, and die. These specific features affect the structure and behavior of
the porous medium. The coupling between proliferation, clog growth, and nutrient
consumption can lead to a nutrient-limited environment, altering the proliferation of the
organisms [1]. Bioclogging can thus be used to study the dynamics of reactive porous media
under environmental constraints. Our objective is to investigate the spatio-temporal features
of cell proliferation within a yeast assembly perfused with nutrients at the microscopic scale.

The model organism is *Saccharomyces cerevisiae*. A quasi-2D microfluidic system was
developed, in which yeast cells are retained by a pore and continuously perfused with
culture medium [2]. Two distinct growth regimes are observed during clog formation,
corresponding to different states of the clog. In the initial phase, clog growth is exponential,
associated with uniform proliferation throughout the clog. After a few hours, the clog length
evolves linearly with time. Two distinct regions emerge: one proliferative, the other
quiescent - as demonstrated by biological marking. We are also able to quantify local
proliferation rates within the clog using local displacements. These results highlight the
coupling between bioreactive flow and proliferation: growth reduces the flow rate, which in
turn reduces the proliferation rate.

A mathematical model has been developed to support the experimental observations. It
relies on three key components: a Monod-type proliferation law dependent on nutrient
concentration, an advection-diffusion-reaction nutrient transport equation, and a Darcy
description of flow through the clog. These equations are coupled to capture the interplay
between cell growth, nutrient depletion, and flow reduction. The model successfully
reproduces the transition between the observed growth regimes, as well as the emergence of
spatially differentiated zones within the clog.
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Hydrogen (H$_29$) containment in the subsurface is of growing importance for underground
energy storage and is also relevant to nuclear waste disposal, where H$_2$ may be
generated as a by-product, e.g. from radiolysis. Underground hydrogen storage will be done
in reservoir formations sealed by low-permeability rocks, while engineered barrier systems
for nuclear waste disposal are hosted within similarly low-permeability geological
formations, including claystones. Gas accumulation may lead to elevated pore pressures that
can trigger capillary failure and compromise barrier integrity, making the capillary sealing
capacity of such formations critical. This capacity can be quantified by the capillary
breakthrough pressure. Experimental data on hydrogen breakthrough in claystones are
scarce, and most existing measurements do not explicitly account for the influence of stress.
As breakthrough pressure is controlled by the smallest available pore throats, it is expected
to depend strongly on confining pressure and on rock properties related to burial history,
such as thermal maturity.

In this study, laboratory H$_2$ gas breakthrough experiments were conducted on fully
water-saturated claystone samples to investigate the influence of confining pressure,
thermal maturity and bedding anisotropy, on capillary sealing behaviour. Core plugs were
prepared from intact Amaltheen Claystone cores obtained from boreholes in the Hils and
Sack Synclines of the southern Lower Saxony Basin (northern Germany), a region
characterized by a south-north increase in thermal maturity, with samples drilled both
parallel and perpendicular to bedding to assess the influence of burial-related compaction
and anisotropy on gas breakthrough behaviour.

Experiments were performed using a stepwise gas pressurization method, in which gas
pressure was incrementally increased on the upstream side of the sample while monitoring
the downstream pressure response. Gas breakthrough was identified by a distinct and
sustained increase in downstream pressure, indicating the formation of a continuous gas
pathway through the sample. These measurements were complemented by determinations
of the effective gas permeability.

Preliminary results show a clear dependence of as breakthrough pressure on confining
pressure, with progressively higher gas pressures required to initiate breakthrough as stress
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increased. Values increased from 0.75 to 3 MPa over a stress range of 5 to 20 MPa (relatively
low mature sample; parallel to bedding). This behaviour is attributed to stress-induced pore
compaction leading to increased capillary entry pressures. Effective permeabilities increased
by up to one order of magnitude post-breakthrough.

Breakthrough pressure was also found to increase systematically with thermal maturity. As
thermal maturity reflects the maximum burial depth experienced by the rock, this trend is
interpreted to result from the development of tighter pore structures in more mature
samples. Values increased from 3 MPa to 5.5 MPa for samples with vitrinite reflectance
between 0.48 to 0.70 % VRr. In addition, breakthrough pressure differed between samples
drilled parallel and perpendicular to bedding, demonstrating slight anisotropy in transport
behaviour.

Overall, the results demonstrate that gas breakthrough in these mudstones is controlled by
stress, burial-related compaction, and bedding anisotropy. These findings provide
experimentally constrained bounds on gas pressures that claystone host rocks can sustain
and contribute to risk assessment of sealing integrity.
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Human-induced earthquakes, triggered by fluid injection or extraction, have become a
growing concern in energy-related activities. These events occur when fluid pressure
changes destabilize faults, leading to rupture that propagates away from the hypocenter as
two crack tips. While theoretically the rupture should be symmetric, many large
earthquakes exhibit strong asymmetry, propagating predominantly along one direction.
Understanding this behavior is key to assess seismic hazard related to fluid injection in
underground formations.
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In this work, we study how poroelastic coupling influences rupture directivity in
earthquakes induced by fluid injection. Using fully coupled hydromechanical simulations of
poroelastic media with rate-and-state faults, along with analytical solutions, we conduct a
dimensionless analysis to study the propagation patterns. We quantify the degree of relative
symmetry using two parameters: the proportion unilateral rupture and the directivity ratio
established by Dempsey & Suckale (2016).

Our results show that rupture directivity varies significantly with the injection distance and
the initial fault stresses, and range from nearly symmetric to strongly unilateral. We find
that rupture asymmetry is driven by the undrained effect caused by coseismic slip, and the
pressure distribution prior to the earthquake. Higher confinement stresses and injection
points closer to the fault favor symmetric ruptures. Conversely, lower tectonic stresses and
farther injection distances promote asymmetric ruptures. We also find that fault
permeability anisotropy further enhances the rupture asymmetry.

These findings help clarify how poroelastic effects govern rupture behavior in injection-
induced earthquakes, offering a feasible explanation for the frequent occurrence of almost-
unilateral ruptures. This knowledge is valuable for predicting the preferred direction of an
induced earthquake based on injection location and rock confinement, which is valuable for
underground storage operations in the energy industry.
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The exploitation of microbial metabolisms for bio-catalysis generally provides sustainable
ways of producing renewable polymers. Bioreactors, employing biofilms, are expected to
gain in competitiveness and efficiency compared to traditional fermenters. Biofilms are
microbial communities embedded in self-produced extracellular polymer substances (EPS)
that contain mostly polysaccharides protecting the cells from environmental influences
leading to more resistant and more productive processes. Productivity can potentially profit
from high surface-to-volume ratios, that are achieved by porous structures with large
surfaces. However, growth kinetics have yet rarely been studied on the scale of single pores.
This is partly explained with limited experimental access and the lack of suitable in-silico
approaches. We therefore aim to study biofilm growth in single pores of a porous bioreactor.
As a first step, we have developed a discrete pore-scale model that is able to resolve growth
conditions porewise. With this approach, we investigate on a theoretical basis how the
gradual reduction of pore volume, resulting from the formation of a pore-biofilm, affects
growth and transport kinetics. For this purpose, we assume different penetration of the fluid
phase into the evolving biomass (including EPS). Our results suggest local concentration
effects and degradation of transport properties. Already the consideration of volume
changes due to small pore geometries shows a theoretical impact on the growth kinetics. The
study aims to provide a theoretical framework for the investigation of biofilm growth in
porous bio-reactors. In this sense, we will provide an overview of theoretical results for
general situations, considering e.g. different Damkohler-numbers, biofilm properties, etc..
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Water confined in nanoporous materials is ubiquitous in many applications related to
energy and environment. This includes porous solids for water purification, solid
electrolytes, membranes for proton exchange fuel cells, nanofluidic devices and
desalinization technology.

Under these conditions, the structure and dynamics of water molecules is significantly
altered with respect to the corresponding bulk state.1,2 This is a direct consequence of
spatial restriction and liquid-surface interactions which become more prominent the smaller
the pore size is. These effects obviously depend on the pore surface chemistry and the
morphology (shape) of the material porosity. Interestingly, the water dynamics also depend
on the length scale that is probed. For instance, different translational diffusion can be
expected if it is monitored along a trajectory that is smaller than the pore size, that exceeds
the diameter or even the grain size of nanoporous powder.

To resolve this problem, a multi-scale experimental approach is an asset. In the present
communication, we will discuss the opportunity offered by quasielastic neutron scattering
methods to characterize the dynamics of confined water at the nanoscale, that is to say for a
molecular displacement equal to or less than the pore size, which can therefore be
considered as a complementary tool to NMR that accesses longer scales. Our talk will be
illustrated by recent studies carried out on water-filled porous silicas and organosilicas with
various surface chemistry, which allowed fine tuning of the surface hydrophilicity and ionic
charge and results in significant change in the liquid water local dynamics.3,4
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Hydrogen-based direct reduction (DRI) is a key route to eliminating CO$_2% emissions from
iron and steel production. Reactor-scale models of hydrogen DRI rely on effective transport
properties such as permeability, pressure drop, and heat and mass transfer coefficients that
emerge from complex flow through packed beds of porous iron ore pellets. To better
understand and parameterize these pellet-scale transport mechanisms, detailed CFD
simulations of hydrogen flow through idealized pellet-scale unit cells were performed.

In this work, iron ore pellets are represented as porous bodies with an internal porosity of
0.22, embedded in a periodic computational cell. Hydrogen flow, at 1200K, is driven by a
prescribed pressure jump across the cell, and the resulting velocity and pressure fields are
solved using a finite-volume CFD solver. Two idealized pellet arrangements are compared
using periodic unit cells: a body-centered cubic (BCC) configuration with a central pellet and
a face-centered cubic (FCC) configuration with four pellets surrounding a central void.

Despite the geometric simplicity, the simulations reveal that the flow does not distribute
uniformly through the pore space. Instead, hydrogen organizes into a few dominant high-
velocity channels that connect the inlet and outlet across the periodic cell, while other
regions remain weakly flushed. In the BCC configuration, the central porous pellet increases
resistance along the cell centerline and diverts most of the flow into side channels. In the
FCC configuration, the absence of a central pellet creates a more open vertical pathway
through the four-pellet junction, resulting in a narrower but more intense high-velocity core
and a higher overall pressure drop for the same pressure driving force.

These results highlight that pellet-scale flow in hydrogen DRI beds is governed by the
topology of connected flow channels rather than by local gap width alone. The emergence of
a small number of preferential high-velocity channels has direct implications for upscaling:
these channels are expected to dominate both the effective permeability and once coupled
with energy and species transport, the pellet-scale heat and mass transfer rates. The present
pellet-scale CFD framework thus provides a physically resolved basis for calibrating Ergun-
type correlations and effective transport coefficients used in reactor-scale models of
hydrogen-based DRI. In the next step, non-idealized pellet bed configuration will be
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studied, and it would also capture the heat transfer between hydrogen flow and iron-ore
pellets.
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The flow of yield stress fluids in porous media is interestingly complex due to the interplay
between the medium's heterogeneity and non-linear rheology. For instance, a non-linear
Darcy law emerges as the number of flowing paths increases with the applied pressure
difference.

In this talk, we will discuss some of the statistical aspects of this problem. In particular, we
will explore how the directed polymer problem — which minimises the energy of a path in a
random field — introduced by Kardar, Parisi and Zhang (KPZ) in 1987, relates to the limits
of small flow rates and affects nonlinear Darcy's law. An interesting aspect is the influence
of the boundary condition on the flow field.

In contrast to the Newtonian case, the type of boundary condition applied to the system
significantly affects the flow over a large distance. We will therefore discuss how this
distance is controlled by the KPZ universality class, as well as avalanches of a pinned
interface.
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Fractures act as highly conductive pathways, strongly influencing flow and transport in
subsurface formations. Accurately modeling their effects is challenging due to the high
uncertainty in fracture configurations. Monte Carlo simulations (MCS) are commonly used
to estimate flow and transport behavior, but they are computationally expensive and subject
to considerable uncertainties. To address both aspects, we recently proposed a statistical
integro-differential fracture model (Sid-FM) that directly computes mean fields from
fracture statistics, circumventing the need for MCS. The model employs kernel functions to
represent expected flow exchange between fractures and the surrounding matrix and has
been shown to reliably predict mean flow and pressure fields. In this work, we extend Sid-
FM to scalar transport. We present the theoretical derivation of the governing equations,
introduce new assumptions to close the covariance terms, and demonstrate good agreement
with MCS results for statistically 1D test cases. The proposed framework provides a
computationally efficient approach for simulating flow and transport in fractured porous
media. Its extension to 2D and 3D scenarios positions it as a promising tool for subsurface
engineering and environmental applications.
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Efficient and accurate simulation of flow and transport in fractured porous media is vital in
a variety of applications including carbon sequestration, geothermal energy, and
hydrocarbon production. Usually, the uncertainties in these applications are high, which
necessitates the use of fast numerical methods to efficiently sample a large number of
probable scenarios.

One category of numerical methods employed is the streamline method. This method solves
the flow and reconstructs streamlines, which allows for efficient transport simulations as
under certain conditions transport can be solved directly along individual streamlines. For
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the streamline reconstruction, often particle tracking methods (like Pollock's method
operating on Cartesian grids) are used.

In this work, however, we propose a mesh-less flow solver that focuses on computing the
stream function. Hence, the streamlines can be computed directly from the stream function
via contour lines. Furthermore, solving the flow (and stream function) without a mesh
allows for greater flexibility. In particular, complex fracture geometries need costly and
time-consuming meshing algorithms, whereas mesh-less methods completely circumvent
such issues.

The method employs basis functions that numerically approximate the solution near
fractures and capture the far-field behavior analytically. This allows to accurately simulate
near-field effects once and reuse such high-resolution results in subsequent simulations.
Each fracture is then represented by one single basis function, which for a domain
containing numerous fractures are superimposed to efficiently compute the entire fractured
domain. For a domain with N fractures, this results in solving a linear system of size NxN,
which is much smaller than traditional mesh-based methods.

Finally, we show how our basis function method (BFM) can be used to compute the flow,
stream function, and transport in fractured porous media. The results are validated, and the
accuracy and efficiency of the method is demonstrated in a series of numerical experiments.
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Bio-based porous materials are gaining importance in construction sector owing to their
ecological benefits, sustainability, energy performance and availability. The lightness and
internal macro-porosity of biobased concretes — around 20% - offer them optimum thermo-
mechanical properties for insulation applications.
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However, this particularity remains poorly understood by the buildings professionals who
deal with those multiphase - fibres, binder and pores - porous bio-composite.

The originality of this work is to run numerical simulations and predict the thermo-
mechanical behaviour of biobased porous concretes to provide green housing buildings
professionals with a decision support tool. This innovative numerical approach considers
the actual geometrical characteristics and thermo-mechanical properties of each phase -
fibres, binder and pores.

First, two biobased porous concretes were studied: lime-hemp concretes formulated with
Tradical Thermo® (lime) and Technichanvre C020® (hemp shiv), and typha-clay
composites, raw materials imported from Senegal (as part of partnership with the
enterprises BioBuild Concept and BioBuild Africa). Both of the bio-based porous concretes
were manufactured with identical mass proportions Binder/Fibres = 2.15 - Water/Binder =
0.85, a controlled compacting pressure and microporosity and macro-porosity are known.

After manufacturing, the thermal conductivities of our biobased porous concretes were
evaluated using the hot wire and heat flow meter methods to highlight their insulating
potential. We show up low thermal conductivity around 0.1 W.m-1.K-1, confirming the
insulating properties of our biomaterials.

Then, a compression test coupled with digital image correlation (DIC) was conducted on our
samples to determine their stiffnesses and Poisson's ratios, and to analyse the strain fields to
target areas of potential failure of bio-based porous concretes. Experimental results indicate
Young’s moduli around 30 MPa and a Poisson’s ratios near 0.2.

The numerical model tends to simulate the thermo-mechanical behaviour of the biobased
porous concrete using the finite element method (FEM). The element types chosen were
C3D4 for mechanical simulations and DC3D4 for thermal simulations.

To effectively execute the numerical study, X-ray tomography on a sample was performed
to obtain the bio-based concretes’ three-dimensional structure considering the real macro-
porosity of both lime hemp concrete and typha-clay concrete.

Thus, each main phase - fibres, binder and pores induced by the manufacturing process - is
represented with its thermo-mechanical properties and actual geometrical features.

Finally, the three-dimensional multiphase porous bio-composite was meshed, and a FEM
was conducted using Abaqus® software to simulate and predict its thermo-mechanical
response under compression and heat flux.

The developed numerical model was fed with thermo-mechanical characteristics data of
each constituent - fibres, binder and pores. Thermal and mechanical behaviour of the bio
composite obtained from the numerical model were compared with experimental results.

The obtained results will enable the advancement of green housing by the development of a
reliable decision support tool for the buildings professionals who use the multiphase porous
bio-composite.

Presenter: Kanto RASOLOARIJAONA
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Porous materials such as felts and foams made of refractory ceramics (Al:Os, SiO:, ZrO:)
offer excellent thermal performance for high-temperature applications, including insulation,
atmospheric re-entry shields, heat exchangers, and solar absorbers. To predict their thermal
behavior, transient heat transfer must be modeled by coupling conduction and radiation
across all material constituents. These heterogeneous media also display complex three-
dimensional morphologies, which are numerically reconstructed as voxelized structures
using X-ray tomography. Due to the fine spatial discretization necessary to accurately
capture the microstructural details, deterministic simulation methods require substantial
memory. To address this limitation, we propose a fully stochastic framework: heat
conduction is simulated using Brownian walkers and coupled with Monte Carlo ray tracing
for radiative transfer.

This work focuses on heat conduction in heterogeneous voxelized structures, specifically on
the behavior of Brownian walkers at material interfaces between constituents with different
thermo-physical properties. In [1], Seyer et al. proposed an interface treatment for Brownian
walkers, but its extension to three-dimensional geometries with closely spaced interfaces
remains challenging. Two alternative approaches have been proposed by Lejay et al. [2] and
Oukili et al. [3], each offering a distinct treatment of walker behavior. Here, we present the
two-dimensional extension of both methods, originally formulated in one dimension.

At each time step, the Brownian walker displacement is governed by an Ito-Taylor scheme,
depending on the thermal diffusivity of the originating phase. If the walker encounters an
interface between two constituents, its final position must be corrected to account for the
thermal diffusivity of the new constituent, especially given the very strong thermo-physical
property contrast between air and ceramic phases. Therefore, both approaches rely on a
transmission probability at the interface, whereby the walker is either transmitted into the
adjacent phase or reflected back into the original one. In Lejay’s method, the local Brownian
motion of the walker is taken into account to determine when the first interface is reached
within the time step. The remaining Brownian motion is then simulated, accounting for
possible multiple interface crossings. Oukili’s approach is directly based on the method of
images, which provides an analytical expression for the probability that a walker reaches a
given position. Both approaches are first validated in one dimension and then extended to
two-dimensional voxelized representations of porous ceramics exhibiting strong thermo-
physical property contrasts. Their comparative assessment identifies the most suitable
strategy for future fully coupled three-dimensional transient conduction-radiation
simulations.
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Reactive transport in fracture networks plays a critical role in controlling permeability
evolution and solute migration in subsurface systems, yet its efficient simulation in complex
discrete fracture networks (DFNs) remains challenging. We develop an improved particle-
tracking reactive transport model that extends a Lagrangian DFN framework to incorporate
geochemical reactions and reaction-driven fracture aperture evolution. In this approach,
particles carry evolving chemical inventories, while fracture segments are assigned
mineralogical and geometric attributes. Local mineral volume changes computed from batch
configurations are translated into aperture updates, enabling dynamic feedbacks among
solute transport, geochemical reactions, and fracture geometry evolution. The proposed
method remains the computational efficiency of particle tracking while avoiding the high
cost associated with fully meshed reactive transport models. Numerical experiments on
simplified gypsum fracture systems demonstrate the ability of the model to capture
localized reaction effects and their consequences for both fracture-scale and network-scale
transport behavior. The framework provides a flexible and computationally efficient
numerical tool for investigating coupled hydro-geochemical processes in fractured media.
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Understanding the reactive dissolution of carbonate rocks in CO2-rich brine environments is
critical for optimizing carbon capture and storage (CCS). This study integrates flow
experiments with high-resolution micro-CT imaging and pore-scale simulation to analyze
the interplay between physical and chemical heterogeneity during reactive transport. By
examining two carbonate samples comprised principally of dolomite and calcite with
anhydrite also present, we quantify how the initial distribution of minerals and permeability
variations influence flow patterns, dissolution dynamics, and the increase in permeability.
The results show that reaction rates decrease with increasing flow heterogeneity due to
enhanced mass transfer limitations. Furthermore, the proximity of minerals to fast-flow
channels impacts their effective reaction rates, highlighting the interplay between transport
processes, mineral spatial distribution and mineral dissolution. Both samples displayed
dissolution patterns with localized channel widening and formation. The study provides
key insights into mineral-specific reaction behaviours and flow-dependent dissolution
patterns, further evaluating a detailed framework for improving predictive models of
subsurface CO2 storage.
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To address long-term imbalances between the supply and demand of sustainable energy,
excess energy can be converted into hydrogen and stored in subterranean porous
formations. Alberta, Canada’s largest energy-producing province, aims to make a large-scale
transition to clean hydrogen deployment e.g. by combining steam methane reforming with
carbon capture, utilization, and storage. Supporting this transition requires identifying the
geological formations within the province that are most suitable for underground hydrogen
storage (UHS). This study applies a two-step screening algorithm to reduce Alberta’s large
inventory of natural gas reservoirs to a shortlist of those with the highest UHS potential.
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Following guidelines established in the literature, the first step filters out reservoirs with low
porosity, high pressure, or insufficient storage capacity. Reservoirs that pass this initial
screening are then evaluated using a secondary scoring process. This second step includes
five criteria —storage capacity, propensity for geochemical reactions, lithology, degree of
depletion, and presence of existing natural gas storage infrastructure. Using a weighted
scoring system in which capacity carries the greatest weight, each site was assigned a score
from 0 to 5, with sites scoring above 3 considered suitable for UHS. Thus, we identify 40
target reservoirs, representing an overall hydrogen storage potential of approximately 624
PJ. To further assess storage security, the top-scoring reservoirs were evaluated based on
salinity, pH, and formation depth to identify sites with minimal risk of biotic reactions and
gas migration. Applying these additional constraints results in a list of 12 candidate
formations that will undergo reservoir engineering evaluations to identify the top reservoir
for pilot-scale design and study. The findings of this study highlight Alberta’s strong
potential for becoming a hydrogen storage hub.
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Underground hydrogen storage (UHS) is a key technology for large-scale renewable energy
storage, and the efficiency and benefits of UHS depend primarily on storability and
injectability of hydrogen. The pore-scale mechanisms governing hydrogen-brine
displacement, trapping, and remobilization fundamentally control these macroscopic
storage properties. In this study, we develop a multiphase lattice Boltzmann model
specifically designed for simulating hydrogen-brine system, which can address the
numerical instability under large viscosity and density ratio of hydrogen-water system.
Besides, the comprehensive effects of many influencing factors, such as wettability, pressure,
and injection rate, on hydrogen storage remain poorly understood. To address this, we have
conducted relevant numerical simulations to investigate the effects of various factors on the
injection efficiency of hydrogen in aquifers. The findings from these studies can provide
valuable references for the construction and operation of underground storage reservoirs for
UHS.
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Water-bearing microfractures in concrete exhibit the ability to heal, leading to the closure of
the fracture. Since concrete cracks provide a passage for chemical compounds that lead to
the deterioration of the cementitious matrix and steel reinforcements, this self-healing
capability is a crucial feature, enhancing the durability and longevity of concrete. One of the
most important self-healing mechanisms is the precipitation of calcium carbonate, resulting
from an intricate interplay between fluid flow, the concomitant transport of chemical
species, and chemical reactions within the fluid and at the fluid-solid interface.

We aim to gain a better understanding of the underlying coupled hydraulic-chemical
mechanisms and the influence of the fracture's aperture distribution on the self-healing
through calcite precipitation. To this end, we have developed a numerical model that
simulates the relevant processes within the void space along the fracture plane. FEniCS is
used to solve flow and transport equations, while Reaktoro is used to quantify the chemical
equilibrium and mineral kinetic reactions. The simulation results reveal that portlandite
dissolution is the primary driver of calcite precipitation, as it increases both the pH value
and calcium concentration. Furthermore, the model demonstrated that a right-skewed
aperture distribution (e.g., exponential distribution) is vital for the degree of initial flow-rate
reduction through calcite precipitation, as observed in the experiments.
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Soft porous media often exhibit heterogeneous structures. For instance, biological tissues can
be composed of multiple layers characterised by distinct mechanical and fluid-flow
properties; similarly, in tissue engineering, multilayer scaffolds are known to promote cell
survival and proliferation.

Under periodic loading — particularly common in these systems (e.g. due to cardiac
pulsations, body motion, ...) —the physical implications of such heterogeneity on
poromechanical couplings remain poorly understood.

Here, we address this gap by modelling a generic soft porous material composed of two
layers with different material properties. To enable a controlled comparison and isolate the
role of heterogeneity, we choose combinations of material properties (permeability, p-wave
modulus, and porosity) resulting in a uniform poroelastic timescale T_{pe} in each layer. We
show that, while T_{pe} is the key parameter governing the response of homogeneous
materials, the same T_{pe} leads to markedly different distributions of strain, fluid flow, and
solute transport in a heterogeneous system. These results provide insight into why layered
structures may be more favourable for cell and tissue development than homogeneous ones.

Presenter: Matilde Fiori

Contribution ID: 119

Water isotope transport behavior and potential implications

for assessment of catchment properties

(MS08) Mixing, dispersion and reaction processes across scales in heterogeneous and
fractured media

Presentation Type: Oral Presentation

Author: Dan Elhanati (Weizmann Institute of Science), Erwin Zehe (Karlsruhe Institute of
Technology), Ishai Dror (Weizmann Institute of Science), Brian Berkowitz (Weizmann
Institute of Science)

Co-Author:

135



InterPore2026

Measurements of water isotopes are often used to infer water resident times in a catchment
and to estimate the thickness of aquifer storage zones. Because isotopic variants of water
(e.g., D20, H>'®O) are generally assumed to behave identically to water molecules (H-0),
they are often considered to be fully representative of actual water movement and are
preferred over inert chemical tracers in many catchment studies. However, laboratory
experiments presented here show that water isotopes move through porous media systems
in essentially the same way as inert chemical tracers. The very process of tagging water
molecules —implicit in any isotope measurement —effectively yields measurements
representative of movement as a chemical tracer. The experimental measurements are then
analyzed by comparing apparent mean water and mean tracer velocities, and then
evaluating whether Fickian or non-Fickian (anomalous) transport models apply. For both
isotopes and inert chemical tracers, the measured mean tracer velocity does not always
match the apparent mean velocity of the water itself. Recognizing this inequality is crucial
when assessing catchment characteristics. For instance, incorporating anomalous transport
behavior of water isotopes can substantially lower estimates of aquifer storage thickness
across an entire watershed.
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The cathode catalyst layer (CCL) is a highly heterogeneous porous medium and an essential
component of polymer electrolyte membrane (PEM) fuel cells, as it is where the rate-limiting
cathodic reaction occurs. As a result, its multiple physical phenomena and characteristics
strongly influence the overall fuel cell performance and durability. In heavy-duty
transportation applications, durability remains critical, with platinum catalyst degradation
in the CCL being a significant issue. Platinum loss arises from the electrochemical
dissolution of platinum particles, followed by transport of dissolved platinum ions and their
precipitation within the membrane. Platinum loss reduces the electrochemically active
surface area and the number of available catalyst sites for the cathodic reaction. While the
influence of operating and voltage conditions on platinum degradation has been widely
studied, the role of the porous microstructure in governing platinum loss remains poorly
understood, largely due to the limited availability of pore-scale models for platinum
degradation. In this work, a transient pore-scale model of platinum degradation in the CCL
is utilized to systematically explore pore-scale design strategies for mitigating platinum loss.
The impact of ionomer agglomerate morphology is studied by varying the agglomerate size
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distribution. Porosity effects are investigated by considering catalyst layers with different
uniform total porosities, by imposing spatial variations in porosity across the CCL length,
and by introducing localized constrictions. Platinum distribution effects are examined
through two strategies: spatial variation in the number of platinum particles and spatial
variation in particle diameter, all while keeping the overall platinum loading constant.
Three metrics are used to assess the effectiveness of each strategy: performance, durability
enhancement, and degradation homogeneity. Collectively, these approaches allow for the
systematic decoupling of the impacts of agglomerate size, tortuosity, and platinum
placement on platinum loss at the pore scale. A final case study is performed in which
multiple effective strategies are combined. The results demonstrate how pore-scale
structural design can be utilized to mitigate catalyst loss while preserving fuel cell
performance, providing model-informed design guidance for the development of durable
catalyst layers.
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DuMux (https:/ /dumux.org/) is a general simulation framework (written in
C++) with a focus on finite volume discretization methods, model coupling

for multi-physics applications, and flow and transport applications in porous
media. Its core applications are single- and multiphase-flow applications in
porous media on the Darcy scale, embedded network and fracture models, and
free-flow porous media flow interaction. However, it can also be used as a
general-purpose finite volume / control-volume finite element solver for partial

differential equations. Pre-implemented models make it a versatile tool for many
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porous media applications.

In this poster contribution, we give a brief overview of the main features and
application areas. Moreover, we present updates in recent years (including the
upcoming release of DuMux version 3.11, Spring 2026) and how the capabilities
have improved since the initial appearance of DuMux 3.0 [1]. Novelties include
additional (pore-)network modeling capabilities, 2D shallow water equations
(e.g. for river modeling), new control-volume finite element schemes, meth-
ods for free-flow porous media coupling, fractured porous media, multithreaded
assembly, and new tutorials and educational material.

Given the theme of the conference, we put a special emphasis on “Green
housing” applications and models in DuMux. DuMux is based on the DUNE
framework from which it uses the versatile grid interface, vector and matrix
types, geometry and local basis functions, and linear solvers. DuMux then pro-
vides finite volume discretizations (Tpfa, Mpfa, Staggered) and control-volume
finite element discretization schemes (P1, CR/RT, MINI); a flexible system
matrix assembler and approximation of the Jacobian matrix by numeric dif-
ferentiation; a customizable Newton method implementation, and many pre-
implemented models (Darcy-scale porous media flow, Navier-Stokes, Geome-
chanics, Pore network models, Shallow water equations) and constitutive mod-

els. DuMux features a multi-domain framework for model coupling suited to

couple subproblems with different discretizations/domains/physics/dimensions/. . .

and create monolithic solvers.

Acknowledgement: DuMux has been developed since 2010 with contribu-

tions from over 80 developers. The poster contribution will mention the poster
authors and acknowledge an updated list of developers actively contributing to

DuMux since the release of version 3.0.
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We have developed a multi-continuum model for CO2 flow, transport and storing in
fractured vuggy karst formations. The objective of this study is to develop a modeling tool
for evaluating the potential and effectiveness of karst aquifers as alternative CO2 storing
formations. A multi-continuum model, representing rock matrix, fracture, and vuggy
continua, is applied to capture the complexity in pore distributions and flow pathways of
karst aquifers. The multi-continuum model is able to describe explicitly effects of vugs over
the traditional double-porosity model, which ignores the existence of vugs in karst
formations. Modeling studies are conducted under various simulation scenarios, including
uniformly and randomly distributed vugs, to assess the influence of vugs, if existing, on
storage capacity, CO2 distribution, and injection strategy, providing critical insights for
advancing geosequestration technologies in karst aquifers as alternative formations.

The study reveals that vug porosity, whether uniformly or randomly distributed, plays a
critical role in enhancing CO2 storage capacity within karst aquifers, particularly in water-
wet formations where vugs offer large storage potential. The multi-continuum model proves
superior to the double-porosity model in describing the intricate flow and storage dynamics
in these fractured formations. Simulations showed that smaller vug porosity expands the
Area of Review (AoR), indicating a broader distribution or larger plume of CO2. Randomly
distributed vugs create irregular AoR edges, leading to complex flow patterns, which can
complicate monitoring and management efforts. These irregularities are further amplified by
variations in fracture permeability. Pressure profiles indicated a significant increase during
the initial CO2 injection phase, underscoring the need for careful management of injection
rates to maintain reservoir integrity. These findings highlight the importance of considering
vug porosity and utilizing advanced modeling techniques, such as the multi-continuum
model, to optimize CO2 storage operation and efficiency and manage risks in karst CO2
storing environments, supporting the transition to sustainable energy practices.
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The occurrence and transport mechanisms of methane (CH4) and ethane (C2H6) in organic
nanopores are crucial for the efficient development of shale gas reservoirs. While prior
studies have examined the adsorption and recovery behaviors of light hydrocarbons (e.g.,
CH4, C2H6, C3H8) in kerogen nanopores, most analyses have focused on equilibrium states,
with limited attention to dynamic production processes. Moreover, existing work has
predominantly relied on single slit-shaped nanopore models, overlooking the role of
interconnected pore structures. In this work, we therefore construct a model of two
interconnected slit-shaped kerogen nanopores with different apertures (2 nm and 4 nm) to
investigate the adsorption and extraction of CH4 and C2H6 using coupled grand canonical
Monte Carlo (GCMC) and molecular dynamics (MD) simulations. Results show that C2H6
exhibits stronger adsorption affinity than CH4, with smaller pores favoring higher
adsorption selectivity. During pressure depletion, the transport partition ratio of CH4 from
the dead-end pore to the channel and from the channel to the fracture region greatly exceeds
the pore size ratio (~19/32 vs ~4). For C2H6, the transport ratio from dead-end pore to
channel is comparable to the pore size ratio (~5.6 vs ~4), whereas from channel to fracture it
is significantly higher (~19 vs ~4). During CO2 soaking, nearly all gas components are
recovered through the larger pore toward the fracture region. CH4 and C2H6 in the smaller
nanopore channel follow a more complex path: from channel to dead-end pore, then to the
larger pore, and finally to fractures. The flow partition ratio of CO2 from the fracture into
nanochannels matches the pore size ratio. However, CO2 entering the smaller nanopore
tends to remain in the channel and does not migrate further into the dead-end pore,
meaning the CO2 in dead-end pores originates mainly from the larger channel. After
equilibrium, CH4 shows decreases in both adsorbed and bulk phases, while the adsorbed
phase of C2H6 is enhanced. During CO2 soaking, CO2 injection mobilizes mainly the
adsorbed hydrocarbons, with little effect on the bulk phase, leading to higher displacement
efficiency in smaller pores where adsorbed gas predominates. This work advances the
understanding of gas recovery behavior from a dynamic and structurally heterogeneous
perspective, providing theoretical insights and simulation-based guidance for the efficient
development of shale gas reservoirs.
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This study explores the linear and nonlinear stability of double-diffusive convection in a
couple-stress fluid-saturated porous layer, with explicit consideration of viscous dissipation
effects. The governing equations are formulated using the Darcy model under a horizontal
basic state maintained by constant temperature and concentration differences across the
boundaries. Linear stability is analyzed by introducing infinitesimal disturbances and
solving the associated eigenvalue problem using the Chebyshev-Tau spectral method, while
nonlinear stability thresholds are determined through the Runge-Kutta method coupled
with a shooting method. Motivated by the limited work on nonlinear stability analysis of
convective systems influenced by viscous dissipation, the present work provides a detailed
parametric investigation by treating the thermal Rayleigh number $R_z$ as the eigenvalue.
The critical stability characteristics, including critical wave numbers, are examined over
wide ranges of the Lewis number ($Le$), Gebhart number ($Ge$), and solutal Rayleigh
number ($S_{z}$). The results show that viscous dissipation generates a nonlinear base
temperature profile and exerts a pronounced destabilizing influence on the onset of
convection. In contrast, the couple-stress parameter significantly enhances stability,
effectively suppressing the destabilizing effects associated with viscous heating.
Furthermore, a negative solutal Rayleigh number ($S_{z}$ < 0) is found to stabilize the
system, whereas a positive solutal Rayleigh number ($5_{z}$ > 0) promotes instability.

Overall, this study provides the combined influence of double diffusion, viscous dissipation,
and couple-stress effects on both linear and nonlinear stability thresholds, offering new
physical insight into stability transitions in porous media relevant to thermal engineering,
geophysical flows, and porous material systems.
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Basaltic formations represent promising geological reservoirs for permanent CO2 storage
through mineralization, yet their unique pore architecture and reactive transport dynamics
differ fundamentally from conventional sandstone systems. This study integrates
experimental flow-through investigations with multiscale characterization and pore-
network analysis to elucidate the coupled mechanisms controlling carbonate precipitation
and permeability evolution in vesicular basalts under CO2-acidified seawater injection
conditions. Our findings reveal that carbonate mineralization under flow conditions is
nucleation-controlled and stochastic rather than growth-controlled and deterministic,
challenging conventional reactive transport paradigms that rely on thermodynamic
supersaturation predictions. Despite continuous supersaturation throughout experimental
columns, isolated carbonate precipitate pockets formed randomly along flow paths,
demonstrating that bulk thermodynamic calculations cannot forecast actual nucleation
locations or timing. Residence time emerged as a major control mechanism, with an order-
of-magnitude reduction in flow rate (from 0.05 to 0.005 mL/min) required to achieve visible
carbonate formation. This flow rate dependence creates spatial partitioning between high-
flux, low-mineralization flow highways and low-flux, high-mineralization matrix blocks.
Multiscale characterization using micro-CT imaging and pore-network extraction reveals
that vesicular basalts exhibit coordination numbers with a modal value of 2, approximately
threefold lower than typical sandstones with a modal coordination of 5. This low-
coordination topology creates a serial rather than parallel flow architecture, where
individual pore throats act as critical bottlenecks rather than redundant pathways.
Connected porosity fractions ranging from 1.3% to 32.2% differ notably from total porosity
values of 18-42%, demonstrating that network topology rather than porosity magnitude
controls permeability. Percolation theory analysis indicates that basalts are exceptionally
vulnerable to catastrophic permeability loss from modest mineral precipitation. Pore-scale
reactive transport simulations reveal a counterintuitive finding: numerous small, distributed
precipitates cause more severe permeability degradation than fewer large, isolated
accumulations, as distributed precipitation systematically eliminates the limited redundancy
in low-coordination networks. Secondary mineral assemblages comprise calcite-dominated
carbonates and smectite clays, with magnesium carbonates notably absent despite
thermodynamic favorability, reflecting kinetic limitations below 100°C characteristic of
seawater systems. Mg/ Ca ratio and sulfate concentration introduce competing reactions that
reduce carbon mineralization efficiency compared to freshwater systems. Smectite clay
formation can sequester divalent cations, passivates reactive basalt surfaces, and occludes
pore throats, simultaneously reducing mineralization rates. These findings indicate that
successful basaltic CO2 storage requires probabilistic rather than deterministic reactive
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transport models, the explicit incorporation of realistic pore network topologies for reservoir
layers, and the incorporation of competing reactions. The low-coordination topology of
vesicular basalts creates both opportunities through high initial permeability and
vulnerabilities through catastrophic permeability loss from modest precipitation,
necessitating fundamentally different reservoir management approaches than those
employed in conventional sandstone CO2 storage operations.
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In natural rocks, there exists a trade-off between field of view and resolution, resulting in the
presence of sub-resolution pores within the current observational scope. Taking shale as an
example, different types of sub-resolution matrix pores exhibit distinct pore structures and
flow capacities. Single-scale imaging techniques cannot comprehensively characterize the
pore structure of the core. Establishing a method for constructing multi-scale digital cores
and simulating flow in shale is crucial for the efficient development of shale oil and gas
resources. Therefore, we have developed a multi-scale flow simulation based on coupled
free flow and seepage. This approach utilizes machine learning and image classification to
construct multi-scale digital cores and employs the single-domain Darcy-Brinkman-Stokes
method to achieve multi-scale flow coupling between free flow in macropores and seepage
in matrix pores. This model can be further integrated with mineral composition and fluid
mass conservation equations to enable multi-scale reactive flow simulation under coupled
free flow and seepage conditions. Under deep stress conditions, a multi-scale flow
simulation of digital cores considering fluid-solid damage has been implemented based on
continuum damage theory, clarifying the effects of different stress conditions on pore
structure and apparent permeability of the core. This provides a robust predictive method
for flow simulation in the development of deep oil and gas resources.
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Nanoporous materials are at the heart of numerous important applications: adsorption (gas
sensing, drug delivery, chromatography), energy (hydrogen storage, fuel cells and batteries),
environment (phase separation, water treatment, nuclear waste storage), Earth science
(exchange between the soil and the atmosphere), etc. In this talk, While confinement and
surface effects on fluids severely confined in their porosity are well documented, the thermal
behavior of nanoporous solids subjected to fluid adsorption remains puzzling in many
aspects. With striking phenomena such as the so-called rattle effect, through which
fluid/solid collisions decrease the overall thermal conductivity, the solid thermal
conductivity and, more generally, heat transfer and dispersion in these complex systems
challenge classical approaches (e.g., mixing rules including effective medium approaches
fail to capture such effects as shown here). In particular, a robust molecular framework to
describe the crossover between the decrease in thermal conductivity through the rattle effect
in very narrow pores and the increase in thermal conductivity when replacing vacuum with
a fluid phase in larger pores is still missing. Here, using a prototypical model of fluid-filled
nanoporous materials, we perform a molecular simulation study to shed light on the
parameters that govern the rattle effect in nanoporous solids. First, by varying the
fluid/fluid, fluid/solid, and solid/solid interaction strengths as well as the fluid number
density and mass density, we unravel the ingredients that lead to the essential coupling
between fluid adsorption and phonon transport. Second, despite this complex interplay,
inspired by pioneering molecular approaches on the rattle effect, we show that all data obey
a simple statistical physics model that relies on the change in the speed of sound due to the
fluid adsorbed density and the decrease in phonon lifetime due to scattering by fluid
molecules. This framework, which provides a simple formalism to rationalize the thermal
behavior of this class of solid/fluid composites, points to a decrease in thermal conductivity
upon fluid confinement (up to 30% in some cases). Such an effect paves the way for the
design of novel applications involving fluids in interaction with nanoporous materials.
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Fluids confined in nanoporous media exhibit dynamical and thermodynamic properties that
can differ markedly from their bulk counterparts due to restricted geometry, interfacial
effects, and modified intermolecular interactions. Aqueous electrolyte solutions represent a
particularly rich class of confined fluids, where ion hydration and ion-water coupling
introduce additional complexity. In this contribution, we investigate the molecular
dynamics of glass-forming LiCl aqueous solutions (LiCl 6H2O) in bulk and under
nanoconfinement in mesoporous silica matrices (SBA-15 and MCM-41, pore sizes 4 - 8 nm).

The study combines differential scanning calorimetry (DSC), Raman spectroscopy,
broadband dielectric spectroscopy, nuclear magnetic resonance (NMR), and quasi-elastic
neutron scattering (QENS) to probe confinement effects across complementary time and
length scales. DSC reveals an increase in the glass transition temperature under
confinement, while Raman spectroscopy evidences a strong perturbation of the hydrogen-
bond network induced by LiCl that persists in nanopores. Dielectric spectroscopy shows a
systematic reduction of ionic dc-conductivity in confined systems. NMR measurements also
indicate that nanoconfinement does not alter the temperature at which the T relaxation
minimum occurs.

To directly access microscopic dynamics, QENS experiments were performed on the IN13
backscattering spectrometer (AE = 8 neV) at ILL, using elastic fixed window scans (EFWS) to
extract mean square displacements and inelastic fixed window scans (IFWS) to characterize
translational dynamics via Arrhenius and jump-diffusion models. QENS results show that
bulk LiCl solutions exhibit diffusion coefficients significantly lower than bulk water,
reflecting strong ion-water coupling in the glass-forming regime. Under confinement, the
effect on translational diffusion is moderate. For water confined in SBA-15, diffusion
coefficients differ from bulk values by ~20%. A comparable relative variation is observed for
LiCl solutions; however, given the resolution of IN13 for low values of the transfer of
momentum, a precise quantitative determination of confined electrolyte diffusion remains
limited.

These results indicate that nanoconfinement induces clear changes in thermodynamics and
local dynamics, while its impact on translational diffusion in concentrated LiCl solutions
remains relatively weak. The findings provide molecular-level constraints for modeling
transport and relaxation in confined electrolytes relevant to natural and engineered
nanoporous systems.

Presenter: Denis Morineau
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Regardless of how we look at Al large language models (LLMs) - as a massive collection of
data from which we can cleverly extract information, as an assistant who can perform
simple tasks for us and write simple codes, or perhaps as a machine that randomly selects
words, in a sense guided by what it have had has seen in the past - we are undoubtedly
witnessing a revolution.

In the seminar, I will discuss selected aspects of the use of modern large language models,
such as Gemini, Grok, ChatGPT, DeepSeek, and Claude. I will discuss the concept of a single
prompt and its use to generate computer code for dozens of models across computational
physics, statistical physics, computational fluid dynamics, and more. I will illustrate the
presentation with practical examples of how language models generate code for research in
computational physics with a focus and specific examples in porous media flows and
computing tortuosity.
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We investigated the nonlinear effects of gravity-driven fluid flow through a two-
dimensional, moderately low-porosity, packed bed of stubby stone grains in Darcy, and post
Darcy regimes. We focused on preferential channel formation, tortuosity, spatial distribution
of kinetic energy, and vortex formation. We show that nonlinear effects dominate at
relatively high Reynolds numbers, even though the deviation from Darcy’s law is not visible
in friction factor measurements. A backward-flow fraction captures the earliest formation
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and growth of recirculation zones; the participation number $\ pi$ increases monotonically,
indicating a progressive delocalization of kinetic energy; and tortuosity exhibits a non-
monotonous trend - initially flat/slightly decreasing, then rising in the inertial regime. The
apparent permeability decreases with Re. These results explain why friction-factor-only
indicator can obscure the onset of inertial effects in the real porous rocks with moderate
porosity, lower than of those studied previously and identify a backward flow fraction as an
early, robust indicator of recirculation. We further notice an increased asymmetry of the
flow field revealed by vorticity analysis and surprising correlation between tortuosity and
apparent permeability in the inertial flow regime, where the power-law relation holds.

Presenter: Maciej Matyka

Contribution ID: 135

Comparison of CNN and GAN-Based Super-Resolution

Methods for 3D Porous Microstructures
(MS15) Machine Learning in Porous Media

Presentation Type: Oral Presentation

Author: Rishabh Saxena (Helmut-Schmidt-Universitét - Universitidt der Bundeswehr
Hamburg), Thomas Carraro (Helmut-Schmidt-Universitit - Universitdt der Bundeswehr
Hamburg)

Co-Author:

Across a wide range of energy and engineering applications, the performance of porous
materials is strongly governed by their microstructure. In batteries, fuel cells, and hydrogen
storage systems, microstructural features control key transport pathways and thus critically
influence overall functionality. Accurate characterization therefore requires high-resolution
(HR) three-dimensional (3D) microstructural data, since transport behavior depends heavily
on fine-scale features. However, imaging methods such as focused ion beam-scanning
electron microscopy (FIB-SEM) and X-ray computed tomography (CT) are costly and time-
consuming, particularly at high spatial resolution.

To address these challenges, this work explores deep learning based super-resolution
methods for generating HR 3D microstructures from low-resolution data. We study several
super-resolution architectures, including CNN-based models (SRCNN, SRResNet, and U-
Net) and a GAN-based approach (SRGAN). These 3D models take low-resolution inputs
and reconstruct HR 3D microstructures. For comparison, we consider both geometric and
transport properties: geometric fidelity is quantified using the Structural Similarity Index
Measure (SSIM) and Peak Signal-to-Noise Ratio (PSNR), while physical fidelity is evaluated
by computing effective tortuosity and permeability via FEM solutions of the Laplace and
Stokes equations, directly linking reconstruction quality to material functionality.

Deep learning based SR outperforms nearest-neighbor, bilinear, and bicubic interpolation;
among the tested models, SRResNet best matches the ground truth in both structural and
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transport properties. SRGAN further shows that perceptual sharpness alone does not
guarantee functional accuracy. Overall, evaluation on lithium-ion battery cathode materials
indicates that deep learning models, particularly SRResNet, best preserve the key properties
required for reliable HR microstructure reconstruction.
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The development of medium to low maturity shale oil resources plays a critical role in
alleviating China’s energy supply constraints. In-situ thermal conversion is one of the most
promising recovery technologies, in which the design and optimization of heating schemes
strongly depend on the thermal conductivity of shale. However, shale exhibits complex pore
structures characterized by pronounced heterogeneity and anisotropy, which may further
evolve during heating, making the accurate determination of effective thermal conductivity
(ETC) highly challenging. Establishing quantitative relationships between pore structure
characteristics and ETC of shale is important for understanding and regulating heat transfer
during in-situ conversion processes. In this study, three physically meaningful pore
structure parameters are introduced to characterize shale pore morphology: pore shape
anisotropy (*SA*), pore distribution heterogeneity (*H*), and pore distribution anisotropy
(*DA*). Together with porosity (*¢*), these parameters constitute a parametric description
framework for shale pore structures. Based on the quartet structure generation set (QSGS)
combined with the lattice Boltzmann method (LBM), the effects of pore structure parameters
on the ETC of shale parallel and perpendicular to bedding were systematically investigated
over a porosity range of 0.05-0.2, corresponding to the porosity evolution range of shale. The
results indicate that all three pore structure parameters correlate significantly with the
anisotropic effective thermal conductivity (AETC) of shale. With increasing *SA* and *DA¥,
the thermal conductivity parallel to bedding (*kx*) increases, whereas the conductivity
perpendicular to bedding (*ky*) decreases, leading to an enhanced thermal anisotropy ratio
(TA =*kx* / *ky*). As *H* increases, the fluctuation ranges of *kx* and *ky* become broader,
and the maximum TA is further amplified. At *¢* = 0.2, increasing *SA* from 1 to 2 causes
*kx* to increase from 1.26 to 1.61 W «(m K)-1, while *ky* decreases from 1.26 to 0.86 W (m 'K)-
1, resulting in an increase of TA from 1 to approximately 1.9. Increasing *DA* from 0.4 to 1.6
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leads to an increase of *kx* from 1.05 to 1.72 W -(m K)-1 and a decrease of *ky* from 1.86 to
1.11 W (m K)-1. Moreover, increasing *H* from 0.2 to 1.6 expands the fluctuation ranges of
*kx* and *ky* from 1.10-1.42 to 0.80-1.86 W (m K)-1, with the maximum TA increasing from
1.2 to 1.8. The results further reveal a pronounced coupling effect between porosity and pore
structure parameters on shale AETC. Finally, three machine learning models are developed
using *¢*, *SA*, *DA*, and *H* as input features to predict shale AETC. All models achieve
high predictive accuracy (*R*2 > 0.93), with the random forest model performing best (*R*2
> 0.95). SHAP-based interpretability analysis indicates that when *¢* is lower than 0.1, the
AETC of shale is primarily governed by porosity, while the combined influence of pore
structure parameters accounts for approximately 50% of the effect of *¢*. In contrast, within
*e* = (0.15-0.2, adjusting *SA*, *DA*, and *H* can achieve comparable or even greater
modulation of shale thermal conductivity than changing porosity alone. These findings
provide theoretical support for the design and optimization of heating strategies in shale in-
situ conversion processes.
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Underground hydrogen storage (UHS) in geological formations is a promising method for
storing hydrogen, with cycles of hydrogen injection and withdrawal typically anticipated for
long-term development. However, the impact of local capillary trapping on the amount of
hydrogen that can be stored and recovered over the entire period remains unclear.
Furthermore, the selection of a suitable reservoir for UHS is still a subject of debate. To
address these issues, we develop a coupled level-set interface tracking and pore network
model to assess potential factors influencing UHS efficiency. Digital rock models of various
rock types are obtained using CT imaging. We then simulate two cycles of UHS in water-
saturated rocks (injection-withdrawal-injection-withdrawal) based on these digital rocks.
Pearson correlation is used to quantify the relationships between hydrogen storage volume
ratio, storage efficiency, and dimensionless pore structure parameters. Our results show that
the trapped hydrogen volume ratio is primarily correlated with pore connectivity
parameters, with little relation to connected porosity. Based on this correlation, a fitting
equation for hydrogen storage efficiency is derived, which can be easily integrated with
well-logging data to help select the most favorable formation for UHS. A comparison of

149



InterPore2026

UHS efficiency across different rock types reveals that the efficiency is often overestimated,
as the maximum hydrogen storage efficiency in our study is less than 0.8. Finally, we
conclude that sandstone reservoirs are more suitable for UHS than carbonate or shale
reservoirs.
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Understanding and controlling multiphase fluid transport across complex interfaces remain
central challenges in both natural and engineered systems. This study investigates gradient-
regulated interfacial behavior and multiphase transport governed by two distinct driving
modes: internal gradients, such as geometric and wettability variations that require no
external energy input, and external gradients, exemplified by electric fields that supply
energy to actively modify interfacial interactions. By integrating findings from bioinspired
gradient surfaces and electric-field-driven subsurface systems, this work establishes a
unified framework for understanding how to regulate interfacial transport phenomena
using different types of gradients.

In nature, hierarchical structures such as cactus spines, nepenthes peristomes, and desert
beetles utilize intrinsic gradients to achieve efficient and directional water transport.
Inspired by these biological systems, we designed a multi-gradient serial-wedge-shaped
groove (MG-SWSG) that combines geometric and wettability gradients to sustain
continuous, high-speed droplet motion. Molecular dynamics simulations and free-energy
analyses reveal that these coupled gradients fundamentally reshape the interfacial energy
landscape, eliminating junction-induced barriers and maintaining thermodynamically
favorable motion. Compared with conventional single-gradient designs, the MG-SWSG
achieves up to a sixfold increase in transport distance and a 154% enhancement in velocity,
demonstrating the effectiveness of internal gradient regulation for self-driven interfacial
flow.
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This study further extends the concept of gradient regulation to external fields, focusing on
electric-field modulation of CO2-H2O behavior in porous media. Molecular simulations and
mechanistic analyses show that electric fields reorient water dipoles and reorganize
hydrogen-bond networks, thereby enhancing CO2 dissolution, adsorption, and injectivity.
In deep saline aquifers, perpendicular electric fields reduce injection pressure by up to 40%
and increase CO: solubility by approximately 20%, offering a new strategy for improving
the efficiency and safety of geological CO2 storage.

Together, these results demonstrate that both internal gradients and external fields serve as
complementary modes of interfacial regulation. Internal gradients rely on the intrinsic
heterogeneity of surfaces to drive passive, energy-free transport, whereas external gradients
actively provide energy to overcome interfacial energy barriers and reconfigure fluid-solid
interactions. This unified framework enhances the understanding of gradient-driven
multiphase transport mechanisms and provides theoretical guidance for designing energy-
efficient systems for subsurface fluid management, CO2 sequestration, and microfluidic
applications.
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Forced evaporation of water from porous substrates is one of the oldest techniques humans
have actively used for their own purposes with historical records reaching back more than
14000 years [1]. By now drying is ubiquitous in our daily lives for which we spend
significant amount of our energy budget, be it for food preservation, inkjet printing, carbon
capture and storage or polymer synthesis. Although it seems to be a simple process, we have
only begun to understand the complexity of the underlying physical phenomena and their
intricate coupling.

Especially within the porous substrates, we have to account for the formation of interfaces
and their induced capillary suction, liquid and gas flows, localized evaporation cooling and
heat transfer as well as stress on the solid matrix with potential fracturing. Depending on
our application, transport of dissolved components and its influence on the fluid properties
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becomes significant, eventually leading to precipitation and inducing an in-situ change to
the solid matrix geometry.

To better understand those multiscale phenomena we have developed model based on
Darcy-type of flow, taking into account the relevant heat and mass transfer mechanisms.
Additionally, we introduced a simple capillary model that enables the computation of the
hydrodynamic properties of the porous media from arbitrary pore size distributions. With
this model we have investigated, how the pore space geometry and fluid properties
influence the redistribution of dissolved components throughout the drying process [2].

We also have obtained insights into the pore scale dynamics of water evaporation and film
dynamics from micro-CT and AFM experiments which shed light on the fascinating
mechanisms that control the local evaporation [3], precipitation and their coupling. We will
present our models, as well as our results and discuss the potential for future research
directions.

References:

[1] S. Bhattacharjee et. al. A critical review on drying of food materials: Recent progress and
key challenges 2024 Int. Comm. Heat and Mass T. 107863

[2] D.R. Rieder et. al. Modeling the Drying Process of Porous Catalysts: Impact of the Pore
Size Distribution 2023 I&ECR 62/46

[3] G. Wensink et. al. Spontaneous Imbibition and Evaporation in Rocks at the Nanometer
Scale 2023 Energy & Fuels 37/23

Presenter: David Rieder

Contribution ID: 141

Role of diffusiophoresis in colloidal transport through

porous media: Microfluidics experiments
(MS02) Environmental Porous Media: Water, Agriculture, and Remediation

Presentation Type: Oral Presentation

Author: Pauline Etienne (Institut des Science de la Terre d’Orléans), Cyprien Soulaine
(Institut des Science de la Terre d’Orléans), Sophie Roman (University of Orleans)

Co-Author:

The remediation of contaminated soils and groundwater is a major challenge. A promising
approach exploits colloid movement under the effect of solute concentration gradients
generated in situ by the contaminant [1]. This phenomenon, called diffusiophoresis, offers
considerable potential to direct colloids toward areas of the porous microstructure that
would otherwise be inaccessible (e.g. dead-end pores). However, diffusiophoretic transport
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in geological porous media has received very little attention to date, particularly in standard
transport models, where this phenomenon is often overlooked. In most cases, studies are
carried out on simple geometries, while the few investigations on heterogeneous geometries
are mainly based on theoretical modeling [2].

Recent progress in microfluidic experiments on simple geometries makes it possible to
identify a wide range of local behaviors, including accumulation at constrictions [3] and
penetration into dead-end features [4], [5]. As expected, the presence of a chemical gradient
significantly alters colloid behavior by enhancing mobility, modifying directionality, and
improving the ability of particles to overcome geometrical constraints.

To better understand diffusiophoretic transport in heterogeneous porous media, this study
uses microfluidic devices that replicate natural geometries such as a sandstone. These
devices provide high-resolution visualization of colloid trajectories and enable detailed
pore-scale analysis. Experiments are conducted either with or without a stable and
controlled salt gradient in the porous media. A dye whose behavior is analogous to that of
salt is included for gradient visualization. These conditions enable a systematic comparison
of polystyrene particles dynamics in the presence and absence of chemical gradient. This
approach isolates the specific contribution of diffusiophoresis. The influence of local
properties, such as pore morphology and connectivity, is examined. Measurements include
micron-sized polystyrene particles and salt concentrations distributions and particle image
velocimetry (PIV), allowing the quantification of changes in mobility, directionality, and the
ability of colloids to explore geometrically constrained regions. It is found that particle
behavior varies significantly depending on the experimental parameters used.

The influence of chemical gradients on colloid behavior is analyzed even in the presence of
strong advective fluxes, focusing on the interplay between advection, salt diffusion, and
particle diffusiophoretic mobility. The salt concentration gradient induces measurable
changes in particle trajectories. These observations highlight the importance of
diffusiophoresis in understanding and predicting colloid transport in heterogeneous porous
structures, complementing purely hydrodynamic mechanisms.
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Water scarcity is an escalating global concern, making the reuse of wastewater a critical
strategy to alleviate stress on natural resources. This thesis introduces a balanced approach
to water management using pinch analysis, emphasizing that cooling water demand is
equally important as energy demand, especially for inland regions where externalities are
significant. This perspective is particularly relevant for Kazakhstan - a dry, landlocked
nation facing exacerbated water scarcity due to climate change. A notable example is the
recent severe reduction in the flow of the Zhayik River in the Atyrau region, which has
intensified water shortages and prompted the government to revise water policies urgently.

Produced water is so called byproduct from the oil and gas production, typically trapped
within underground formations alongside oil and gas. This water often contains a mix of
naturally occurring substances, such as salts and minerals. It is one the largest streams of
wastewater extracted during the oil and gas production [1], [2]. According to statistical data,
over 70 billion barrels of produced water were generated annually in 2009, with the United
States alone responsible for discharging 21 billion barrels [3], [4]. For instance, during the
natural gas production 80% of the residual and waste is considered to be a produced water.
By contrast, the volume of produced water generated from fossil fuel extraction is 98% [5].
Globally, the ratio of water to oil is 3:1, meaning for every barrel of oil produced, three
barrels of water are generated, necessitating substantial efforts to treat and responsibly
dispose of the large volumes of the water [6], [7]. Therefore, treating produced water has a
potential to be converted into useful water source such as irrigation, household and even
potable water.

Polymer membranes are widely utilised for produced water treatment; however, challenges
such as flux decline and membrane fouling continue to limit their effectiveness. In this
study, a novel composite polyethersulfone (PES) membrane with enhanced hydrophilicity
and mechanical strength was developed. The membrane was fabricated by incorporating
polyvinylpyrrolidone (PVP) into the PES matrix using a combination of electrospinning and
wet phase inversion techniques. The resulting composite membrane demonstrated
significantly improved hydrophilic properties, achieving a water contact angle of 68.04 +
2.07°, alongside superior mechanical stability. Moreover, it exhibited excellent oil rejection
performance, reaching 98.2%. These findings suggest that the electrospun-phase inverted
PES/PVP composite membrane holds strong potential for high-performance produced
water treatment applications, offering both durability and efficiency.

Presenter: Akmaral Karamergenova
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Underground gas storage involves periods of injection, production, and storage. During
storage periods, the pressure equilibrates and the brine can become locally supersaturated
with the gas. In addition, macro-scale rock heterogeneity leads to strong spatial variability in
gas saturation, with localized zones of high gas saturation. To investigate pore-scale
dynamics during storage under supersaturated conditions and in the presence of macro-
scale heterogeneity, we conducted microfluidic storage experiments where macroscale
heterogeneity was mimicked by connecting the chip outlet to a small gas reservoir.
Experiments were performed for several pre-equilibrated gas/water systems (CO$_2$,
H$_25%, and N$_2$%). For the CO$_2$ experiments, a pH indicator was added to the water to
visualize the concentration of dissolved gas. Our results show that for all studied gas/water
systems, even slight supersaturation led to gas exsolution. This process locally depleted the
water from gas, generating concentration gradients and leading to diffusive transport of
dissolved gas from the outlet towards the inlet. This diffusive transport sustained continued
exsolution at the inlet, leading to the formation of a pressure gradient and resulting in
multiphase flow toward the outlet. However, the observed flow behavior differs between
different gases: exsolved H$_2$ invades the porous media in a smooth way, while invasion
via exsolved CO$_2$ happens much earlier and in bursts. These experiments show that, in
contrast to homogeneous systems where Ostwald ripening drives redistribution,
heterogeneous systems exhibit more complex redistribution behavior during storage.
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With growing concerns over climate change, the transition to a low-carbon economy and
renewable energy systems has become imperative. Ammonia, as a carbon-free energy carrier
with more favorable storage and transport properties than hydrogen, has emerged as a
promising option in this transition. Given the environmental implications of subsurface
ammonia storage in water-saturated environments, understanding ammonia transport and
its interaction with water is critical. The reaction between anhydrous ammonia and water
produces aqua-ammonia, which contaminates and depletes water resources. In this study,
we conducted pore-scale simulations to investigate the reactive transport of ammonia. The
analysis encompassed the average occurrence of reactions within the porous medium,
breakthrough curves of ion species (NH+" and OH"), pH variations, and dispersion
coefficient calculations. A parametric sensitivity analysis was performed for four key
variables: temperature, pressure, Henry’s constant (mixing factor), and flow velocity.
Results show that increases in temperature, flow velocity, and Henry’s constant reduce the
average occurrence of reactions, whereas increasing pressure intensifies reactions and
accelerates aqua-ammonia formation. The influence of parameters on cumulative NH4" and
OH production, ranked from strongest to weakest, is: Henry’s constant, flow velocity,
temperature, and pressure —highlighting the dominant role of phase-transfer properties and
hydrodynamic conditions in controlling reactive transport. Higher flow velocities also
caused earlier breakthrough, with important implications for storage system design. Because
temperature and pressure exert opposing effects on reaction intensity —and both typically
increase with depth —identifying an optimal injection depth is necessary to balance
pressure-driven enhancement of reaction rates against temperature-driven attenuation of
reaction occurrence. Overall, the findings suggest that controlling phase-transfer and
hydrodynamic parameters, particularly Henry’s constant and flow velocity, is critical for
managing subsurface water contamination in porous media.
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With the growing importance of subsurface storage for clean fuels, hydrogen and ammonia
have been proposed as promising candidates —hydrogen as a clean fuel and ammonia as a
carbon-free energy carrier. A key concern, however, lies in the geochemical reactions that
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may occur between these injected fluids and host rocks in the presence of an aqueous phase.
In particular, reactions with calcite can lead to carbonate dissolution and the formation of
secondary phases such as CO.. Understanding these processes is essential for evaluating the
long-term impacts of fluid injection into porous media and for optimizing energy storage
systems. This study explicitly models surface-reaction kinetics at the pore-scale, addressing
a critical knowledge gap regarding the suitability of carbonate formations for subsurface
ammonia or hydrogen storage. Hydro-chemical simulations were performed to investigate
interactions between ammonia/hydrogen and calcite. Numerical experiments focused on a
single calcite grain exposed, in two separate scenarios, to continuous aqua-ammonia flow
and to continuous dissolved hydrogen flow. Results indicate that, under identical boundary
and hydrodynamic conditions, the grain-hydrogen system undergoes substantially more
aggressive dissolution than the grain-ammonia system. This contrast arises from differing
local chemical environments: in the ammonia-water system, strong alkaline conditions (pH
~ 11-12) develop, which suppress reaction rates and slow calcite dissolution, whereas in the
water-hydrogen system, pH remains below 7, creating a more acidic environment that
accelerates dissolution. A sensitivity analysis of ammonia injection rate further revealed
that, although total calcite volume loss remains limited within the explored parameter
range, higher injection rates lead to measurable increases in dissolution and associated
microstructural changes.
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Underground hydrogen storage has been recognized as a viable solution to address
renewable energy intermittency and climate change challenges. Depending on geothermal
gradient and reservoir depth, the reservoir temperature may vary significantly. Temperature
strongly influences the thermophysical properties of rock and fluid system. Consequently,
temperature is expected to play a critical role in underground hydrogen storage
performance. However, pore-scale investigations that explicitly examine temperature effects
under injection and production conditions remain limited, introducing uncertainty in
predicting storage efficiency and recovery. In this study, direct pore-scale simulations were
conducted under varying temperature conditions to investigate two-phase hydrogen-water
flow behavior during drainage and imbibition processes. The influence of temperature and
injection rate on thermophysical properties, flow regimes, and storage performance was
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systematically analyzed. Results show that increasing temperature from 300 to 420 K
enhances the capillary number, leading to more efficient displacement and up to ~10%
improvement in hydrogen storage capacity. Under water-wet conditions, capillary numbers
ranging from 6.75x1077 to 1.12x10~> were observed, with temperature-induced transitions
between capillary displacement and viscous fingering. Recovery factors between 79% and
95% were achieved across injection and production scenarios; however, no clear trend
between recovery factor and temperature was identified. These findings suggest that
reservoir temperature should be carefully considered in site selection.
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In the context of green chemistry, the ongoing search for alternative green solvents remains
a key area of research. Given that aqueous solutions in nature typically occur in confined
spaces, such as in stone or clay, the study of aqueous solutions in small confinement is
particularly intriguing. Additionally, the concept of binary water-hydrotrope solutions is of
particular interest. Hydrotropes are amphiphilic organic molecules that significantly
enhance the solubility of non-polar compounds in water. While they serve a similar phase-
modulating role as surfactants, hydrotropes are generally much shorter in chain length and
do not form micelles.[1] Alkanediamines, with ethylenediamine (EDA) being the most
commonly studied representative, well-known for its CO2 capture capabilities and use as
ligand in coordination chemistry. Numerous studies have been conducted on the behaviour
of confined water[2] [3] [4] and its binary solutions with other compounds, such as salts or
alcohols.[5] [6] [7] In contrast, the aqueous solutions of alkanediamines have yet to be
extensively studied.

To investigate the bulk phase behaviour of aqueous alkanediamine solutions, we performed
differential scanning calorimetry (DSC) measurements on the bulk solutions. While our DSC
measurements of the bulk systems yielded consistent and clear results, the complex phase
behaviour of binary diamine-water solutions remained ambiguous. Recent wide-angle X-ray
scattering (WAXS) measurements have suggested the presence of multiple coexisting
phases, which appear to be dependent on both temperature and system composition.
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Furthermore, spectroscopic approaches agree with these findings. Of particular interest is
the interplay between different types of phenomena, such as thermal and structural
transformations, as well as thermodynamic effects. These include glass transitions, the
depression of a substance’s melting point when another is introduced, and observable phase
separations during cooling. Based on the bulk phase behaviour of the solutions, even more
intriguing phase behaviour is anticipated for aqueous alkanediamine solutions in
confinement, ranging from melting point depression to suppressed phase separation and
crystallization. This aspect is primarily studied using DSC, with a variety of mesoporous
host materials, such as SBA-15 and MCM-41silica as well as periodic mesoporous
organosilicas (PMOs). This methodological approach allows for the investigation of how
pore size and surface chemistry influence phase behaviour in confinement.
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The need to increase experimental throughput and support time-resolved imaging of
dynamic laboratory experiments motivates the reduction of acquisition time in X-ray
microtomography. However, faster acquisitions inevitably lead to lower signal-to-noise
ratios, since fewer photons contribute to each projection, resulting in reconstructions with
increased noise levels and degraded structural definition. This limitation can be mitigated
using deep learning methods trained on paired acquisitions of the same sample obtained
under different exposure times.

In the acquisition protocol adopted here, scans of 2 minutes and 35 seconds (fast) and 60
minutes (long) were performed sequentially on each rock plug without removing or
repositioning the sample in the scanner, ensuring spatial alignment between acquisitions. In
this setting, the fast scan provides a noisy representation of the sample, while the long scan
serves as the target image, forming well-defined input-target pairs for supervised learning
in which fast acquisitions encode acquisition-related noise and artifacts and long
acquisitions define the desired reconstruction quality. Microtomography data for both
exposure times were acquired using a VTomex M system (Baker Hughes). The fast
acquisition employed timing = 50, average =1, and skip = 0, whereas the long reference
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acquisition applied timing = 100, average = 40, and skip = 1. In both time configurations, the
number of two-dimensional projections was kept constant to enable paired datasets. Because
the number of projections is a key factor for reconstructed volume quality, higher values are
desirable. To achieve a fixed total of 801 projections under the fast setting, the acquisition
parameters were adjusted. The fast acquisition employed timing = 50, average =1, and skip
= 0, whereas the long reference acquisition applied timing = 100, average = 40, and skip = 1.
The X-ray source operated with energies between 140-150 keV and tube currents in the
range of 220-250 pA.

Based on these paired datasets, a supervised machine learning approach was applied to a set
of 12 Brazilian carbonate plug samples. The model was trained to map the two-dimensional
projections from the fast acquisition to the corresponding projections from the long
acquisition. Operating directly in the projection domain is advantageous since it avoid
compounding artifacts introduced in the reconstruction step, as our goal is to reduce
acquisition noise. To assess generalization, a leave-one-out validation strategy was adopted.
In each iteration, projections slices from 11 samples were used for training, while no slice
from the remaining sample was included in the training set. The held-out sample, unseen
during training, was reserved exclusively for evaluation. This process was repeated until all
samples had been used once as test cases.

Model performance was evaluated on the reconstructed volume obtained from the network-
generated projections. Reconstruction used the same acquisition parameters as the fast
scans. The leave-one-out validation strategy captured variability across samples, reflecting
the heterogeneity of carbonate rocks. Quantitative signal-to-noise metrics showed consistent
improvements over fast acquisitions, with reconstructed volumes closer to the long-
exposure reference and exhibiting a more concentrated grayscale range, although some
smoothing and blurring were observed.
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The success of subsurface hydrogen storage depends not only on where injected gas
migrates, but how fast it equilibrates with formation water — a process critical for pressure
stabilization, containment assessment, and long-term safety. Here, we demonstrate that local
injection rate, a controllable operational parameter, exerts non-local control over system-
scale chemical equilibration: higher rates accelerate hydrogen dissolution and shorten shut-
in stabilization time, whereas lower rates prolong non-equilibrium. Pore-scale simulations
reveal this counterintuitive behavior stems from injection-rate-dependent gas-water
interfacial area generation — a mechanism invisible to continuum models that assume static
capillary relationships. Our findings identify injection-driven interfacial dynamics as a key
lever for predicting and managing equilibration times in underground hydrogen storage.
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An oil droplet suspended in a surfactant solution can undergo micellar solubilization at its
interface when the surfactant concentration exceeds the critical micelle concentration,
thereby enabling autonomous propulsion; such droplets are referred to as chemically active
droplets. The self-propulsion of an active droplet is governed by the nonlinear coupling
among chemical transport in the bulk, surfactant consumption at the droplet surface, and
fluid flow driven by self-generated Marangoni stresses. To quantify the underlying
hydrodynamics, we investigate the swimming motion of a two-dimensional active droplet.
By varying the Peclet number, $Pe$, we distinguish four droplet behaviors: stationary,
steady, periodic, and chaotic. We perform a weakly nonlinear analysis to predict the onset of
instability associated with the spontaneous transition from a stationary state to steady self-
propulsion. Near this instability threshold $Pe_{1c}$, the droplet undergoes a supercritical
bifurcation with velocity $U \sim \sqrt{Pe - Pe_{1c}}$. Subsequently, we conduct a global
linear stability analysis to identify the onset of the second instability, which induces the
transition from steady to periodic motion. Stresslet calculations show that the droplet
behaves as a puller in the steady regime but periodically switches between pusher and
puller behavior in the periodic regime.
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Moisture transfers in clayey soils or earthen construction materials play an essential role on
the integrity of the structures and the regulation of humidity of the environment.
Concentrated clay systems are nanoporous materials through which moisture transfers can
involve vapor or liquid water transport. Here, with the help of NMR relaxometry and MRI
allowing to distinguish the different liquid populations in the medium, we provide a
detailed description of the different stages of extraction of water from a compacted clay
sample during drying. Free water is extracted first at a constant rate, driven by capillary
effects. In the next stage the moisture transport results from the flow of adsorbed water
tilms, along with vapor transport through the porosity and exchanges between the two
populations, a scheme somewhat similar to that presented for cellulosic materials [1]. We
show that the transport diffusion coefficient of the adsorbed water films alone may be
determined through drying experiments of the sample with its porosity filled with oil, while
the water vapor diffusion coefficient may be determined from the permeability to ethanol
vapor (i.e., with limited interactions with the solid phase). The total moisture transport can
then be described by a diffusion equation with a diffusion coefficient depending on these
two coefficients and the sorption curve. This model, relying on parameters determined from
independent tests, finally appears to well describe the characteristics of standard drying
tests. The tools developed in this work can be generalized to any solid clayey system, the
main parameters of the model varying with the porosity and clay type.

Reference

[1] Y. Zou, B. Maillet, L. Brochard, and P. Coussot, Unveiling moisture transport
mechanisms in cellulosic materials: Vapor vs. bound water, PNAS nexus 3, pgad450 (2024)
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In this work we introduce a new pore-scale model for investigating particulate transport in
porous media. This model is able to capture particle-particle interactions that has a big
impact on the particulate motion in dense suspensions. Fines and colloidal particles
including clay, iron oxides and bacteria are ubiquitous in subsurface flow. These elements
have numerous applications, for example, the injection of nanoirons is foreseen to remediate
contaminated groundwater. The aim of our work is to simulate the transport of these
colloidal particles in complex porous media. Our model relies on a Euler-Euler approach
that describes the suspension as two inter-penetrated continua -- one for the carrier fluid and
one for the solid particles -- that exchange momentum through interphase coupling. Unlike
Euler-Lagrange approach that resolves all particle-particle and particle-wall interactions,
including collisions, electrostatic forces, Van der Waals forces, and others, Euler-Euler
approach uses constitutive models. For example, non-Newtonian viscosity models can
represent these interactions and the overall mechanical behavior of the suspension (plastic,
elastic, viscoelastic). We have implemented the rheology model proposed by Boyer et al.
(2011) for dense suspensions. It consists in an effective shear viscosity and a normal particle
pressure. The model accounts for the particles and the suspension compressibility. Using
this framework, we investigate the conditions for clogging one single-pore including the
effects of particle-to-throat diameter ratio, particle concentration, pore geometry, and flow
rates. We further apply the model to heterogeneous porous geometries to quantify the
evolution of permeability-porosity relationships during particle transport and retention. The
insights provided by this pore-scale model improve our understanding of physical clogging
mechanisms and can guide subsurface engineering applications, including the mitigation of
permeability decline near wellbores and the design of more effective remediation strategies
for contaminants trapped by capillary forces within the pore space.
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The hydrogen carrier ammonia is a potential replacement for carbon-based fuels. Ammonia
can be stored and transported with minor modification in the existing infrastructure, thus
providing a potential storage solution for $\rm H_2$ as a fuel [1]. Direct combustion of
$\rm NH_3$ is attractive for energy conversion. However, low laminar burning velocity,
high $\rm NO_x$ emissions, and high toxicity make combustion of $\rm NH_3%
challenging [2]. A viable solution is found in porous media combustion (PMC), where heat
recirculation within the solid matrix improves flame stability [3]. Heat transfer from the
reaction zone to the upstream $\ rm NH_3$-air mixture can accelerate $\rm H_2$
production from dehydrogenation of ammonia and simultaneously reduce $\rm NO_x$
emissions. The physics of PMC can be investigated in detail by performing direct pore-level
simulations (DPLS) with complex combustion kinetics and detailed transport models. The
objective of this work is to investigate the NH3 dehydrogenation in PMC and its effect on
flame stabilisation. Given the high computational cost of DPLS, the solid phase is not
resolved in this work. The thermal effects of the solid matrix are implemented as a
temperature boundary condition and the solid temperature data is extracted from reduced-
order volume-averaged simulations (VAS). In-house solvers [4][5] are used for DPLS and
VAS. The two-zone porous burner comprises of an upstream distributor to laminarise the
flow and a downstream 15 PPI (pore per inch) SiSiC porous layer. In the computational
domain for DPLS, the fuel/air distributor is resolved as channels and the porous geometry
is extruded using the snapyHexMesh tool in OpenFOAM. Three operating conditions for
equivalence ratios $\ phi=0.9,1.0,1.1$ and a burner thermal load $P=0.25 \rm MW /m"2$ are
analysed. The flame structure and production rate of $\rm H_2$ for $\ phi=0.9$ are shown
in Fig. 1. The ratio $c=Y_{\rm H_2 O}/Y_{\rm H_2 O,burnt}$ defines the progress variable,
where $Y$ is the mass fraction. High solid temperatures near the channel outlets and
selected geometrical properties of two zones cause the flame to stabilise near the interface
between the distributor and the porous layer. Individual flames are visible over each
channel and flame penetration is governed by flame-wall interaction as well as local
geometry of the porous structure. The consumption of $\rm NH_3$ is accompanied by
$\rm H_2$ production. It can also be observed that the downstream combustion process
$(c>0.93)$ is dominated by $\rm H_2$ produced from ammonia dehydrogenation, which
expands the combustion zone as a consequence.
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Microbial induced carbonate precipitation (MICP) using Sporosarcina pasteurii has
promising applications in soil stabilization and sustainable construction materials. MICP
applications typically rely on freshly cultivated bacteria, although their storage stability is
limited, as both urease activity and biomass decline within weeks (Erdmann et al. 2022;
Mehring et al. 2021). The drying of bacterial cells for long-term storage and subsequent use
after reactivation is common in various fields, such as for lactic acid bacteria in the food
industry. Therefore, bacterial cells are dried using various methods, including freeze-drying
or fluidized bed drying, either with or without using cryoprotectants such as maltodextrin,
as applied in the present study (Hanisch et al. 2025). The organism S. pasteurii DSM33 was
cultivated in bioreactors, subsequently prepared by centrifugation and used for freeze-
drying or fluidized bed drying, with or without 15 % (w/w) maltodextrin as a protectant.
After drying, the cell viability for each drying method was assessed by determining colony-
forming units (CFUs). The dried bacterial cells were then stored under different conditions
(room temperature, 4 °C, or 20 °C) for 92 days, with weekly measurements of urease activity.
To evaluate whether the dried cells remained suitable for MICP applications, sand columns
were prepared using the dried cells and compared to a freshly cultivated culture to assess
the increase in column strength, based on the method according to Hanisch et al. 2024. Both
drying methods produced powders that showed measurable urease activity, with freeze-
dried samples with maltodextrin showing the highest viability (~21% relative to fresh
culture). Storage of all dried bacterial cells at —20 °C proved most effective, resulting in a
maximum urease activity loss of 22.63 % compared to the activity immediately after drying.
Without maltodextrin as a cryoprotectant, the decline in urease activity during storage was
slightly higher. All dried powders increased the uniaxial compressive strength of quartz
sand columns through MICP, with values of up to ~10.8 N/mm? obtained using freeze-dried
material, which were higher than those achieved with fluidized bed dried powders and
comparable to the liquid culture controls. The results demonstrate that both drying
approaches enable long-term storage of S. pasteurii, and that maltodextrin can improve
stability and reactivation potential. These findings support the practical feasability of dried
S. pasteurii for scalable, field-ready MICP applications in civil and geoengineering contexts.

Erdmann, Niklas et al. (2022): Sporosarcina pasteurii can be used to print a layer of calcium
carbonate. In: Engineering in life sciences 22 (12), S. 760-768. DOI: 10.1002/ elsc.202100074.

Hanisch, Patrick et al. (2025): Impact of drying methods and storage conditions on the
reactivation of Sporosarcina pasteurii for microbial induced carbonate precipitation. In:
Front. Mater. 12, Artikel 1616486. DOI: 10.3389/fmats.2025.1616486.

Hanisch, Patrick et al. (2024): The effect of different additives on bacteria adsorption,
compressive strength and ammonia removal for MICP. In: Environ Earth Sci 83 (22). DOL:
10.1007/512665-024-11929-z.

Mehring, A. et al. (2021): A simple and low-cost resazurin assay for vitality assessment
across species. In: Journal of biotechnology 333, S. 63-66. DOI: 10.1016/j.jbiotec.2021.04.010.
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Polymer solutions are widely employed to regulate flow behavior in porous media and
thereby enable fine control of multiphase displacement in systems such as energy
production, materials shaping and chemical processing. However, continuous polymer
injection often suffers from high injection pressure, large chemical consumption and strong
adsorption, which has motivated the development of polymer-water slug strategies as a
more efficient and economical way to control non-Newtonian multiphase flows. Existing
studies have mainly relied on numerical simulations and macroscopic displacement
experiments, and a pore-scale, visual understanding of how these processes affect
operational efficiency and the trapping and remobilization of the displaced phase remains
limited.

In this work, we conduct pore-scale water-polymer-post-water slug displacement
experiments on a microfluidic platform and synthesize a fluorescently labeled
polyacrylamide to enable in situ visualization of the polymer phase. The porous structure is
a numerically reconstructed dual-permeability medium in which strong preferential flow
develops in the high-permeability region, making the sweep enhancement induced by the
polymer slug in the low-permeability region directly observable. Topological analysis of the
displaced phase shows that, at relatively high capillary number (Ca), viscoelastic oscillations
of the polymer phase cause a large amount of displaced fluid to remain trapped inside pores
as droplets, a behavior further confirmed by comparison with non-viscoelastic glycerol
solutions used as a Newtonian reference. In addition, we observe that the reduction in the
size of trapped clusters during polymer-slug displacement becomes more pronounced
under lower Ca conditions. By combining pressure-drop measurements with spatiotemporal
fluorescence mapping of polymer concentration, we find that, at low Ca, both the temporal
fluctuations and spatial heterogeneity of polymer concentration are substantially amplified.
This trend is consistent with the evolution of trapped clusters, indicating that, under low-Ca
conditions, cluster breakup and the associated improvement in displacement performance
are primarily governed by the spatiotemporal fluctuations of polymer concentration.

To further quantify these phenomena, we perform miscible water-polymer displacement
experiments in capillary tubes and use fluorescence intensity to determine the polymer
concentration. By comparing the experimentally measured mixing length with theoretical
predictions, we show that macromolecular Taylor dispersion of the polymer, together with
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miscible viscous fingering, jointly generates a more disordered concentration field at low
flow rates. Together, the experiments and analysis guide the design of polymer slug length
and injection conditions and establish a microfluidic framework for optimizing pore-scale
multiphase non-Newtonian flows in complex porous media.
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Foam is a valuable tool for maximizing CO2 sweep in subsurface applications. Maximizing
sweep increases capillary and solution trapping of CO2 in carbon sequestration and
maximizes oil recovery in combined sequestration/enhanced oil recovery applications
(Rossen et al., 2024), which improves the economics of the sequestration process. Long-
distance CO2-foam propagation is essential for maximizing CO2 sweep. Long-distance
propagation is challenging at the low velocities and low pressure gradients deep in a
reservoir (Ashoori et al., 2012). We apply a multi-diameter coreflood method (left figure) to
evaluate long-distance foam propagation. This technique allows determination of critical
conditions governing CO2-foam propagation in terms of minimum pressure gradients and
velocity thresholds needed for foam generation, mobilization and stability maintenance (Yu
et al., 2020). We also quantify the correlations between foam-propagation thresholds and
influential factors for prediction of field behavior.

A multi-diameter coreflood approach allows determining the thresholds for foam
generation, propagation and stability in place in different steps in the three sections of the
core, following a particular injection-velocity sequence (Yu et al., 2020). In an increasing, or
decreasing, velocity sequence, the sudden abrupt increase, or drop, in pressure gradient in
one of the core sections indicates the critical pressure gradient and velocity required for
foam generation, propagation or maintaining stability (right figure).

Foam propagation results from two processes: mobilizing bubbles behind the
displacement front and bubble generation at the front, needed to compensate for bubble
collapse there (Ashoori et al., 2012). Published data for N2 foam show that long-distance N2-
foam propagation at deep reservoir velocity and pressure-gradient conditions is extremely
challenging (Yu et al., 2020). This is because the minimum pressure gradient needed for N2
foam mobilization, e.g. 33 bar/m in a 2.5-darcy Bentheimer core (right figure), and higher in
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lower-permeability formations, is not attainable far from an injection well. We find CO2-
foam propagation is much easier. In a 1052-mD core, the minimum pressure gradient
needed for CO2 foam generation is only 0.06 bar/m (easily attainable throughout a
formation). The minimum for foam propagation is still problematic: 4.1 bar/m.

However, our data show that the minimum pressure gradients required for CO2
foam generation and propagation are strongly affected by surfactant type. A surfactant that
reduces CO2-brine surface tension is expected to reduce the critical thresholds needed for
foam generation and propagation. This would provide a direction for manipulating CO2
foam generation and mobilization conditions to improve its long-distance propagation deep
into reservoirs.

The multi-diameter coreflood approach provides a technique for evaluating field-
scale long-distance foam propagation in the lab. This approach can be used to determine the
critical velocity and pressure-gradient conditions for foam generation, propagation and
stability maintenance. The measured quantitative critical thresholds reduce the uncertainty
in the prediction of CO2-foam propagation distance. The finding that a low-tension
surfactant reduces the foam-propagation thresholds provides a way for extending CO2-
foam propagation for its deep applications in enhanced oil recovery.
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Geological storage of CO: in deep saline aquifers is a widely recognized strategy for
mitigating atmospheric CO: emissions. When dry CO: is injected, water vaporizes into the
CO: stream, increasing brine salinity. Once the solubility limit is exceeded, halite
precipitates -primarily near the wellbore-reducing porosity and permeability, which can
impair injectivity and compromise storage efficiency.

In previous work (Perez-Perez and Berthelot, 2025), we investigated the interplay between
injection rate, water vaporization, and capillary backflow on halite precipitation during
continuous CO: injection. High-resolution thermal-compositional simulations revealed that
low injection rates enhance capillary-driven brine backflow, promoting salt accumulation
and significant permeability reduction near the wellbore. Conversely, higher injection rates
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limit brine supply and reduce salt deposition. Gravity effects further induce non-uniform
salt distribution, concentrating injectivity loss in specific well sections.

Previous studies (Ogundipe and Mackay, 2024; Khosravi et al., 2024; Landa-Marbén et al.,
2024) have examined intermittent CO: injection, a scenario particularly relevant for CCS
projects facing fluctuating CO: supply or operational constraints. These works emphasize
the importance of high-resolution, multi-physics modeling and tailored injection strategies
to mitigate formation damage and maintain injectivity under such conditions. Building on
this, our recent study (Perez-Perez and Berthelot, 2025) investigated halite precipitation
during short intermittent injection (weekly basis) in a North Sea aquifer (salinity: 49 g/L),
accounting for spontaneous imbibition during shut-in periods. Simulation results revealed
that capillary forces govern brine re-wetting of dry-out zones, which in turn influences salt
dissolution and re-precipitation during intermittent CO: injection. Furthermore, the analysis
indicated an overall injectivity loss of approximately 6% after one year of short intermittent
cycles with a yearly target rate of IMTPA and low salinity.

In this work, we extend the analysis to short intermittent injection scenarios across salinities
ranging from 50 to 300 g/L. Each intermittent cycle consisted of a 7-day injection period at
an average rate of 1 MTPA over one year. Injectivity indices were computed and compared
against corresponding cases without salt precipitation, as well as continuous injection
scenarios.

Results indicate that normalized injectivity loss becomes significant at salinities above 150
g/ L and strongly correlates with injection rate. Below 150 g/L, short intermittent and
continuous injection exhibit similar impairment. At a concentration of 300 g/L, continuous
injection produced a markedly higher impairment (90%) relative to intermittent injection
with extended shut-in (73%). This difference arises because continuous injection maintains a
lower rate, whereas intermittent injection -with extended shut-in- results in a higher average
rate.

To assess precipitation risk under varying salinity and injection velocities, we applied a
dimensionless Capillary number (Ca). At high Ca, salt deposition is limited to the brine’s
initial salt content, whereas at very low Ca, capillary forces dominate, causing solid
saturation to increase and permeability ratio (k/ko) to decrease near the wellbore. Figure 1
illustrates these trends. A similar curve for the injectivity index vs Ca will be presented. This
approach provides a practical framework for predicting injectivity impairment and
optimizing injection strategies under varying reservoir conditions, offering valuable
guidance for CCS project design and operational planning.
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Accurate modelling of fluid flow in multi-scale porous media, such as carbonate rocks, is
hindered by the inherent trade-off between the field of view and the resolution in imaging
technologies, complicating the characterization of pore structures across multiple length
scales. Microporosity phases or unresolved regions on 3D X-ray computed tomography
(micro-CT) images contain nanometer-scale pore throat structures that can be fully resolved
in scanning electron microscopy (SEM) images where only 2D information is available. To
address this multi-scale imaging challenge, deep learning models have been developed to
enhance the image resolution of 3D micro-CT images using information from SEM images.
However, it remains unclear whether statistics derived from 2D rock cross-sections are
sufficient to enable high-fidelity 3D digital rock modelling of heterogeneous and anisotropic
samples. Furthermore, there is no established methodology for selecting and preparing rock
samples for high-resolution imaging that ensures representative and uncertainty-aware
digital rock models.

In this study, we utilize a data assimilation technique to develop a powerful image-based
digital rock modelling framework for heterogeneous carbonate rocks and to guide optimal
sample preparation for subsequent high-resolution imaging. Permeability and porosity for
two 6 mm mini-plugs from different carbonate rock types were experimentally measured
and imaged under X-ray micro-CT (voxel size 3 pm) and SEM (voxel size 0.5 pm). First, we
implemented a deep learning super-resolution algorithm to build a high-resolution 3D
digital rock model using the acquired images. Subsequently, we utilized the ensemble
smoother with multiple data assimilation (ESMDA) algorithm to constrain and assess the
uncertainty of each microporosity phase property. Specifically, a conditional GAN (cGAN)
model coupled with our open-source eXtensive Pore Modeling XPM

(https:/ / github.com/dp-69/xpm) simulator enables efficient memory management during
ESMDA regression. Compared to pure image-based deep learning algorithms, the
developed ESMDA-assisted digital rock modelling achieves better accuracy when validated
against experimental measurements and unseen SEM images. More importantly, the
uncertainty estimates of each microporosity phase properties obtained during ESMDA
regression can be leveraged to identify phases requiring further data acquisition, thereby
optimizing the subsequent sample preparation strategies. Herein, our proposed workflow
provides a viable option for high-fidelity digital rock modelling of multi-scale carbonate
rocks.
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Ammonia is a promising fuel for zero-carbon energy storage, transport, and conversion.
However, its application in combustion systems is challenging due to high NO$_x$
emissions and low flame stability. Both challenges are addressed here by utilizing
combustion within porous inert media (PIM) to stabilize the flame and by employing a
distributed, non-premixed combustion mode to reduce NO$_x$ formation. The work is
conducted in close collaboration between experimental and numerical combustion science as
well as additive manufacturing.

Non-premixed NH$_3$/air combustion is systematically investigated using three
complementary burner configurations. A counterflow burner (1D model burner) provides
fundamental validation of reaction mechanisms, showing good agreement between
measured extinction strain rates, chemiluminescence signals, and predictions using the
Konnov chemical kinetic mechanism. An optically accessible, heated slot burner (2D model
burner) [1] is used to study the influence of boundary conditions, demonstrating that
sufficient residence time and elevated wall temperatures can yield negligible NH$_3$ slip
under globally stoichiometric non-premixed conditions. Additively manufactured materials
are evaluated for their suitability in ammonia combustion environments. Finally, a porous
inert media burner is employed to analyze distributed, non-premixed NH$_3$ combustion,
revealing stable operation with pure NH$_3$/air across a wide operating range ($0.25-0.76$
$\ text{MW m$"{-2}$}$, $\ Phi = 0.7-1.3%) and porous-media temperatures up to $1722~

\ text{K}$.

Across all operating points, non-premixed operation is found to reduce NOx emissions by
about one order of magnitude compared to premixed operation. Although unburned
NH$_3$ levels increase, the lowest combined NO$_x$ + NH$_3$ emissions remain
substantially lower in the non-premixed case ($143~\ text{ppmv}$ vs. $415~\ text{ppmv}$),
while N$_2$0 stays below $40~\ text{ppmv}$. Noteably, the minimum emissions in non-
premixed operation are achieved under practically relevant lean conditions, whereas the
lowest emissions in premixed operation occur only under rich conditions. Complementary
simulations capture these trends and indicate that H$_2$ formed via NH$_3$
dehydrogenation in the non-premixed configuration contributes to the observed NO$_x$
reduction.

These findings demonstrate that distributed, non-premixed combustion in PIM enables
stable, low-emission ammonia combustion and provides a promising strategy for future
burner development. Numerical tools such as the volume-averaged simulation (VAS)
framework [3] support the selection of operating regimes and tailored burner
configurations, while additive manufacturing offers robust Al$_2$0$_3$-based structures
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and future potential for optimized 3D-printed gyroid geometries tailored for improved gas
distribution, heat recirculation, and material resistance.
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Smectite-rich fault zones play a central role in controlling the mechanical behavior of
shallow plate boundaries, where the transition between seismic and aseismic slip remains
poorly understood. The frictional and rheological properties of smectite are strongly
governed by the hydration state of its interlayer space. Classical thermodynamic and
geochemical models generally assume equality between confining pressure and pore fluid
pressure, leading to the conclusion that smectite remains fully hydrated (3W) at depth.
However, faults are porous, stressed systems in which these pressures are decoupled,
potentially allowing hydration transitions with major mechanical consequences.

In this work, we develop a multiscale framework linking nanoscale hydration
thermodynamics to the mechanical response of smectite under shear. First, molecular
dynamics simulations of Na-montmorillonite are performed under controlled water activity,
allowing spontaneous access to all stable and metastable hydration states (0OW-3W).
Pressure-basal spacing isotherms are constructed and integrated to derive the swelling
grand potential, enabling a rigorous stability analysis. This approach reveals hydration
phase transitions and metastable states that emerge when confining and pore pressures are
independently controlled, consistent with recent XRD observations on compacted clays.
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Based on these results, an analytical swelling model is developed and calibrated on
molecular simulation data. The model reproduces the full hydration phase diagram and
provides an efficient tool to predict hydration transitions along coupled mechanical and
chemical loading paths.

We then investigate the shear response of hydrated smectite using molecular dynamics
simulations initialized from fully equilibrated swelling states (1W, 2W, and 3W). Simple
shear deformation is applied in the XZ plane under realistic temperatures, pore water
pressures, and confining pressures representative of shallow fault zones. Shear stresses are
analyzed using block-averaging techniques to account for thermal fluctuations. The results
reveal systematic shear-thinning behavior across all hydration states, with a clear strength
hierarchy such that 1W systems exhibit the highest resistance to shear, followed by 2W and
3W. Increasing interlayer water content leads to reduced shear stress and apparent viscosity,
indicating enhanced lubrication and facilitated sliding. Temperature increase further
promotes mechanical weakening through thermal softening. Within the explored stress
range, the shear response shows weak sensitivity to confining and water pressures. No
resolvable yield stress is detected within the investigated shear-rate window, suggesting a
dominantly viscous to viscoplastic response.

Together, these results provide a consistent multiscale picture in which hydration state
governs both swelling thermodynamics and shear rheology, offering new insights into how
nanoscale hydration mechanisms may control fault weakening, creep, and the seismic
versus aseismic behavior of smectite-rich faults.
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CO2 foam improves sweep efficiency in carbon capture and storage (CCS) processes (Rossen
et al., 2024). Improved sweep increases capillary and solubility trapping of CO2, reducing
stress on overburden, and, in combined CCS and EOR processes, increases oil recovery,
improving CCS process economics. Foam in most field applications is used as a means for
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mobility control for fluid diversion, but it is rarely studied as a direct displacing agent (Lake
et al., 2014; Li, 2016). We evaluate the feasibility of miscible CO2 foam as an oil-displacing
agent and quantify its stability and mobility in the presence of miscible oil. We also seek to
interpret the mechanisms of complex miscible CO2 foam-oil interactions for better control
and optimization of miscible CO2 foam displacement.

The transient changes in fluid saturations with position and time in a coreflood make
it difficult to quantify foam-oil interactions and foam properties in porous media as a
function of local conditions. We use steady-state corefloods with foam and oil co-injected at
miscible conditions. The oil is premixed with CO2 at miscible conditions and then co-
injected with aqueous foaming agent to generate foam in situ. Steady-state pressure
gradients are measured to quantify the properties of miscible CO2 foam with oil and reveal
the interaction mechanisms between the two.

We first examine CO2 foam flow without oil as a function of surfactant concentration
(Cs). The results suggest the existence of two limits for the effect of Cs: a lower-limit below
which CO2 foam cannot be sustained and an upper-limit above which further increase in Cs
does not enhance foam stability or strength (apparent viscosity). We find that in the
presence of miscible oil, CO2 foam is not destroyed completely but still has a strength of 20 -
35 cp in a 98 mD core. This supports the feasibility of using miscible CO2 foam as a direct
displacing agent. In addition, the interactions between miscible CO2 foam and oil are very
different from immiscible foam. Miscible oil does not destroy CO2 foam stability, but does
affect its strength. This may be a result of miscibility leading to multi-component gas and
miscible oil interacting with both interfaces on a foam film, instead of one interface as with
immiscible oil (see figure). Also, oil exhibits a non-monotonic effect on miscible CO2 foam
strength. With increasing oil mole fraction in the CO2-oil mixture, foam strength declines,
but it increases at high oil mole fraction. In this regime the distinction between foam and
emulsion might become blurred.

The success of miscible CO2 foam displacement depends on the effectiveness of foam
mobility control in contact with miscible oil. This study demonstrates the stability and
apparent viscosity of miscible CO2 foam with oil. These data also reveal the impact of
miscible oil on foam properties, and interaction mechanisms between the two. These
findings provide a useful guide for field-scale analysis and optimization of miscible CO2
foam applications in enhanced oil recovery.
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CO2 foam improves sweep efficiency in carbon capture and storage (CCS) processes (Rossen
et al.,, 2024). Improved sweep increases capillary and solubility trapping of CO2, reducing
stress on overburden. In combined CCS and EOR processes, foam improves oil recovery and
process economics, making CCS more attractive. Many applications of foam for CCS would
be in high-temperature, high-salinity (HTHS) reservoirs.

Stabilization of CO2 foam by surfactants in HTHS reservoirs has been a long-
standing challenge (Xue et al., 2015). We have developed effective formulations based on
synergistic effects of particular nanoparticles and surfactants for CO2-foam stabilization at
HTHS. We investigate the mechanisms of nanoparticles for enhancing foam-film stability via
their dispersion in foam films. We verify the effectiveness of nanoparticle-enhanced CO2
foam for mobility control as a function of nanoparticle type, surfactant type and foam
quality (gas volume fraction).

Bulk foam-column tests are used first to quickly screen potentially promising
nanoparticles and surfactants based on foam half-life at HTHS conditions (1200/C, 200 bar).
Those formulations that give a half-life above 20 minutes are selected for further imaging
and coreflood analysis. We use fast-freezing and a high-resolution Cryo-SEM scanner to
image the dispersion structure of nanoparticles on and inside the gas-liquid interface. Then
different formulations are investigated in steady-state corefloods. The measured pressure
gradient reflects the properties of nanoparticle-enhanced CO2 foam and impacts of
nanoparticle and surfactant on foam stability and strength.

We found it difficult to stabilize CO2 foam at HTHS with nanoparticles alone.
Nanoparticles alone have difficulty absorbing on gas-liquid interfaces due to their high
adsorption energy. Most surfactants tested hardly stabilized CO2 foam, except for two
amine-based surfactants we call S1 and S2. The addition of nanoparticles enhanced CO2-
foam stability only when a surfactant itself exhibited some foam-stabilizing ability. S1 and
S2 were then selected for the study of synergistic effects with nanoparticles.

Cryo-SEM imaging reveals the dispersion structure of nanoparticles on foam films.
The results reveal 3D-network structures formed via crosslinking of nanoparticles. The
formation of the 3D network is driven by nanoparticle-nanoparticle charge interactions, also
crucial to nanoparticle-stabilized emulsions (Chevalier & Bolzinger, 2013). The steady-state
coreflood tests demonstrate that the combination of clay or silica nanoparticles with S1 or S2
achieves a foam apparent viscosity of 7 - 16 cp in the absence of oil. Compared with oil (0.3 -
0.4 cp), water (0.4 to 0.5 cp) and CO2 (0.034 cp) viscosities at the reservoir conditions, the
foaming formulations identified could provide sufficient mobility control for deep fluid
diversion. Further tests are needed to demonstrate the effectiveness of the formulations in
the presence of oil.

Development of nanoparticle-enhanced formulations for CO2-foam stabilization is a
crucial step toward field application of foam under harsh reservoir conditions. The
formulations identified do not have the limitations of surfactants at HTHS. The
nanoparticle-enhanced foam provides a more effective technique for deep fluid diversion in
enhanced oil recovery in HTHS reservoirs. The revealed mechanisms of nanoparticles for
stabilizing foam films provide a guide for screening effective nanoparticles and surfactants
for CO2-foam stabilization.
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Pore-scale geometry and wettability control front stability, viscous fingering, and bypassed
oil during CO2 flooding. To enable a systematic, factor-coupled comparison, we use pore-
scale simulations to contrast immiscible and miscible CO2 displacement of a model oil (C10)
and to identify the dominant controls on pattern formation and recovery. At a fixed injection
velocity of 0.005 m/s, we vary pore length scale, packing topology, and contact angle.
Immiscible cases are simulated at 6 MPa and 25 °C, and outcomes are quantified using
recovery-time curves and phase-evolution metrics. With the same geometries and boundary
conditions, we configure miscible cases to assess regime-driven changes in stability and
recovery. In immiscible displacement, packing topology is the primary control on sweep:
honeycomb packings achieve the highest recovery with a more distributed invasion (~55%-
80%), regular packings are intermediate (=35 %-60%), and random packings promote
preferential channeling and bypass (<32%-38%). Wettability effects are non-monotonic and
coupled to pore length: in regular packings, 90° is favorable at 50-75 pm, whereas 135°
becomes favorable at 100 pm, indicating a geometry-dependent shift in the optimal
wettability state. Under otherwise identical conditions, miscible displacement exhibits a
more stable front and higher recovery, and becomes less sensitive to unfavorable topology
and wettability, consistent with a reduced mobility contrast and suppressed fingering. These
findings provide a comparative framework for linking pore-scale descriptors to effective
sweep behavior, with direct relevance to microfluidic pore-network design and

sensitivity /upscaling analyses for CO2-EOR/CCUS processes.
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For decades, multiple studies have focused on test methods to characterize the permeability
of fabrics (in plane and transverse permeabilities), both numerically and experimentally [1],
[2]. Experimental micro- and macro-models for the characterization of flow in porous media
have also been widely studied by the geology community [3], with major applications in gas
and petroleum extraction. Nevertheless, despite the fine characterization of fabrics and
minerals permeability performed over years, no consensus have been found to properly
relate experimental measurements to numerical fluid flow simulations in porous media,
principally due to the high variability associated to the materials morphologies and the
difficulty to compare the boundary conditions.

To bridge the existing gap between experimental and numerical permeability
measurements, we propose to step back to controlled porous media with less variability
than fibre-reinforced composites. Similar to Bodaghi *et al.* who adopted model structures
for calibrating their permeability setup [4], we aim to extend this protocol with comparison
between experimental results and fluid flow numerical simulations. Our study focuses on
gyroid structures (see Fig. 1.b) which present several advantages: (1) the periodicity enables
to simulate only one unit cell of the structure, (2) the geometry is tunable (allowing for
variation in wall thickness, volume fraction, amplitude and frequency of the gyroid) and (3)
it is achievable with additive manufacturing processes. A brief presentation of the numerical
and experimental methodologies is given and finally discussed.

The numerical study is divided in two approach : Finite elements and FFT simulations of
flows modelled by the Stokes equations. (see results Fig. 1.a). A monolithic approach is used
to solve the Stokes finite element problem with a mixed velocity-pressure formulation. This
stabilized formulation is based on an unstructured mesh made up of tetrahedral elements of
the unit cell poral space. On the other hand, the FFT is based on the voxel description of the
gyroids. Different boundary conditions and mesh/voxel refinement levels can then be taken
into account. The experimental permeability setup is presented in Baral *et al.* [5] and
illustrated in Fig. 1.c. The pressure delta resulting from the liquid flowing through the 3D
structure is measured with a pressure sensor located upstream of the sample. The flow rate
is derived from the pressure increase due to the fluid column height, allowing the
calculation of saturated permeability in the porous medium.

This study presents a comparative analysis of permeability obtained from fused deposition
modelling (FDM) and selective laser melting (SLM) samples, coupled with finite elements
and FFT simulations of fluid flow. The results will be discussed based on the experimental
surface quality (topography and roughness parameters) as well as the numerical boundary
conditions, as they may affect the macroscopic permeability estimation.
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Clay is a challenging material in dredging due to its complex soil properties, high plasticity,
and stickiness. It sticks to the equipment (Winkelman, 2025b) and forms clay balls in the
pipeline (Boor,2004). Which leads to unpredictable production rates and increased
downtime (PIANC,2016). With the growing demand for construction materials in
infrastructure, clay can be an alternative for liners, fillers, and base layers in civil
engineering (Koster,2009). However, to make beneficial use of clay, the operational
challenges in handling must be mitigated (Hoff,2012).

. Additionally, predicting the required forces and power for cutting clay is difficult, making
equipment selection a high-risk decision (CEDA /IADC,2018). The aim of this research is to
improve equipment performance in clay and enable contractors to work efficiently with
clay. (Winkelman, 2024). Our experiments validated existing clay cutting models, showing
that the cutting process can transition between continuous and discontinuous modes
depending on dimensionless parameter combinations for soil conditions (e.g. adhesion and
cohesion) and operational settings (e.g. blade length and cutting depth). This transition
significantly influences the magnitude of power required. Furthermore, changes in the
direction of cutting forces perpendicular to the movement can cause cuttings to become
trapped between the blades, resulting in cutter head clogging.

To investigate the transition in cutting behaviour as a result of blade angle, blade length,
cutting velocity, and cutting depth, a soil bin test was conducted using a series of linear
experiments with a single blade (Winkelman,2025a). The blade dimensions match those of a
real cutter tooth, eliminating the need for scaling. The soil bin was designed with the same
width as the blade to ensure a two-dimensional flow pattern (Hatamura,1975). For our
experiments, a homogeneous, well-defined artisan clay was used, characterized by a
cohesion between 34 and 73.5kPa and a plasticity-index of 17.33%. Adhesion and external
friction were modified using different tool materials. Reaction forces were recorded in
horizontal, vertical, and rotational directions and transformed into cutting forces at the
blade tip. Cameras captured both top and side views. A grid pattern was printed on the
specimen’s side to visualize deformations and deformation rates, which were analysed
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using PIVlab®. These observations were compared to CFD simulations employing a
Herschel-Bulkley model.

Our research demonstrates that internal and external friction play a significant role in
cutting behaviour and cannot be neglected, as current cutting models do (Miedema,2014).
Incorporating these forces into predictive models will significantly improve production
estimations. While the Herschel-Bulkley CFD model shows promising predictive capability,
discrepancies remain between required input conditions for the simulation and actual test
conditions. Adhesion, in particular, is challenging to model but can be accounted for
through improved approaches. Once these refinements are integrated into production
estimation models and used to improve the design of the cutter. Reduction of cutter head
clogging, dredging projects involving clay can become a viable and cost-effective alternative
to traditional sand-based constructions.
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Due to its ease of access and low investment cost, additive manufacturing (AM) is now a
technology widely used in diverse fields. This technology has opened up a vast range of
possibilities on different levels such as an extended product life, shortened value chains,
improved resource efficiency, and made the production of customised products accessible.

In this study, a novel approach using AM to generate electrically conductive porous media
for electrochemical applications is described. The AM technique used here is called fused
deposition modelling (FDM) which consists of the extrusion of material through a nozzle,
which is deposited in successive layers to create a 3D object.

The 3D printed parts can be used in different electrochemical devices, such as the gas
diffusion layer in fuel cells or in redox flow batteries.
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Microfluidic chips are increasingly used to study microbial processes at the pore scale due to
their optical accessibility, low cost, and experimental controllability. However, the diversity
of available microfluidic platforms raises critical questions regarding their suitability for
investigating anaerobic microbial reactions relevant to subsurface energy storage. In this
study, we systematically evaluate three different microfluidic chip types for microbial
experiments, using hydrogen-driven sulfate reduction as a representative case study. The
sulfate-reducing bacterium *Oleidesulfovibrio alaskensis* G20, an anaerobe capable of using
hydrogen as an electron donor to produce sulfide, was selected as a model organism
relevant to underground hydrogen storage [1]. Experiments were conducted in (i) silicon-
glass microfluidic chips, (ii) polymer-based ibidi microchips, and (iii) natural-rock
micromodels fabricated from sandstone, each offering distinct advantages and limitations.

Silicon microfluidic chips allow operation under elevated pressures (up to 150 bar) and
temperatures representative of reservoir conditions [2]. Their gas-impermeable materials
facilitate stable anaerobic environments and enable quantitative studies of hydrogen
consumption, biofilm-induced bioclogging, wettability changes , and flow alterations
through image analysis [3]. However, their highly idealized pore geometries and surface
properties differ significantly from natural rocks, potentially biasing interpretations, and the
thick glass cover limits in situ Raman spectroscopic analysis. Ibidi microchips operate at
atmospheric pressure but are well suited for coupling with confocal microscopy and Raman
spectroscopy. Using a stage-top incubator under continuous nitrogen flushing, microbial
activity, biofilm development, and sulfate reduction processes were monitored under
controlled anaerobic and thermal conditions [4]. In contrast, natural-rock micromodels
incorporate realistic mineralogy, surface roughness, and grain-scale heterogeneity while
preserving pore-scale optical access [5]. Their main limitations include hydrogen leakage
due to bonding constraints and potential microbial inhibition caused by epoxy-based sealing
materials.

By combining these three complementary microfluidic platforms with optical, confocal, and
Raman-based techniques, this work provides a methodological framework for selecting and
integrating micromodels to investigate bio-geochemical processes relevant to underground
hydrogen storage at the pore scale.

Presenter: Na LIU
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The Research Center of Multiphase Flow in Porous Media (Center for Short) has established
itself as a leading institution in multiphase flow in porous media. Its foundation is closely
tied to the journey of Professor Jun Yao. His academic path, culminating in a Ph.D., led him
to focus on oil and gas flow in reservoirs, driven by a fascination with the complex flow
phenomena in subsurface reservoirs and a belief in its potential to revolutionize recovery
efficiency.

The center's development has progressed through distinct phases. It embarked on its
journey (1990-1999) marked by excellence in well test analysis and software development.
The following decade (2000-2009) was a period of consolidating research directions. During
this decade, research focused on digital rock modeling, fractured-vuggy and unconventional
reservoir simulation, and well-test analysis, etc. This groundwork paved the way for the
next stage (2010-2019), which witnessed the systematic construction of a modern theoretical
framework for oil and gas flow in the porous media, significantly elevating the center's
reputation. Since 2020, the center has been advancing into frontiers such as extreme flow
mechanics and actively strengthening the integration of flow science with artificial
intelligence.

Integrating scientific research with education, the center has seamlessly cultivated
outstanding talent. Its principal achievements include the development of widely applied
professional software, authoritative textbooks and monographs, and groundbreaking
theoretical and technological breakthroughs in areas like digital rock and fractured reservoir
modeling. These contributions have been recognized with prestigious Chinese national
awards and have provided crucial theoretical and technical support for enhancing oil and
gas recovery in China, ensuring the center remains at the forefront of its field. Prof. Jun Yao
is one of the few scholars in the world recognized by both SPE Honorary Membership and
the InterPore Lifetime Achievement Medal.
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Understanding the multiscale pore structure of high-porosity sandstone is essential for
accurately modeling subsurface fluid transport. In this study, two sandstone cores (YS1 and
YS2) were imaged using X-ray computed tomography (CT) at three voxel resolutions (50.8
pm, 21.6 pm, and 12 pm) to quantify scale-dependent pore morphology and its impact on
permeability estimation. Across resolutions, we evaluated porosity, pore size distribution,
pore-shape roughness, and fractal dimensions to characterize pore complexity and spatial
heterogeneity. CT resolution strongly controls apparent pore visibility and connectivity.
When the voxel size increases from 21.6 pm to 50.8 pm, total porosity drops markedly from
0.077/0.078 to 0.014/0.017 for YS1/YS2, respectively, indicating substantial loss of
microporosity at coarse resolution. At 12 pm, connected pore volume fractions reach 10.37%
(YS1-S) and 9.40% (YS2-S), close to total porosities of 12.64% and 12.23%, suggesting near-
percolating pore networks at the finest scale. Consistently, pore-network modeling (PNM) is
feasible only at 12 pm and yields absolute permeabilities of 1.94x10-12 m2 (YS1-S) and
3.65%x10-12 m2 (YS2-S). To enable permeability quantification in under-resolved volumes
where global percolation is absent (21.6 pm and 50.8 pm), we propose a local connectivity,
sliding-layer approach. The CT volume is decomposed into overlapping three-slice unit
layers; locally continuous pore segments within each unit are used to estimate layer
permeability via simplified Hagen-Poiseuille assumptions, and bulk permeability is
obtained through harmonic aggregation. The proposed method produces permeability
estimates of 2.93x10-12 m2 (YS1-L), 2.76x10-12 m2 (YS1-M), 4.88x10-12 m2 (YS2-L), and
2.75x10-12 m2 (YS2-M), thereby bridging the resolution gap where conventional PNM fails.
Although simulated permeabilities remain higher than laboratory gas permeability
measurements, the framework provides a scalable pathway linking multiscale structure
descriptors to flow estimation under realistic connectivity constraints, with implications for
digital rock physics and upscaling.
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Accurate image-based characterization of pore structure and permeability is often limited by
the trade-off between field of view and resolution. To quantify how image resolution
systematically biases pore metrics in dense sandstone, we construct a true-physical
multiscale dataset by repeatedly scanning the same fixed surface region with scanning
electron microscopy (SEM) and spatial correspondence across scales. Structural images were
acquired at three pixel sizes: S1 (0.1 pm/ pixel), S4 (0.05 pm/ pixel), and S16 (0.025

pm/ pixel), where the higher-resolution images tile the same physical area covered at lower
resolution. A unified image-processing pipeline (denoising, contrast enhancement, and Yen
adaptive thresholding) was applied to extract porosity, pore size distribution (PSD), pore-
boundary roughness, fractal dimension, and permeability. As resolution increases, fine
pores and boundary details become progressively resolved, leading to a clear increase in the
identified porosity from 4.6% (S1) to 5.55% (54) and 6.31% (S16). The PSD shifts toward
smaller pores and becomes narrower at higher resolution, consistent with the decomposition
of “artificially merged” pores observed in coarse images into multiple micropores at finer
pixel sizes. Roughness and fractal dimension increase with resolution, indicating enhanced
sensitivity to pore-boundary complexity and local heterogeneity. Permeability was
estimated from the image-derived PSD under a capillary-bundle assumption using the
Hagen-Poiseuille relation with porosity-based tortuosity correction. The inferred
permeability decreases from 2.34x10-17 m2 (S1) to 1.77x10-17 m2 (S4) and 1.72x10-17 m2
(S16), with the magnitude of decrease diminishing at finer resolution, suggesting that overall
permeability becomes effectively captured beyond a resolution threshold around 0.05

pm/ pixel for this sample. The high-resolution estimates are in good agreement with the
measured gas permeability (1.85%10-17 m2), supporting the reliability of the workflow when
an appropriate resolution is selected. Overall, this study provides a physically registered
multiscale SEM framework to quantify resolution-induced bias in pore statistics and
permeability estimation, offering practical guidance for resolution selection in digital,
image-based seepage analyses of dense sandstones.
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Guar gum fracturing fluid and slickwater fracturing fluid are currently two main types of
water-based fracturing fluid systems in China. Aiming to achieve precise control over the
viscosity and gel-breaking timing of the fracturing fluids, this study systematically describes
a novel approach using thermo-responsive nanocapsules to precisely control the release of
two main cargo components in porous media ,Cr®" gelation agents and ammonium
persulfate breakers. The nanocapsules were successfully prepared via controlled
nanoprecipitation of hydrophobic polymers (poly(methyl methacrylate), PMMA) onto stable
aqueous cargo nanodroplets. These stable aqueous nanodroplets were obtained through
inverse miniemulsions stabilized by the oil-soluble surfactants Span® 80 and Pluronic® P-
123. The nanoprecipitation was triggered by heating the mixture to 50°C, which led to
solvent evaporation and the precipitation of PMMA at the interface of the aqueous droplets
to form the shells. Pluronic® P-123 was introduced both to stabilize the inverse
miniemulsion and to enhance the precipitation efficiency of the shell polymer during the
fabrication process. The resulting nanocapsules showed a size range of 210.2 to 816.3 nm,
depending on the type and content of the cargo feed. Gelation and breaking tests in 100pm-
sized channels indicated that the thermos-responsiveness of Pluronic® P-123, rather than the
diffusion kinetics of PMMA, dominated the release rate. This property can be leveraged to
shorten the release interval time.
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Organic-clay composite nanoporous media play critical roles in unconventional oil/ gas
extraction, geological carbon sequestration, underground hydrogen storage, and nuclear
waste disposal. However, the changing patterns of the pore structure and fluid distribution
of organic clay complexes under the influence of organic-inorganic composition, fluid
content, and pressure remain unclear. In this study, flexible shale nanoporous models with
varying kerogen-montmorillonite ratios were constructed. We evaluated how organic-
inorganic composition, fluid content, and pressure collectively govern pore structure and
fluid distribution. Our results show that increasing inorganic content promotes mesopore
formation while reducing micropores and surface-area-to-pore-volume ratios, except in pure
organic systems. In the latter, kerogen self-aggregation suppresses micropore development
compared to composite systems containing minor clay fractions. A higher inorganic content
increases the free phase proportion, improving recovery potential, while pure organic
systems exhibit slightly less adsorbed fluid than composites with trace inorganic content.
Fluid content exerts a stronger influence on pore structure and fluid distribution than
pressure. Decreasing fluid content or increasing pressure diminishes mesopores but
enhances micropores and surface-area-to-pore-volume ratios. The sensitivity of pore
structure changes to fluid variations is more pronounced in organic-rich systems. Reducing
fluid content elevates the adsorbed phase proportion, particularly in organic-rich systems,
and simultaneously deteriorates pore connectivity, thereby hindering extraction. In pure
inorganic systems, collapsed clay inter-layer pores squeeze adsorbed oil into isolated free
clusters that appear mobile but remain trapped and difficult to produce. Higher pressure
minimally affects fluid distribution but enhances reservoir energy, benefiting extraction.
This work provides molecular-level insights into pore structure and fluid behavior in
organic-clay composites.
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Accurate forecasting of well production is critical for managing shale gas development, yet
remains challenging because of multiscale heterogeneity, strong geological-engineering
coupling and complex flow regimes in ultra tight, multi porosity media. Here we develop a
multi scale, Al enabled workflow that integrates digital rock physics, geological and
engineering descriptors, and field production time series to predict well level production
dynamics in hydraulically fractured horizontal wells. High resolution digital core images are
processed with deep learning-based image analysis to efficiently extract pore and throat
scale properties, including porosity, permeability and pore network connectivity at micro to
nano scale. A supervised upscaling model then maps these digital rock derived features
onto horizontal well segments, yielding digitally constrained static reservoir properties for
the target intervals. In parallel, 24 macroscopic geological and engineering parameters are
selected to capture large scale controls on flow. The digital rock descriptors and macro scale
geo engineering parameters are jointly fused with field production time series within a
hybrid deep learning framework, in which multi scale static features condition the temporal
encoder to introduce physics informed constraints into data driven forecasting. Application
to a shale gas field case demonstrates that the proposed method outperforms conventional
decline curve analysis and purely data driven models in predicting production dynamics,
delivering higher accuracy and more reliable guidance for production management. The
results highlight that digital rock physics can serve not only for fine scale petrophysical
characterization, but also as high dimensional, high information static descriptors for
production forecasting, providing a practical pathway to bridge pore scale imaging with
tield scale shale gas development and optimized production strategies.
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The shale gas revolution has underscored a critical requirement for accurate production
forecasting to guide resource management and economic planning. However, the complex
physical processes in shale formations render traditional numerical simulations inadequate.
Here, we present a hybrid artificial intelligence model that synergizes a BERT-based
architecture for capturing nonlinear temporal dependencies with Lasso regression for
feature selection. Trained on a comprehensive dataset comprises approximately 100,000 data
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points collected from 78 wells that integrates static geological parameters with dynamic
production profiles, our framework is further constrained by physical laws to ensure
predictive robustness and interpretability. The model achieves a predictive Average
accuracy of R2 = 0.80, significantly surpassing conventional deep learning benchmarks. By
leveraging SHAP value analysis, we decode the model's decision-making process to identify
key drivers of production, enabling the data-driven optimization of hydraulic fracturing
parameters. A subsequent net present value (NPV) assessment demonstrates that this
approach can substantially enhance recovery factors and economic returns during the early
design phase of development projects. Our work establishes a generalizable, Al-powered
paradigm for optimizing extraction strategies in complex subsurface energy systems.
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Density-driven convection enhances the carbon dissolution rate, which is significant for the
geological carbon storage. This process will also influence the spatiotemporal pH and carbon
concentration of the underground fluid. To illuminate the convection mechanism, it is
critical to understand the evolution of those properties within the porous media. However,
determining the spatiotemporal pH and concentration within porous media is always
challenging.

This study employed a combination of three pH indicators that can track a wide range in pH
from 4 to 9.5 in a convection experiment. Furthermore, we compared three image-processing
techniques —Hue, gray-difference, and angular representation of

RGB($\ mathbf{(\ phi,\ theta)}$) — for quantifying color changes from the universal

$\ text{pH}$ indicator arising from the carbon convection. The characterized colors were
mapped into pH by calibrating against benchmark solutions. The comparative results
demonstrate that the color quantified by the Hue technique is most robust, showing
invariance to fluid thickness, camera settings, and LED luminance. In the convection
experiments, it produces a more complete, continuous spatial distribution of pH and
concentration level in the system. In contrast, the $\ mathbf{(\ phi,\ theta)}$ and gray-
difference techniques were more sensitive to environmental variations. They also have
significant limitations for $\ text{pH}$ interpolation in the critical range due to their non-
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monotonic calibration paths. Although all methods ultimately produced similar estimates of
total dissolved carbon, the Hue technique offers greater stability and universality for high-
resolution, dynamic measurements of pH and carbon concentration in the convection
experiments.

Keywords: Density-driven convection, geological carbon storage, convection experiment,
porous media, image processing, spatiotemporal carbon concentration.
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The growing awareness of environmental issues is driving the printing industry towards the
use of water-based inks. These type of inks typically contain water, cosolvents, surfactants,
pigments and polymeric particles [1]. To optimize the print quality, a thorough
understanding of the transport of all ink components in thin porous media is needed. A lot
of research on surfactants in porous media has been done [2], [3], [4]. However, these studies
show that the effect of surfactants is highly dependent on the specific surfactants - substrate
combination and is still poorly understood.

It is challenging to measure liquid uptake inside paper because it requires high spatial and
temporal resolutions. An ultra-fast NMR-based imaging technique [5] (figure 1) was
therefore developed for this purpose.

To study the transport of surfactant solutions through the porous medium, spatially
dependent liquid distributions are followed over time. Figure 2 shows the average NMR
signal inside unsized uncoated paper, which is a measure for the moisture content, over
time for solutions with different concentrations of sodium dodecyl sulfate (SDS). From these
measurements, it is concluded that the surfactant concentration does not influence the
penetration speed in the thickness direction. Nevertheless, differences in wetting and lateral
penetration are observed at the top surface. The latter two processes happen on a larger time
scale compared to penetration in the thickness direction. It is suggested that adsorption of
surfactants on the medium does not happen om the timescale of liquid penetration or
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adsorption causes immediate surfactant depletion. In both cases, this may result in
negligible effects of surfactant concentration on the penetration speed.
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This work, carried out within the GeoSafe consortium, combines laboratory measurements,
imaging, and numerical modelling to demonstrate how pore-scale simulations can constrain
upscaling parameters - particularly dispersivity - for continuum-scale reactive transport
models. The Digital Rock Physics (DRP)-informed workflow, implemented in our open-
source code GeoChemFoam (https:// github.com/GeoChemFoam), is applicable to any rock
with a suitable CT-image, but is illustrated here for clay-rich rocks.

Clay-rich subsurface rocks are prime host rock candidates for the safe isolation of
radioactive waste, due to their low permeability, high sorption capacity, and heterogeneous
pore structure. Predicting reactive transport in such materials, however, remains challenging
since pore-scale heterogeneities and coupled physicochemical processes strongly influence
contaminant migration. Accurate large-scale transport prediction requires numerical models
that correctly upscale the pore-scale physics into effective medium properties that
characterise the system.

By comparing experimental data with model predictions, we illustrate where simplistic 1D
models fall short and demonstrate how a DRP-informed workflow enhances our ability to
predict what we measure. We begin with advective flow-through experiments in a
reaggregated rock sample to measure fluorescein breakthrough, followed by batch sorption
experiments to determine the distribution coefficient, $K_D$. One-dimensional PHREEQC
reactive transport simulations employing a linear sorption model and the experimentally
determined $K_D$ reproduce the overall effluent concentrations reasonably well, yet a
persistent mismatch suggests the influence of dispersion - a key parameter in modelling
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contaminant and radionuclide migration. The challenge here is that dispersivity is a
geometry-specific property and generally unknown *a priori*.

We utilise GeoChemFoam to compute the dispersivity of the sample, by solving a closure
problem within a micro-CT image dataset. Incorporating this DRP-informed dispersivity
into the PHREEQC model yields excellent agreement with the experimental breakthrough
curve. Under these conditions, we show that DRP-informed upscaling enables us to
reproduce experimental breakthrough without the need for parameter tuning. We also
illustrate how GeoChemFoam can be leveraged to complement the experimental dataset by
simulating different conditions such as varying flowrates. In conclusion, DRP effectively
links experiments and models, determining upscaling parameters for input to field-scale
models relevant to safety assessments.
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Dynamics and interactions of particles and particle-like matter in porous media are crucial
to diverse contexts from natural and industrial processes to biological phenomena. Yet,
attempts to understand particle transport have largely focused on idealized colloidal
dynamics considering otherwise pure colloid-fluid-surface interactions. Meanwhile,
transport of particle-like matter in complex systems often exhibits patterns distinct from
classical colloidal retention, such as the filamentous flow-shaped streamer structures in
biofilm systems with rich extracellular substances. In this study, motivated by an
unexpected observation of “anomalous” particle retention with highly purified water, we
show that even trace levels of impurities, here macromolecules, in nominally clean water can
profoundly reshape particle behavior and induce significant clogging in confined flow
systems. The rapid particle accumulation in the form of streamers deviates from classical
colloidal interactions, indicating the role of barely detectable, surface-active substances that
accumulate on obstacle surfaces in the flow. The origin of particle trapping is established by
introducing various additives into strictly clean water in a controlled manner. We identify
the quantitative criteria for the formation and stabilization of streamer structures across
varying geometric and flow conditions, and demonstrate the significance of both fluid shear
and adhesion kinetics. We further show that subtle differences in water quality can cause
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catastrophic clogging in complex media, and propose strategies for mitigation of particle
retention. Our findings not only provide a new perspective on particle retention across a
wide range of materials-handling scenarios, but also advance understanding of streamer
formation mechanisms as concerned in biofilm systems, with broad implications for
contaminant detection and water quality assessment.
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Spontaneous nanoparticle adsorption from suspension has emerged as a promising
approach for tuning wettability, particularly in natural systems where direct manipulation
of surface textures is challenging. However, whether and how such spontaneous adsorption
on solid surfaces enables robust modification of wettability remains debated. Here, we
report a series of studies on nanoparticle-induced wettability alteration across scales
through microscopic characterizations, microfluidic experiments, and modeling.

At the interfacial scale, we present a comprehensive description of particle size effects on
changing wettability under varying electrolyte concentrations and surface charge
conditions, revealing a nonmonotonic dependence of apparent wettability on particle size in
the presence of particle-wall and interparticle repulsive barriers. Through coupling
macroscopic geometric effects of adsorbed particles on apparent wettability and microscopic
adsorption-desorption kinetics, our modeling results fit well with experimental
observations. We construct a phase diagram that incorporates two key factors governing the
competition between adsorption and desorption kinetics, and formulate a comprehensive
dimensionless number to quantitatively predict the optimal conditions for wettability
alteration.

Motivated by striking contrasts in static wettability under different phase configurations, we
further identify the criterion for nanoparticle-induced wettability alteration during
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displacement. We find that nanoparticle adsorption affects displacement interfaces only
when spreading of wetting films is pre-established, corresponding to corner-flow
conditions. Microfluidic displacement experiments under varying intrinsic wettability show
that film development and nonaqueous droplet detachment are strengthened exclusively on
moderately water-wet surfaces satisfying the corner-flow criterion. Investigations across
designed porous structures with varying degrees of structural hierarchy validate the
generality of the wettability criterion, while improvement in displacement efficiency
diminishes with reduced hierarchy. The coupled impacts of intrinsic wettability and
structural conditions are summarized in an illustrative phase diagram delineating
nanoparticle-tuned multiphase displacement.

These findings offer optimized treatment strategies for surface property modification and
multiphase flow control by nanoparticle suspensions, applicable to broad scenarios
including geological and living systems.
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Swelling is a fundamental process in natural systems and industrial applications,
characterized by the volumetric expansion of materials due to the absorption of fluid.
Swelling in polymeric gels, a classical problem in soft matter,$"{1,2}$ has received renewed
attention in the case of hydrogels.$"{3,4}$ Hydrogels are three-dimensional (3D) networks of
hydrophilic polymer chains that can absorb and retain a large amount of water or biological
fluids while remaining insoluble and their swelling kinetics depend on both the mass
transport of the absorbate as well as the deformation and elastic properties of the absorbent
(gel network). The extremely large (but reversible) volume changes experienced by the
hydrogel beads during swelling can result in complex shapes and the development of
surface patterns.$"{5-8}$This is the result of the coexistence at early times of an inner dry
core with high polymer volume fraction and an outer shell wetted by the penetrating
solution. These surface instabilities could dramatically impact the interactions of the gel with
the surrounding environment and, therefore their understanding is critical when tailoring
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gels for specific application fields. For example, instabilities could significantly impact the
gel adhesive properties.$"{9,10}$

This study examines the swelling kinetics of polyacrylamide hydrogel beads in aqueous
glycerin solutions of different concentrations. The total absorbed mass of the hydrogel beads
remains nearly constant, independent of glycerin concentration, but the swelling process is
markedly slower with increasing glycerin in the aqueous solutions. Absorption capacity
curves exhibit universal kinetics when time proportional to the viscosity of the solutions.
Additionally, using a simple laser imaging technique, we tracked the evolution of a dry core
and a hydrated shell, along with the transient formation of surface patterns.

The evolution of the core-shell structure indicates a constant front velocity. By making the
time non-dimensional with a characteristic swelling time that considers material properties
of the gels and the viscosity of the solution, results in the collapse of the swelling curves into
a universal behavior. This suggests that the leading effect of changing the concentration of
glycerin in solution is to slow down the swelling kinetics due to an increase in the viscosity
of the solution and the corresponding decrease in Darcy’s velocity inside the gels.

Simultaneously, we investigated the onset of surface the instabilities that appears during
swelling. Our observations show a consistent transition from wrinkles to a labyrinthlike
morphology, characterized by both a decrease in the number of lobules and an increase in
their characteristic wavelength. Notably, we find that the instability wavelength scales with
the geometry of the hydrated shell, independent of glycerin concentration. When time is
rescaled with a characteristic poroelastic time, both number of lobules and wavelength from
all concentrations collapse onto a universal curve, highlighting that solution viscosity
primarily delays the onset of instability without altering its geometric nature.
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Particle transport and retention in porous media are governed by a complex interplay
between fluid dynamics, particle properties, and pore geometry, leading to inherently
stochastic clogging behaviors. In particular, hydrodynamic particle bridging---where

193



InterPore2026

suspended particles form stable arches that block pore constrictions---remains poorly
captured by conventional pore-network models. In this work, we combine high-fidelity
numerical simulations, stochastic modeling, and pore-network upscaling to investigate
particle bridging from the single pore to the network scale. At the scale of a single pore, a
coupled CFD-DEM approach is employed to analyze particle transport through constricted
channels, systematically varying constriction angle, particle-to-constriction size ratio, flow
rate, concentration, and geometric smoothness [1,2]. The simulations reveal that clogging is
governed by the discrete formation of particle arches, characterized by the average number
of particles escaping a constriction before blockage. This number decreases with increasing
particle concentration and constriction angle, is weakly dependent on flow rate within the
Stokes regime, and exhibits step-wise variations closely linked to the particle-to-constriction
size ratio. Sharper constrictions promote more frequent and stable bridging events than
smoother geometries. Based on these findings, a stochastic probability law for
hydrodynamic bridging is developed and embedded into a probabilistic pore-network
model [3]. The model is calibrated using the CFD-DEM results and validated against
microfluidic experiments conducted in heterogeneous micromodels representative of porous
rock structures. Our framework successfully reproduces experimental trends in clogging
dynamics and permeability decline across a wide range of operating conditions. This
multiscale approach extends the predictive capability of pore-network models by explicitly
accounting for hydrodynamic bridging alongside sieving and aggregation mechanisms.
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Primer inks in which a divalent salt is the main active ingredient play a critical role in inkjet
printing by governing the penetration, lateral spreading, and interaction of subsequently
deposited color inks with the coated paper substrate. These mechanisms directly influence
image sharpness, color fidelity, and drying behavior, thus overall print quality [1]. However,
interpreting interactions between primer and ink-coated paper is experimentally challenging
due to the thin, optically opaque nature of paper and the sub-second timescales of liquid
uptake. To address this challenge, we use Ultrafast Nuclear Magnetic Resonance imaging
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(UFI-NMR) [2], which offers a real-time, non-invasive monitoring of liquid penetration with
micrometer spatial and sub-millisecond temporal resolution.

To understand how the chemistry of primer ink influences transport in porous coating and
base paper, we examine imbibition and swelling using aqueous solutions containing
different concentrations and types of divalent salts. UFI-NMR allows us to use the same real-
time signal variations in pore-scale saturation to determine both the position of the
advancing liquid front and the swelling of the base paper subsequently. The imbibition
dynamics of primer ink exhibit an inverse dependence on viscosity, consistent with
Washburn-type capillary flow in a rigid porous medium. Swelling, however, does not
exhibit the same viscosity-controlled scaling, indicating contributions beyond purely
hydrodynamic effects. The swelling rate increases with increasing salt concentration. This
concentration dependence is strongly ion-specific, with each divalent salt producing a
distinct swelling behavior. We attribute these differences to chemical interactions between
the dissolved divalent ions and the chemistry of the coating layer of paper.
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Starch is a semi-crystalline polysaccharide organized into granules composed of amylose
and amylopectin, whose hierarchical structure governs its physicochemical behavior. It is a
widely available, renewable biopolymer used in numerous applications ranging from food
processing to bio-based materials. Once transformed, starch forms a 3D solid network, the
mechanical and transport properties of which are influenced by its interaction with water. A
key feature of hydrated starch is that water does not exist as a single homogeneous phase.
Instead, it is distributed between water with high mobility, which we call free water, and
water strongly confined within the polymer network at the nanometric scale, which we call
bound water. While starch-water interactions have been extensively studied during
hydration and gelatinization [1-3], the reverse process, i.e., drying, has received little
attention from a physical perspective. Drying is a key step in almost all starch-based
processes. water transport during starch drying is investigated using low-field "H NMR
relaxometry and MRI, which provide non-invasive, time-resolved measurements and have
been successfully applied to controlled nanoporous materials [4] as well as bio-based
hygroscopic media [5-6]. The experiments revealed that drying dynamics are strongly
dependent on both the initial state of starch (i.e., native or transformed) and the imposed
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drying conditions. These parameters control not only the overall drying kinetics but also the
dominant transport mechanisms and associated microstructural evolution. The results
revealed two successive drying regimes: an initial constant-rate period dominated by the
drying of free water and associated with the homogeneous shrinkage of the material. This
regime is followed by a falling-rate period associated with heterogeneous shrinkage. A
spatially resolved analysis revealed that starch drying can be described within a two-region
diffusion framework separated by a moving interface. After the initial stage (i.e., constant
rate drying), a drying front appears and progressively propagates inward. This interface
marks the local disappearance of free water and separates an outer region containing only
bound water, where transport proceeds via diffusion toward the surface. In both regions,
moisture transport is governed by diffusion of bound water through the solid matrix.
Drying therefore evolves toward a falling-rate regime controlled by confined water, as
observed in other hygroscopic porous materials such as wood [5], despite the deformable
nature of starch.
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Optimal-order convergence in the H1 norm is proved for an arbitrary Lagrangian-Eulerian
(ALE) interface tracking finite element method (FEM) for the sharp interface model of two-
phase Navier-Stokes flow without surface tension, using high-order curved evolving mesh.
In this method, the interfacial mesh points move with the fluid’s velocity to track the sharp
interface between two phases of the fluid, and the interior mesh points move according to a
harmonic extension of the interface velocity. The error of the semidiscrete ALE interface
tracking FEM is shown to be

O(h”k) in the LM\ infty}(0,T; H*1(\ Omega)) norm for the Taylor-Hood finite elements of
degree k >= 2. This high-order convergence is achieved by utilizing the piecewise
smoothness of the solution on each subdomain occupied by one phase of the fluid, relying
on a low global regularity on the entire moving domain. Numerical experiments illustrate
and complement the theoretical results.
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This work focuses on single phase compressible gas flow in porous media, especially
hydrogen H2 or other gases like air. It includes a comprehensive literature review on
analytical approaches to gas flow, Klinkenberg effect, and other effects like gravitational
acceleration (super-gravity cases).

The review investigates previous findings for ideal gas flow under isothermal conditions
under various conditions - including one-dimensional (1D) permeametric flow conditions -
taking into account perfect gas compressibility and the Klinkenberg effect due to gas
slippage in fine pores.

Usually, gravitational acceleration is neglected in the gas flow literature: this classical
assumption is assessed quantitatively, and a new 1D analytical solution is developed at
steady state for the case of strong gravitational acceleration, as may arise under centrifugal
conditions.

On the other hand, a new analytical solution is developed for 1D space-time gas pressure
profiles and for mass flux density profiles in the porous column, with or without
Klinkenberg effect. This analytical solution is tested and compared to numerical simulations,
both Finite Volume and Finite Element. Both the gas pressure profiles and the mass flux
density profiles approach the exact steady state at large times. Furthermore, it is
demonstrated that the proposed analytical solution for gas pressure is a fair approximation
over a broad range of time scales, from early times up to large times approaching steady
state.

KEYWORDS:
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Porous media flow; Compressible gas flow; Darcy’s law; Klinkenberg
permeability; ‘Analytical solutions; Porous Claystone
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The hydrodynamics of partially saturated coastal sediments under periodic forcing are
investigated through a multi-disciplinary approach combining semi-analytical modeling
(Moving Multi-Front) and laboratory experiment (Tide Machine). The Moving Multi-Front
(MMF) method is presented as a robust Lagrangian semi-analytical approach for analyzing
the response of partially saturated flow to periodic tidal forcing within a vertical porous
column through a sand beach. By solving the nonlinear Richards equation through a system
of nonlinear ordinary differential equations, the MMF method generalizes the classical
Green-Ampt piston flow approximation.

This study evaluates the method’s efficiency in capturing complex subsurface dynamics,
including water table fluctuations Z_s (t), bottom flux fluctuations q_0 (t), and the complex
evolution of zero-flux planes Z_0 (t). A systematic error analysis demonstrates that the MMF
approach achieves second-order accuracy for space-time water content profiles, and a
fractional 4/3 order of accuracy for temporal water table elevation Z_s (t). While accuracy
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increases with the number of moving fronts (N), results indicate that twenty fronts are
sufficient to capture most hydraulic features, with as few as just two fronts providing
satisfactory results for sandy soil substrates.

In parallel, an experimental investigation was conducted using a Darcy-scale sand column
apparatus equipped with a hydro-mechanical "Tide Machine" designed to impose an
oscillatory harmonic pressure at the column basis. High-resolution tensiometers were used
to calibrate and measure both positive and negative pore water pressures (positive pressures
and suctions) across various elevations, providing a comprehensive data set for comparison.
Results from both the MMF model and experimental observations reveal critical phenomena
such as pressure signal attenuation, phase lag, and non-harmonic behavior.

Furthermore, a parametric study of the mean water table height versus forcing frequency
underscores the MMF method’s usefulness as an efficient tool for exploring the frequency
response of the unsaturated zone.

By bridging Lagrangian modeling with experimental validation, this work provides a
streamlined approach for predicting the impact of periodic forcing on coastal groundwater
systems undergoing partially saturated / unsaturated flow regimes.
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We consider flow in carbonate reservoirs containing karstified layers, characterized by
partially enlarged fractures and high-permeability conduits formed through superimposed
chemical dissolution along fracture intersections. The computational framework is based on
a discontinuous Galerkin (dG) formulation applied to a modified system of mixed
dimensional flow equations, which explicitly incorporates permeability enhancement due to
localized fracture enlargement near intersections.

The formulation proves highly effective in capturing the complex, multidimensional flow
dynamics induced by karstification, and in quantifying its influence on flow patterns and
production curves.

Computational results illustrate the influence of fracture enlargement

near intersections upon geo fluid production and storage.
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For over 150 years, the quantification of fluid dynamics in porous media has been
constrained by simplified homogeneous and single-phase flow assumptions originating
from Darcy’s empirical work (1856). Despite significant advancements in digital rock
technology, conventional subsurface assessment frameworks still rely on oversimplified
porosity-permeability correlations that fail to capture the inherent complexity of natural
subsurface environments. These environments are characterized by high heterogeneity and
complex multiphase interactions between water, oil, and gas. Persistent reliance on Darcy-
flow based equations in these contexts introduces significant uncertainty, leading to
inefficiencies in hydrocarbon recovery, geothermal production, and increased risk for CO:
and hydrogen storage initiatives.

To overcome these limitations, we present a novel approach — Digital Smart Key (DSK),
leveraging advanced physics and mathematical enhanced computational methods to
quantify spatial heterogeneity across scales from the pore to the field. DSK transforms
opaque sparse subsurface data into transparent, and detailed digital pore architectures.
These capabilities provide critical insights into heterogeneous pore structures of subsurface
and fluid displacement thermodynamics, enable efficient multiscale multiphase flow
simulation in porous media, and effectively reduced uncertainty. The efficacy of the DSK
platform is demonstrated through a North Sea field case study, where it successfully
reduced permeability uncertainty from six orders of magnitude to less than two. DSK serves
as a generic, cross-sector platform that provides solutions for complex fluid flow challenges
in complex porous media, offering a transformative approach for the global energy
transition and environmental sectors.
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Biofilms are communities of bacteria embedded in a self-secreted extracellular matrix (ECM)
that typically exist in either surface-attached or floating structures. The ECM, characterized
as viscoelastic, primarily comprises exopolysaccharides and structural proteins that protect
the bacteria from environmental stresses. In porous media, such as soils, biofilms develop
under hydrodynamic flow, which facilitates their growth by transporting nutrients and
dispersing bacteria across available spaces. As biofilms expand into pore spaces, a
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phenomenon known as bio-clogging, they impede flow within the porous medium. Shear
stress from flow can erode biofilms, leading to the formation of preferential flow paths.
These interactions between flow and biofilms shape the spatial organization of the biofilms,
which varies depending on the flow profile and biofilm rheology. The ECM rheology, which
is ultimately determined by its biochemical composition, plays a critical role in clogging
dynamics by influencing biofilm deformability, cohesion, and resistance to shear stress.
However, the current understanding of matrix composition's role in defining biofilms'
spatial organization is largely based on single time-point observations and indirect
measurements of the relative abundance of each founder strain, which determine the local
matrix composition and rheology.

In this project, we aim to investigate the influence of local biofilm rheology on the
colonization patterns and dynamics of biofilms under varying flow conditions in porous
media. To precisely tune biofilm rheology, we use bacterial strains engineered to lack the
ability to secrete specific ECM components. Specifically, we focus on double-strain biofilms
composed of a wild-type strain and a matrix mutant of Bacillus subtilis, a well-established
model organism for studying biofilms. While mono-strain biofilm studies can provide
insights into the contribution of individual ECM components to the bio-clogging dynamics,
co-culture experiments enable us to capture the mutual influence between the two biofilms
on their spatial distribution. This approach is critical for understanding biofilm behaviour
under flow conditions in porous media. By employing time-lapse imaging and fluorescence
intensity quantification, we estimate the local relative abundance of founder cells, providing
insight into local matrix composition and its role in shaping biofilm clogging dynamics.

Overall, this study enhances our understanding of biofilm development in porous media by
revealing how variations in biofilm rheology influence the spatial distribution of biofilms
under varying flow conditions.
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Acid stimulation is a widely employed technique in the oil and gas industry to enhance the
permeability of carbonate reservoirs by creating preferential flow channels, known as
wormbholes. These highly efficient flow pathways are crucial for improving fluid transport in
porous media, enabling the bypass of damaged zones near the wellbore. Understanding
wormbhole formation, structure, and efficiency is essential for optimizing their impact on
flow dynamics and the mechanical behavior of the rock matrix. This study investigates the
geometrical characteristics of wormholes formed during the acid dissolution of a carbonate
rock under varying flow conditions. The wormhole efficiency curve was determined
through hydrochloric acid (HCI = 15%) injection at different flow rates (0.6 - 8.0 cm3/min).
X-ray microtomography (uCT) scanning provided a detailed, non-destructive visualization
of internal structural changes, enabling a comparative analysis of the dissolution process.
Based on the experimental results, different wormhole types were distinguished, ranging
from simple, straight channels (dominant) to highly ramified structures. The study
quantified parameters such as the number of branches, porosity profiles, diameter
distribution, channel connectivity/size, fractal dimension, surface area, volume and
tortuosity providing insights into the efficiency of fluid transport across the rock samples.
As expected, the results revealed a strong dependency of wormhole geometry on flow rate,
with lower rates favoring dominant, straight pathways and higher rates resulting in more
branched, complex structures. This behavior is consistent with the balance between reaction
kinetics and fluid transport, indicating the need for precise control of operational parameters
during acid stimulation. The results reveal an optimal flow rate around 0.9-1.1 cm?®/min,
where the number of branches drops (~200) and the main wormhole channel diameter
reaches its minimum (130 pm), confirming high efficiency. Tortuosity stays stable (1-1.5),
while the fractal dimension remains high (~2.5-2.8), indicating complex structures. Surface
area and volume rise moderately at intermediate rates and reach maximum values (~47 cm?
and 650 mm?®) at 8.0 cm®/min, where acid penetration and pore enlargement are greatest but
cause excessive branching. The porosity profiles confirmed the dependency of wormhole
geometry on the flow rate, with an increase in the number of branches for higher flow rates.
This work also developed a second approach for analyzing acidification. The images before
and after acidification were registered, that is, they were digitally aligned so that the
wormhole could be segmented and projected over the pre-acidified sample. That allows for
the extraction of the volume that originates the wormhole, called pre-acidified wormhole.
This volume can be analyzed and compared to the whole plug in an attempt to understand
how it differs and why it was the acid’s preferential path. A pore network can be modeled in
both the plug and the pre-acidifed wormhole in order to compare their pore populations
and how they differ statistically.This study demonstrates the versatility of X-ray
microtomography in capturing details of wormhole development, providing a robust
framework for designing acid stimulation treatments. The findings can contribute to
optimizing matrix acidizing strategies, ensuring enhanced productivity while minimizing
risks to reservoir integrity.
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Acoustic velocities of reservoir rocks are dependent on in-situ stresses and pore pressures.
However, loading or unloading stages may also influence acoustic velocities in distinct ways
(Wang and Wang, 2015). An important application of understanding the sensitivity to
effective pressure for velocity is in modeling 4D response, which impacts oil and gas
exploration (Cruz et al., 2021) and CO2 storage monitoring (Lumley, 2010).

This work shows the results of lab experiments designed to measure acoustic
velocities during pore pressure loading and unloading processes (Fig.1). Ultrasonic
transmitted wave tests were performed on Brazilian pre-salt carbonate samples and
Coquinas extracted from an outcrop of Morro do Chaves Fm. (NE Brazil). The core plugs
were saturated with a high-salinity synthetic brine that aims to represent a typical Brazilian
Formation Water (BFW) (Faganha et al., 2016). The experiments were performed using a
triaxial system, which is composed of a pulse generator unit, three pairs of piezoelectric
transducers: one P-wave (1.3 MHz) and two independent orthogonally polarized S-wave
(900 kHz) at each vertical (Z-axis) and lateral (X and Y-axes) position, and an oscilloscope to
detect the signal output. The measurements were performed by exploring a range of 10-25
MPa effective pressure and provided monitoring of P- and S-wave velocities in mean stress
directions during different loading/unloading cycles (Fig. 2).

A velocity-pressure model (Wang & Wang, 2015) was also tested, yielding highly
accurate predictions (R? > 0.8). Petroacoustic studies of complex carbonates addressing
pressure sensibility are scarce in the literature. In the case of Brazilian carbonate rocks, it is
even rarer. This way, this work aims to contribute to the understanding of velocity behavior
in response to pressure variation. Such info is usually important for rock physics modeling
of porous rocks with impacts to the mechanics and flow behavior.
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In the context of climate emergency, bio-based building materials offer strong potential to
reduce the carbon footprint of the construction industry while regulating temperature and
humidity fluctuations. Their hygrothermal behavior results from coupled fluid-solid-
thermal processes: moisture is transported in the pore space as a mixture of dry air and
water vapor, and within the solid matrix as bound water, both driving energy transport by
advection. Sorption and desorption phenomena occurring between phases further couple
mass transfer to heat through latent effects. Accurately capturing these mechanisms is
essential for predictive modeling, experimental characterization of properties and,
consequently, for the integration of these materials into the building sector. However,
despite extensive research, the literature reports persistent discrepancies between
simulations and experiments, especially for the spatio-temporal evolution of moisture fields
[1]. At the same time, most classical models remain largely phenomenological and rely on
effective transport coefficients with limited physical meaning [2,3]. In particular, bound
water transport is often poorly understood and therefore entirely neglected without clear
justification in current models.

In the present work, we address this gap with a physically based macroscopic hygrothermal
model that explicitly distinguishes vapor transport in the pores from bound water diffusion
in the solid matrix [4]. The formulation leads to two coupled partial differential equations
driven by relative humidity~$\ phi$ and temperature~$T$, with constitutive parameters that
are independently measurable rather than calibrated. A scaling analysis identifies key
dimensionless numbers that delineate coupling regimes and indicates that, under
comparable gradients, heat transfer is typically faster than moisture migration and that
temperature variations exert a stronger influence on moisture evolution than the reverse.

Finally, we perform a material-scale experimental validation on a cellulose-based sample of
the previously established hygrothermal model. A dedicated drying experiment is designed
to measure temperature and moisture fields simultaneously under tightly controlled
boundary conditions. The experiment is supported by an independent characterization of
the material's thermophysical and hygroscopic properties. The model shows very good
agreement with measurements in both timing and magnitude, particularly for spatially
averaged temperature and humidity, while remaining discrepancies in local profiles are
discussed in terms of experimental uncertainties (e.g., sensor positioning and local
measurement disturbance).
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In this communication, we report experimental measurements of conservative solute
transport beneath the water-air interface in porous media, with applications to modeling
nutrient and contaminant transport in the vadose zone. Using an index-matched porous bed
subjected to periodic water table variations, we quantify the transverse spreading of a
fluorescent dye and determine the dispersivity both near and far from the water table. We
find that transverse dispersivity can be largely enhanced compared to saturated flow,
depending on the Péclet and Capillary numbers considered. We attribute this enhancement
to the irreversibility arising from intermittent and inertial capillary displacements of the
interface, which acts in addition to laminar chaotic advection at the pore scale.
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Porous media, whether found in natural aquifers or engineered in industrial columns,
encompass a vast range of interwoven length scales. These nested scales span more than
twelve orders of magnitude —from nanometers to kilometers —making porous media one of
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the most striking examples of multiscale systems in nature. The central challenge in
understanding fluid flow and transport in such media lies in bridging these disparate scales:
how do processes initiated at the smallest scales (such as chemical reactions or microbial
activity) propagate and manifest at the pore, Darcy, or reservoir scales? Conversely, how do
large-scale flow patterns influence mixing, reactions, and structural organization at the
microscopic level?

In this communication, we review recent advances in the study of solute mixing in porous
media, with particular emphasis on how these insights illuminate the emergence of
characteristic time and length scales at which concentration gradients persist, and on the
implications of these scales for reactive transport processes.

I[enter image description here][1]

[1]: https:/ / perso.univ-rennesl.fr/joris.heyman/img/3Dplume.jpg
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Nitrate contamination currently represents one of the most persistent and challenging forms
of groundwater pollution in world. This insidious problem affects virtually all aquifers in
the state of Sao Paulo (Brazil), which are responsible for the total or partial water supply of
approximately 80% of the municipalities. In this context, the Bauru Aquifer System (BAS)
stands out as the main and most accessible source of water for the cities of the central-
western region of the state and has likewise been affected by nitrate contamination for
many years, as documented in several studies (Cagnon & Hirata, 2004; Varnier et al., 2010;
Montanheiro & Chang, 2016; Hirata et al., 2020; Pileggi et al., 2021; Barreto et al., 2023).
Despite more than two decades of research, a clear and consolidated scientific consensus has
yet to be established regarding the predominant mechanisms controlling the dynamics of
nitrogen species in groundwater systems, particularly at the pore scale.
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To advance the understanding of these processes and support the development of more
effective mitigation strategies, this study focuses on the analysis and characterization of the
porous medium within BAS rocks, using samples collected from boreholes drilled in a
contaminated urban area in the city of Bauru, Sao Paulo, Brazil. A suite of complementary
methods was applied, ranging from traditional techniques such as grain-size analysis and
petrographic thin sections, to advanced X-ray computed microtomography (LCT) techniques
using a synchrotron source.

The pCT measurements were conducted at the Brazilian Synchrotron Light Laboratory
(Campinas, Brazil), where 3D images of 26 samples were acquired, and 17 injection
experiments were performed, as illustrated, for example, in Figure 1. These flow
experiments configure 4D analyses, as they allow the 3D evaluation of fluid behavior in the
porous medium over time, with high spatial and temporal resolution. Data processing
included image reconstruction and segmentation pipelines. The latter were adapted
according to the sample features, such as image contrast due to mineralogy and porosity

type.

The integration of these datasets allowed the discrimination of three lithological formations
within the SAB, and their characterization regarding mineralogical composition, textural
features, and pore structure, revealing two more permeable units and a basal unit expected
to behave as an aquitard. A high degree of pore-structure variability was also observed
within the stratigraphic units themselves. The 4D experiments enabled a preliminary the
visualization of flow through the different porous media, including the identification of
preferential pathways. These images are still under analysis.

The results of this study are expected to significantly advance scientific knowledge
regarding the identification of microenvironments that might control the nitrogen behavior
in contaminated groundwater systems, promoting an unprecedented integration of physical,
geochemical, and microbiological data. Furthermore, this applied knowledge may support
the development of more effective, evidence-based public policies aimed at the sustainable
management and mitigation of nitrate contamination in urban aquifers in the state of Sao
Paulo, with potential applicability to other regions in Brazil and worldwide.

Presenter: Livia de Almeida Freitas
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One-domain approach for simulating ablative porous
materials in high-enthalpy flows
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Enabling design by analysis requires the development of high-fidelity tools that couple flow
and material behavior. A main challenge lies in developing suitable and robust numerical
techniques that accurately track the material interface and in defining proper boundary
conditions that capture material degradation. The material response in the presence of
defects introduces added complexities, such as augmented heating, pyrolysis gas flow
driven by pressure gradients, alterations to heat conduction due to material anisotropy, etc.

In this work, we study TPS using a one-domain porous media model based on the volume-
averaged Navier-Stokes (VANS) equations. We generalize the governing equations to solve
the flow field and the material in a unified approach. The strong coupling between each
phase mitigates modeling assumptions in conjugate heat-transfer coupling. This allows for a
natural progression of the material interface due to heterogeneous reactions and the blowing
of pyrolysis gases from the porous material without the need for complex boundary
conditions.

During the talk, we will show how to model porous TPS materials under high-enthalpy
conditions utilizing the one-domain porous media model.

Presenter: Bruno Dias
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Flow and Electrokinetic Transport in Nanoporous Media
(MS13) Fluids in Nanoporous Media

Presentation Type: Oral Presentation

Author: Moran Wang (Tsinghua University)
Co-Author:

Ion transport is ubiquitous in aqueous environments in biological, geological, chemical and
environmental systems. Electrokinetics plays a very important and key role in some special
cases where pore size is comparable to the screening length of electrical double layer. The
applications include fuel cells and batteries, radiative waste disposal, high-quality water
purification, and even ion channels in cells. This talk will present (1) electrokinetic and
interface theories for ion transport in micro/nanoporous media; (2) a mesoscopic numerical
framework for predictions and the validations by comparisons with theories and
experimental data; (3) multiscale analysis in both spacial and temporal scales for special
applications.

Presenter: Moran Wang
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Co-Author:

Understanding of wettability effects on multiphase displacement in porous media is very
helpful for design and optimization of engineering applications. Microfluidic experiments
on chips provide a powerful visible test platform to reveal mechanisms of such effects,
however some laboratory tests have reported inconsistent wettability effects on
displacement with the previous field or core tests. Therefore it is very important to revisit
the designs of pore geometries and flow conditions and to perform the experiments
carefully under consistent parameters with field tests, whose quantitative observations may
help to reveal the mechanisms.

This work will report our unique geometrical design of porous microstructures, step by step
approaching the real rock materials. The strategy of “reservoir chip” will be introduced
based on stochastics-statistics. By performing the microfluidic experiments carefully under
consistent Capillary numbers as the field tests, the non-monotonic wettability effects will be
presented on displacement efficiency in heterogeneous porous structures, in contrast to the
monotonic ones in the homogeneous porous structures. Experiments on designed
microfluidic chips show that there exists a critical wettability to attain the highest efficiency
of displacement in the porous matrix structure combined with a preferential flow pathway,
while a stronger wettability of displacing fluid leads to a higher displacement efficiency on
the same matrix structure only. Pore-scale mechanisms are identified to elucidate the
formation of this non-monotonic wettability rule: balance between sweeping ability and
carrying ability of the displacing fluid. A multi-etching fabrication technology is then
designed to manufacture variable-depth microfluidic chips to study the 3D effects of pores.
The experimental results, together with pore-scale numerical simulations, show that the
interfacial instability enhanced by 3D geometries may sometimes dominate the invading
process. A diagram is therefore obtained to illustrate such a process. The pore-scale findings
may provide unique insights into the joint effects of both wettability and flow heterogeneity
on fluid displacement in porous media.

Presenter: Moran Wang
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Decoupling the Non-linear Influence of Pore Structure on
CO: Saturation: An Explainable Data-Driven Approach based

on Microfluidic Experiments
(MS15) Machine Learning in Porous Media

Presentation Type: Oral Presentation

Author: g B (JIKFE), FE MK (FIKE)

Co-Author: KBE Bk

In this presentation, we investigate representative machine learning models for pore-scale
multiphase flow prediction using datasets generated from lattice Boltzmann method (LBM)
simulations on micro-CT-based pore geometries, together with experimental observations
from pore-scale flow imaging. The study focuses on physically meaningful cases that retain
access to velocity fields, phase distributions, and geometric information, enabling controlled
evaluation of model behaviour under well-defined physical settings.

Presenter: Han Ge
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Pore-Scale Dynamics of Multiphase Reactive Transport in
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Co-Author: Rukuan Chai (Department of Earth Science and Engineering, Imperial College
London, London, SW7 2AZ, United Kingdom), Sajjad Foroughi (Department of Earth
Science and Engineering, Imperial College London, London, SW7 2AZ, United Kingdom),
Yanghua Wang (Res

Depleted carbonate reservoirs are promising sites for geological CO2 storage, yet the
presence of residual hydrocarbon introduces complex pore-scale interactions that influence
the dynamics of solid dissolution. We combined time-resolved X-ray microtomography
(micro-CT), core-flooding experiments, and pore-scale modeling to investigate how residual
hydrocarbon affects dissolution patterns and effective reaction rates during CO2-acidified
brine injection into Ketton limestone under reservoir conditions. We find that the pore
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structure and fluid distribution control flow heterogeneity, reactive surface accessibility,
dissolution patterns and the reaction rates. At low injection rate, two distinct dissolution
patterns were observed: 1) a positive feedback loop of channel widening that efficiently
enhanced transport properties; and 2) a suppressed regime in which heterogeneity and
hydrocarbon blockage resulted in only a modest increase in permeability. At high injection
rates, a more uniform dissolution occurred caused by re-mobilization of hydrocarbon that
initially blocked the flow of brine. Effective reaction rates in two-phase flow were lower than
in the equivalent single-phase case and up to two orders of magnitude lower than the batch
rates due to persistent transport limitations. These findings provide mechanistic insights
into multiphase reactive transport in carbonates and highlight the importance of accurately
understanding the impact of the residual phase on reactions to improve predictions of CO2
storage efficiency.

Presenter: Qiangian Ma
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Author: Xu Zhang (CHINA UNIVERSITY OF GEOSCIENCES)

Co-Author: Zhaogin Huang (China University of Petroleum (East China)), Wanjing Luo
(CHINA UNIVERSITY OF GEOSCIENCES)

Enhanced Geothermal System (EGS) with multilateral wells is a promising method for
developing deep geothermal energy. However, how to stimulate desired pathways for
optimizing heat extraction from multilateral-well EGSs poses a significant challenge,
particularly in figuring out what stimulated fracture pattern exhibits and its impact on heat
production in EGSs with diverse distribution of closed natural fractures. To conquer this
challenge, we systematically investigate the role of fracture organization in stimulation and
production of multilateral-well EGSs. Our findings highlight that geometrical connectivity
(x) of natural fractures (rather than fracture density or size) determines stimulated fracture
patterns and consequent production efficiency. Notably, as natural fracture clusters
exceeding percolation threshold (xc) from below, stimulated fracture patterns transition
from isolated nonplanar fractures to interconnected fracture networks, as well as the
resulting production performance shifts from channelized flow organization and low heat
extraction power to homogeneous flow distribution and high global heat recovery. Besides,
we distinguish that EGSs with poor connectivity (x < xc or x = xc) are better suited for multi-
stage fracturing to optimize heat extraction. Conversely, open-hole fracturing method is
preferable for tapping EGSs with well connectivity (x > xc). These insights are crucial for
optimizing stimulation and production in EGSs.
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Author: Liwei Zhang (Institute of Rock and Soil Mechanics, Chinese Academy of Sciences)

Co-Author: Theogene Hakuzweyezu, Manguang Gan (Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences), Yan WANG

In this study, comprehensive micro-CT and SEM analyses were conducted on wellbore
cement (both a control wellbore cement sample and a CO2-resisting biochar-modified
wellbore cement sample) exposed to high pressure CO2, mimicking typical geologic CO2
storage conditions. Micro-CT and SEM images revealed that for CO2 alteration of the control
sample, the pore volume at the sample surface increased with the alteration time. The
cement’s structure and material composition underwent significant changes. In contrast, the
CO2-resisting biochar-modified wellbore cement sample demonstrated greater effectiveness
in mitigating CO2 alteration, with a 30.97% inhibition efficiency of alteration compared with
the control sample. The micro-CT and SEM characterization results of the CO2-resisting
biochar-modified wellbore cement revealed two primary reinforcement mechanisms: (1)
promoting the fast growth of calcite within the pores of the cement near the sample surface
and (2) preventing CO2 infiltration due to the preloaded CO2 within the pores of the
biochar, along with its water-holding capacity,

which aids in internal curing within the cement matrix.

Presenter: Liwei Zhang
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Experimental and numerical study of perchloroethylene

vapor transport in the unsaturated zone of a porous aquifer.
(MS02) Environmental Porous Media: Water, Agriculture, and Remediation
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(ITES), UMR 7063, Université de Strasbourg, CNRS)

The behavior of pollutant sources after remediation remains a relatively underexplored
topic. For sites contaminated by volatile organic compounds (VOCs), soil vapor extraction is
a widely applied field technique. Following a venting phase, an increase in VOC
concentrations in the soil air can be observed. This increase is partly due to the return to re-
equilibration governed by mass transfer between the dissolved phase and the volatile liquid
phase of the contaminant. Previous venting experiments conducted on a decimetre scale
were set up to observe the consequences of changes in air extraction flow rates and phases of
re-equilibration (rebound effect). The chemical species studied was perchloroethylene (PCE).

The aim of this study was to investigate mass transfer of PCE in the unsaturated zone of a
model aquifer at the multi-decameter scale by conducting controlled experiments on the
SCERES facility. SCERES is a watertight basin that is 25 m long, 12 m wide and 3 m deep
which is covered by a fixed roof to prevent rainfall infiltration. The hydraulic gradient, flow
rate, water table levels and water sampling are controlled and monitored from two pits
located at the upstream and downstream ends of the basin. The system reproduces a three-
layer alluvial aquifer system that includes two less-permeable blocks.

Results are presented from a large-scale vapor plume experiment involving a well
characterized PCE release, including multiple campaigns of soil air extraction to explore
rebound effects and to track the fate of the PCE plume up to source depletion. Following the
release of 3 liters of PCE into the unsaturated zone through 38 injection points located
beneath the low-permeability surface layer, PCE vapor concentrations were subsequently
monitored for 6 weeks with a multi-gas analyzer, using 25 gas sampling points installed at
different depths. Once the vapor plume had reached a steady state, a brief one-hour venting
phase was carried out at two air extraction wells, during which roughly 1 cubic meter of soil
air was extracted.

As expected, local PCE vapor concentrations measured 1.5 m upstream and downstream of
the source zone dropped significantly, reaching half of their initial values. Within ten days
however, vapor concentrations rose again substantially and even surpassed pre-venting
levels. This rebound effect could be clearly attributed to the still highly active spill. Vapor
concentration measurements at the spill showed that vapor levels in its core were at
saturation vapor pressure, which, due to the resulting increase in the local concentration
gradient relative to the surrounding area, promoted enhanced volatilization of the PCE
phase. A second venting stage of up to 5 hours is planned, aiming to double the total
extracted air volume. The PCE vapor plume will be monitored again until the contamination
source is depleted.

Parallel to the experiments, numerical simulations of the PCE vapor plume originating from
the PCE source zone, as well as relaxation tests, are carried out using the multiphase
simulator cubicM. It should be emphasized that the water (dissolved PCE)/air mass transfer
kinetics quantified in laboratory column experiments will be implemented in cubicM.

Presenter: Gerhard SCHAFER
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Co-Author:

Wheat straw is more and more used as insulation and semi-structural material for
construction. One classical building method consists in filling a wooden structural frame
with compressed straw bales. The crucial issue in such bio-based frames is water. Indeed
water condensation in the liquid state would result in rapid rotting and degradation of the
insulation. Thus controlling heat and moisture transport through the straw is a priority.

Existing coupled models such as the Kunzel model enable prediction of temperature and
water content fields through the wall [Kunzel 95, Claude et al. 23]. They require
characterization of hydro-thermal properties of the constituents [Reuge et al. 21].

Nonetheless, due to manual compression of straw bales inside the frames, especially in the
case of self-construction, a wide variation in the compression state is observed in the final
wall. This highly influences heat and moisture transport properties [Lebed & Augaitis 2017].

In this work a characterization of the thermal conductivity and hydric diffusivity of a local
straw bale is conducted. First we focused on thermal and compaction properties. A steady-
state hot plate apparatus is used under compression in a mechanical testing machine (100
kN Zwick Roell tensile machine). Because of the large representative volume element of the
straw bale structure (several centimeters), the platens are 270x270 mm?2.

The obtained compaction behavior is analyzed in the three directions and compared to
existing models [Toll and Manson 1995]. Finally the effect of compaction on the anisotropic
conductivity is analyzed and compared to existing phenomenological or homogenization
theories [Futschik and Witte 1994, Batty et al. 1981, Gaunand et al 25].

**references**

- Batty, W. ]J., O'Callaghan, P. W., & Probert, S. D. (1981). Apparent thermal conductivity of
glass-fibre insulant: effects of compression and moisture content. Applied Energy, 9(1), 55-
76.

- Claude, V., Nguyen, E., Delhaye, A., Mayeux, A., & Charron, S. (2023). Hygroscopic and
Thermal Inertia Impact of Biobased Insulation in a Wood Frame Wall. In ICBBM 2023 (Vol.
45, pp. 355-372).
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Diffusion in natural porous media, e.g., in soils, rocks and geological formations, is a widely
observed phenomenon and is critical to many subsurface applications, such as deep nuclear
waste disposal and contaminated aquifer remediation. In much of the existing literature,
diffusion is considered to be effectively Fickian. However, recent experimental studies have
shown that diffusion can exhibit non-Fickian behavior. To explain this behavior, and in the
spirit of percolation theory, we hypothesize that non-Fickian diffusion arises from the low-
connectivity nature of pore networks, even when percolating channels exist. Based on a
systematic study involving a large number of particle tracking simulations in two- and
three-dimensional domains, with low and high connectivity, we demonstrate that non-
Fickian diffusion appears in domains nearer the percolation threshold, while it approaches
Fickian behavior in high-connectivity domains. Low-connectivity domains contain primary
diffusive channels as well as dead ends and even isolated pore clusters that can trap
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diffusive plumes over extremely long times. This leads to diffusion occurring with power-
law transition time behavior. This study highlights the limitations of using purely Fickian
models to characterize diffusion behavior in geological settings, as structural features such
as pore network connectivity can have a significant influence.

Presenter: Tingchang Yin
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Accurate estimation of the pore structure of fine-grained (clay mineral-rich) soils is a
challenging task, as these soils exhibit complex pore morphologies, strong heterogeneity,
and a non-granular fabric, distinguishing them from coarse-grained soils such as sand.
Therefore, to study its hydraulic characteristics, such as permeability and water retention
behaviour, we need an accurate and representative model of fine-grained soil
microstructure. Few experimental methods exist (i.e., gas adsorption, MIP, or imaging with
SEM and X-ray tomography), but each has its own significant limitations. As a result, no
single technique provides a complete three-dimensional description of fine-grained soil pore
structure.

In this work, a cellular automata-based framework is employed to generate three-
dimensional, voxel-scale microstructures representative of fine-grained soils. The pore
structure is represented on a regular three-dimensional grid, where each voxel evolves
according to local neighbourhood rules and can exist in either a solid or pore state (binary
values 1 and 0). The persistence or transformation of solid voxels depends on the number of
neighbouring solid voxels, enabling controlled growth of a connected solid matrix and an
interconnected pore space. To avoid artificial regularity during skeleton formation, two
distinct neighbourhood definitions are applied alternately during the evolution process,
promoting irregular macro-scale pore morphology. Additional micro-scale heterogeneity is
introduced through localised stochastic pore generation within selected solid regions,
resulting in embedded microporosity without disrupting the global connectivity of the pore
network (typical figure).

The generated pore structure was quantitatively analysed using pore network extraction in
terms of porosity, pore size distribution, and pore-throat connectivity. The extracted pore
networks exhibit a broad connectivity distribution and non-spherical pore geometries,
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indicating a heterogeneous and non-granular pore structure characteristic of fine-grained
soils. Finally, a numerical framework is presented for predicting the hysteretic soil-water
retention curves (SWRCs) for fine-grained soils utilising the cellular automata-based pore
network. The framework integrates two fundamental aspects of water retention behaviour,
namely capillary forces, which control water retention in soil pores, and adsorptive forces,
which govern water retention on soil mineral surfaces. The capillary contribution to the
SWRC is modelled using the simulated network. Concurrently, the adsorptive contribution
is assessed independently using the soil’s specific surface area to quantify adsorbed water
on soil mineral surfaces. The simulated capillary and adsorbed water content at a particular
matric suction are combined to derive the SWRC. The proposed model is tested on various
soils with varying compositions of sand, silt, and clay, and the predicted SWRCs are in good
agreement with the experimental data.

Presenter: MOHD SAMEER ALAM
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Aging and fragmentation processes of plastic debris favor the formation of reactive micro-
and nano-plastic (NPs) particles, which behave as vectors of pollutants in porous media.
One of the most common types of NPs is made of polystyrene polymer (PS) that has shown
selective adsorption towards metals, e.g., lead (Pb$"{2+}$) and arsenic, under typical fresh-
water and shallow aquifer conditions.

In this presentation, we will report the results from an experimental and modeling study
where NP-facilitated transport of Pb$"{2+}$ through reactive porous media has been
investigated. A system made of PS-NPs, Pb$"{2+}$, and sand was studied at ambient
temperature and between $p$H 4 and 6.

A chromatographic column containing quartz sand and hydrous manganese oxide (HMO)
coated sand was flooded with solutions and suspensions of known composition, and the
effluent was continuously monitored inline with a $p$H probe, ion chromatography, and
UV-Vis spectrophotometry.

A reactive transport model coupling conservation laws with geochemistry was developed to
describe the measurements and gain insight into the dominant mechanism governing the
transport.
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Preliminary results show that regardless of the porous medium, $\ mathrm{Pb}*{2+}$ and
PS show increasing retardation and retention with increasing $p$H, respectively, due to
$p$H-dependent surface interactions. Moreover, $\ mathrm{Pb}"{2+}$ partitioning shifts
toward PS-NP surfaces with increasing pH, resulting in reduced $\ mathrm{Pb}"{2+}$
retardation and enhanced co-mobilization of the metal with NPS.

Breakthrough curves, well captured by the model, indicate that $\ mathrm{Pb}"{2+}$
increasingly follow PS transport as pH approaches neutrality (pH 5.5-6), consistent with
competitive desorption from sand and adsorption onto negatively charged PS surfaces.

Overall, the experimental and modeling results demonstrate that PS-NPs can act as carriers
for $\ mathrm{Pb}"{2+}$ in porous media, with negative implications for metal fate and
transport in contaminated soils and aquifers.

Presenter: Melissa Kozhaya
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Mesoporous silica materials have been extensively studied for several decades, with a
notable increase since the late 20th century. They are crucial in various scientific fields,
including catalysis, drug delivery, adsorption, sensing, CO: sequestration, and separation
technologies, owing to their material properties, such as a high surface area-to-volume ratio,
tunable porosity, ease of surface functionalization, biocompatibility, and the unique
behavior of fluids under confinement. Understanding water confined in amorphous silica
nanopores is crucial because confinement and surface interactions alter the structural,
dynamic, and thermodynamic properties of water relative to its bulk state. These properties
govern the fundamental processes, such as adsorption, transport, capillary condensation,
and phase behavior in silica nanopores, thereby directly influencing the material
applications. To have molecular-level insights, several simulation studies have investigated
the behavior of water in silica nanopores, focusing on adsorption, transport, and phase
transitions. However, these investigations used crystalline pores, with limited attention to
pore geometry and surface wettability. In this study, we employ molecular dynamics
simulations to investigate the behavior of water confined in amorphous silica nanopores.
Our earlier study, which used a Lennard-Jones solid and fluid, demonstrated that the cross-
sectional geometry, pore size, and solid-fluid interaction strength significantly impact
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droplet stability and phase behavior.[1] In this work, we extend the investigation to a more
realistic system by employing molecular dynamics simulations to study water confined in
functionalized amorphous silica nanopores. Specifically, we examine how surface
wettability (tuned via methyl functionalization), cross-sectional geometry (circular,
hexagonal, square, and triangular), and pore diameter (1-6 nm) influence the stability,
density distribution, self-diffusivity and meniscus shape of the confined liquid. We identify
a confinement-driven crossover in silica nanopores, where water transitions from an
adsorption-dominated molecular clustering regime under extreme confinement (1-2 nm) to
a stable, bulk-like capillary liquid column at larger diameters (6 nm), with intermediate pore
sizes exhibiting pronounced transitional behavior. In methyl-functionalized pores (except
the smallest system), these liquid-like columns remain segmented into discrete water
clusters separated by vapor-like regions. Moreover, we observe that the pore geometry
modulates the stability and connectivity of water columns/clusters in
hydrophilic/hydrophobic nanopores. While experimental studies offer valuable
macroscopic insights, molecular simulations provide a detailed atomistic understanding
essential for capturing the local and interfacial behavior, as well as the dynamic properties of
confined fluids. Our findings aim to deepen the fundamental knowledge of confined water
in realistic silica systems and guide the rational design of functional mesoporous materials
for target applications.

Presenter: Gopi Kundia
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Permeability determines how easily fluids move through porous materials, controlling flow
in natural and engineered systems such as groundwater filtration, enhanced oil recovery,
and CO2 sequestration. Traditional approaches to permeability calculations, based on direct
experiments or numerical flow simulations, are accurate but computationally expensive.

In the first part of this presentation, we explore the utility of machine learning informed by
topology and network descriptors applied to three-dimensional (3D) synthetic data to
predict permeability efficiently while maintaining interpretability. Our approach combines
geometric analysis, pore-network modeling, and topological data analysis (TDA) to build
predictive models that are both data-driven and physically meaningful.
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In the second part of the talk, we discuss the application of TDA to the experimental data
(3D micro-CTs of porous rocks), focusing on understanding scalability and answering the
following question: How large an experimental sample needs to be so that the computed
measures are system-size-independent?

Acknowledgment: This work is supported by NSF Grants DMR-2410985 and DMS-2201627,
and NJIT GHAIRI program.
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We model a porous medium as a random pore network and focus on how the medium’s
internal structure affects its flow and adsorptive behavior (see the figure for an example of
considered membrane structure). A particular emphasis is on modeling suspension flow,
where particles adsorb onto the pore walls. We start by formulating the governing equations
of fluid flow on a general network. Then, we model adsorption by applying an advection
equation with a sink term in each pore and examine how network parameters influence flow
and transport; see [1-3] for some of our recent work.

The presentation will focus on linking the medium's topology (pore network) to its flow
properties. The challenging aspect of understanding and quantifying the evolving pore
network structure is addressed by using topological methods that provide simplified
network descriptions, both of the networks’ initial properties and their time evolution. For
this purpose, we use tools based on persistent homology. These tools enable us to connect
structure, transport, and adsorption as key steps toward designing membranes with desired
properties. Most of the material presented is in [4].

The final section of the presentation will focus on new results related to evolving networks
and the tools used to measure network development. Specifically, we demonstrate that the
measures quantifying topological changes can clearly differentiate between different
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tiltration regimes and help improve understanding of the factors influencing filtration
performance.

Acknowledgements: This work was supported by the NSF Grants DMS-2201627 and DMR-
2410985, as well as by the NJIT Artificial Intelligence Grace Hopper Institute grants.
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Internationally, the use of wood in constructions is increasing due to its aesthetic appeal and
environmental benefits. However, this trend poses significant challenges in terms of fire
safety. Accurate fire simulations therefore require improved modelling of wood drying,
pyrolysis, and combustion processes, with particular attention to the porous nature of wood
materials.

In this work, the toolbox PATO[1] (Porous material Analysis Toolbox based on OpenFOAM)
is employed to simulate properly the porous properties, pyrolysis and the induced
degradation of these materials. It accounts for mechanisms such as thermal expansion,
shrinkage, pyrolysis reactions of hemicellulose, cellulose, and lignin, moisture transport, gas
generation, and gas flow within the porous structure

One of the major challenges in pyrolysis simulation lies identifying the physical parameters
governing these processes: Some of them, such as density or humidity, could be directly
measured, others, like thermal conductivity, are more difficult to determine experimentally.
To address this issue, an inverse problem approach is adopted, using experimental data
(e.g., temperature evolution and mass loss) obtained under different heating conditions for
the same wood species. This procedure requires to have a rich dataset of experimental
results and a physical model capable of capture the dominant mechanisms. So, it leads to a
revised modelling of water in PATO, treating it as a distinct liquid phase rather than part of
the virgin solid components like cellulose or lignin.

Experimental data are drawn from several published studies involving different wood
species and heating configurations: In [2], structural members made of glued spruce timber
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(five pieces of 45 mm x 95 mm) are heated in small gas-fired furnace. In [3], a cylindrical
pine wood sample is heated by wire resistance in an inert dinitrogen atmosphere. In [4], the
beech samples are heated by dinitrogen introduced at 700°C; this article also considers 3
moisture percentages (0%, 14%, 44%), as well as a fully charred sample.

The inverse problem is solved using the optimization software Dakota[5]. The cost function
to be minimized is the relative differences between simulated and measured temperatures at
multiple locations, as well as mass loss when available. The inverse analysis targets highly
influential uncertain parameters including the thermal conductivity of virgin ang char
wood, formation enthalpy of each wood constituents (hemicellulose, cellulose and lignin).
The other parameters are fixed before the optimization based on literature values. All of this
makes it possible to predict the temperature field inside wood exposed to heat and to make
estimation of the charring front evolution.
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Hydraulic fracturing introduces large volumes of water-based fluids into shale, creating
fracture networks and opportunities for fluid-rock interactions. This study investigates
mineralogical alterations arising from the interaction of acidic stimulation fluids with shale,
with emphasis on secondary ferric (hydr)oxide [Fe(OH)s] precipitation. Two experimental
conditions were considered: a brine-only case and a brine-plus-stimulation (B + S) case,
where stimulation fluid was introduced midway. FIB-SEM and SEM imaging revealed two
Fe(OH)s phases: one replacing framboidal pyrite and another forming loose aggregates in
secondary pores created by ankerite dissolution, both confined to nanoscale domains. A
reactive transport model, calibrated against these observations, indicated similar solubilities
for both Fe(OH)s phases, slower kinetics for pyrite-replacing Fe(OH)s, and a strong influence
of experimental design on Fe(OH)s distribution. The results improve understanding of the
implications of these phenomena on transport processes in shale.
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Preferential flow in heterogeneous porous media leads to highly uneven transport and limits
the efficiency of many natural and engineering processes. Although shear-thinning polymer
solutions are widely used to modify flow behavior, their rheology often amplifies flow
heterogeneity under strong permeability contrasts. Here we show that shear-thinning
suspensions of cross-linked polymer particles exhibit a fundamentally different and
counterintuitive behavior: they can actively homogenize flow through self-adaptive
feedback between particle transport and local rheology. Using microfluidic experiments,
direct numerical simulations, theoretical analysis and dynamic network modelling, we
demonstrate that particle concentrations redistribute in response to local flow conditions,
generating spatially varying viscosity through concentration-dependent rheology that
suppresses the formation of preferential pathways. Unlike continuous polymer solutions,
whose viscosity depends only on shear rate, the effective rheology of particle suspensions
depends on the evolving particle concentration field, thereby reducing velocity contrasts
across regions of different permeability. Using a pore-doublet model, we theoretically
identify a three-dimensional regime space defined by particle concentration, channel-size
ratio, and injection velocity that governs the emergence or suppression of preferential flow.
These results are further upscaled to dual-permeability porous media using dynamic
network modelling, revealing that homogenization is maximized at high particle
concentrations and weakened at intermediate injection velocities and large permeability
contrasts. These findings establish non-Newtonian particle suspensions as a self-adaptive
strategy for controlling flow heterogeneity in porous media, with potential relevance to flow
management in energy, environmental, and microfluidic applications involving strong
structural heterogeneity.
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Mineral nucleation dictates the areas within porous media where secondary minerals form
and grow, and in turn, how fluid flow is affected by the growth. Recently, probabilistic
treatments of mineral nucleation in reactive transport models (RTM) have provided insights
into how factors such as supersaturation and pore-space characteristics affect the spatial
pattern of mineral nucleation and growth.

Here, we contrast the two probabilistic models in use, both based on the classical nucleation
theory (CNT). The model from Fazeli and colleagues [1] can be used both at the pore scale
and the continuum scale and captures the statistical nature of surfaces that appear
homogeneous on the macro scale, while the one from Starchenko [2] is limited to the pore
scale. We illustrate how the macroscopic nature of the models masks the underlying
variability that controls the nucleation rates across macroscopic surfaces. This is because the
models are based on bulk properties of surfaces, such as surface tension, and not the
intrinsic variability of surface reactivity seen on the micro scale. Therefore, we propose a
new model for heterogeneous nucleation that considers the intrinsic properties of the
microscopic surface architecture and applies both to classical and non-classical nucleation
pathways. As is the case with approaches to crystal dissolution [3], accounting for the
variability of crystal surface reactivity may help predict how pore networks evolve.
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Underground hydrogen storage (UHS) in porous geological formations represents a
promising solution for large-scale energy buffering in renewable-based energy systems.
However, interactions between injected hydrogen (H:) and the subsurface environment can
significantly influence storage integrity and efficiency through coupled biogeochemical
processes involving native microorganisms.

H: acts as a strong electron donor, stimulating microbial activity and modifying redox
conditions within the reservoir. These changes can trigger both abiotic (mineral-chemical)
and biotic (microbially mediated) reactions in subsurface systems. In particular, sulfate-
reducing bacteria (SRB), methanogens, acetogenic bacteria, and iron-reducing bacteria (IRB)
play a key role in these processes. Microbial consumption of H> may lead to the formation of
byproducts such as hydrogen sulfide and methane, posing risks related to corrosion and gas
contamination. In parallel, hydrogen-driven reactions can promote cycles of mineral
dissolution and precipitation, potentially altering the initial petrophysical properties of the
porous medium. The extent of these interactions is strongly controlled by site-specific
factors, including mineralogical composition and microbial community structure.

This study investigates how mineralogical composition influences hydrogen-driven
microbial processes relevant to UHS using an experimental setup based on a microfluidic
system. The micromodel is functionalized with representative mineral phases to isolate the
roles of surface reactivity and electron-acceptor availability during H2 and bacterial
exposure. Three mineralogical configurations are examined under identical operating
conditions (P =~ 10.2 bar, T = 38 °C): (i) a carbonate-functionalized system, where CaCO:s is
present as the dominant mineral phase; (ii) a sulfate-functionalized system, where CaSOa
provides sulfate as an electron acceptor for sulfate-reducing bacteria; and (iii) a mixed
carbonate-sulfate system combining CaCOs and CaSO.. Following mineral
functionalization, the porous micromodel is saturated with H. and subsequently inoculated
with a strain of SRB (Oleidesulfovibrio alaskensis) as biotic component. System evolution is
monitored through timelapse micrograph acquisition over a seven-day period.

The combined presence of an electron donor (H:) and mineral-based electron acceptors can
modify microbial spatial organization and activity within the porous medium, resulting in
variable hydrogen consumption and the formation of secondary mineral phases that affect
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flow behavior. Overall, this work highlights the need for advanced experimental
frameworks capable of capturing the complexity of biogeochemical interactions in UHS
systems using multimineral micromodel platforms.
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The capillary entry pressure of a porous medium is the applied pressure at which a non-
wetting fluid will first invade the pore space by displacing the wetting fluid from the largest
pore throats. For a rigid porous medium, the entry pressure is a characteristic of the two
fluids, the solid material, and the pore structure. For a soft porous medium, however, the
applied pressure will also compress the medium, thereby changing the pore structure and
thus the entry pressure itself. This capillary compression complicates the basic concept of
entry pressure as a material property. Here, we use experiments and modelling to study the
capillary entry pressure of a soft polyurethane sponge. We show that the measurement of
capillary pressure provides a sensitive probe of the complex mechanics of these materials.
We highlight the strong, non-monotonic relationship between water content and volumetric
strain.
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To face the climate change, underground reservoirs are promising candidates to sequester
greenhouse gas such as CO2 or balance the intermittency of renewable energy sources by
storing H2. The estimation of the hydraulic properties of the host rock appears as pivotal, to
predict the migration of injected fluids and associated multiphysical solicitations at the
reservoir scale. Thanks to the advancement of imaging techniques, the estimation of
hydraulic properties based on microscale simulations has become common practice.
However, the correlation of hydraulic properties with geometric measures of the
microstructure remains mostly elusive.

A widely used set of morphometers are the Minkowski functionals, which are able to predict
permeability to some degree [1], but struggle on complex microstructures containing
microporosity and surface roughness [2]. In particular, Minkowski functionals fail to capture
transport-relevant topology and connectivity. Interestingly, these morphometers appear
sufficient to predict the mechanical performances of common porous materials [3, 4].

In this work, we investigate the interplay of additional descriptors, namely pore tortuosity
and solid tortuosity, and their impact on hydraulic and mechanical properties. Various
studies have highlighted the significance of pore tortuosity for more precise permeability
estimation [5], conventionally inferred from electrical resistivity measurements. Similarly,
the connectivity of the solid matrix can be interpreted by the thermal conductivity of the dry
material. Doing so, these specific parameters are estimated without the use of advanced
imaging techniques.

This interplay is first investigated through numerical analysis of digital synthetic rocks. To
do so, various microstructures are generated controlling the porosity and exploring different
generation algorithms. Subsequently, the pore and the solid tortuosities are determined with
geometrical and physical analysis. In particular, a Fast Fourier Method is employed to
estimate the thermal, hydraulic and mechanical properties of the synthetic microstructures
[6]. This numerical approach is then complemented by an experimental campaign conducted
on synthetic rocks. These samples are obtained by thermal sintering of glass beads, allowing
a relative control on the microstructure. Once the samples are produced, electrical resistivity
and thermal conductivity are measured with low-cost experiments to estimate the pore and
solid tortuosities. In particular, the estimation of the electrical resistivity (a proxy to pore
tortuosity) is conducted with a 4-points system, allowing the measure of the voltage
difference and the electric current [7]. Subsequently, this operation is repeated at multiple
saturation levels to determine the coefficients of the Archie’s law for unsaturated soils.
Moreover, the thermal conduction (a proxy to solid tortuosity) is measured with an
insulated box including a face at a constant temperature. This operation is applied to
determine the coefficient of a law, which is equivalent to the Archie’s relation for saturated
soils.
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Salt precipitation during CO: injection into saline reservoirs is widely recognized as a critical
challenge for maintaining injectivity and ensuring long-term storage security. Precipitation-
induced pore blockage can significantly impair multiphase flow, yet the pore-scale
mechanisms governing salt formation, growth, and spatial distribution during brine-CO:
displacement remain poorly understood. In particular, the coupling between displacement
dynamics, residual-brine distribution, and salt-growth kinetics has not been systematically
resolved due to limitations in experimental visualization.

In this study, we investigate salt precipitation under controlled brine-CO: displacement
conditions using a glass microfluidic model combined with a dual imaging strategy. A high-
resolution microscope imaging system (MIS) is employed to resolve pore-scale salt
nucleation and growth dynamics, while a full-field imaging system (FFIS) provides chip-
scale monitoring of multiphase displacement and residual-brine evolution. This combined
MIS-FFIS approach enables observation of salt precipitation processes at both the pore and
network scales within the same experiment.

Microscope-scale observations reveal two distinct salt morphologies that systematically
emerge under multiphase flow conditions. Compact, transparent salt crystals preferentially
develop in brine-rich regions, particularly near brine-CO: interfaces, where evaporation and
local supersaturation are enhanced. In contrast, dark, porous salt aggregates dominate gas-
rich regions, where thin brine films persist along solid surfaces. Quantitative image-based
analysis shows that porous aggregates grow at rates approximately six times higher than
those of compact crystals, highlighting the strong influence of local phase distribution and
flow environment on salt-growth kinetics.

Full-field imaging captures the dynamic evolution of the residual-brine field during CO2
invasion and establishes a direct link between salt accumulation patterns and brine
trapping. At low injection rates, CO2 initially advances with a relatively smooth
displacement front, followed by the development of localized instabilities near the outlet
that promote brine trapping and concentrated salt precipitation. At higher injection rates,
the displacement becomes strongly unstable and finger-like, leading to earlier gas
breakthrough and a more spatially dispersed residual-brine distribution. Repeated
experiments under identical conditions demonstrate pronounced variability in displacement
pathways and brine retention, confirming the inherently stochastic nature of multiphase
flow in porous microstructures.

By integrating pore-scale salt-growth tracking with chip-scale displacement monitoring, the
combined MIS-FFIS methodology provides a unique experimental framework for resolving
the interplay between multiphase flow dynamics, residual-brine evolution, and salt
precipitation. The results demonstrate that salt precipitation is not solely governed by
thermodynamic conditions but is strongly controlled by flow-induced phase configurations
and trapping processes. These findings provide pore-scale insights into salt precipitation
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during CO2-brine displacement under idealized microfluidic conditions and clarify how
flow dynamics and residual brine configurations control salt formation and growth.
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The study of argillaceous rocks is experiencing increased interest due to its potential as host
rock for nuclear waste disposal facilities. Low permeability and self-sealing capabilities
mitigate the risk of radioactive materials transport to the biosphere. Nevertheless, damage
phenomena to the host rock need to be assessed, not only during the excavation, waste
deposition, and repository sealing phases but also during the following operation, as
thermal and chemical processes may affect the integrity of the repositories.

Assessing the safety and integrity of the geological seal during this thermal phase requires a
deep understanding of the evolution of the permeability under thermal and mechanical
solicitations. Moreover, the damage and crack propagation must be studied at scales much
smaller than the repository scale. At these scales, clay rocks exhibit a complex and
heterogeneous microstructure, significantly affecting macroscopic behaviour.

As a result, a multiscale approach is preferred as it considers a micromechanical description
of the material with multi-physical couplings at this scale and captures the main features of
clay rock macroscopic behaviour. The double-scale framework relies on replacing the
material constitutive equations with the results of numerical simulations on a Representative
Elementary Volume (REV), considering the microstructure heterogeneities and the
constitutive behaviour of the materials at that scale.

The present work proposes a thermo-hydro-mechanical model for argillaceous rocks based
on a computational homogenisation FE2 scheme. The implementation in Finite Element code
Lagamine [1] is a continuation of the works from Frey [2] and van den Eijnden [3] on hydro-
mechanical double-scale models for argillaceous rocks, where the thermal processes and the
resulting couplings are introduced. The thermo-mechanical homogenisation is based on the
work proposed by Ozdemir [4], although thermally-induced damage was not considered
there.
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In order to have a microstructure that is representative of porous material behaviour, not
only an accurate representation of the solid components (i.e., clay matrix and mineral
inclusions) but also a representation of the pore space is needed. Two pore size distributions
are observed from the experimental work of Menaceur [5]. Pores in the clay matrix (smaller
than 0.01pm), and pores along the mineral inclusions (median of 12pm). After calibration of
the microstructure to the behaviour of COx, the model is validated with simulations at the
laboratory sample scale.

The model shows that it is capable of modelling the failure process due to thermally induced
over-pressurization, as well as the evolution of the microstructure under such solicitations.
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Recently, a new approach for simulating buoyant two-phase flow and transport in porous
media was proposed, which is based on a coupled hyperbolic system. This new scheme
incorporates Darcy’s law by adding a source term to the isothermal Euler equations
combined with an additional equation for phase transport. The system allows for explicit
simulations. It is solved in its hyperbolic form with a finite volume scheme employing an
approximate Riemann solver to obtain the numerical fluxes. Since all required operations are
local, for many problems this method has significant advantages over previous ones in
terms of computational cost and parallelizability. Here, this approach is generalized for
heterogeneous porous media, which has implications for the numerical solution algorithm.
In particular, it is crucial that the source terms are considered by the Riemann solver,
otherwise the results get contaminated by numerical errors. To achieve this, a new Rankine-
Hugoniot-Riemann (RHR) solver is devised. It accounts for the source terms by introducing
consistent Rankine-Hugoniot jumps in each finite volume cell (separately in all coordinate
directions) while still honoring conservation. Numerical results with shale layers confirm
that the new RHR solver is effective and that the explicit hyperbolic solution approach to
coupled buoyant flow and transport in heterogeneous porous media is computationally
efficient and leads to accurate results.
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Water-based inkjet inks typically contain non-volatile, polar compounds - referred to as co-
solvents - such as glycerol and ethylene glycol oligomers, which constitute approximately 5-
50 wt% of the total ink. The hygroscopic nature of both paper and co-solvents makes their
interplay with atmospheric moisture a critical factor in controlling the ink penetration and
drying dynamics of ink, as well as the long-term mechanical and morphological stability of
the printed paper. In this study, we systematically investigate how co-solvent deposition
influences equilibrium moisture uptake and how the ambient humidity influences the ink
absorption dynamics into cellulose fibers. We find that co-solvent addition substantially
increases moisture uptake and eliminates the sorption hysteresis present in paper. The
moisture sorption of co-solvent-infused paper is well-predicted by a massweighted average
of the individual, single-material sorption isotherms of paper and co-solvent. The rate of
pore-fiber transport of co-solvents was observed to depend sensitively on ambient humidity,
the presence of predeposited liquids as well as the addition of surfactants and divalent salts.
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We have developed a comprehensive numerical model for the transport and drying of
solutions in thin porous media that consist of permeable fibers such as paper. We explicitly
account for the gas-phase transport dynamics. Moreover, we introduce an empirical relation
for the concentration- and molecular-weight dependence of the pore-fiber transport rate of
the solutes. These two key elements enable us for the first time to realistically model two
important phenomena relevant to inkjet printing technology. The first is the equivalent of
the coffee-stain effect for dilute solutions in porous media. The second is the formation of
solute rings for concentrated aqueous mixtures of compounds with a molecular weight
significantly above that of water. Whereas the first is governed by spatially non-uniform
solvent evaporation, the second case is dominated by solvent-mediated pore-fiber transport.
We achieved a good qualitative agreement with the available experimental data.
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In proton exchange membrane water electrolysis (PEMWE), schematically illustrated in the
attached figure, mass-transport processes in the anodic channels contribute significantly to
performance losses. These channels carry liquid water and a gas phase mainly consisting of
electrochemically generated oxygen, and the corresponding gas flow regimes strongly
influence local mass-transport resistance and overall efficiency. Experimental studies have
shown that annular flow and large gas slugs are associated with increased mass-transport
losses and reduced efficiency [1-4]. These flow regimes depend on both operating
conditions and the geometrical design of the channels, and their complex dependence on
current density and flow rate makes modelling a valuable tool for identifying favourable
designs and operating conditions.

In this work, we develop a two-phase CFD model that explicitly resolves the gas flow
patterns in the anodic flow channels. To the best of our knowledge, no study has yet
modelled the flow regimes over a range of current densities, flow rates, and flow-field
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designs. Two key modelling assumptions are introduced. First, gas evolution at the porous
transport layer (PTL)-channel interface is represented by an array of injectors on the channel
wall, which mimic detachment sites but avoid explicit modelling of the electrochemistry.
The gas mass flow rate at each injector is calculated from Faraday’s law based on the applied
current density. Second, fully wetted channel walls are imposed to maintain a continuous
water film without film-refinement techniques or complex dynamic contact angle models.

The injector concept accounts for the influence of the PTL microstructure on gas emergence
without resolving the porous medium itself. The spatial density of injectors is chosen
according to the measured number of detachment sites per unit area at the PTL-channel
interface reported by Wang et al. [5], such that the computational domain can be restricted
to the channel flow fields. The simulations are performed with OpenFOAM, using a
geometric Volume-of-Fluid (VOF) interface-capturing method for the water/gas system.

The model is validated in three steps: (i) bubble size generated from a single injector is
compared to the experimental measurements of Li et al. [6] at different flow rates; (ii) flow
regimes at different current densities are qualitatively validated against the high-speed
visualisations of Wu et al. [7]; and (iii) regime changes and large-slug size with liquid flow
rate, qualitatively compared with the experimental findings of Wang et al. [5]. The
framework is then applied to three anode flow-field designs (single serpentine, parallel, and
pin-type channels) to investigate the impact of channel design on the gas flow regimes.

The simulations show that the model can produce the formation of large bubbles and slugs
and the transitions from dispersed bubbly flow to slug and annular flow under relevant
operating conditions. At the same time, the present resolution and modelling assumptions
limit the accurate representation of very small bubbles, particularly in the inlet segments of
the channels. The resulting flow regimes from the model can provide a basis for
understanding the link between operating conditions, gas flow patterns, and mass-transport
losses in PEMWE anodes.
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Partially miscible bubbles trapped within porous media occur in numerous applications,
including geologic CO: sequestration, groundwater remediation, fuel cells, and most notably
underground hydrogen storage (UHS). In UHS, hydrogen is cyclically injected and
withdrawn - pre-charged by a cushion gas (e.g., CO:) - generating trapped bubbles with
distributions of sizes and compositions. Differences in curvature and composition between
bubbles drive mass exchange by molecular diffusion, a process called Ostwald ripening.
This causes gradual evolution toward thermodynamic equilibrium that affects the spatial
distribution of bubbles, and thus the hydraulic properties of the rock. Ostwald ripening is
well-studied in bulk fluids but only beginning to be understood in porous media, where
confinement enables multiple bubbles to coexist at equilibrium. This talk will discuss how to
describe evolving bubble populations theoretically using a novel statistical formulation that
tracks the number-density of bubble states through time. We will review prior theoretical
work for single-component ripening building on the famed Lifshitz-Slyozov-Wagner theory
of bulk fluids, then offer an extension to multicomponent bubble populations subject to
confinement of a porous medium. Bubble deformation, pore-size heterogeneity, and spatial
correlations are captured. The theory provides a path forward to upscaling and predicting
macroscopic properties like hydraulic conductivity, storage capacity, purity loss, and
leakage, while revealing outstanding challenges.

Presenter: Yashar Mehmani
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In the context of modeling the manufacturing and degradation of high-temperature carbon-
or ceramic-matrix composites (CMCs), the simulation of heat and mass transfer in porous
media is a key element. The transfer modes are frequently a mix of diffusive and radiative
transfer, such as rarefied gas transfer during Chemical Vapor Infiltration, an important
processing route for CMCs, and conducto-radiative heat transfer in porous ablators used in
Thermal Protection Systems. We will discuss numerical methods based on Random Walks to
model these hybrid transfer cases in evolving porous media, ie. with decreasing or
increasing porosity.
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Pre-salt layer carbonates are among the primary exploration targets in Brazil. However, their
microstructural complexity presents significant challenges for geophysical characterization
(Vasquez et al., 2019).

Elastic anisotropy is a critical property that influences the interpretation of seismic velocity,
stress distribution, and fracture behavior. In pre-salt carbonates, complex pore geometries
and diagenetic alterations lead to variable elastic responses, making laboratory
characterization challenging (Martinez & Schmitt, 2013).

Digital rock physics (DRP), based on micro-computed tomography (uCT), provides a
framework for connecting microstructural and elastic domains, allowing for direct
numerical simulations under controlled conditions (Lima Neto et al., 2023).

This study leverages the GeoDict software to analyze carbonate samples from the Barra
Velha Formation in the Santos Basin, Brazil.

The objectives are:

(a) Compute the effective stiffness matrix and directional VI’ and VS velocities from pCT
data samples - F90V and F92H, under a confining pressure of 22.1 MPa, 12.14 pm voxel
resolution, and 1.5";

(b) Extract the Thomsen anisotropy parameters (g, §, y) to classify the magnitude of
anisotropy (Thomsen, 1986);

(c) Quantify deviations from elliptical anisotropy using non-ellipticity indicators, providing
insight into the anisotropic character (Thomsen, 1986; Alkhalifah & Tsvankin, 1995);

(d) Validate the applicability of VIT/HTI symmetry models and correlate the numerical
results with laboratory data.
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This work develops a digital workflow to analyze the elastic behavior of pre-carbonates,
aiding in more precise reservoir characterization.

Figure 1 displays the deformation planes for samples F92H and F90V, illustrating the
angular dependence of the elastic response obtained from GeoDict simulations. These
diagrams show the magnitude of deformation as a function of propagation direction,
providing a representation of the anisotropic behavior of each carbonate sample.

Sample F92H exhibits nearly circular contours at 70 GPa, indicating a weakly anisotropic
that is consistent with a homogeneous pore distribution across the XY, XZ, and YZ planes. In
contrast, FO0V exhibits slightly elongated lobes along specific orientations in the XZ and YZ
planes at pressures below 70 GPa. This pattern reveals directional mechanical anisotropy
associated with preferential pore alignment and textural heterogeneity. In the XY plane, the
pressure measurement reached 80 GPa.

The comparison of the two polar plots confirms that sample FO0V displays a higher degree
of elastic anisotropy. These results underscore the strong correlation between digital
deformation fields and the microstructure that governs the elastic behavior of carbonate
rocks.

Figure 2 illustrates the consistency between laboratory-measured and simulated wave
velocities for F92H and FI0V samples, demonstrating the reliability of the digital simulation
results in reproducing elastic properties and anisotropic trends.

Table 1 shows that the simulation model produces higher velocities than those physically
measured in the lab, with performance varying depending on the specific sample and wave

type.

Figure 3 shows the Thomsen parameters for the analyzed carbonate samples under 22.1
MPa, measured in the laboratory. Thomsen parameters' digital values for F92H (e = -0.0058,
y =-0.0052) and F90V (e = -0.0320, y =-0.0191) reveal weak and moderate anisotropies,
confirming the laboratory results.

Presenter: Roseane Missagia
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Drying in porous media holds a great significance across a wide range of natural and
engineering processes. Notable applications include food processing, pharmaceutical
industries, porous building materials, soil and hydrology. For instance, during CO$_2$
injection, salt precipitation due to drying reduces permeability, posing a threat to
sequestration by obstructing pores. In soil, drying and rewetting processes control water
and nutrient transport. A comprehensive knowledge of the underlying fluid physics in
drying is crucial to modeling, predicting, designing and guiding the aforementioned
applications. During this multiphase flow process, the liquid phase vaporizes, causing the
originally liquid-saturated pore space to be continuously displaced by the vapor phase,
often described as the invasion-percolation process. Currently, drying in a homogeneous
porous media is relatively well understood, which is characterized by three periods.
However, the drying of porous media can be significantly complicated by the multi-scale
structures that exist in many porous media. For instance, in soil, while the pore size in
macroaggregates can be on the order of tens or hundreds of micrometers, the microscale
pores in the microaggregates can be sub-micrometers. The different pore sizes in the same
porous medium causes complex flow interactions between micro- and macro-pores due to
their variations in capillary pressure. Our understanding of drying from porous media
featuring dual porosity is thus still limited.

To that end, a novel 2D dual-porosity microfluidic device is used to study the multi-phase
flow of air and water during drying, emphasizing the multi-scale interaction and role of
corner film flows. In particular, the subtle interactions between drying and multiscale
transport across micro- and macro-pores are carefully investigated. The microfluidic devices
are created to bear the innovative three-layer glass-silicon-glass architecture, providing
precise structural control and excellent optical access from both top and bottom. An
innovative dual-magnification imaging technique adapted for micro-PIV and epi-fluorescent
microscopy, offers insightful information about the flow dynamics at both the micro- and
macro-scales concurrently. The results depict the overall drying dynamics in various porous
structures and show that the porous geometry and external flow conditions pose a strong
control on drying rate and flow patterns.

Presenter: Yaofa Li

Contribution ID: 264

Convective-Driven, Contact Dissolution of Residually-
Trapped Carbon Dioxide with Macroscopic Ripening

(MS05) Physics of multiphase flow in diverse porous media

Presentation Type: Poster Presentation
Author: Hatem ALAMARA (CHLOE Research Laboratory)

Co-Author: Christophe BLONDEAU (TotalEnergies CSTJF), Igor BOGDANOV (CHLOE
Research Laboratory)

238



InterPore2026

Previous studies on convective dissolution have investigated the rate at which free CO2
saturates an underlying brine layer through convective mixing. Recently, Mingotti and
Woods (2025) conducted a laboratory experiment using saturated brine with dispersed salt
powder overlying a freshwater layer. The latter configuration is analogous to the dissolution
of residually-trapped CO2 in water. To our knowledge, numerical simulation studies of this
specific phenomenon with physical parameters relevant to CO2-water systems are absent. In
this work, we adopt the same configuration as in Ref. [1]; see Fig. (a) which shows a
representative simulation case. Unlike the classical case of free CO2 convection in water, we
observe that the dissolution rate does not exhibit a quasi-linear regime with an
approximately constant value. Our simplified numerical models indicate that a significant
amount of residually trapped CO2 can be dissolved. The mechanism of dissolution is
straightforward: partially saturated water becomes fully saturated through contact
dissolution as it advances through the upper layer and then descends. A related research
question concerns how Ostwald ripening might affect the results. To explore the latter
phenomenon, we simulate Ostwald ripening at the continuum scale, see Fig. (b), using
macroscopic properties as in Ref. [2]. Across models spanning different lengths, the Ostwald
ripening equilibrium time scales with the square of the characteristic length as previously
reported in a number of studies. The key point we conceptualize is that if Ostwald ripening
initially homogenizes a macroscopically homogeneous region in a certain time, this
characteristic timescale is likely shorter than, or comparable to, the onset time of convection.
However, the potential for localized mobilization and upward migration during this stage
still needs investigation. Nevertheless, for larger simulation domains (> 1 m), once initial
homogenization occurs, convective processes are expected to dominate over macroscopic
ripening (or non-convective processes); Fig. (b) illustrates a representative case (10 m x 10
m). Finally, two dissolution regimes can be observed in the long term as depicted in Fig. (c).
The ultimate dissolvable residually-trapped layer thickness relative to the total thickness can
be expressed using simplified relationships, and the correct forms of those appearing in
Mingotti and Woods’ (2025) study are reported.
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Inverse microstructure design is a persistent challenge in materials engineering because
structure-property relations are high-dimensional, stochastic, and expensive to evaluate. As
a result, conventional optimization and surrogate-driven workflows often become
impractical when the design space is large, and microstructures must satisfy multiple
constraints. Here we present PoreFlow, a data-driven framework for high-throughput
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generation of porous microstructures using continuous normalizing flows (CNFs). PoreFlow
conditions the generative process on target properties through a latent representation,
enabling efficient sampling of microstructures that meet specified objectives while retaining
a continuous, invertible mapping between latent variables and generated structures.

We validate PoreFlow on 3D porous media generation. The framework achieves coefficients
of determination above 0.915 for reconstruction and above 0.92 when generating previously
unseen samples that satisfy the prescribed targets. In contrast to GAN-based approaches
that can suffer from training instability and mode collapse, the flow-based formulation
provides stable likelihood-based training and supports more transparent analysis of the
latent space. The architecture is modular, allowing the autoencoder component to be
replaced to accommodate alternative microstructure parameterizations beyond voxelized
images.

PoreFlow provides a scalable pathway for inverse design of porous materials with
applications in energy storage, catalysis, and related transport-dominated systems, enabling
faster and more reliable exploration of structure space under property constraints.
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We consider periodic injection and extraction of a buoyant fluid into and, from a cone-
shaped geological structure initially fully saturated with another fluid of different
properties. To our knowledge, such geometry has not been analytically investigated before
in a manner that reduces the problem from three dimensions to an effective one-dimensional
problem while preserving the essential physics of segregation and dip-driven flow. Previous
studies are largely limited to either dipping linear geometries [1,2] or non-periodic
horizontal radial models [3]. Our goal is to develop a dimensionless model and scaling laws
of practical importance for engineering design and simulation benchmarks. We limit the
discussion to the non-restrictive case of injecting and producing a lighter, more mobile fluid
into, and from a homogeneous medium motivated in particular by hydrogen storage in
aquifers. The analytical model’s geometry is shown in Fig. (a). By combining symmetry with
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transverse equilibrium, we derive a dimensionless interface equation. The governing two-
phase flow equation is a nonlinear diffusion-advection equation with embedded periodic
boundary condition to represent injection-storage-extraction cycles in cone-shaped
geological formations. The nondimensionalization of the governing PDE reveals the key
controlling groups: the mobility ratio, the radial buoyancy number, the slope number, and
the cyclicity number. We solve the dimensionless interface equation using the method of
lines in MATLAB. We have also compared our numerical solution to a classical asymptotic
analytical solution and obtained good agreement. The results of a representative case are
shown in Fig. (c). Of particular importance for code verification, but also for physical
understanding, is the equilibrium profile after a single injection period which is obtained by
combining the steady-state form of the flow equation with mass conservation. Finally, we
mention that the present study offers a theoretical framework for understanding buoyant
flow dynamics in geological domes and is particularly useful for preliminary assessments.

Presenter: Hatem ALAMARA

Contribution ID: 268

Topology Optimization of High-Temperature Volumetric
Solar Absorbers Using a Homogenized Porous Media
Approach

(MS18) High-temperature heat and mass transfer within porous materials for energy and
space (T > 800 °C)

Presentation Type: Oral Presentation

Author: AUGUSTIN DE LA VAUVRE (LTEN)
Co-Author: Benoit Rousseau, Laurent Cangemi (IFPEN), Yann Favennec (LTEN)

High-temperature volumetric solar absorbers operating above 1000 K are key components
for next-generation concentrating solar power systems. However, their deployment is still
limited by the occurrence of severe thermal gradients, reaching up to 200 K <m™, which lead
to mechanical cracking, material degradation, and a reduction of overall thermal efficiency
due to radiative losses. Addressing these challenges requires advanced design strategies
capable of controlling heat transfer mechanisms within porous structures.

This work focuses on the development of a topology optimization framework for silicon
carbide (SiC) volumetric solar absorbers, based on a homogenized porous medium
approach. The objective is to enhance thermal performance while mitigating temperature
gradients by optimally tailoring the internal porosity distribution. Recent studies have
investigated spatially varying absorber geometries by introducing gradients in parameters
such as porosity or pore diameter. However, these approaches remain limited to one-
dimensional variations or a restricted number of predefined configurations.
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In this work, a fully coupled conductive-convective-radiative optimization tool is
developed using an adjoint-state method to efficiently compute sensitivities and determine
optimal porosity fields that minimize a chosen cost function. Several optimization objectives
are considered, including maximizing absorber efficiency, minimizing temperature
gradients, or achieving a compromise between multiple performance criteria. Fluid flow
within the porous absorber is modeled using the compressible Darcy-Forchheimer
formulation, while heat transfer between the solid matrix and the fluid is described using a
Local Thermal Non-Equilibrium (LTNE) approach. Solar radiation absorption is modeled
using the Beer-Lambert law, and infrared re-emission is treated with the P1 radiation
model, whose validity is assessed through comparison with reference Monte Carlo
simulations.

A critical aspect of this study concerns the selection of thermo-physical correlations for
effective porous-medium properties. While the literature offers a wide range of empirical
correlations, their applicability to highly porous SiC absorbers remains uncertain. In this
context, a new correlation for the extinction coefficient is proposed and implemented within
the optimization framework, providing improved consistency between optical absorption
and homogenized parameters.

Optimized porosity distributions are obtained by exploring different combinations of
efficiency maximization and temperature-gradient constraints. In practice, the optimization
is performed by maximizing thermal efficiency while imposing various admissible upper
bounds on the maximum temperature gradient. This approach makes it possible to identify
a wide range of optimal solutions, spanning from nearly isothermal temperature fields with
maximum gradients below 50 K cm™, to configurations achieving very high efficiency, as
well as intermediate compromise designs that balance thermal performance and structural
integrity.

Finally, a dedicated de-homogenization tool developed in Python is presented. This tool
reconstructs discrete-scale geometries from optimized porosity and pore diameter fields
while explicitly accounting for industrial manufacturing constraints. The ultimate goal is to
fabricate optimized absorber samples in collaboration with the MEMTI SUSPIP laboratory
and to experimentally validate their performance through solar furnace testing at the
PROMES facility.
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Foams are materials composed of gas bubbles separated by thin liquid films, resulting in
extremely low density and distinctive mechanical properties. When confined within porous
and granular media, their metastable structure is profoundly altered by geometrical
constraints imposed by the pore space. Aging mechanisms no longer proceed as in bulk
foams, but are instead governed by pore-scale confinement and solid-fluid interactions. In
particular, confinement modifies the gas diffusion process which leads to the increase of the
mean bubble size.

In the context of granular waste recycling, confined foams provide a low-carbon alternative
to conventional binders, with the foamed binder drastically reducing material consumption
while maintaining intergranular cohesion. Previous work [1,2] in our group has shown that
foams injected into granular packings spontaneously form liquid bridges at grain contacts,
as a direct consequence of pore-scale confinement and capillary forces within the granular
network. This reveals a unique mechanism by which the binder is deposited selectively at
mechanically relevant locations of the porous structure. The size of these liquid bridges —
which subsequently become solid bridges upon binder solidification —is governed by the
foam microstructure, in particular the bubble size and the liquid volume fraction. Accurately
describing how the binder is distributed throughout the pore space, and how this
distribution emerges from the interplay between foam properties and confinement, is
therefore essential to predict and optimize the resulting mechanical reinforcement.

Here, we show how the timescale of binder gelation, occurring in the continuous phase of
the foam, interplays with foam aging through coarsening to control the final spatial
distribution of the solidified binder within the pore space. Gelation is achieved via salt-
induced aggregation of silica nanoparticles, and rheological measurements are used to
quantify the gelation time, providing a direct link between foam dynamics and binder
solidification kinetics under confinement.

Bubble coarsening is characterized using time-resolved measurements of bubble size,
obtained from optical imaging at the sample walls. Moreover, X-ray microtomography is
employed to resolve the solidified foam-grain architecture at the pore scale. 3D
reconstructions are segmented and quantified using Al-based machine-learning tools,
enabling statistical characterization of the pore size distribution of the solidified foam
relative to the pore size of the granular packing, as well as the morphology of liquid bridges.

The poster presents recent results on the aging dynamics and pore-scale organization of
binder foams under confinement in granular packings. Perspectives toward cement-based
foams and other foamed binders are also discussed.

Presenter: Zahraa Hammoud
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Fluid transport in porous media is commonly predicted using petrophysical properties
derived from geophysical well logs, which provide indirect proxies for porosity,
permeability, and fluid saturation at the reservoir scale. In many sedimentary reservoirs,
these log-derived properties form the basis for static and dynamic modeling workflows.
However, in sandstone-hosted uranium deposits extracted by In-Situ Leaching (ISL),
standard logging techniques such as resistivity and gamma-ray logs, often prove inadequate
in lithologically heterogenous parts of the reservoirs.

The study investigates a Paleocene-Eocene fluvial, uranium-bearing succession at the South
Tortkuduk ISL mine in Kazakhstan. By analyzing cores and coeval outcrop analogues, we
identify sedimentary facies and intra-formational reservoir architecture that cannot be
deduced from log responses alone. Features such as inclined heterolithic strata (IHS) and
paleo-chute channel deposits play a significant role in controlling hydraulic connectivity,
but are often overlooked in log-based interpretations.

Reservoir-scale numerical simulations of fluid migration are performed to evaluate the
impact of sedimentologically constrained permeability distributions on fluid flow.
Simulation results show that log-based models and uniform categorization of poro-perm
properties overestimate hydraulic connectivity and underestimate flow anisotropy within
sand-dominated intervals. In contrast, models that incorporate sedimentological controls
better reproduce restricted vertical flow, preferential lateral transport, and localized
bypassed zones.

The results demonstrate that integrating sedimentological interpretation in reservoir-scale
simulation significantly improves prediction of fluid migration in heterogeneous
sedimentary porous media and provides a more reliable basis for ISL flow and reactive
transport modeling. This improvement, in turn allows for more effective development and
production optimization strategies.

This study is logistically and financially supported by KATCO JV LLP.

Presenter: Bekzhan Smagambetov
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Coupled dissolution and precipitation governs many geophysical processes and
applications. For example, carbon mineralization is a promising strategy for long-term CO:
sequestration that involves dissolution and precipitation. During CO: mineralization,
dissolution of primary minerals can lead to the precipitation of secondary minerals that
could clog preferential flow paths, limiting the access of CO:-charged fluids to reactive host
minerals and thereby reducing overall carbon storage efficiency. As injection proceeds,
continued delivery of low-pH fluids may promote the redissolution of previously formed
precipitates, allowing mineral material to be redistributed downstream. This process may
play a critical role in mitigating clogging; however, the role of redissolution in carbon
mineralization remains poorly understood.

In this study, we use pore network modeling to simulate the coupled processes of
dissolution, precipitation, and redissolution. We systematically investigate how
redissolution of the precipitates influences dissolution-precipitation patterns over a wide
parameter space and identify the regimes and mechanisms by which redissolution mitigates
or intensifies clogging. Our results show that redissolution can either intensify downstream
clogging or significantly reduces clogging by reopening constricted flow paths and
redistributing reactive fluids. We identify parameter space where redissolution leads to
more sustained reactions and higher mineralization efficiency over time. These findings
demonstrate that redissolution can fundamentally control flow, transport, and clogging
during carbon mineralization. These results highlight the importance of explicitly
accounting for redissolution processes and have important implications for predicting and
optimizing the efficiency and long-term performance of subsurface carbon mineralization
and storage strategies.
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Fracture intersections are critical links that enable flow and transport in subsurface fracture
networks, and their behavior strongly influences fluid mixing in a network. Although all
subsurface fractures are subjected to geological stress, we lack a fundamental understanding
of how fracture intersection geometry evolves under stress and how these changes influence
fluid mixing. Here, we combine 3D printing, 3D X-ray tomographic imaging, and 3D pore-
scale numerical simulations to reveal stress-induced changes in intersection geometry and
their impact on mixing. Mixing is found to be strongly affected by partial closure of an
intersection under stress. As an intersection closes, the void area for fluid flow and diffusion
decreases leading to substantial deviations between conventional mixing models and full
pore-scale modeling. To address this, we propose a modified mixing model that accounts for
intersection deformation, which is essential for accurate modeling of solute transport and
mixing through fracture networks.
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Diffusiophoresis refers to the out-of-equilibrium phenomenon that triggers colloid migration
along gradients of local salt concentration in its ambient. First discovered in the 1950s [1],
later developed theoretically in the 1980s [2], this phenomenon has recently caught the
attention of scientists across disciplines. Due to the logarithmic dependence of the
diffusiophoretic drift velocity on the salt gradients, small variations in salt concentrations
can lead to unexpectedly large colloid migration. It has been well-established that
diffusiophoresis is promising in colloid manipulation strategies. However, the
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understanding of this phenomenon in the context of porous media is limited. Recent
investigations have demonstrated that spatial heterogeneities in the medium that support
salt gradients for relatively larger times are conducive to diffusiophoresis [3,4]. On a slightly
different note, in synthetically generated 3D unsaturated geometries characterized by low-
flow dead-end regions and high-flow well-connected transmitting regions, it was suggested
that mixing, and subsequently, reactivity are suppressed compared to their 2D counterparts
[5]. Naturally, these observations implore the next question: “How does diffusiophoresis
transpire in realistic 3D geometries where salt gradients are likely to persist at different
scales?* Furthermore, from an application point of view, addressing this question will
provide crucial insights towards the optimal exploitation of diffusiophoresis in technologies
such as groundwater contamination and remediation. To this end, we use high performance
computing and pore-scale simulations to investigate diffusiophoresis in 3D heterogeneous
solute landscapes. Optimal conditions for enhanced diffusiophoresis will be identified for
achieving systematic colloid removal or retention, as desired, by tuning the control
parameters. The relevance of diffusiophoresis in realistic 3D media and the underlying pore-
scale governing mechanisms will be elucidated. These results constitute some of the few
pioneering works and are expected to pave the way towards attaining controlled colloid
manipulation through porous media.

Presenter: Mamta Jotkar
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We present a way to design porous materials using pore-network modelling that predicts
the effects of pore structure and wettability on coupled heat and mass transport with
reaction. As an example we investigate the performance of electrochemical devices where
the wettability of the porous electrodes governs the reaction rate and overall performance.
We present a predictive pore-scale network modelling framework that explicitly correlates
wettability, fluid connectivity, and reactivity in catalyst layers for CO2 electroreduction in
flow cells. Simulations reveal that introducing a hydrophobic pore fraction of ~35%
establishes a mixed-wet state that maximizes the reactive area, which is quantified through
the length of spatially distributed three-phase contact regions where electrolyte, CO2 and
catalyst coexist. This configuration preserves CO2 accessibility while mitigating electrolyte
flooding. We introduce polytetrafluoroethylene (PTFE) as a wettability-tuning additive and
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experimentally demonstrate that a tailored PTFE loading of 38 vol% in the catalyst yields
enhanced C2+ production, with improvements of 24% in C2+/Cl1 selectivity and 14% in C2+
partial current density: this optimal fraction of hydrophobic material corresponds to the
predictions of the pore-scale model. This work establishes wettability as an active,
quantitative design parameter rather than a passive material property. Beyond CO2
reduction, this framework provides a generalizable principle for designing electrolyzers,
fuel cells, flow batteries, and packed bed reactors containing porous materials. By coupling
mechanistic modelling with experimental validation, this study provides both fundamental
insight and a practical pathway toward scalable, high-performance electrochemical devices
and reactors that are essential to sustainable energy and carbon-neutral technologies.
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In porous media, fluid transport typically occurs through an interconnected network of pore
bodies and throats, referred to here as the primary network. During drainage, when a non-
wetting phase displaces a wetting phase (e.g., air displacing water in a porous rock), thin
films of the wetting phase often remain adhered to grain surfaces. Under certain conditions,
these residual films can merge to form a secondary network composed of interconnected
films and capillary bridges. This network can significantly enhance the medium's
connectivity and create additional pathways for fluid transport, beyond those of the primary
network [1-3].

We present experiments performed in transparent, micromodel-like porous networks that
allow for direct visualization of these secondary pathways. Our observations show that fluid
domains disconnected in the primary network can become effectively connected via thin
films. This alternative transport mechanism has important implications for environmental
and geophysical processes, including pollutant dispersion in soils and nutrient delivery to
plant roots in dry conditions. Additionally, we will present preliminary results indicating
that transport through thin films can play a significant role in mixing processes within
porous media, further underlining their functional importance.
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Aerogels are porous materials that have been the subject of extensive research for many
years. Monolithic silica aerogels, due to their continuous pore network structure and lack of
inparticles voids, are model systems used to study transport phenomena at the pore scale. In
monolith aerogels prepared by drying under ambient pressure, crack formation is a more
common problem than with other drying methods. Therefore, the effects of surface
functionalisation on the pore connectivity and transport pathways are directly evaluated
using indirect indicators. For monolithic aerogels dried at ambient pressure, quantitative
analysis of these effects is limited.

In this study, monolithic silica aerogels were synthesized using tetraethyl orthosilicate
(TEOS) via a two-step acid-base sol-gel process. Following this, hexamethyldisilazane
(HMDS) surface silylation was applied to the aerogels to prevent shrinkage and cracking.
After production, the surface chemistry was altered by post-grafting with controlled
amounts of aminosilane, resulting in a series of samples with the same production history
and geometry but at different functionalization levels. This strategy allows for the
investigation of only the effect of surface functionalization, excluding structural differences
that might occur during gel formation.

Characterization studies were conducted to determine the cross-scale structure-function
relationships of the synthesized aerogels. The three-dimensional pore architecture was
quantified by X-ray microcomputed tomography, allowing the extraction of transport-
related metrics such as porosity, pore connectivity, and crumpleness. Surface area and
porosity analyzer (BET) analysis was performed to obtain information about surface area
and pore size distribution. Nanometre-scale structural features were investigated using
scanning electron microscopy (SEM). Surface chemistry and functionalization efficiency
were validated by Fourier-transform infrared spectroscopy (FTIR) spectroscopy and
thermogravimetric analysis (TGA).

The results reveal that surface functionalization alters the transport regime by disrupting
pore connectivity beyond a certain threshold. Although moderate amine binding largely
preserves the pore accessibility, it was observed that tortuosity increases and effective pore
accessibility decreases at higher functionalisation levels. This nonlinear behaviour
demonstrates that surface modification can limit transport without a significant change in
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total porosity. This study aims not to develop a new material or adsorbent but rather to
position monolithic silica aerogels as reference porous media to elucidate the effects of
surface functionalization on transport at the pore scale. The findings highlight the
importance of the balance between chemical properties and pore accessibility in the design
of functional porous materials.

Keywords: silica aerogels, surface functionalization, pore-scale transport.

Presenter: Yasemin Ozliman Farimaz

Contribution ID: 282

Diffusiophoretic transport induced by mineral dissolution in

porous media
(MS02) Environmental Porous Media: Water, Agriculture, and Remediation

Presentation Type: Oral Presentation

Author: Florian Cajot (Institut des Sciences de la Terre d'Orléans, Université d'Orléans,
CNRS, BRGM, UMR 7327, Orléans, France)

Co-Author: Cyprien Soulaine (Institut des Science de la Terre d’Orléans), Sophie Roman
(University of Orleans)

In the context of climate change, many key environmental engineering applications rely on
transport and reactive processes in porous media, including CO2 storage in geological
formations and the remediation of contaminated soils and aquifers. Ensuring the integrity of
geological containment barriers and improving groundwater quality requires the
development of effective engineering strategies, particularly to seal caprock fractures and to
treat polluted aquifers. One promising approach involves the injection of colloidal particles
into subsurface reservoirs [3, 6]. Given its strong potential, this strategy motivates the
development of approaches to control colloid transport to efficiently target damaged or
contaminated regions, a challenge that remains largely unresolved [8].

In underground reservoirs used for CO2 storage, water acidification can lead to the
dissolution of minerals constituting the reservoir and caprock matrix. In this study, we focus
on calcite dissolution upon contact with an acid solution. We aim to investigate the transport
of colloidal particles under the influence of concentration gradients generated by this
dissolution process. In particular, we examine the role of diffusiophoresis - a transport
mechanism that drives colloids along solute concentration gradients [2] - in controlling
particle migration. Diffusiophoresis represents a promising yet underexplored mechanism
in particle transport models for reactive porous media, especially in reactive systems
involving mineral dissolution. A key challenge lies in accurately capturing both the evolving
concentration gradients and their impact on colloid transport within porous structures.
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We develop a pore-scale numerical simulator based on OpenFOAM to model the transport
of colloidal particles driven by diffusiophoresis. The diffusiophoretic velocity - accounting
for both electrophoretic and chemiphoretic contributions [4, 7] - is incorporated into an
advection-diffusion framework [1]. A first-order kinetic reaction boundary condition is
imposed at the calcite-fluid interface to model mineral dissolution. This approach enables us
to track the evolution of hydrogen chloride concentration gradients, dissolution products
(calcium and bicarbonate ions), as well as the resulting diffusiophoretic velocities of both the
fluid and the particles. The simulated particle velocities are in agreement with microfluidic
experimental observations [5]. Furthermore, we systematically investigate the influence of
diffusiophoresis around dissolving calcite surfaces as a function of several dimensionless
numbers, including the ionic Péclet number, the particulate Péclet number, the
diffusiophoretic Péclet number, and the diffusiophoresis number.

This work provides new insights into the influence of diffusiophoresis on colloid transport
in reactive porous media.

Keywords: Diffusiophoresis, Particle transport, Concentration gradient, Computational
Fluid Dynamics simulations, Mineral dissolution
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In this work, we report a continuum model that incorporates the percolation effect for slow
evaporation in capillary porous media. In order to evaluate such continuum model, we
perform a pore-scale simulation based on a large pore network composed of about 2.5
million pores. Key transport parameters, such as capillary pressure and relative
permeability, are derived directly from the large pore-network simulations. It is revealed
that the percolation effect should be considered in the continuum models in order to gain
reasonable liquid saturation profile. The large pore network modeling shows that capillary
pressure fluctuates with liquid saturation, different from the traditional capillary pressure
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curve that is monotonously varied with liquid saturation. Time averaging should be applied
to such fluctuated capillary pressure data before they are employed in the continuum model.
If the traditional capillary pressure versus liquid saturation is employed in the continuum
model with the percolation effects, non-physical predictions are observed - specifically, an
increase in liquid saturation near the open boundary during evaporation. Furthermore, we
observe fluctuating liquid velocities within the porous medium, exhibiting turbulent-like
behavior. This may indicate that combined volume and time averaging approach is needed
to develop the accurate continuum model. These findings offer valuable insights for
advancing the continuum model of evaporation in porous media.
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Although microfluidic lab-on-a-chip devices have revolutionised analytical chemistry and
point-of-care diagnostics, their availability is restricted by high manufacturing costs and
specialized equipment, especially in environments with limited resources. This work
presents a novel, ultra-low-cost approach to creating functional microfluidic channels on
porous paper substrates using readily available household materials as hydrophobic barrier
agents.

By using inexpensive materials to form hydrophobic barriers on filter paper substrate and
precisely define microfluidic channels inside the porous media, we were able to produce
paper-based microfluidic devices. The fabrication process is very accessible for widespread
adoption because it doesn't require expensive equipment or cleanroom facilities.
Comprehensive characterization was performed using scanning electron microscopy (SEM)
to analyze surface morphology and barrier formation, along with porosity measurements of
both treated hydrophobic regions and bare filter paper.

Our results demonstrate excellent hydrophobic barrier formation with well-defined channel
boundaries and superior fluid flow characteristics. Controlled capillary-driven flow was
made possible by the uniform coating morphology and notable hydrophilic and
hydrophobic region differences found by SEM investigation. Despite their inexpensive cost
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of manufacture, the devices demonstrated impressive flow rates appropriate for analytical
uses while retaining strong hydrophobic barriers. The material cost per device is several
orders of magnitude lower than conventional PDMS-based microfluidics.

This platform addresses critical needs in affordable diagnostics and analytical chemistry.
Because of its demonstrated ability, extremely cheap fabrication cost, and simple
methodology, this technology is positioned as a viable choice for point-of-care testing in
resource-constrained environments. Computational fluid dynamics modeling is planned to
optimize channel geometry and flow characteristics for specific applications.

Presenter: Shantanu Banerjee

Contribution ID: 285

Micro-Continuum Simulation of Pore-Scale Mineral

Dissolution: Pore-Space Structure and Dissolution Regime
(MS20) Special Session in Honor of Jun Yao

Presentation Type: Oral Presentation

Author: Jinlei Wang

Co-Author: Yongfei Yang (China University of Petroleum (East China)), Branko Bijeljic
(Imperial College), Martin Blunt (Imperial College London)

Mineral dissolution during CO2 geological storage significantly alters the structural
integrity and long-term storage capacity of reservoirs. This study investigates the reactive
transport and mineral dissolution processes induced by CO2-saturated brine injection across
three porous rocks with distinct pore-space geometries. Utilizing micro-CT images, we
employ a micro-continuum method coupled with an improved Volume of Solid (VoS)
approach to simulate the evolution of the pore space. The study focuses on the reaction-
limited dissolution regime, specifically exploring the relationship between the exposed
surface area and the effective dissolution rate across a range of Péclet numbers. Our analysis
quantifies how initial pore-space geometries and emergent dissolution morphologies govern
the evolution of this relationship.
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In many contexts, microbial reactions are studied in batch-type reactors to identify
conditions necessary for active microbial metabolism and to determine reaction rates or
kinetics of selected reactions. One example is the microbial oxidation of hydrogen (e.g.
Dohrmann & Kriiger, 2023; Dopffel et al 2023) in the context of subsurface storage of
hydrogen as energy carrier.

Within batch-type reactors (or serum bottle experiments), a single large gas-fluid interface
may limit the replenishment of dissolved hydrogen by mass transfer from the gas phase (cf.
Strobel et al 2023). In addition, the single static interface present in the batch-type reactors
and the analysis of bulk fluid or gas samples only prevents investigation of spatial chemical
gradients of e.g. dissolved hydrogen concentrations or dissolved redox-acceptor
concentrations developing on the micrometre scale in subsurface porous rocks. There these
gradients most likely will govern growth rates, overall rates of biofilm formation - and more
important, its localization with respect to pore throats (Hassannayebi et al 2021). This in turn
will affect the overall microbial growth, hence microbial oxidation of hydrogen and
formation of by-products, and changes in permeability. First attempts to assess the
importance of localized biofilm formation used eithe