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Analysis and Optimization of Main Controlling Factors Affect-
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The waterflooding development performance of sandstone reservoir is affected by several geology
and engineering factors. This research investigates the effects of reservoir heterogeneity, oil viscos-
ity, water injection intensity and well spacing on sandstone reservoir waterflooding development,
considering the changes of reservoir physical properties after long-term waterflooding by apply-
ing time-varying numerical simulations. By factor normalization and multiple regression methods,
the relationship between recovery factors and four main controling factors is established, and the
weight coefficients of each parameter are obtained, the optimal injection-production parameters are
further determined under different reservoir conditions. This study has certain guiding significance
for the evaluation of waterflooding development and the production optimization of sandstone reser-
voir.
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A deep learning enabled massive parallel simulator for porous
media flow
Author: Chensong Zhang1
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Due to the complex composition of oil and gas resources, reservoir engineers usually switch between
differentmathematical models when describing the properties of petroleum reservoirs. In addition to
the commonly used black oil model, various compositional models have been proposed. Some EOR
techniques, such as polymer flooding, must be simulated based on the framework of compositional
models. Some other applications of porous media flow, such as CO2 sequestration, groundwater
contamination, and geothermal resource development, can also be simulated using compositional
models. But the compositional models tend to be associated with more complex PDEs, more vari-
ables, and higher computational costs. In this talk, we will discuss a general-purpose compositional
framework and our efforts in developing its solution methods, including discretizations, nonlinear
solvers, linear solvers, parallelization and AI capabilities. Furthermore, we will introduce an open-
source software project for simulating multi-component multi-phase porous media flow.
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Dispersion and Straining Behaviors of Non-Spherical Suspended
Particles in Saturated Randomly Packed Beads: A Numerical and
Theoretical Study
Authors: Yaoming Chen1; Dian Fan2
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Understanding the transport of particles in porous media, including dispersion and straining, plays
a pivotal role in optimizing various engineering processes, such as drug delivery, wastewater treat-
ment, and fracking proppants displacement. While prior numerical endeavors have significantly
expanded our understanding of the microscopic behavior of particles within porous media, they
have frequently overlooked the shape anisotropy of particles. When particles are non-spherical,
such as pills, bacteria, and microplastics, the shape anisotropy of particles may determine their dis-
persion and straining behaviors in porous media, even in weakly heterogeneous environments like
beadpacks.

To bridge this knowledge gap and evaluate our hypothesis, we simulated the Lagrangian transport of
3-D non-spherical particles through a 3-D porous network generated by a randomly sedimented, sat-
urated bead pack, employing a computational fluid dynamics-discrete element method (CFD-DEM)
approach. To account for the particles’asphericity as well as its impact on particle transport, wemod-
eled the particles as superquadrics of varying asphericities and implemented a particle-fluid two-way
coupling algorithm, where the fluid flow influences particles’motion, and conversely, particles also
affect the fluid streamlines.

Our results suggest that, compared to spherical particles, highly aspherical particles tend to migrate
along streamlines more readily, resulting in a higher mean dispersivity; such particles also tend
to sweep a larger volume of the pore space, leading to a more uniform spatial distribution of re-
tained particles. To support our numerical observations, we report a particle velocity probability
distribution function that encompasses the impact of particles’asphericity on their dispersion and
straining behaviors. Said function compiles all numerical observations and distinguishes between
the straining and dispersion characteristics. We also deliberate on the similarities and differences
between this new function and the function applicable to spherical particles, as previously reported
[1]. The presented function can be useful in designing particle topology to achieve specific velocity
distributions or mean dispersivity of interest.
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Dispersion Control in Fractured Multi-Layer Porous Media Sys-
tem
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Co-authors: Felipe P. J. de Barros 2; Runqing Shan 3

1 Stanford University
2 Sonny Astani Department of Civil and Environmental Engineering, University of Southern California
3 Institute of Mechanics, Chinese Academy of Sciences

Corresponding Authors: lingbowen@imech.ac.cn, fbarros@usc.edu, shanrunqing@imech.ac.cn

Multi-layered porous media are present in a variety of natural and engineered systems, and their
structure can have a significant impact on flow and transport processes. This study proposes a hybrid
analytical-numerical solution to examine the relationship between scalar dynamics and media prop-
erties in coupled systems comprising a two-dimensional free flow layer and a heterogeneous porous
medium operating under fully developed laminar flow conditions. Perturbation and homogenization
methods are used to obtain a set of one-dimensional upscaled equations for passive scalar transport.
These equations are then used to develop a semi-analytical solution based on integral transforms,
which enables the relationship between the properties of the porous system and scalar mixing and
spreading to be determined. To validate the solution for the upscaled system, we compare the results
with numerical findings for two-dimensional scalar transport. In addition, we analyze the influence
of the multilayered system on macroscopic transport by examining the breakthrough curve, disper-
sion coefficient, and mixing of the scalar cloud. The results suggest that the semi-analytical solution
can be used to optimize and determine the arrangement of porous media properties to achieve de-
sired mixing objectives.
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Design of viscosified CO2 for carbon storage in saline aquifers by
continuum-scale imaging and modeling
Authors: Abbas Firoozabadi1; Boxin Ding2

Co-author: Apostolos Kantzas 3

1 Rice University
2 Peking University Shenzhen Graduate School
3 University of Calgary

Corresponding Authors: boxin.ding@pku.edu.cn, abbas.firoozabadi@rice.edu, akantzas@ucalgary.ca

Carbon capture, utilization, and storage (CCUS) is expected to play an essential role in global decar-
bonization. Safe and efficient storage of CO2 in saline aquifers requires mobility control to prevent
CO2 from exposure and accumulation at the formation top. An effective agent for CO2 mobility con-
trol should be carefully tailored with low adsorption in rock surfaces, low injection pressure, and
high capacity of carbon storage. Here, we develop and utilize engineered oligomers at very low con-
centrations to directly viscosify the sc-CO2 and demonstrate their effectiveness for improving CO2
storage in saline aquifers with layered formation. We also present results from X-ray CT imaging
to advance the understanding of two-phase CO2-brine flow in layered cores and firmly establish the
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transport mechanisms.
X-ray CT imaging of displacement experiments is conducted to quantify the in-situ sc-CO2 satura-
tion spatiotemporally in the brine-saturated porous media with homogeneity and heterogeneity. In
neat CO2 injection, the large mobility contrast between the CO2 and brine results in the channeling
of CO2 through the high permeability zone, leading to an early breakthrough and low brine pro-
duction. Direct measurement and in-situ saturation measurement show that there is around 10%
difference for cumulative brine production in neat CO2 injection. The difference between the two
is attributed to the solubility of the produced water in the produced CO¬2 at atmospheric pres-
sure which has been neglected in the past. We show that when the forgotten effect is accounted
for, there is a good agreement between direct measurements and in-situ saturation results. The
X-ray imaging demonstrates that the large effect of improved carbon sequestration is attributed to
reduction of residual brine saturation from increase in interfacial elasticity from the addition of the
oligomers. The combination of mobility control and residual brine saturation reduction is expected
to improve CO2 storage in layered formation by effective viscosification at very low concentrations
of oligomers. We also develop a model coupled with hydrodynamics and thermodynamics to com-
pare, identify and analyze with the experimental observations from X-ray CT imaging. The model
sheds light on understanding the CO2 flow in saline aquifers.
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Generation and application of hydrocarbons preserved in the closed
pores from the Jurassic Formation, Sichuan Basin
Author: Fei Liu1

Co-author: Yuanjia Han 1

1 China University of Geosciences (Wuhan)

Corresponding Authors: liufei2017@cug.edu.cn, hanyj@cug.edu.cn

Introduction
The low molecular weight hydrocarbons (including gaseous alkanes and light hydrocarbons) offer
a unique opportunity to study the petroleum generation processes and its migration from source
to reservoir rocks. However, significant loss of low molecular weight hydrocarbons has occurred
during core and cuttings collection, storage and subsequent sample preparation.

Results
In this paper, an experiment was presented for getting the hydrocarbons without loss in closed pores.
The light hydrocarbons (LHs) in closed pores indicated that acidic clays play an important role in
the hydrocarbon-generation process. Based on the cross-plot of light hydrocarbon parameters (nC1/
nC1-5 Versus iC5/nC5) and the distribution of pseudo-components, the main control mechanism of
hydrocarbon generation in Fuxing area can be divided into three series: (1) Free radical type: an
exponential progression molar concentration of gaseous hydrocarbons by carbon number and with
a preferential yield of nC1, the products are dominated by straight-chain hydrocarbons, nC1/ nC1-5
shows the highest ratio (mean value 0.68) and iC5/nC5 shows the lowest ratio (mean value 1.08).
(2) Carbenium ion type: liquid hydrocarbon molar concentration has an exponential relationship

Page 5



InterPore2024 / Book of Abstracts

with carbon number, the gaseous hydrocarbon has the preferential yield of C3-5 while producing
abundant branched hydrocarbons, nC1/ nC1-5 shows the lowest ratio (mean value 0.11) and iC5/nC5
shows the highest ratio (mean value 7.38). (2) Mixed type: liquid hydrocarbon molar concentration
has an exponential relationship with carbon number, the gaseous hydrocarbon has the preferential
yield of C3-5 while producing abundant branched hydrocarbons, nC1 is the main light hydrocarbon,
and a certain amount of C3-5 and branched hydrocarbons are produced at the same time. nC1/ nC1-
5 (mean value 0.30) and iC5/nC5 (mean value 3.73) are between the results of the first two reaction
mechanisms.

Conclusions
Thehydrocarbon in closed pores provides practical geochemical evidence for themechanisms of light
hydrocarbon generation (carbenium ion and free radicalmechanisms) and its controlling factors. The
present results from hydrocarbon components in closed pores indicate the catalytic reaction of acidic
clays play an important role in the hydrocarbon generation process of Jurassic source rocks in the
Fuxing area, which may change our view on the generation and distribution of hydrocarbon in the
Fuxing area of the Sichuan Basin.
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Fractal characteristics of natural fractures in continental shale
reservoir and their effects on permeability
Author: Xiaoming Wang1

Co-author: Junbin Chen 1

1 Xi’an Shiyou University

The development characteristics of natural fractures are restricting the efficient development of low
permeability reservoirs, but the existing methods not only cannot achieve a quantitative characteri-
zation of natural fractures, also cannot achieve quantitative analysis of their effect on permeability.

Page 6



InterPore2024 / Book of Abstracts

Therefore, based on fractal theory, SEM technology, image processing and permeability measure-
ment were used to solve this problem in continental shale reservoir. Results show that the develop-
ment degree of natural fractures varies greatly in different bedding directions, fractal dimension can
be used to quantitatively characterize the development degree of natural fractures and reservoir per-
meability in different bedding directions. Compared with vertical bedding, the fractal dimension of
natural fractures in parallel bedding direction is much larger, natural fractures are more developed
and have better fractal characteristics. However, the permeability of cores with parallel bedding
is much smaller, which is 1/7 of that of cores with vertical bedding. Meanwhile, the permeability
of cores with vertical bedding increases with the fractal dimension of natural fractures in vertical
bedding direction increasing, while the permeability of cores with parallel bedding decreases with
the fractal dimension of natural fractures in parallel bedding direction increasing. The results are
of great significance for guiding the efficient development of oil and gas in continental shale reser-
voir.
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OptimizationMethods for Sparse Linear Solvers inReservoir Sim-
ulation
Author: Weifeng LiuNone

Corresponding Author: weifeng.liu@cup.edu.cn

Due to the increasing scale and complexity of the reservoir simulation problems, solving linear sys-
tems from the equations for reservoirs often requires significant computational resources and time.
Thus, the high performance acceleration for solving reservoir problems is crucial. This talk will in-
troduce methods for the fast solution of reservoir problems, with special attention paid to sparse
direct solver optimizations. The principles and applications will be presented, and the potential for
enhancing computational efficiency on supercomputers will be emphasized as well.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Page 7



InterPore2024 / Book of Abstracts

MS06-B / 12

Themathematicalmodel and analysis of thenanoparticle-stabilized
foam displacement
Authors: Grigori Chapiro1; Pavel Sejas PazNone; Tatiana Danelon de AssisNone

1 Universidade Federal de Juiz de Fora

CorrespondingAuthors: grigorichapiro@gmail.com, tatianadanelon@gmail.com, pavel.sejas.paz@ice.ufjf.br

This work proposes a mathematical model to study the foam displacement in porous media stabi-
lized by nanoparticles [1]. We consider a simplification of the Stochastic Bubble Population balance
model in local equilibrium, with nanoparticle dependence inspired by the experimental data from
the literature. It consists of a non-strictly hyperbolic system of conservation laws, which is solved
for the generic initial and injection conditions. We investigate the existence of a global solution as
a sequence of waves following the Conservation Laws Theory and the procedure proposed in [2],
where a similar problem was solved for a two-phase flow containing an active tracer (with linear
adsorption). When the solution is composed of two or more waves, we present necessary and suffi-
cient conditions to guarantee the compatibility of these wave sequences. The analytical solution for
the nanoparticle-stabilized foam displacement in porous media allowed us to quantify the effect of
nanoparticles on foam displacement, focusing on the breakthrough time and cumulative water pro-
duction. In agreement with the literature, when only gas is injected, the breakthrough time and the
water production increase with the nanoparticle concentration. Although, we also observe that the
effect of nanoparticles is less pronounced for high nanoparticle concentration. Counterintuitively,
adding nanoparticles changes the mathematical solution qualitatively, yielding a negligible effect on
water production during gas-water co-injection for a certain parameter range. We discuss the most
favorable conditions to observe the action of nanoparticles in laboratory experiments.
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This work aims to explore the properties and interactions between binary surfactant systems due to
their ability to form mixed micelles with lower interfacial tension (IFT). The focus is on determin-
ing the synergistic or antagonistic behaviors of these systems for effective application in enhanced
oil recovery (EOR) in carbonate oil fields. Our study employed a methodology comprising experi-
mental analysis, mathematical modeling, and molecular dynamics simulations. In the experimental
study, we examined eight individual surfactants and six binary surfactant systems at various ra-
tios to determine their critical micelle concentrations (CMCs), using reservoir oil and performing
experiments at reservoir conditions. Then, Rubingh’s Regular Solution Theory (RST) was applied
to evaluate interactions within the binary surfactant mixtures. Finally, using molecular dynamics
simulations, we characterized the microscopic interactions to comprehend how hydrophilic and hy-
drophobic parts of the surfactants interact with surrounding media, and how they self-assemble into
aggregates such as micelles or bilayers. The key findings of our work showed that the occurrence
of synergism or antagonism in lowering the CMC of binary surfactant mixtures depend on both
the concentration of the individual surfactant and the type of surfactant used. Nevertheless, we
noted a prevalent synergistic phenomenon in all binary surfactant systems, notably influenced by
the concentration of the non-ionic surfactant. Increased concentrations of non-ionic surfactants no-
tably enhanced synergistic interactions, fostering lowered CMC values when combinedwith anionic,
cationic, and zwitterionic surfactants. On the other hand, an excessive concentration of cationic sur-
factants demonstrated relatively ‘weak’ synergistic effects, attributed to their comparatively smaller
hydrophobic tail. Moreover, the formation of mixed micelles in binary surfactant systems led to a
more negative free energy of micellization, thereby achieving synergistic effects between surfactants
and resulting in lower CMC values. This emphasizes the crucial role of surfactant concentration in
achieving synergistic outcomes within mixed systems. Generally, binary surfactant systems demon-
strated lower CMC values compared to single surfactants, suggesting the potential for their use at
lower concentrations to achieve desired interfacial and recovery outcomes, thereby reducing opera-
tional costs.
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Carbonate rocks exhibit a complex surface charge, making it challenging to generalize the use of a
single surfactant type. Hence, the utilization of binary surfactant mixtures is proposed as a more
efficient alternative. This work focuses on static adsorption, wettability alteration, and spontaneous
imbibition tests to gain comprehensive insights into the underlying fluid-rock interactions in car-
bonate formations. The objective is to propose more effective solutions for enhanced oil recovery in
carbonate formations. Our study centered on binary surfactant systems and their interactions with
carbonate rock. We conducted several laboratory experiments, including static adsorption tests on
eight different surfactant systems. This aimed to compare their adsorption behaviors against indi-
vidual surfactants, with the aim of studying their synergistic interactions. Additionally, wettability
and spontaneous imbibition tests were conducted under the reservoir conditions of a producing oil
field to understand the primary mechanisms and synergistic effects of binary surfactant systems
in enhancing oil recovery from carbonate formations. Our results showed a significant influence
of the nonionic surfactant leading a considerable reduction in adsorption values of 53% and 28% in
its anionic-nonionic and cationic-nonionic mixtures, respectively. The efficient synergism between
binary surfactant systems to reduce surfactant adsorption in carbonate rocks was also confirmed
in the physicochemical evaluations with a reduction in both zeta potential and pH values when
compared to their individual surfactants. Furthermore, spontaneous imbibition results showed that
binary surfactant mixtures exhibit maximum synergism, particularly when they system is composed
of of zwitterionic and non-ionic surfactants. This surfactant blend resulted in the highest recovery
factor of nearly 60%, signifying significant improvement in oil recovery from carbonate formations.
According to the analysis of contact angle, the binary surfactant systems did not significantly change
wettability. However, this can be beneficial because it implies that the surfactant molecules are not
adsorbed to the rock surface within the porous medium. Instead, they are utilized to their maxi-
mum potential within the porous medium. The findings presented in this work demonstrate that
careful screening, selection, and combination of binary surfactants can effectively reduce surfactant
adsorption, maintain rock wettability, and substantially lower interfacial tension in carbonate rock,
ultimately aiming to enhance oil recovery. This approach paves the way for the development of
innovative surfactant blends that ensure the economic viability of EOR projects, suitability for CO2
foam sequestration projects, and broad applicability in carbonate formations.
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A robust two-level overlapping preconditioner for Darcy flow in
high-contrast porous media
Author: Eric Chung1

1 Chinese University of Hong Kong
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In this talk, we present a two-level overlapping domain decomposition preconditioner for solving
linear algebraic systems obtained from simulating Darcy flow in high-contrast media. Our precon-
ditioner starts at a mixed finite element method for discretizing the partial differential equation
by Darcy?s law with the no-flux boundary condition and is then followed by a velocity elimina-
tion technique to yield a linear algebraic system with only unknowns of pressure. Then, our main
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objective is to design a robust and efficient domain decomposition preconditioner for this system,
which is accomplished by engineering a multiscale coarse space that is capable of characterizing
high-contrast features of the permeability field. A generalized eigenvalue problem is solved in each
non-overlapping coarse element in a communication- free manner to form the global solver, which
are accompanied by local solvers originated from additive Schwarz methods but with a non-Galerkin
discretization to derive the two-level preconditioner. We provide a rigorous analysis indicating that
the condition number of the preconditioned system could be bounded above with several assump-
tions. Extensive numerical experiments with various types of three-dimensional high-contrast mod-
els are exhibited. In particular, we study the robustness against the contrast of the media as well
as the influences of numbers of eigenfunctions, oversampling sizes, and subdomain partitions on
the efficiency of the proposed preconditioner. Besides, strong and weak scalability performances
are also examined. The work is partially supported by the Hong Kong RGC General Research Fund
(Projects: 14305222 and 14304021).
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Mineral dissolution is a common phenomenon in many subsurface geo-systems, such as carbon
sequestration, wastewater disposal and oil and gas recovery. Dissolution can change the topology of
porous rock, which affects the rock’s geophysical parameters, such as permeability and elastic wave
velocity. We numerically investigate the relationships between the evolutions of P-wave and S-wave
velocities and permeability induced by mineral dissolution under different pore heterogeneities. We
use a linear Boolean model to represent sedimentary rocks with various pore heterogeneities. We
reproduce three typical dissolution patterns: compact, uniform and wormhole, by adjusting the
Péclet and Damköhler numbers. For these numerical simulations, we use the lattice Boltzmann
method to compute the velocity and concentration fields, and the finite element method to compute
the strain fields. Our results indicate that the evolution trends of both P-wave and S-wave velocities
are similar in all simulations. When the initial pore heterogeneity is fixed, the uniform dissolution
pattern cases show a faster decrease of elastic wave velocity as the dissolution progresses; when
the dissolution pattern is fixed, the more heterogeneous rock shows a faster decrease of elastic wave
velocity. The findings have important implications for subsurface engineering applications involving
pore network and fluid path evolutions caused by mineral dissolution.
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Meng Du1,2,3, Shuyi Lu4, Zhengming Yang*1,2,3, Weifeng Lyu1,2,3, Xinliang Chen2,3, Xiang Qi 3,
Pengwei Fang 1,3, Zhuoying Dou 1,3
(1. University of Chinese Academy of Sciences, Beijing 100049, China;2. Institute of Porous Flow
& Fluid Mechanics, Chinese Academy of Sciences, Langfang 065007, China; 3. Research Institute
of Petroleum Exploration & Development, PetroChina, Beijing 100083, China; 4. Beijing Normal
University, Beijing 100875; 5. State Key Laboratory of Enhanced Oil Recovery, Beijing 100083,
China)

The imbibition and displacement between fractures and matrix have a significant effect on the de-
velopment of tight/shale reservoirs, a combination of dynamic displacement and imbibition online
physical simulation method was established by integrating nuclear magnetic resonance (NMR) and
CT scanning. Through real-time dynamic monitoring of multiphase flow and migration behavior
of crude oil in each stage of dynamic imbibition, the development effect of dynamic imbibition and
the micro-production mechanism of pore throats with different sizes of tight/shale oil were quanti-
tatively studied. The effects of displacement pressure, permeability, and fractures on the dynamic
imbibition effect and pore crude oil production were analyzed. On this basis, the dynamic seep-
age process of fracking-soaking-backflow-production integration was simulated, which reveals the
dynamic production characteristics of different development stages and their contribution to enhanc-
ing oil recovery (EOR). The results show that the dynamic imbibition process of tight/shale oil water
flooding can be divided into three stages: strong displacement and weak imbibition stage of rapid
production of large pores and fractures under displacement action; weak displacement and strong
imbibition stage of slow production of small pores and fractures under counter-current imbibition
action and dynamic equilibrium stage of weak displacement and weak imbibition. The greater the
displacement pressure, the lower the degree of imbibition recovery and the stronger the contribution
of displacement, but it is easy to produce water channeling, leading to an early breakthrough, as a
result, the recovery increases and then decreases. The higher the permeability and the better the
pore throat connectivity, the greater the degree of both imbibition and displacement recovery, and
the shorter the percolation equilibrium time and the greater the recovery. Fractures can effectively
increase the imbibition contact area between the matrix and water, reduce the resistance of oil and
water seepage, and increase the rate of matrix oil release and total recovery. There are differences
in dynamic production characteristics and the degree of contribution to recovery at different devel-
opment stages. Conducting a soaking program after fracturing is beneficial for fully utilizing the
effects of fluid imbibition, displacement, and energy storage; also, the key to EOR is to effectively
utilize the carrying effect of the backflow fluid and the displacement during the production stage.
This study provides theoretical support for the efficient development of tight/shale oil.

Page 12



InterPore2024 / Book of Abstracts

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into both awards

Country:

China

Porous Media & Biology Focused Abstracts:

References:

[1] Gao, J.; Wang, H.; Ding, X.; Yuchi, Q.; Ren, Q.; Ning, B.; Nan, J. The Impact of Microscopic Pore
Network Characteristics on Movable Fluid Properties in Tight Oil Reservoir, Geofluids. 2023, 7464640;
https://doi.org/10.1155/2023/7464640. [2] Jin, Z.; Zhu, R.; Liang, X.; Shen, Y. Several issues worthy of
attention in current lacustrine shale oil exploration and development. Petroleum Exploration and Devel-
opment. 2021, 48(6): 1276-1287. https://doi.org/10.1016/S1876-3804(21)60303-8. [3] Li, Y.; Zhao, Q.; Lyu,
Q.; Xue, Z.; Cao, X.; Liu, Z. Evaluation technology and practice of continental shale oil development
in China. Petroleum Exploration and Development. 2022, 49(5): 955-964. https://doi.org/10.1016/S1876-
3804(22)60335-5. [4] Kim, S.; Han, S.; Song, Y.; Kim, J.; Gun, H. Well-Testing Model for Dual-Porosity
Reservoir considering Stress-Sensitivity and Elastic Outer BoundaryCondition. Geofluids. 2023, 4658604;
https://doi.org/10.1155/2023/4658604. [5] Afagwu, C.; Alafnan, S.; Mahmoud, M.; Akkutlu, Y.; Mah-
moud, M. Modeling of natural gas self-diffusion in the micro-pores of organic-rich shales coupling
sorption and geomechanical effects. Journal of Natural Gas Science & Engineering. 2022, 106, 104757.
https://doi.org/10.1016/j.jngse.2022.104757. [6] Aguilera, R. Flow units: from conventional to tight-gas
to shale-gas to tight-oil to shale-oil reservoirs. SPE Reservoir Eval. Eng. 2014, 17, 190–208. https://doi.org/10.2118/165360-
ms. [7] Lv, W.; Chen, S.; Gao, Y.; Kong, C.; Jia, N.; He, L.; Wang, R.; Li, J. Evaluating seepage radius of
tight oil reservoir using digital core modeling approach. Journal of Petroleum Science and Engineering.
2019, 178: 609-615. https://doi.org/10.1016/j.petrol.2019.03.072. [8] Xue, C.; Ji, D.; Cheng, D.; Wen, Y.;
Luo, H.; Li, Y.; et al. Adsorption behaviors of different components of shale oil in quartz slits studied
by molecular simulation. ACS Omega. 2022, 7, 41189−41200. https://doi.org/10.1021/acsomega.2c04845.
[9] Loucks, R.G.; Reed, R.M.; Ruppel, S.C.; Jarvie, D.M.Morphology, genesis, and distribution of nanometer-
scale pores in siliceousmudstones of the Mississippian Barnett shale. J. Sediment. Res. 2009, 79, 848–
861. https://doi.org/10.2110/jsr.2009.092. [10] Wennberg, O.; Ramalho, F.; Mafia, M.; Lapponi, F.; Chan-
dler, A.; Cartesio, L.; Hunt, D. The characteristics of natural open fractures in acoustic borehole image
logs from the pre-salt Barra Velha formation, Santos Basin, Brazil. J. Struct. Geol. 2023, 165, 104794.
https://doi.org/10.1016/j.jsg.2023.104794. [11] Javadpour, F.; Mclure, M.; Naraghi, M.E. Slip-corrected
liquid permeability and its effect on hydraulic fracturing and fluid loss in shale. 2015, Fuel 160, 549–
559. https://doi.org/10.1016/j.fuel.2015.08.017. [12] Li, Y.; Di, Q.; Hua, S.; Jia, X.; Chen, H. Visualiza-
tion of foam migration characteristics and displacement mechanism in heterogeneous cores. Colloids
and Surfaces A. 2020, 607(1): 1-8. https://doi.org/10.1016/j.colsurfa.2020.125336. [13] Yang, Z.; Li, R.;
Li, H.; Luo, Y.; Chen, T.; Gao, T.; Zhang, Y. Experimental evaluation of the salt dissolution in inter-
salt shale oil reservoirs. Petroleum Exploration and Development. 2020, 47(4):739-745. https://doi.org
10.11698/PED.2019.04.12. [14] Barabasch, J.; Schmatz, J.; Klaver, J.; Schwedt, A.; Klaver, J.; Urai, J. Large
grain-size-dependent rheology contrasts of halite at low differential stress: Evidence from microstruc-
tural study of naturally deformed gneissic Zechstein 2 rock salt (Kristallbrockensalz) from the northern
Netherlands. Solid Earth 2023, 14, 271–291. https://doi.org/10.5194/se-14-271-2023. [15] Zhao, H.W.;
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There are technical difficulties in accurately controlling and evaluating the micro-distribution mode
and saturation of hydrate in physical simulation experiments. Limitations exist in the experimental
technologies for investigating acoustic properties of hydrate-bearing sediments and establishing in-
terpretation models of reservoir parameters. The acoustic properties of hydrate-bearing sediments
are influenced by hydrate saturation and micro-distribution modes, skeleton particle arrangement
and shape significantly. Currently, there is a lack of research work on the influence mechanisms
of skeleton particle arrangement and particle shape. Three-dimensional numerical models were es-
tablished for hydrate-bearing porous media based on digital rock physics technology. For the three
kinds of hydrate micro-distribution modes (suspension, contact and cementation), finite-element
models were established individually based on the method of electrical-mechanical-acoustic multi-
physics-field coupling. The effects of micro-distribution mode and hydrate saturation on sound
velocity and attenuation of porous media were examined. The results of sound velocity from the
numerical and theoretical models were compared. The influences of skeletal particle arrangement
modes and shapes on the sound velocity and attenuation characteristics of sediments under differ-
ent hydrate micro-distribution modes and saturation conditions were explored, and the mechanisms
were discussed. It was demonstrated that: (1) when the hydrate saturation is low, the volumetric
proportion of quartz sand particles in the diamond-arrangement model is higher than that in the
cubic-arrangement model, thus the sound velocity of the diamond-arrangement model is higher; as
the hydrate saturation increases, the difference in the volumetric proportion of hydrates between
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the twomodels increases and the volumetric proportion of hydrates in the cubic-arrangement model
is higher, consequently the sound velocity growth rate in the diamond-arrangement model is lower;
(2) the porosity of the diamond-arrangement model is smaller than that of the cubic-arrangement
model, and the energy attenuation during the propagation of sound waves is lower; (3) compared
with the spherical-particle model, the elliptical-particle model contains more pores with smaller as-
pect ratios, resulting in a smaller bulk modulus and lower sound velocity; (4) the ellipsoidal-particle
model contains more and smaller pores, which results in lower wave-energy loss than that of the
spherical particle model. This study may provide a theoretical support for the data interpretation of
seismic exploration and sonic logging for natural gas hydrate reservoirs.
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Effective descriptions are often utilized to describe mass transfer phenomena in porous media, i.e. in
heterogeneous catalysis, filtering or subsurface transport. Besides more than a century of research,
the a priori determination of the relevant effective transport parameters has shown to be elusive
and is still subject of research. A major challenge is the appropriate mathematical upscaling of the
intricate influence of pore-scale phenomena on the Darcy-scale behavior for realistic morphologies.
Typically, such upscaling procedures incorporate convenient estimates to determine the significance
of the pore scale transport phenomena with respect to the Darcy scale. Often, such estimates are
based on the pore space geometry, macroscopic transport properties and external process param-
eters. A popular example there is the assumption, that the pore side length scale is significantly
smaller than the representative dimension of the porous medium.
To gain insight into the applicability of commonly used averaged descriptions with respect to the
coarseness of the pore space, direct numerical simulations of diffusion with first order surface reac-
tion in a resolved pore space were employed. There, a 3D resolved model was developed, based on
the finite volume approach utilizing a second order implicit immersed boundary method to accom-
modate the representation of the pore space. The developing transient species profile was monitored
and compared with the analytically derived profiles to the complementary averaged problem.
To investigate the limitations of the averaging approach, the numerical model was applied to a vari-
ety of model porous media with varying characteristic length scales and particle Thiele moduli. The
generated insights concerning the emergence of Darcy scale behavior from pore scale phenomena
will be presented and implications discussed.
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In this talk, wewill discuss recently developedmodels of dispersive shear thinning polymer-surfactant
flooding. These models are based on Darcy’s law, transport equations for the components and non-
Newtonian rheology. In the absence of dispersion and shear thinning effects of polymer, this system
has been solved numerically by Daripa & Dutta [1]. Recently, shear thinning has been included in
the model and this new model has been used to study the effect of shear thinning numerically by
Daripa & Mishra [2]. This model is now extended to include the effect of dispersion of polymers.
Effect of dispersion through numerical solutions will be discussed in the absence and presence of
shear thinning effect. In particular, we study the
effects of shear thinning, anisotropic mechanical dispersion andmolecular diffusion on the advective
transport of constituents like polymers. Also, we numerically investigate the effect of potentially
nonlinear interactions between shear thinning, dispersive transport, capillary effects, and multiscale
heterogeneity. Numerical results demonstrating the effects of shear thinning and dispersion on vis-
cous fingering, viscosity waves, and efficiency of polymer-enhanced oil recovery will be presented.
We will also discuss differences between this model and the Hele-Shaw model which has been pre-
viously studied by Daripa & Gin [3]. Parts of this talk will be based on joint work with Sourav Dutta
and Rohit Mishra.

[1] P. Daripa and S. Dutta, “Modeling and simulation of surfactant–polymer flooding using a new
hybrid method”, Journal of Computational Physics,vol. 335, pp. 249-282 (2017).

[2] P. Daripa and R. Mishra, “Modeling shear-thinning polymer flooding using a dynamic viscosity
model”, Physics of Fluids 35, 046606 (2023).

[3] P. Daripa and Craig Gin, “Studies on dispersive stabilization of porous media flows”, Physics of
Fluids, 28 082105 (2016)
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The utilization of hydrogen as a potential player in the energy transition movement requires large-
scale storage capabilities. Due to the challenges with aboveground storage of hydrogen, geologi-
cal storage options have gained attention. Underground storage in salt caverns is feasible, but the
associated preparation costs and the disposal of highly concentrated produced brine are high. Al-
ternatively, the abundant depleted gas and oil reservoirs, once de-risked, can provide an attractive
solution to address the hydrogen storage requirement. Understanding hydrogen biogeochemical re-
actions, interactions with reservoir rock-fluids, permeation through sealing rock, and the flow back
of stored hydrogen to the surface is essential for designing an underground storage facility in de-
pleted reservoirs.
In this study, we design an experimental protocol to assess the hydrogen mobility in various rock
types and the sealing capacity of cap rock formations. A novel and custom-designed core-flooding
apparatus coupled with a micro-capillary flow meter is built in-house, enabling the measurement
of micro flow rates (as low as 10 nano-Liters/hour) at the core outlet, the measurement of ultra-low
permeabilities (as low as 10 nano-Darcy), the gas threshold pressure, and the gas breakthrough pres-
sure. Benchmark experiments are conducted using Nitrogen, and thereafter, the sealing capacity of
various cap rocks with permeabilities of different orders of magnitude against CO2, CH4, and H2 is
evaluated.
The research results show that both the threshold pressure and the breakthrough pressure of a cer-
tain type of cap rock increase with the surface tension of the gas-brine, while for various types of cap
rocks, the breakthrough pressure is found to be a decreasing function of permeability and porosity.
A scaling law is proposed whereby the threshold pressure for a given reservoir can be predicted if
the gas-brine surface tension and the rock formation properties such as permeability and porosity
are known. The research outcomes not only shed light on the screening and design of suitable de-
pleted reservoirs for underground hydrogen storage (UHS) but also have guiding significance for
the establishment of carbon dioxide geological storage (CCS) and underground natural gas storage
(UGS) projects.
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CO2 geo-sequestration is a practical approach to achieve net-zero carbon target. Coal has become
an optimal geological storage option due to its large adsorptive capability for CO2. However, one of
the main challenges for successful CO2 geo-sequestration is the reduced injectivity that are caused
by adsorption-induced swelling of coal matrix. In addition, its complex and heterogenous inter-
nal pore and fracture structure make the processes of gases adsorbing, desorbing, and transporting
more complicated compared with conventional rocks. This work aims to gain insights about the gas
transport behaviours in coal by developing a novel experimental framework with Positron Emission
Tomography (PET) imaging technology to directly visualise gas flow multiphysics in coal.

PET imaging has demonstrated its capability in providing real-time visualisation of fluids flow in
geological materials. However, it has not been used for the study of CO2 injection and storage in
coal for the application of CO2 geo-sequestration. To observe the processes directly, [11C] CO2 is
the most optimal radiotracer, which is rarely used due to its short half-life (20.4 min) and handling
safety issues as a gaseous tracer. In this work, a novel laboratory protocol is developed to use gaseous
[11C] CO2 as the radiolabelled tracer to visualise and quantify dynamic processes of gas spreading,
adsorption, diffusion, and advection flow in coal under in-situ conditions. The experimental setup
integrates core flooding setup with PET scanning. Coal samples are pre-treated to mimic different
injection conditions, including coal seam gas reservoirs in early production stage, gas depleted stage
and CO2 storage stage. Due to high temporal resolution of PET imaging, time-lapse CO2 gas con-
centration map of each test is acquired by converting the PET intensity values to gas concentrations.
Impacting factors on storage capacity and efficiency are also studied, including permeability, gas
adsorption, gas exchange, and initial storage conditions.

This work introduces a new laboratory protocol and analysing framework to quantify sub-core scale
multiphysics CO2 flow in coal, which provides a foundation for future across-scale theoretical and
experimental study of multiphase and multicomponent flow behaviours in coal for the application
of CO2 geo-sequestration.
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In wells designed for carbon capture and storage (CCS), leakage pathways may develop due to ther-
mal cycling when injecting cold CO2 into the warm subsurface, for example, debonding between
cement and casing, or fractures in the cement itself. These leakage pathways can impede the per-
manent geological storage of CO2. In this study, we investigate how thermal cycling affects the
sealing ability of cement surrounding steel wellbore casing under unconfined conditions. To this
end, cylindrical sealant samples (OD 30 mm, Length 70 mm) with a steel pipe (ID 4 mm, thickness
1 mm, length 110 mm) in the middle, are used to mimic the cement sheath surrounding the casing
in the wellbore. We adopt sealants of five different compositions. S1 is ordinary Portland cement
(OPC)-based, S2 is OPC-based with ultra-low permeability, S3 is OPC-based with CO2 sequestering
additives, S4 is calcium aluminate cement(CAC)-based, and S5 is geopolymer-based.
In the experiments, wemount PVC caps at each end of the sample to isolate the flow channel through
the pipe from another flow channel toward the top surface of the sealant. Three thermocouples are
installed at the surface of the sealant, inlet, and outlet of steel pipe, separately. The entire sample
assembly is placed in an oven. Before thermal cycling, we apply 3 bar N2 on the sealant and monitor
its penetration rate through the sealant for 1 hr. Subsequently, we heat the sample at 60 for 1.5 hr.
To apply thermal cycling, we inject 5℃ water through the pipe at 80 ml/min for 2 mins, then stop
the injection and allow the sample to reheat for 12 mins before the next injection. We repeat this for
12 cycles.
In our study, we haven’t observed any cracking in the sealant material itself. This is because the in-
duced thermal stress upon thermal cycling is smaller than the tensile strength of the sealant. Among
the five sealants, we found that the bonding performance of S3 on steel is the best. All other sealants
were negatively affected by thermal cycling: S1 and S5 experienced more debonding than others,
while S2 and S4 experienced minor debonding. The bond strength of all five sealants (including S3)
decreases after thermal cycling, further indicating that debonding has occurred. We attribute the
magnitude of debonding to be due to a combination of thermal expansion coefficient and Young’s
modulus. Steel has a high expansion coefficient compared to sealant. Of the tested sealants, S1 and
S5 have the lowest thermal expansion coefficients, while S2 and S4 have the largest, i.e. closer to that
of the steel. We hypothesize that, during thermal cycling, S2 and S4 expand and shrink with a more
similar rate as steel, resulting in a small mismatch in strain and hence less debonding compared to
S1 and S5. Additionally, S1 has the largest Young’s modulus, whereas S3 and S4 have the lowest.
This indicates that S3 and S4 are more compliant, so S3 and S4 can more easily elastically deform
upon thermal cycling, resulting in less damage to the bonding.
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This study presents a novel multi-scale approach for assessing the accessibility of shale oil in cores.
By using FIB-SEM equipment to build digital core, watershed and maximum ball method to extract
pore size and shape factor. Then molecular simulation is used to study the availability of shale oil
in individual pores with different shapes and radii. Finally, combining the results of the above two
scales, machine learning is used to predict shale oil availability across the entire core. On the core
scale, the watershed and maximum ball method is used to extract the core pore network model, and
it is found that square pores occupy the highest proportion among the three pore types, and most
of the radii are distributed in the range of 2-3 nm. The molecular scale dynamic simulation results
show that the adsorption forms of shale oil are different in different pores, and the adsorption of
shale oil in circular pores is less than that in flat pores. The proportion of shale oil adsorption in
square pores is the highest, followed by triangle pores, and the proportion of shale oil adsorption
in circular pores is the lowest. The Random Forest machine learning algorithm is used to predict
the availability of shale oil with different pore shapes and obtain the shale oil availability ratio of
the whole core. The results show that the pores with a more obvious angular structure show a
lower shale oil availability ratio. In general, the impact of pore shapes on shale oil availability is not
significant, and the difference between different pore shapes is only 10%. The multi-scale evaluation
method for shale oil availability proposed in this study is helpful to better understand the availability
of shale oil in reservoirs and to optimize recovery strategies.
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The low-permeability reservoirs are very compact, difficult to develop, and the recovery factor is
low. Fracturing-flooding technology can effectively improve the pore structure of low permeabil-
ity reservoirs, communicate reservoir seepage channels, and then improve oil recovery. In order to
study themechanism of fracturing-flooding, a physical simulation experiment of fracturing-flooding
was carried out at the core scale. Firstly, the influencing factors of breakdown pressure were studied
by conducting fracturing-flooding experiments with chemical agent of different viscosities for cores
with different permeability. Based on CT scans, the distribution and morphology of fractures dur-
ing the fracturing-flooding process were studied. Finally, based on nuclear magnetic resonance, the
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fracturing-flooding experiment was carried out on the oil-bearing core, and the range of oil-bearing
pores for pressure driving was studied. The results show that the breakdown pressure of rock sam-
ples decreases exponentially with the increase in rock permeability, rises with the increase in the
viscosity of chemical agent, and the increase rate changes from fast to slow, and finally tends to flat-
ten. Under the condition of high-pressure and high-displacement injection of low-viscosity chemical
agent, the core forms a criss-cross fracture network. Under the condition of high-pressure and high-
displacement injection of high-viscosity chemical agent, the core forms a vertical fracture with dou-
ble wings. Compared with conventional water flooding, the utilization degree of fracturing-flooding
for small and medium-sized pores is significantly improved. Our research on the fracturing-flooding
mechanism at the core scale has certain guidance for the efficient exploitation of unconventional oil
reservoir.
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The process of CO2 enhanced shale gas recovery CO2-ESGR seeks to recover the maximum amount
of shale gas while simultaneously injecting and trapping CO2 to reduce greenhouse gases. CO2-
ESGR has been studied in the laboratory and tested in small field prototypes, however, its commer-
cial feasibility remains questionable. Therefore, more fundamental and experimental research need
to be conducted (Nuttal et al., 2005; Schepers et al., 2009).
CO2 enhanced shale gas recovery relies on the preferential adsorption of CO2 and uses pressure
gradient to displace and produce methane gas (Hughes et al., 2012; Klewiah et al., 2020). CO2 has a
higher adsorption affinity compared to methane gas in shale reservoirs (Weniger et al., 2010; Shi et
al., 2019). Competitive gas adsorption depends on the gas type, pressure, temperature, water content,
mineralogy, organic content and maturity (Liu et al., 2019). Multiple studies have investigated the
competitive adsorption of single-or-mixed gases under static conditions (Heller and Zoback, 2014;
Zhou et al., 2018; Sun et al., 2020); however, adsorption-desorption under cyclic conditions remains
unexplored.
We explore the interaction between CO2 and CH4 with dominant shale components (clay and or-
ganic matter) and natural shale specimens under reservoir pressure and temperature conditions
(P=10MPa and T=40C). Experiments are designed to identify the interplay between governing param-
eters for different boundary conditions. The pressure vessel includes separate gas injection systems;
an in-line binary gas analyzer measures the produced gas composition. In this presentation, we com-
pare the methane recovery factor for two different injection protocols: (1) continuous flow injection
and (2) pressure cycles. Experimental results show a significant increase in methane recovery effi-
ciency driven by CO2 injection, particularly during pressure cycles.
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A parallel numerical model takes into consideration gas advection, adsorption/desorption, diffusion
and mixing. This numerical analogue allows to comprehend the interaction between ongoing pro-
cesses, to develop injection/production protocols that optimizemethane production andCO2 storage,
and to upscale results to the field.
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The adsorption thermal energy storage system is widely utilized for low-grade heat storage and re-
covery due to its environmentally friendly and efficient characteristics. In this work, we utilized a
machine-learning assisted dual-network model to construct an upscaling model frommicro-kinetics
to reactor in order to simulate an adsorption heat release process involving heat and mass transport
on a meter-scale packed bed reactor. The simulation results were compared with experimental mea-
surements and analytical models to demonstrate the accuracy of themodel in predicting temperature
and concentration distribution within the system. Subsequently, we explored the impact of differ-
ent boundary conditions on the internal state parameters during the adsorption heat storage process,
offering valuable insights for the design of adsorption heat storage systems.
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The trapping efficiency of CO2 storage in porous subsurface is influenced by various geometric and
flow characteristics. Conducting experimental studies on reservoir structure characteristic param-
eters and actual storage efficiency consumes a significant amount of resources, making it difficult
to analyze the uncertainty of parameters through a large number of experiments. In this work, a
deep convolutional generative adversarial network (DC-GAN) was employed to generate 1000 sets
of images that are visually indistinguishable by using tomographic images of Bentheimer sandstone
as the training data. This is followed by performing image analysis and pore network modelling to
obtain geometric (e.g. Minkowski functionals) and flow (absolute and relative permeability, capil-
lary pressure, saturation, and trapping efficiency) properties. With maximum capillary of 7.0 KPa,
we found that the trapping efficiency ranged from 32% to 40%. We then explored the uncertainty of
all geometric and flow characteristics to determine the minimum number of digital experiments to
reproduce the same statics. This work proposes a strategy for coupling deep learning method and
pore network models to conduct a large number of digital experiments on complex porous media.
This can be used to correct experimental errors obtained through traditional experimental methods
and guide the design of geological CO2 storage systems.
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Carbon dioxide and other heat-trapping “greenhouse” pollutants have continuously and significantly
increased in the atmosphere over the past 100 years ago due to the mass consumption of fossil fuels.
Carbon Capture and Geological Storage (CCS) is one of the viable solutions for minimizing CO2
emissions into the atmosphere. Nevertheless, there are still challenges and possible consequences
associated with implementing this technique. There is substantial concern about the formation dry-
out induced by injecting a large amount of dry-supercritical CO2 into the saline aquifer which leads
to the vaporization of the resident brine into the CO2 stream and salt precipitation in the near well
zone of the reservoir, diminishing the porosity and permeability of this region. Hereupon, this phe-
nomenon is going to affect the well injectivity and pressure build-up adversely.

This research focuses on finding the effects of the dry-out phenomenon on porosity impairment
which is usually followed by severe negative consequences like the loss of well injectivity. This
study employed microfluidic technology and lab-on-chip experiments to develop a workflow for
monitoring and evaluating porosity changes during scCO2 injection into the saline aquifers.

In this study, to determine how porosity changes during a CO2 injection operation, two variables
were considered: 1) CO2 injection flow rate and 2) pore network types (shape and size). Thereafter,
the selected microfluidic chips (Regular and Irregular) saturated with a specific concentration of the
brine solution were exposed to the CO2 injection at different injection flow rates (0.05, 0.1, and 0.2
ml/h). The processed images by Image J software along with data analysis revealed a new insight
into the consequences of salt precipitation and subsequent dry-out phenomenon.

Experiments utilizing the PRS chip revealed that as the CO2 injection flow rate increases, more salt
is anticipated to precipitate inside the porous media. Contradictory to the experiments employing
the PRS chip, salt precipitation in the Regular chip was less evident as the CO2 injection flow rate
increased. Investigation of the pore structure effect showed that the salt precipitation inside the PRS
micromodel was significantly higher compared to the Regular one because of the grains’ shape and
angularity. Therefore salt coverage and porosity impairment were more evident for the PRS chip
which is probably due to the existence of more evaporation and precipitation sites on the surface of
grains.
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In polymer electrolyte membrane water electrolyzers (PEMWE) and polymer electrolyte membrane
fuel cells (PEMFC), efficient electrochemical reactions depend on the optimal flow of water and oxy-
gen within porous electrodes. However, a significant challenge arises due to concentration losses,
also known as diffusion overpotential or mass transport overpotential (Vdif). This phenomenon
is attributed to mass transport limitations caused by the counter-current flow of reactants, such as
water in PEMFC and oxygen in PEMWE in the pores of the electrodes. This limitation negatively
impacts the voltage output, as the electrochemical reactions are not as efficient as they could be.
Understanding and addressing these mass transport challenges is essential for improving the overall
efficiency of polymer electrolyte membrane-based devices.
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Based on the state of the art, Lattice BoltzmannModeling (LBM) is used to investigate the two-phase
flow in the porous transport layer (PTL) of PEMWE and the cathodic catalyst layer (CL) of PEMFC.
For the first case, the invasion of O2 in a water-saturated anodic PTL structure (drainage invasion
process) is delineated with the implementation of the Shan-Chen LBM for PEMWE. The simulation
results are discussed with respect to experimental findings and compared to pore network simula-
tion results. For the second case, the model was tailored for the application to two-phase flow inside
an initially empty GDL that is invaded by water at constant current density (imbibition invasion pro-
cess). For this purpose, evaporation of water was additionally implemented in the LBM imbibition
algorithm in order to investigate the relationship between water generation and removal by evapo-
ration. For both studies, reconstructed pore structures from 3D tomography image data was used.
We aim to present the overall methodology as well as the major outcomes of this study.
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Carbon capture and storage (CCS) is a key technology to reach long-term climate goals that limit
the temperature rise to 1.5 ◦C above pre-industrial levels. It consists in capturing CO2 from large
industrial
points and geological storage in underground formations, such as depleted oil and gas reservoirs,
unminable coal beds, and deep saline aquifers [1]. The success of this technique depends on avoid-
ing
CO2 leakage to the surface through the complex subsurface geometric structures such as faults,
fractures, and abandoned wells. Microbial induced calcite precipitation (MICP) is considered as a
promising
in-situ method for sealing subsurface leakage paths. This technique utilizes microbes to induce cal-
cium carbonate precipitation, which effectively reduces the porosity and permeability of the porous
media,
thereby mitigating CO2 leakage risks [2].

Complex bio-geochemical interactions considering rock-microbes-reactant solution are needed to
get a broad assessment of MICP efficiency in geological porous media. However, this is not an easy
task
due to the complexity of the microbial activity and rock-forming minerals. In this study, we aim to
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understand the impact of particle size, specific surface area and pore volume on microbial activity
and
geochemical rates during MICP. An extremely sensitive microcalorimetry technique called Isother-
mal titration calorimetry (ITC) is used to assess the microbial activities and reaction rates within
various
water-saturated reservoir rocks inoculated with bacterial solutions [3]. In the ITC experiments, 100
mg of sandstone particles with different size was placed in a reaction vessel and 200μL of bacterial
solution (sporosarcina pasteurii stains) was added to the rock particles [4]. The titration ampule
containing the rock-bacterial solution was lowered stepwise into the calorimeter and equilibrated
for 1 hour at 35 ◦C.
Seven injections of 9.948 μL of the reactant solution (calcium chloride solution) were titrated with a
time interval of 420 seconds into the slurry to determine the bio-geochemical reactions by monitor-
ing heat
changes. A quasi-2D sandpack (Fluidflower) was used to identify CO2 flow patterns after MICP
treatment [5].

This work shows that the bio-geochemical interactions are exothermic (thermodynamically favor-
able) and therefore proceed spontaneously. The reaction activity within sandstone is 10 to 18 times
higher than in corresponding bulk solutions. This observation underscores the significance of avail-
able surface area in influencing both microbial colonization and the speed at which reactions occur
in the MICP process.
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The phenomenon of adsorption-induced deformation is prevalent in both natural materials such as
wood and coal, as well as in engineered materials like cement, MOFs (Metal-Organic Frameworks),
and porous polymers. As the partial pressure of adsorbate vapor rises, the strain isotherm of these
materials can display intricate nonlinear and non-monotonic behaviors.

Under low partial pressures, most porous materials undergo volumetric expansion. This expansion
can be attributed to the reduction of surface stress and the subsequent relaxation of adsorption stress
experienced by the solid skeleton—a phenomenon commonly known as the “Bangham effect.” This
effect is well-described by the surface poromechanics formulation proposed by Zhang (2018). For
microporous materials, early adsorption can lead to a subtle shrinkage before the onset of swelling.
This is linked to the development of negative disjoining pressures in nanopores, as explained by
Eskandari-Ghadi and Zhang (2021).
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Despite these advances, the current surface poromechanics formulation is only for a single-phase
pore fluid and therefore, does not apply to partially saturated porous media nor capture the dynam-
ics of phase transition of the pore fluids. For this reason, it is unable to model the sudden contraction
of mesoporous media at intermediate vapor pressure levels induced by capillary condensation. This
contribution outlines our progress toward developing a unified surface poromechanics formulation
that meets the following criteria:
1. It takes into account the phase transition of pore fluid from vapor to liquid and the emergence of
the liquid-vapor interface.
2. It accurately reproduces the water retention characteristic curve unique to each porous system.
3. It captures both the early Bangham expansion (without condensation) and the significant contrac-
tion resulting from condensation in a consistent manner.
4. The theory’s asymptotes at degrees of saturation equal to 0 and 1 align with the conventional
poromechanics theory for single-phase pore fluid.

REFERENCES:
Eskandari-Ghadi, M., Zhang, Y., 2021. Mechanics of shrinkage-swelling transition of microporous
materials at the initial stage of adsorption. International Journal of Solids and Structures 222, 111041.
Zhang, Y., 2018. Mechanics of adsorption-deformation coupling in porous media. Journal of the
Mechanics and Physics of Solids 114, 31-54.
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Dissolution trapping is one of the crucial trapping mechanisms for geological carbon storage in
deep saline aquifers. The injected supercritical CO2 (scCO2) flow and dissolution processes are
coupled and interact with each other. Therefore, we performed direct numerical simulations in
three-dimensional micro-CT images of sandstones using the volume of fluid and continuous species
transfer method. We investigated the coupled scCO2 flow and dissolution processes at pore-scale
under different rock structures, capillary numbers, and rock wettability conditions. The dynamic
evolution of the scCO2/brine phase distribution and scCO2 concentration distribution occurring dur-
ing the injection period were presented and analyzed. Complicated coupling mechanisms between
scCO2-brine two-phase flow and interphase mass transfer were also revealed. Our results showed
that the scCO2 dissolution was highly dependent on the local distribution of scCO2 clusters. The
rock with relatively high porosity and permeability would have more capacity for scCO2 injection
resulting in a faster and greater dissolution of scCO2 in brine. The effect of capillary number on
the scCO2 dissolution process was related to the range of capillary number. Rock wettability was
found to be another factor controlling the scCO2 dissolution process by affecting the scCO2-brine
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interfacial area. Our pore-scale study provides a deep understanding of the scCO2 dissolution trap-
ping mechanism, which is important to enhance the prediction of sequestration risk and improve
sequestration efficiency.
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Carbon capture, utilization, and storage (CCUS) is an attractive approach to help decarbonization
from point sources, like energy supply and other industries, as well as for pulling CO2 out of the
atmosphere (i.e., direct air capture, DAC). Among several approaches at differing technology readi-
ness levels, solid sorbents are promising as they generally combine high uptakes and selectivity with
milder regeneration energies.

Adsorption screening and testing of promising materials are often performed using pure component
or point uptake experiments, which only give information about adsorption capacity and ideal se-
lectivity. At realistic process conditions, competitors such as moisture and temperature have a large
effect on the uptake of CO2, wherein the presence of water could either increase CO2 capacity, com-
pete for the same adsorption sites, or even induce material collapse. The kinetics on the other hand
is another important factor for an effective separation.

Figure 1 shows that apparent CO2 uptake decreases by 5% RH in Zeolite 13X. Figure 2 presents the
details of the sorption kinetics of both components highlighting replacement effects.

In thiswork, several porousmaterials including zeolites, MOFs, and functionalized resins are screened
in realistic conditions for CO2 capture using advanced dynamic gravimetric sorption and break-
through methods. The tests were conducted under varied conditions, e.g., different CO2 concentra-
tions and relative humidity. The results showed that humidity is the key factor affecting the CO2
capture efficiency. This study provides a reference for screening the effective sorbents for carbon
capture.
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The crucial role of the interaction between Pickering emulsions and confined nanochannels in their
industrial applications is well acknowledged. However, there is a limited understanding of how the
modulation of deformation stability and rupture limits of Pickering emulsions occurs when they
come into contact with solid walls, particularly in relation to the influence of solid particle shells.
This study employs molecular dynamics (MD) simulations to elucidate the nanomechanical proper-
ties of Pickering emulsions stabilized by Janus nanoparticles (JNP) in confined channels. For the first
time, a comprehensive predictive model is developed to characterize the contact behavior of Pick-
ering emulsions with surfaces exhibiting distinct wettability. The contact stress experienced by an
emulsion is found to be dependent on factors such as the equivalent elastic modulus of the emulsion,
geometric deformation function, and the influence of the JNP shell along with its interactions. Ad-
ditionally, it is observed that hydrophobic surfaces induce the rupture of Pickering emulsions under
compression. The delay in rupture is achieved by increasing the surface coverage (ϕ) of JNP. Notably,
when ϕ reaches a critical value, the JNP shell can assume an ordered quasi-solid structure, leading to
a significant enhancement in emulsion stability. These findings have practical implications for the
design and screening of specific Pickering emulsions, especially in applications such as enhanced
oil recovery, drug or food delivery, and cosmetic ingredient absorption, where the management of
deformation and rupture on solid surfaces is crucial.
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The current research work mainly focuses on the NaCl-based formation brine, and the influence of
different types by formation brine on the salt precipitation have not yet been investigated. Also,
the damage effect of local salt crystals on the pore structure and the migration mechanism of salt
crystals after precipitation remains unclear. Based on this, this study aims to investigate the effect
of different brine types on salt precipitation and migration in CO2 injection process.
In this study, a pore-scale CO2 displacement experimental study was performed using a visualized
microfluidic model. Dry CO2 was injected into homogeneous and heterogeneous microchips satu-
rated with different simulated formation brine solutions (NaCl/CaCl2/NaCl-CaCl2) at a set flow rate.
Then, the two-phase flow, water evaporation, salt growth, crystallization and migration processes
in the pore scale were observed under brightfield imaging using advanced polarizing microscope
and X-ray microtomography imaging technology. Finally, fluorescence and transmission imaging
techniques were used to clarify the distribution of salt precipitation and to quantify the amount of
salt crystal.
The results indicated that the brine after CO2 flooding formed four types of irreducible water, which
are liquid bridges, domes, connected liquid pools and independent liquid pools. With the increase of
CO2 displacement volume, cubic regular crystals and irregular microcrystals formed inside the chip
saturated with NaCl solution, which is consistent with the existing literature research. However,
in our study, we also observed a new form of salt precipitation—salt bridge aggregates. Compared
with the above two salt precipitation forms, salt bridge aggregates are more likely to block the pore
structure, thereby affecting the permeability of the near-wellbore area. In contrast to the chip of
saturated with NaCl solution, the chip saturated with CaCl2 solution did not observe an obvious
solid-phase crystal structure. However, we observed an unprecedented phenomenon—the thickness
of the water film was significantly reduced, and finally viscoelastic water film salt and aggregates
were formed. In addition, the results of fluorescence quantification of salt crystals also observed the
self-enhancement effect of salt crystal growth and the water film salt transport effect, which syn-
ergistically strengthened the precipitation rate and amount. This study comparatively analyzes the
influence of brine type on salt precipitation, which provides new insights for in-depth understand-
ing of the effect of salt precipitation on CO2 injection capacity.
We provide new insights into the dynamics of pore-scale salt precipitation through visualized mi-
crofluidic experiments and identify possible explanations for the large-scale salt precipitation ob-
served in situ. In addition, the salt precipitation mechanism and migration characteristics of differ-
ent brine types may provide new suggestions for future numerical simulation research, and provide
criteria for accurately predicting the distribution of salt precipitation and its impact on reservoir
physical properties.
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Mineral nucleation and precipitation commonly occur in nature and plays an important role in many
energy-related applications with reactive flow, especially, at pore-scale. For instance, minerals nu-
cleate and precipitate as scale in the pore structure in unconventional reservoirs and significantly
reduce the permeability of the porous media. This phenomenon could lead to a rapid decrease in
production and cause significant financial loss. The need to predict the dynamic properties of such
systems has resulted in questions about the fundamental mechanisms of reactive flow as well as
mineral nucleation and precipitation in pores. Additionally, there is still a discrepancy between lab-
oratory molecular scale findings and large-scale observations. To address this discrepancy, modeling
methods at the pore scale started gaining interest recently due to the capability of capturing reactive
and nonreactive species transport, effects of pore topology, and interface chemical reaction within
the same approach, which typically is difficult to observe directly in experiments.
For some solutions, especially high saturation index solution, the nucleation process could poten-
tially play an important role in the precipitation due to either heterogeneous or homogenous nucle-
ation, which was largely overlooked in most previous numerical models for mineral precipitation. In
this study, we coupled the micro-continuum simulation approach based on Darcy-Brinkman-Stokes
(DBS) equation with the classic nucleation theory (CNT) to study the stochastic nucleation pro-
cess in reactive flow. A range of different parameters were studied to understand their impact on
the nucleation process and precipitation. It was discovered that such a nucleation process was af-
fected by the Damköhler number and Peclet number as well as other effects. As the precipitation
reaction on the crystal surface enhances, the total amount of nucleus formed on the substrate de-
creases due to the depletion of species in the vicinity of the substrate. In general, the competition
between flow/transport of species and precipitation consumption governs the behavior of phase
change procss and produces different scenarios. The results of this study are expected to shed light
on the mechanism of liquid-solid interaction within porous medium.
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Micro-CT scans are widely used for rock models in Digital Rock Physics applications. However, up
to one-half of the connected porosity of carbonates and shales is underresolved with micro-CT due
to the small pore size. This underresolved pore space may still support multiphase fluid flow. To
simulate two-phase flows in models where both large-scale and underresolved pores are present, we
developed a numerical algorithm based on the combination of the phase-field model with two-phase
filtration, which supports continuous phase transport in a multi-scale pore space.
The fluid flow is simulated using the unified Navier-Stokes-Brinkman equation, which is well suited
for the models where the absolute permeability is at the level of mcroDarcy, which is the case for the
underresolved porosity of carbonates and shales. This equation is solved using the projection-based
method. The phase transport in the resolved pores is governed by the Cahn-Hilliard equation of the
phase field, which makes it simple to treat the complex geometry and topology of the pore space
and the phase. Phase transport in the underresolved pores satisfies the two-phase filtration equation,
accounting for the capillary pressure. The two models are coupled at the interface between the re-
solved and underresolved pores based on flux continuity. Additionally, the wetting-angle boundary
condition is satisfied for the phase-field model.
The designed algorithm and its GPU-based implementation are used to estimate the relative perme-
ability and capillary pressure of the samples with underresolved porosity.
The research was supported by RSCF grant no. 21-71-20003
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Abstract

The potential leakage of carbon dioxide (CO2) from traditional underground carbon storage reser-
voirs has become a growing concern. This study suggests a novel approach —injecting CO2 into
subsea water zones situated under natural gas hydrate reservoirs. The objective is to store CO2
within the water zones in hydrate form, thereby minimizing the risk of future CO2 leaks. Assuming
a sufficiently rapid flow of CO2 during injection to prevent hydrate formation, an analytical model
was developed to predict well’s CO2 injectivity. The case study utilizing data from the natural gas
hydrate reservoir in the Shenhu area, Northern South China Sea, indicates that the CO2 injectivity
of a water zone underlying a natural gas hydrate reservoir is significantly influenced by the trans-
missibility of the water zone. With water zone transmissibility values varying within a range of
-50% to +50% around the mean value of 15.79 Darcy-cm, well injectivity is projected to be nearly
proportional to water zone transmissibility, ranging from 6 tons/day to 16 tons/day. Interestingly,
CO2 injectivity in the water zone exhibits minimal sensitivity to the permeability of the natural
gas hydrate reservoir. In the examined case, the anticipated CO2 injection rate is expected to vary
only slightly, ranging from 10.5 tons/day to 11.5 tons/day, even with a permeability uncertainty of
the gas hydrate reservoir ranging from 1 md to 3 md. The injectivity of a well completed in the
water zone aligns with that of a well completed with frac-packing in the natural gas hydrate reser-
voir. Both types of wells are anticipated to inject CO2 at a flow rate ranging from 6 tons/day to
16~17 tons/day, contingent upon the transmissibility of the water zone and the transmissibility of
the hydraulic fracture. Notably, injecting CO2 into water zones, as opposed to frac-packed natural
gas hydrate reservoirs, offers the advantage of cost savings by eliminating the need for hydraulic
fracturing.
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The abrupt variations in the channel’s cross-section of the porous media bring about the challenge
of accurately describing the pressure change during two-phase flow. To better understand the effect
of the variations, we designed hydrophobic PDMS micro-models with an 800×800 μm2 single square
pore body and conducted a series of experiments of drainage processes of two-phase flow. The
fluorescent-dyed water and Fluorinert-FC 43 were utilized to run the drainage processes by acting
as a non-wetting andwetting phase. One confocal laser scanningmicroscopy (CLSM)was applied for
tracking two-phase interface movement in the fluorescent images with a high optical resolution of
2.5 µm/pixel. We inserted two pressure-sensitive transducers to dynamically measuring the pressure
difference between inlet and outlet reservoirs. For gaining insights on the interface behavior, we
present the analytical solutions for the two-phase flow in a rectangular microchannel and precisely
described the variable velocity and pressure in the diverging zone of the square pore body. These
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solutions allow us to correct the syringe pump problem and obtain a more reliable description of
velocity and pressure profiles versus injection time. Correspondingly, numerical modelling was
carried out to investigate the interface behavior by applying the phase-field and volume of fluid
(VOF) methods. Constant and variable velocities were respectively endowed to the inlet boundary of
the simulation domain. The validation of the simulation has been done with the analytical solutions
and experimental data of pressure profiles. Both computational methods reveal that giving variable
velocity to the inlet boundary offers a better agreement with the experimental results of interface
behavior inside a single square pore.
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In response to the urgent global concerns regarding climate change, there is a critical need for the
evaluation and implementation of reliable renewable energy solutions. To bridge the energy demand-
supply gap, immediate research into effective energy storagemethods is imperative. The use of green
hydrogen, generated via renewable electricity’s electrolysis, is receiving increased attention, owing
to its low volumetric calorific value (3 kWh/m3) and high mass energy density (33.3 kWh/kg). Hy-
drogen gas as an energy carrier can be stored in large amounts in subsurface reservoirs, such as salt
caverns, saline aquifers, and depleted hydrocarbon reservoirs. However, even at minimal aqueous
concentrations, hydrogen serves as an attractive electron donor for subsurface microorganisms, in-
cludingmethanogens, sulphate-reducers, homoacetogenic bacteria and iron (III)-reducers. Microbial
growth in porous media leads to biofilm formation, narrowing the rock pores and causing potential
bioclogging. Therefore, assessing these microbial effects in underground hydrogen storage is crucial
to estimate risks associated with gas injectivity, loss, and recovery in large-scale operations.
This study investigated hydrogen consumption by two sulphate-reducing microorganisms in a pres-
surizedmicrofluidic chip at 10-100 bar and 37℃, mimicking conditions akin to shallow gas reservoirs.
The microbial cells congregated at the interface of the aqueous phase and hydrogen gas, utilizing
the hydrogen to form biofilms. However, bioclogging resulting from biofilm formation was observed
when utilizing Lactate as the carbon source, while no such clogging was observed with hydrogen
gas. Under the microscope, the comparison between biofilm formations using Lactate and hydrogen
gas revealed notable differences. The Lactate-formed biofilm appeared denser and tightly packed,
whereas the hydrogen gas-formed biofilm displayed a crystal-like structure. Further analysis with
Raman spectroscopy uncovered disparities in the protein structures within these biofilms.After one
week of cultivation in a hydrogen-rich environment, the biofilm appeared to detach from the pore
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network following the second hydrogen injection drainage. Our hypothesis proposes that this re-
duction in the biofilm might be due to a shift in bacterial behavior, potentially transitioning from a
biofilm-mode to a planktonic-mode state in an environment abundant in hydrogen. Biofilm forma-
tion and its adhesion to solid surfaces directly impact wettability, notably increasing hydrophobicity.
This change in contact angles leads to a decrease in capillary entry pressure during hydrogen injec-
tion, thereby improving drainage efficiency.
These findings emphasize the substantial impact of biofilm dynamics and wettability changes on
the efficiency of hydrogen injection and recovery processes in subsurface reservoirs. The results
offer critical experimental evidence concerning the microbial risks linked to underground hydrogen
storage, thereby contributing to the validation of the upscaled model within this context.
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Optimization of the porous structure is essential to achieve high solar-to-fuel efficiency in solar ther-
mochemical fuel production. The porous structure directly converts concentrated solar radiation
into heat and facilitates heat and mass transfer, as well as provides sites for chemical reactions. An
ideal porous structure is expected to have a large surface area to provide reactive sites, a large mass
loading to provide reactants, a small pressure drop in fluid space to facilitate gaseous mass transfer,
and uniform solar energy absorption to guarantee thermo-mechanical stability. These optimization
objectives demand a comprehensive understanding of the transport and conversion processes in
porous structures. The direct 3D multiphysics model based on real morphology is time-consuming
and costly to solve. Its further coupling to a conventional optimization algorithm, such as the gradi-
ent descent method for structure optimization, is challenging. The triply periodic minimum surface
(TPMS) structures are known for their well-defined mathematically controllable morphology and de-
signing flexibility, providing great easiness in structure optimization, so they are introduced into the
optimization. In this study, we introduced a machine learning-aided porous structure optimization
method for solar thermochemical fuel production. The machine learning tool was used to link the
TPMS structures’ design parameters with the fuel production performance, temperature gradient,
and gaseous flow pressure drop. The training data were calculated from a direct pore-level multi-
physics model with various uniform and gradient 3D TPMS structures. The reaction model in this
study considered both charge carriers’ bulk diffusion and surface reactions, enabling the investiga-
tion of the material’s kinetics on fuel production performance. The model framework can hence be
utilized for porous structure optimization as well as guiding material choices for high-performing
solar thermochemical fuel generation.
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The inversion and uncertainty quantification of parameters associated with governing PDEs are
important in many scientific and engineering problems. For example, petroleum reservoirs are typ-
ically heterogeneous and uncertain due to the sparsity of hard data, and the uncertainty quantifi-
cation of physical parameters associated with the governing PDEs of flows in porous media, given
production history data, is a necessary step before reasonable forecasts can be made. Conventional
history matching inversion methods are generally point-estimate, while uncertainty quantification
using MCMC is computationally expensive. In the current study, an efficient ensemble variational
Bayesian (EVB) uncertainty quantification method is developed for inverting high-dimensional pa-
rameters for the governing PDEs. Variational Bayes inference approximates the posterior using
trial distributions such that the Kullback-Leibler divergence between the true posterior and the trial
distribution can be minimised. In EVB, a reduced-order model is built using principle component
analysis to enhance the convergence of small-size ensembles. The trial distribution is optimized
simultaneously as the ensemble of realizations are updated by data assimilation. In particular, par-
ticle filtering is adopted for the nonlinear inverse problem under consideration. Two- and three-
dimensional test cases of single- and two-phase Darcy flows in petroleum reservoirs are presented
for validation.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

Page 38



InterPore2024 / Book of Abstracts

Poster / 54

Isolation of Pseudomonas Aeruginosa SB23 from Upper Assam
OilReservoir and itsApplications inEnhancedOilRecovery from
Sandstone Reservoir Rocks
Author: Saurav Bhattacharjee1

Co-authors: Naved Wasim Ahmed 2; Borkha Mech 1

1 Dibrugarh University
2 Oil & Natural Gas Corporation and Limited

CorrespondingAuthors: borkha2014@dibru.ac.in, ahmed_naved@ongc.co.in, bhattacharjeesourav342@gmail.com

Objectives/Scope: The scope of this researchwork is to evaluate the ability of Pseudomonas aerug-
inosa strain (SB23) (Gen Bank accession number: OR051038) to enhance oil recovery from the
porous sandstone reservoir rocks of depleted Oil fields of Upper Assam, India. In this paper, we
describe a method for the isolation and identification of biosurfactant-producing microbial strain
present in the formation water sample of the Upper Assam Oil reservoir. A protocol was developed
for the production of biosurfactants from strain (SB23) grown in formulatedmedia. Core analysis and
microbial flooding were performed to understand the behavior of strain (SB23) and its interactions
with the porous media of the sandstone reservoir rocks of Upper Assam Oil reservoirs.

Methods, Procedures, Process: Strain (SB23) was isolated from the formation water sample con-
taminated with crude oil. The formation water sample was collected from one of the wells of the
Upper Assam oil field. Determination of the strain (SB23) has been done through 16S rRNA se-
quencing and an open-source web application server. The formation water sample was used for
elemental analysis and based on that, the nutrient package was designed to produce rhamnolipid
biosurfactant. The interfacial tension between crude oil and produced biosurfactant was measured
using the spinning drop method. Microbial surfactant flooding in core samples was performed in a
laboratory-based core flooding system.

Results, Observations, Conclusions: Pseudomonas aeruginosa OR051038 strain (SB23) was iso-
lated in the laboratory and identified by biochemical test and 16S rRNA sequencing. Strain (SB23)
which produced the rhamnolipid type of biosurfactant, was selected for surfactant flooding. The
produced biosurfactant remained stable over a wide temperature range of 30-85 ℃, pH of 2-10, and
salinity of 0-16%, w/v. At the value of 126mg/L, the biosurfactant solution exhibited critical micelle
concentrations (CMC). The core flooding studies were performed in sandstone cores (3.5 ×8.4 cm)
with an average of 23.72% porosity and 41.18 mD of permeability. (1.7 PV) of nutrient solution
with 4% (v/v) inoculum was injected into cores and incubated for 7 days at 50 ℃. 4000 mg/L of
rhamnolipid was produced, which decreased IFT and ST to 0.98 and 24.8 mN/m respectively. Under
reservoir conditions, the produced biosurfactant from strain (SB23) is used in microbial flooding to
recover an additional 7.55% of heavy crude oil. This paper will discuss the ability of strain (SB23)
and its applications in advanced Enhanced Oil Recovery (EOR) methods, particularly the Microbial
Enhanced Oil Recovery method (MEOR).

Novel/Additive Information: As a result, the isolated strain (SB23) has the potential to signifi-
cantly improve oil recovery from depleted oil fields of Upper Assam. This paper will benefit the
Reservoir engineers, Production engineers, Petroleum engineers, and Petroleum Microbiologists inter-
ested in enhanced oil recovery processes and Field Development plans using advanced EOR appli-
cations. Chemical EOR is costly and not environmentally friendly, MEOR can be an alternative to
them. In addition, MEOR is an advanced technology to enhance oil recovery from oil wells with
high water cuts and also it can delay the decommissioning costs related to abandoned oil and gas
wells.
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Chinese coal reservoirs are characterized by low pressure and low permeability, which call for en-
hancement to increase production. However, conventional methods of permeability enhancement
can only increase the permeability in fractures, but not the ultra-low permeability in coal matrices.
Attempts to enhance such impermeable structures lead to rapid attenuation of gas production, espe-
cially in the late stage of gas extraction. Thermal stimulation by injecting high-temperature steam
is a promising method that is expected to increase gas production. The critical scientific challenges
that still hinder its widespread are related to the evolution law of permeability of high-temperature
steam in coal and the thermal deformation of coal. As part of this study, we developed an experimen-
tal approach to explore the high-temperature steam seepage coupled with the thermal deformation
in coal under triaxial stress. The tests were conducted using cylindrical coal specimens of ϕ50×100
mm. The permeability and thermal strain in coal were investigated when high-temperature steam
was injected at 151.11 ℃, 183.20 ℃, 213.65 ℃ and 239.76 ℃, respectively. The experimental results
revealed, for the first time, that as the amount of injected fluid increases, the steam permeability
presents periodic pulsation changes. This paper introduces and explains the main traits of this dis-
covery that may shedmore light on the seepage phenomenon. When the injected steam temperature
increases, the amplitude of pulsating permeability decreases, the frequency increases, the period be-
comes shorter, the pulsation peak appears earlier, and the stabilization time becomes longer. The
average peak permeability shows a “U-shaped” trend that decreases and then increases as the steam
temperature increases. Meanwhile, with the extension of steam injection time, the axial, radial, and
volumetric strains of coal show a stage-wise expansion characteristic at different temperatures of
steam injection, except for the radial strains at 151.11℃. A two-phase flow theory of gas-liquid is
adopted to elucidate the mechanism of pulsating seepage of steam. Moreover, the influencing mech-
anism of inward and outward thermal expansion on the permeability of coal is interpreted. The
results presented in this paper provide new insight into the feasibility of thermal gas recovery by
steam injection.
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Machine learning (ML) has revolutionized various aspects of underground seepage, geological mod-
eling, reservoir numerical simulation, production optimization, and big data analysis in the oil and
gas industry. In particular, when it comes to reservoir development, ML methods, e.g., deep learn-
ing (DL) and intelligent computing, have proven to be superior to traditional methods in terms of
effectiveness and efficiency. Our study focuses on the application of cutting-edge ML methods to
real-time reservoir optimization problems. The research includes reservoir history matching, well
placement optimization, production optimization, wellbore fault diagnosis, big data analysis, and so
on. Through extensive research and experimentation, we have observed that ML-based methods,
especially DL methods, not only enhance the performance of traditional techniques but also signifi-
cantly reduce the computational effort. They can quickly give reliable prediction results for variables
of interest almost within seconds. ML-based methods can also accurately predict the performance
of stimulation measures in oilfields, where an ML-based model is obtained with only available data,
instead of expert knowledge in oilfields utilized in traditional patterns. These findings demonstrate
the immense potential of ML methods in improving the performance of traditional techniques, pro-
viding valuable insights for practical oilfield management and development.
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Upon the contact of the conductive mesoporous material with an aqueous electrolyte solution, ions
adsorb on its surface, spontaneously forming an electrical double layer. In this case, due to the ab-
sence of an applied external potential difference, while the total charge of the system is zero, there
is already accumulated a local charge at the interface. The number of adsorbed ions is determined
by the chemical composition of the material, the bonds on the surface and, due to the spontane-
ity of this process, to a large extent by the surface area. Therefore, mesoporous materials with
high specific surface area and porosity become the most favorable objects for research. However,
when a second electrode with a different surface chemistry is introduced into the circuit, a poten-
tial difference occurs. This leads to spontaneous charge redistribution between the electrodes and
rearrangement of ions at the interface. Current relaxation and potential difference evolution are the
key characteristics of this process. Changes in the imbibition parameters as well as decreasing of
wetted surface area during drying affect these electrical responses. Here we investigate the nature
of these electrochemical processes and their correlation with fluid dynamics using gravimetric mass
uptake measurements in combination with Zero Resistance Amperometry and other Open circuit
methods.
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Generative Adversarial Networks (GANs) have been a typical example of how machine learning has
been successfully applied, using three-dimensional images as training datasets, to generate realiza-
tions of the pore space, as well as to produce super-resolution images. We further this work with
a new generative model: diffusion models (DMs), to generate images of both the pore space and
two fluid phases within the pore space, using experimental high-resolution three-dimensional X-ray
images of the pore space and fluids at different fractional flows as training datasets. We demonstrate
that using DMs, we can generate images for a range of saturations and compare the quality of these
realizations against experimental data in terms of Minkowski functionals: saturation, interfacial
area, mean curvature, and connectivity (Euler characteristic), as well as contact angle. DMs are a
very promising algorithm type for the study of multiphase flow in porous media, with effectiveness
comparable to, if not surpassing, GANs. We discuss the use of this methodology to complement
pore-scale displacement and imaging experiments, to generate images of arbitrary size and for a
wide saturation range. These images provide a basis for further analysis and pore-scale modeling,
including the prediction of averaged multiphase flow properties, such as capillary pressure and rel-
ative permeability.
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The interplay between fracture roughness, topology, and permeability is of major interest in hydro-
geology, and models that account for the roughness and tortuosity of fractures to upscale hydraulic
apertures that represent the microscale aperture distribution have been the focus of many studies
in the past decades (He et al., 2021). However, these models often overlook the tensorial aspects
of hydraulic aperture, focusing instead on scalar aperture models (Smith & Freeze, 1979; Neuzil &
Tracy, 1981; Schrauf & Evans, 1986; Nick & Bisdom, 2018), which do not fully capture the anisotropy
that may be observed in the fluid flow in fractures (Nick & Bisdom, 2018). To address this gap, our
study introduces a method for upscaling microscale aperture distributions into equivalent hydraulic
aperture tensors.

Constraints in experimental designs limit hydraulic aperture measurements in fractured media to a
single direction (Xing et al., 2021; Phillips et al., 2021), preventing the direct verification of hydraulic
aperture tensors in the lab. To overcome this challenge, we test our method through numerical
experiments. Our approach involves creating synthetic fracture walls using fractional Brownian
motion (Mandelbrot & Van Ness, 1968) with varying joint roughness coefficients (Barton et al., 1985).
We then use fluid flow simulations to explore the effects impacts of compressive and shear stresses,
translated into contact area and shear displacement, on the hydraulic aperture tensors.
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Our findings indicate that highly anisotropic fluid flow patterns might emerge due to changes in the
contact area between fracture walls, which scalar aperture models cannot capture. In addition, no
clear correlation between the JRC values and the anisotropy change with contact area was observed,
meaning that more information is necessary for characterizing the flow properties of rough fractures.
The flowmodel used in this research has been previously verified through laboratory tests (Konzuk&
Kueper, 2004) and numerical experiments (Rybak & Metzger, 2020), and the upscaling methodology
has been validated using analytical solutions (Ferreira et al., 2022). This supports the reliability of
the present study, thus suggesting the necessity of a tensorial representation for hydraulic apertures.
This work provides a basis for developing a rigorous upscaling methodology utilizing a tensorial
representation for the hydraulic aperture.
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In this paper, we have developed an Automated Prediction Model able to distinguish between rock
grains and secondary depositionmaterial to properly qualify the volumetric capabilities of theGeother-
mal reservoirs of Denmark. The proposed method uses three types of Scanning Electron Mi-
croscopy (SEM) Images of Back-Scatter Electron (BSE), Cathode-Luminescence (CL), andMineral-Map
(MM) to automatically evaluate the quality of Geothermal reservoirs by identifying pore space, orig-
inal quartz, overgrowth, and other minerals. (SEM-CL) is widely used by geoscientists to reveal
chronologic and physical relations in quartz facilitating differentiation between multiple stages of
hydrothermal alteration (or mineralization).

After an initial exploration phase, we soon realized that the BSE Images could easily be used to pre-
dict three aspects of the problem: 1) the pore space, 2) the “other”category, and 3) quartz (both
original and overgrowth in one category). The machine learning model used is the U-net model (Ron-
neberger et al., 2015). The dataset was normalized and split into an 80% training set and a 20% test
set. The number of classes is four (0, 1, 2, 3), where the classes correspond to the desired categories.
The U-net is built using the Keras library. Our U-net architecture is divided into encoder and decoder
blocks, with the encoder consisting of 2D convolutions, max pooling, and batch normalization, and
the decoder block consisting of 2D convolutional transpose layers. Since the dataset contains four
labels, “SoftMax”activation was selected. We found that the “Adam optimization algorithm”
with a batch size of 2 provided the best results.

The training of the U-net was performed on cropped BSE and CL images of size 512 x 512 used as
input and the corresponding merged classification mask. Fig.1 shows three examples of test samples
and the corresponding true and predicted masks. As the final U-net makes predictions on 512 x 512-
sized patches, the full prediction for 1024 x 768-sized images requires an integration of multiple
patches. This integration is performed by smoothing overlapping windows. This latter operation
is computationally heavy but produces high-quality predictions. Fig. 2 shows a full-resolution test
sample using unaligned versions of the BSE and CL images as input. The high quality of this result
is preserved, even though the U-net was trained using only aligned images and masks. The relative
area of the four categories (quartz, overgrowth, other minerals, and pores) is calculated based on
these full-resolution results.

The proposed model will help improve and accurately estimate reservoirs’ mineralogy and porosity,
enabling the decision makers better to quantify the business case of Geothermal Plant Development.
This can be accelerated through the automation of (SEM) Images for diagenetic modelling ofQuartz
Overgrowth. The quartz overgrowth provides information about the temperature and pressure history
of the sample. Thus, if a sample has a lot of quartz overgrowth, then the surrounding volume likely
diminishes its pore space. A combination of the porosity and the overgrowth may provide deeper
insight. This paper will benefit the personnel who want to speed up the analysis of (SEM) images
for reservoir quality measurements.
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Underground H2 storage is arguably considered one of the promising techniques to achieve net-zero
emissions goals. The storage of H2 in geological formations is influenced by a complex function of
the physicochemical, petrophysical, and geo-mechanical characteristics of the H2/brine/rock sys-
tem. This results in the existence of different trapping mechanisms (e.g., residual and dissolution
trapping), which will lead to the loss of H2 within the formation. Therefore, it is important to under-
stand the trapping of H2 at different scales to provide a better understanding of the H2 withdrawal
efficiency.

To this end, contact angles and interfacial tensions of the H2/brine/sandstone at different tempera-
tures and salinities were collected for the pore network modeling to investigate the pore-scale H2
trapping behaviors. The obtained results were then fitted using the Land trapping model. Subse-
quently, these trapping behaviors and different H2/brine properties, including density, viscosity,
and H2 solubility under different conditions, were then considered in the field-scale simulations.
One single injection and production well and four annual injection-withdrawal cycles were consid-
ered. The results indicate that a higher temperature leads to less residual trapping in both pore-scale
and reservoir scale. The higher temperature and higher salinity conditions are more favorable for H2
production (i.e., a higher H2 recovery factor). In addition, the H2 dissolution trapping is also influ-
enced by the temperature and salinity, which contribute to a maximum of ~5% H2 loss. Furthermore,
the H2 plume migrations are also influenced by different temperature/salinity conditions.
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In the context of climate change mitigation, underground/subsurface hydrogen storage (UHS) is re-
garded as a solution that could help tackle the imbalance in renewable energy supply. Excess energy
can be stored as molecular hydrogen (H2) and re-used when it is needed. To enable large-scale stor-
age in underground geologic formations, reservoir simulation of cyclic loading scenarios will be used
to optimize the storage operations. Hydrogen storage in geological reservoirs involves many phys-
ical phenomena related to reservoir dynamics, trapping mechanisms, and potential reactions with
minerals and bacteria. Simulating different scenarios of fast H2 injection and production while con-
sidering those physical constraints and optimized economic and operational parameters generates
loads of data and therefore requires high computational power. The nature of UHS operations and
the underlying storage reservoir physicsmake variations in the generated data sets extensive. Predic-
tive tools like machine learning (ML) that are data dependent can to some extent fill the knowledge
gap while simultaneously making the operations more viable. It is therefore interesting to develop
tools that can predict parameters associated with fast cyclic operations while minimizing the com-
putational cost. Such methods could help optimize storage operations and reduce operational costs.
The work summarized in this abstract attempt to showcase how machine-learned models trained
with data generated from simulated UHS systems in porous media can be used to predict ultimate
hydrogen production. The same approach is applied to predict H2 amounts that remain trapped in
the reservoir due to physics-related parameters. The OPM flow reservoir simulator is used to build
models encompassing physical and dynamic parameters to generate cyclic field data which are then
used to train time series neural network (NN) models. In the presented work, the reliability and
accuracy of the model are ensured through hyper-parameter tuning and cross-validation analysis
on a windowed time-series NN. The results obtained in the study show the relevance of machine
learning (ML) methods in predicting ultimate H2 production and residual H2 amount in geological
reservoirs. The trained models captured the data trends with mean squared error (MSE) and mean
absolute error (MAE), commonly termed as loss functions, from training and validation steps used as
accuracy metrics. In one of the reservoir-scale cases, the machine-learned training and predictions
in a physics-oriented approach reduced the computational time by about 6773% in comparison with
simulation runs by OPM flow on a 4-layer reservoir model. The accuracy metrics and predictions are
even much better on simulation data obtained with a one-layer model having a horizontal well along
its top and based on a complex cyclic schedule. By showing how machine-learned models can cap-
ture some of the complex physical uncertainties associated with underground/subsurface hydrogen
storage, our research aims to bring a technical contribution to the development of this technology.
Field-scale simulated production and injection data are used to train the models. The paper therefore
presents the methodology followed, results from the machine learning methods, and the outlook for
future tasks.
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The gas-liquid two-phase flow in rough nanopores plays a crucial role in shale gas extraction. To
deeply understand the flow mechanisms, molecular dynamics simulation (MDS) method is often
employed to simulate fluid flow in nanoscale channels. However, current researches on two-phase
flow at the nanoscale have mainly focused on smooth channels. In addition, accurate simulation of
the rock wall material is challenging. This work aims to investigate the mechanisms of gas-liquid
two-phase flow in rough shale nanopores by using MDS.
A new rough surfacemodel is constructed by illite crystals, and thewater-gas two-phase flow is simu-
lated in it which can achieve amore accurate characterization of flow phenomena inmicroscale shale
reservoirs. To better represent the actual formation conditions, rough nanopores are constructed by
adding roughness elements to smooth wall surfaces. Methane and water molecules are introduced
into the pore models. The flow process is simulated using the EF-NEMD method. Based on these,
the effects of rough particles, different arrangements of rough particles, and varying relative rough-
ness on two-phase flow are investigated. The simulation results reveal that rough particles have a
significant impact on gas-water two-phase flow. Statistical analysis is used to quantify the density,
velocity distributions and boundary conditions in two-phase flow.
Simulations performed under different roughness conditions demonstrate: the presence of rough
particles leads to three adsorption layers of water molecules near the pore walls; it also induces
a phenomenon similar to macroscopic Jamin effect during two-phase flow, which severely affect-
ing the flow velocity. Another important observation is that compared to smooth channels, the
presence of rough particles significantly increases the boundary slip length i.e. the thickness of the
immobile water layer. The different arrangements of rough particles will generate different negative
slip lengths. Furthermore, with the roughness decrease the influence of rough channels on gas phase
flow is negligible in hydrophilic channels. The aforementioned findings provide valuable insights
into the gas-liquid two-phase flow behavior in rough nanopores, which is crucial for understanding
and optimizing the transport and mass transfer processes in nanoscale systems.
This work simulates water-gas two-phase flow in rough nanopores constructed by illite crystals,
which has not been previously explored. The major contribution of this work lies in analysing the
impact of roughness elements on two-phase flow through MDS. It provides a basis for the devel-
opment of subsequent mathematical models. Simulating the actual shale reservoir can guide the
optimization of production measures. These findings provide insights into the intricate dynamics
of gas-liquid two-phase flow in rough channels and contribute to a better understanding of fluid
transport in porous media with real-world applications, such as shale reservoirs.
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Water vapor sorption in nanoporous media with complex pore structures, such as shale, remains
poorly understood. Moreover, the initial water saturation in shale gas reservoirs affects methane’s
adsorption capacity, posing a challenge for accurate gas reserve estimation. Currentmethods, includ-
ing molecular dynamic simulation, sorption experiments, and analytical modeling, have limitations
in intuitiveness, research scale, and idealism, respectively.
To tackle this issue, a pseudopotential lattice Boltzmannmethod (LBM) is developed to explore water
sorption and its impact on methane adsorption. This LBM model integrates long-range molecular
forces using a modified Shan-Chen model based on the Carnahan-Starling equation of state. Valida-
tion of the LBM’s simulation for water vapor sorption includes assessments of liquid/vapor densities
in phase separation, vapor pressure around liquid droplets, and film thickness in parallel nanoslits
using disjoining-pressure theory. For methane sorption, the LBM’s validation involves lattice den-
sity functional theory and methane sorption experiments.
The findings reveal that water films in nanopores create a liquid pressure disparity of up to 100 MPa
between confined and free states. Traditional adsorption theories based on simplistic pore shapes
do not apply to nanoporous systems with complex geometries. In inorganic matter, hydrophilic at-
traction forces result in “small pores filled with liquid water and large pores covered by water film,”
whereas organic matter shows no water presence due to hydrophobic repulsion forces. Different
water saturation levels significantly affect the relationship between pore-throat configuration and
organic pore distribution, impacting effective flow pathways. The initial water saturation in shale
gas reservoirs restricts methane adsorption solely to organic pore surfaces, substantially reducing
available methane adsorption sites. Particularly in continental/transitional shale gas reservoirs with
high clay contents, the influence of water distribution on methane adsorption needs consideration.
The proposed LBM demonstrates its ability tomodel sorption processes within complex porous struc-
tures efficiently. This work offers critical insights into water sorption behavior in shale’s nanopore
systems, laying the groundwork for modeling liquid-vapor distribution in nanoporous media at the
pore scale. In addition, these findings provide theoretical support for estimating gas adsorption
content and reservoir numerical simulation for shale gas reservoirs.
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In the last few decades, deep learning (DL) has afforded solutions tomacroscopic problems in petroleum
engineering, butmechanistic problems at themicroscale have not benefited from it. Mechanism stud-
ies have been the strong demands for the emerging projects, such as the gas storage and hydrate
production, and for some problems encountered in the storage process, which are common found
as the chemical interaction between injected gas and mineral, and the formation of hydrate. Emerg-
ing advances in DL technology enable solving molecular dynamics (MD) with quantum accuracy.
The conventional quantum chemical method is computational expensive, whereas the classical MD
method cannot guarantee high accuracy because of its empirical force field parameters. With the
help of the DL force field, precision at the quantum chemistry level can be achieved inMD.Moreover,
the DL force field promotes the computational speed compared with first-principles calculations. In
this study, the basic knowledge of the molecular force field and deep neural network (DNN) is first
introduced. Then, three representative open-source packages relevant to the DL force field are in-
troduced. As the most common components in the development of oil and gas reservoirs, water
and methane are studied from the aspects of computational efficiency and Chemical reaction respec-
tively, providing the foundation of oil and gas researches. However, in the oil and gas problems,
the complex molecular topo structures and various element types set a high challenge for the DL
techniques in MD. Regarding the computational efficiency, it needs improvement via GPU and par-
allel accelerations to compete with classical MD. Even with such difficulties, the booming of this
technique in the area of petroleum engineering can be predictable.
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CO2 huff-n-puff is a potential promising approach for enhanced recovery and sequestration of CO2
in shale reservoirs. It is of great practical significance to understand the CO2 huff-n-puff mechanism
from a microscopic point of view. Here, we investigate three stages of CO2 huff-n-puff promoting
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shale oil mobilization from organic-inorganic nanopores by molecular dynamics simulation. We
show that during the adsorption process of shale oil, due to the presence of active molecules, the ad-
sorption density and strength of shale oil on kaolinite wall are higher than kerogen, but the influence
range of shale oil is smaller than kerogen. In the CO2 soaking stage, although CO2 has a desorption
effect on shale oil near both sides of the wall, stripping shale oil near the inorganic surface was
more effective than the kerogen surface. In addition, due to the presence of hydroxyl on the surface,
when CO2 is slightly away from the equilibrium position on the surface of kaolinite, the attraction
between CO2 and kaolinite will become repulsive force under the action of electrostatic force. In the
CO2 puff stage, compared with the ideal model of 0 pressure, when the CO2 puff pressure is 10MPa,
CO2 can effectively dissociate the “bullet head” structure of the medium component blocking the
pore exit through the synergistic effect of miscible phase, viscosity reduction and swelling. Increase
overall shale oil recovery by more than 37%. This work first investigates the CO2 huff-n-puff mo-
bilization of shale oil from multiple stages, and effectively reveal the promoting effects of CO2 on
different components of shale oil in each stage of huff-n-puff.
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Introduction
Natural fractures play a crucial role in serving as the primary conduits for seepage in reservoirs,
particularly in shale oil reservoirs characterized by ultra-low permeability (Zou et al., 2009; Sun et
al., 2023; Bai et al., 2023). Despite the acknowledged significance of these fractures, a notable gap
exists in understanding the stress sensitivity of fracture permeability in shale oil reservoirs. Address-
ing this knowledge deficit, our approach comprehensively investigates natural fracture permeability.
This encompasses a combination of mechanical and CT scanning tests, coupled with advanced nu-
merical modeling techniques, to bridge the existing gap and enhance our understanding of fracture
permeability in shale oil reservoirs.
Methodology
We conducted multi-scale CT scanning at 25 mm and 100 mm scales, followed by the establishment
of a numerical model (Fig. 1a-d). The models were constructed with specific parameters: a density
of 2.65 g/cm³, a tensile strength of 8.00 MPa, a compressive strength of 46.67 MPa, a Young’s modu-
lus of 1.33 GPa, and a Poisson’s ratio of 0.21. The applied confining pressure during the numerical
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simulation varied from 2 MPa to 10 MPa. This study introduces a fully coupled simulation that ac-
counts for the reciprocal interactions between fluids (CH4) and solids in shale, employing COMSOL
Multiphysics.
Results and Discussion
The fracture permeability of the 100 mm core ranged from 2.04×10^4 µm² to 8.67×10^4 µm², while
that of the 25 mm core decreased from 1.3×10^3 µm² to 5.45×10^2 µm². Remarkably, the fracture
permeability of the 100 mm core was nearly ten times higher than that of the 25 mm core (Fig. 1e).
Despite the substantial difference in fracture size between the two models, their permeability ex-
hibited a similar changing trend under varying confining pressures. Additionally, the permeability
demonstrated a linear decrease with increasing confining pressure, evidenced by a reduction of 2.35
and 2.39 times the initial values for the 100 mm and 25 mm shale cores, respectively. These find-
ings suggest a consistent stress sensitivity of fracture permeability across different fracture scales.
However, it is important to note that fractures with smaller scales may experience complete closure
under higher confining pressures, resulting in the total loss of permeability.

Fig. 1. A detailed description of the model creation process based on CT scanning data shale cores.
(a) Identifying fractures from scanned sections, (b) segmenting the data based on specific thresholds,
(c) reconstructing a 3D model structure, and (d) refining appropriate grids based on the size of the
structure. (e) The fracture permeability varies vs. the confining pressures.
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Hydrogen (H2) can be used as an effective energy vector and is a key element in the energy transi-
tion [1]. To accommodate the significant volume of H2 involved in the future energy mix, subsurface
porous media, such as saline aquifers and depleted hydrocarbon reservoirs, is increasingly promoted
as a viable option for underground H2 storage [2]. However, the reliability of this form of storage
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is not yet proven. One of the concerns is the impacts of microbial activity on the storage perfor-
mance of H2 [3]. This is because H2 is a superb electron donor and can trigger a variety of microbial
metabolism [4]. For example, H2 may initiate the bio-methanation process when carbon dioxide
(CO2) is used as cushion gas in the subsurface environment. This process may lead to H2 loss and
the contamination of the back produced gas. On the other hand, H2 has very low viscosity and
thus is susceptible to the development of viscous fingering, when being injected to displace a more
viscous fluid [5]. In this numerical work, we investigated the joint impacts of bio-methanation and
viscous instability on the storage and recovery performance of H2. We have performed a range of
2D vertical cross-sectional models with a very fine cell size (0.1 m) to capture the viscous finger-
ing in detail. It has been found that the viscous instability can expand the total size of the mixing
zone and thus promote H2 consumption by methanogenesis. Since the process leads to the reduc-
tion in total gas volume, the primary purpose of cushion gas injection, which is to prevent water
breakthrough, can be compromised. As a comparison, a gravity-dominated operational strategy is
designed to isolate and thus ascertain the role of viscous instability on the bio-methanation process.
Although gravity can drive the segregation between H2 and CO2, permeability heterogeneities lead
to flow dispersions and gas mixing. However, the total mixing zone is much reduced and thus the
methanogenesis is suppressed. The results of this work can be used to improve the numerical sim-
ulations associated with H2 storage in subsurface porous media, including both hydrodynamic and
microbiological processes. This study should also provide useful insights and definitions of “tar-
get properties”(e.g. acceptable rate of methanogenesis) for experimentalists and industry engineers
involved in screening projects for subsurface H2 storage.
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Microfluidic devices with open lattice structures, equivalent to a type of porous media, allow for the
manipulation of fluid transport processes while having distinct structural, mechanical, and thermal
properties. However, a fundamental understanding of the design principles for the solid structure
in order to achieve consistent and desired flow patterns remains a challenge, preventing its further
development and wider applications. Here, through quantitative and mechanistic analyses of the
behavior of multi-phase phenomena that involve gas-liquid-solid interfaces, we present a design
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framework for microfluidic devices containing porous architectures (referred to as poroFluidics) for
deterministic control of multi-phase fluid transport processes. We show that the essential properties
of the fluids and solid, including viscosity, interfacial tension, wettability, as well as solid manufac-
ture resolution, can be incorporated into the design to achieve consistent flow in porous media,
where the desired spatial and temporal fluid invasion sequence can be realized. Experiments and
numerical simulations reveal that different preferential flow pathways can be controlled by solid
geometry, flow conditions, or fluid/solid properties. Our design framework enables precise, multi-
functional, and dynamic control of multi-phase transport within engineered porous media.
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Fractured vuggy carbonate reservoirs are one of the most important reserves in the world, which
hold great importance for increasing reserves and production. However, fractured vuggy reservoir
has greatly different reservoir space and flow patterns challenging low recovery. Three types of
reservoir space, including matrix pores, fractures, and vugs, coexist with strong heterogeneity, and
the spatial distribution scale varies from millimeter to the meter. Acidizing is a vital stimulation
technique to boost production in deep fractured vuggy carbonate reservoirs since it can effectively
enhance the connectivity of fractures and vugs. The real-time dynamic alterations in the volume
of matrix pores, fractures, and vugs during acidification, coupled with changes in reservoir in-situ
stress, signifies a multi-field coupled problem. Currently, research on hydrological-mechanical cou-
pling processes throughout reactive flow in porous media is restricted to single-pore and fracture
models, with little consideration given to the influence of pore, fracture, and vug deformation on
reactive flow. This paper puts forth a set of mathematical models and numerical simulation tech-
niques for analyzing reactive flow in fractured vuggy carbonate reservoirs while accounting for
hydro-mechanical coupling effects. Validation of the model and method is achieved through a nu-
merical example. The results show that fractures and vugs are leading in acid flow through the
medium during the acidification of fractured vuggy media. Under stress conditions, fracture closure
exhibits the most substantial impact on acid flow in the fracture, followed by vug deformation. Acid
fluid preferentially flows via dominant channels connected by fractures and vugs, dissolving the
rock.
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Granite is considered a suitable host rock for a deep geological repository for radioactive waste.
Since fractures are the main flow pathways for solute transport in this material, accurate and effi-
cient calculation of solute transport and retention phenomena is essential for predictions related to
the safety case of the repository. A key issue is the effect of cross-scale surface topography and
roughness on hydrodynamics such as fluid channeling and residence time. In this study, we use a
fracture geometry model based on µ-CT data and apply a finite element method to reveal the influ-
ence of fracture geometry on solute transport behavior. Due to the heterogeneity of fracture shape
and aperture width distribution, it is difficult to describe the fracture geometry and morphology by
a single variable. In addition, the surface roughness of fracture walls exhibits cross-scale variability
due to heterogeneous material composition, which hinders the application of simplifying self-affine
geometry descriptions. Instead, investigating of the role of cross-scale surface roughness in solute
transport modeling is a promising approach. We investigated the sensitivity of the roughness ef-
fect by systematic modification across scales using µ-CT data of granite fractures. By comparing
2.5D vs. 3D transport model results, the role of long wavelength surface constituents and fracture
bending can be investigated. The solute transport modeling was performed using the finite element
code COMSOL Multiphysics. We discuss the quantitative effect of long wavelength surface building
blocks on the tailing of the breakthrough curves and a weakening of the Fickian behavior. The tracer
concentration fields in the 2.5D models show a high sensitivity to spatial heterogeneity. The solute
transport in larger half-pores is overestimated compared to 3D models. The differences between
2.5D and 3D models due to small-scale surface roughness are considerably smaller. Nevertheless,
the effect of surface roughness wavelengths on the BTC tailing behavior is not simply monotonic,
which is an important effect to consider when implementing roughness parameters in transport
modeling. Finally, we discuss the potential application of using power spectral density (PSD) curves
as a means of assessing changes in roughness on fracture surfaces. PSD curves provide a cross-scale
quantification of surface topographies. We propose the implementation of PSD curves in transport
models to increase their predictive capability for contaminant migration in fractures.
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Due to the escalating levels of greenhouse gas emissions and the growing global need for energy,
there is a requirement for innovative technologies to produce eco-friendly power [1]. Hydrogen (H2)
stands as a sustainable energy for the future, and its incorporation into the worldwide economic
framework is imperative [2]. To facilitate H2 as a low-carbon energy option, storage solutions span-
ning inter-seasonal periods or even longer will be necessary. This challenge can be met by storing
H2 in appropriate geological formations [3]. Using depleted oil and gas reservoirs for storing H2
aims to enhance flexibility in both future supply and seasonal usage [4].
Idendtifying optimal well locations is a complex task due to various factors like geological hetero-
geneity, uncertainty, fluid properties, and economic costs [5]. Traditional numerical reservoir simu-
lations, while industry standard [6, 7], are expensive as they involve simulating all possible scenarios
[8]. Machine learning offers a potential solution to simplify well placement by introducing surro-
gate models [9]. These algorithms based on boosting models train several weak learners sequentially,
focusing on incorrectly classified instances to build a powerful ensemble framework [10]. Demon-
strating consistent effectiveness, boosting algorithms outperform individual weak learners [11] and
are particularly beneficial for complex oil production planning datasets [12]. They adeptly manage
non-linearities, interactions among features, and random variations, enhancing precision in enhanc-
ing well placement and decision-making [9].
In this study, we investigate the comparison of two boosting algorithms, serving as rapid surrogate
models (named AdaBoost and LightGBM), to achieve precise well placement in the context of sea-
sonal H2 storage within a depleted gas field in the Middle East. H2 yearly storage in our simulations
follows a routine with a single injection andwithdrawal phase duringwinter peak demand, spanning
approximately 7 and 5 months, respectively. The success metric for well placement is determined by
the H2 recovery factor. The training data for these boosting algorithmswere derived from a reservoir
simulator. The simulations were conducted in two stages: I) production from the producing wells
spanning several years until the abandonment pressure is reached, and II) H2 injection/withdrawal
cycle. The second stage includes three H2 injection-withdrawal cycles, which is followed by the H2
production until reaching to maximum recovery. The boosting algorithms are tested on a simulated
dataset derived from advancing to the next well locations.
The implemented boosting algorithms have demonstrated effectiveness in predicting reservoir prop-
erties in the real case study. Our assessment of the efficacy of surrogate model, compared to the
execution of reservoir simulations, reveals that a single numerical simulation entails significantly
several order of magnitude time to calculate well-recovery factor than running each surrogate model
individually. Despite their accuracy in predicting reservoir performance, numerical simulations de-
mand significant computational resources. On the flip side, surrogate models present a quicker
option, providing results more expeditiously than comprehensive numerical simulations, all while
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preserving acceptable accuracy. The surrogate model’s excellent performance, coupled with its ef-
fective runtime, positions the surrogate model as the sensible choice for achieving the objectives of
this study.
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The use of acid for permeability enhancement has gained popularity in mining and oil industries
to enhance the recovery rate of low-permeability formations. This study employed static acid per-
meability enhancement tests, flooding acid permeability enhancement tests, and micro-CT scanning
to investigate the mechanism of permeability enhancement and changes in pore structure during
acid treatment. The extent of reaction between low-permeability sandstone samples and four dif-
ferent acids was evaluated by static tests, with hydrochloric and formic acids demonstrating good
performance in dissolving filling minerals. Acid flooding experiments were conducted under reser-
voir conditions with a constant flow rate, and decreases in pressure difference between flow inlet
and outlet were observed for most experiments, indicating an increase in permeability. The pres-
sure difference was lower for hydrochloric acid compared to formic acid at the end of flooding, with
permeability increases of 283% and 120%, respectively. Micro-CT scanning before and after acid
permeability enhancement tests revealed changes in pores, pore throats, and coordination numbers
using Avizo software. Based on micro-CT results, acid treatment led to an increase in the number of
interconnected pores, pore throats, and their equivalent radii, resulting in higher permeability. The
improved permeability was primarily due to the dissolution of dolomite, as identified by SEM-EDS
and ICP.
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With advances in digital rock physics, pore-scale numerical methods have been developed to esti-
mate various petrophysical parameters based on 3D micro-CT images. However, currently pore-
scale models mostly rely on segmented dry scan of the rock sample for network extraction, and the
resulting network consists only of resolved pores and throats. For complex rocks such as carbonates
that encompass multiple length scales, capturing pores at every scale is often not possible due to the
size-resolution trade-off. In this study, we develop a multiscale generalized network model (GNM)
by including sub-resolution porosity as another throat type, called micro-links, and modify the flow
model by including flow through micro-links. In single-scale GNM, resolved throats are the main
pore elements in the network and are divided into corners by certain discretization levels. GNM has
several benefits, such as realistic representation of the pore spacewith the effect of throats expanding
from throat center to neighboring pore centers and detailed corner description (Raeini et al. 2017).
Moreover, GNM improves the physical accuracy of model predictions by formulating the 3D interfa-
cial curvature between two phases not only in the axial plane but also in the sagittal plane (Raeini et
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al. 2018; Giudici et al. 2023). We employ differential imaging of brine and dry scans to characterize
connectivity and quantify unresolved porosity. We obtain a porosity map containing all voxels with
their sub-resolution porosities. Using the dilation algorithm developed by Foroughi et al. (2023),
each microporous voxel is labeled according to its two closest pores, and then microporous voxels
with the same closest pores are classified as a micro-link. Since we consider micro-links as continu-
ous Darcy-like porous media, we use classical empirical relationships to describe flow in micro-links.
We first tested our multiscale model with highly permeable Ketton limestone. We tuned our model
to mimic the reported Ketton mercury injection capillary pressure (MICP) data, which exhibited a
bimodal throat size distribution, one peak at larger pores is attributed to interparticle resolved pores
large enough to be captured at micro-CT voxel size, and the peak at small pore size is for intraparti-
cle micropores. And in between, there is an intermediate interval covering unresolved macropores,
which are larger than micropores but are under resolution. To achieve a good match with the MICP
curve, we determine the critical micro-link porosity as the boundary between different porosity re-
gions and evaluate their saturation exponent and grain diameter values separately. After calibrating
the model with measured permeability, formation factor, and MICP data, we generate a bimodal
capillary pressure curve for oil drainage into initially water-wet system. Even in the early stages of
drainage, we observe an increase in the relative permeability of water, contributed by unresolved
porosity. In summary, our approach shows significant promise in addressing sub-resolution poros-
ity in a less computationally costly manner using micro-links. We aim to extend our approach to
other complex multiscale systems, including fuel cells, membranes, and batteries.
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Numerous studies have shown a non-monotonic relationship between the dispersion coefficient and
the degree of compaction of porous media [1, 2]. However, the mechanism responsible for the non-
monotonic variations of the dispersion coefficient remains unclear, which brings difficulties and
challenges for the regulation of the dispersion coefficient of porous media.
By combining the discrete element method and the pore network model, we investigate the impact
of compaction on the dispersion coefficient of the porous medium. The dispersion coefficient ex-
hibits a non-monotonic dependence on the degree of compaction, which is distinguished by the
presence of three distinct regimes in the slope of the dispersion coefficient to the pressure load. The
non-monotonic variation of the dispersion coefficient is attributed to the disparate effect of com-
paction on dispersion mechanisms. Specifically, the porous medium becomes tightly packed with
increasing pressure load, reducing the effect of molecular diffusion that primarily governs at small
Péclet numbers. Simultaneously, the elevated pressure load reinforces the heterogeneity of the pore
structure while reducing its connectivity, leading to enhanced disorder and elevated proportion of
low-velocity regions within the porous media flow, further strengthening mechanical dispersion and
hold-up dispersion, respectively, which dominate under high Péclet numbers. The competition be-
tween weakened molecular diffusion and enhanced hold-up dispersion and mechanical dispersion,
together with the shift in the dominance of dispersion mechanisms across various Péclet numbers,
results in multiple regimes in the slope of the dispersion coefficient to the pressure load. Our study
provides unique insights into the structural design and modulation of the dispersion coefficient of
porous materials.
Keywords: dispersion; compaction; non-monotonic effect.
Reference
[1] E. Charlaix, J.P. Hulin, T.J. Plona, Experimental study of tracer dispersion in sintered glass porous
materials of variable compaction, Physics of Fluids 30 (6) (1987).
[2] C.T. Karin C.E. Östergren∗, Characterization of hydrodynamic dispersion in a chromatographic
column under compression, Chem. Eng. J. (2000).
[3] Y. Liu, W. Gong, Y. Zhao, X. Jin, M. Wang, A Pore-Throat Segmentation Method Based on Local
Hydraulic Resistance Equivalence for Pore‐Network Modeling, Water Resour. Res. 58 (12) (2022)
e2022WR033142.
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One of the key stages in materials recycling is their crushing into finer elements, i.e., granular mate-
rial or powder to be sorted and re-used. Those crushed granular materials can bemixed and reshaped
using binders which will make it possible to reproduce solid objects with useful purposes. Mainly,
the major practical difficulty in the implementation of these granular assemblies, whether recycled
or not, is the dispersion of the binder at the contacts between the grains in order to produce binder
bridges that will ensure the cohesion of the whole.
Complex liquid foam (liquid foam loaded with a binding component) represents a first-choice low
carbon binder precursor to be pushed through the voids offered by a packing made with such grains,
to give shape to the whole and to confer significant mechanical strength. This strength is expected to
depend on the microstructure of the confined foam, the latter being controlled by the bubble-to-pore
size ratio “r” [1]. However, as the liquid foam undergoes the so-called coarsening mechanism, which
consists in the exchange of gas between the different bubbles, the size ratio increases as function of
time.
Here, we study the coarsening of liquid foam confined into the porosity of granular packings. During
these experiments the liquid fraction is maintained uniform in the system by appropriated rotation
of the samples in order to counteract the effects of gravity (see Figure 1). We show that coarsening is
faster whenever we increase the initial confinement parameter r0 at constant liquid saturation. We
find the result known from the literature for which the bubbles eventually reach pore size, which
marks the end of coarsening, but we also highlighted that before stopping, there exists a regime of
self-accelerated coarsening. Themain deviations with respect to the coarsening of unconfined foams
will be presented.
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Microbially Induced Carbonate Precipitation MICP has been studied over the years as a promising
bio-mediated alternative to enhance the mechanical performance of porous media. Multiple studies
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have investigated different MICP treatment techniques and their application to coarse-grained soils.
Results of these works show the evolution of transmission properties (e.g., ultrasound waves and
permeability) and the increase in strength measured by direct shear, Uniaxial Compressive Strength
UCS, tensile and triaxial testing, among others. These analyses have enriched our understanding of
the capabilities of MICP, yet there remains a lack of predictability regarding the soil strength that
can be achieved with MICP treatments.

This study uses an extensive dataset of triaxial results collected from the literature alongside new
experimental data to propose a model that predicts the evolution of the tensile strengths in MICP-
treated sands based on the calcium carbonate content achieved and the untreated soil index prop-
erties. In this study, we first analysed the influence of multiple soil characteristics on the final
mechanical strength of MICP-treated sands using data from the literature. These preliminary anal-
yses uncovered a gap in the data on the treatment of angular sands. To fill this gap, we conducted
experiments using highly angular sand in which the MICP treatment strategy was varied to obtain
multiple levels of cementation. After the MICP treatments were completed, the specimens were
scanned via X-ray computed tomography before and after consolidated-drained triaxial tests, giving
insight into the deformation behaviour during failure. The whole dataset was then used to assess
the validity of an analytical model that builds on previous analyses to predict the tensile strength of
MICP-treated sands. Our model results are remarkably consistent with all published datasets. Our
research provides a robust framework for predicting the mechanical enhancement of MICP-treated
sands, based on the mass of calcite precipitated and the untreated soil index properties. This is a
critical step towards a more reliable use of bio-mediated soil enhancement techniques.
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Characterisation of the internal 3-dimensional (3D) structure of complex porous materials has been
revolutionised with deep-learned image processing and segmentation, promising second-scale scan
times with hour-scale quality, and beyond-human multi-label segmentation accuracy at a fraction of
the time. However, these claims are currently only true for single-sample, single-domain cases using
2D networks on 3D data, or small 3D subdomains (<108 voxels) on 3D networks. These limitations
are fundamental to domain mismatch between trained networks and inference inputs, dimensional
blindness of 2D networks on 3D data causing z-axis misalignment (the coin-stack (CS) effect), and
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the incompatibility between memory inefficient 3D networks and large-scale 3D data. These inter-
connected issues that have prevented the true application of deep learning to 3D volume data (1011
voxels, typical of synchrotron and nano/micro-CT imaging) are resolved in this paper. Herein, we
introduce an unpaired semantically consistent pseudo-3D approach to domain transfer capable of
inference on domains approaching the tera-scale. Several important domain transfer applications
are exhibited and validated using pixel metrics and physical parameters, including the enhancement
of the time resolution from hour-scale to minute- and second-scale of static and dynamic scans of
geological rocks while maintaining the hour-scale image quality, accurate segmentation of out-of-
domain nano/micro-CT images using a pretrained segmentation models of lithium-ion batteries and
hydrogen fuel cells, and efficient large-scale 3D inference (1011 voxels) on single GPU.
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The evaluation of fracture construction processes hinges on the critical factors of conductivity and
the validity period of artificial fractures. It is imperative not to overlook the conductivity damage
resulting from the crushing of proppant particles. Being a specialized geotechnical granular mate-
rial, proppant particles undergo fragmentation when the applied compressive load surpasses their
bearing capacity. The smallest unit in breakage behavior, the single particle, serves as the founda-
tion for pertinent mechanical research.
Quartz-sand proppant particles pose a challenge for classical theories due to their complex structures
and irregular shapes. Existing studies often neglect the intricate structural shape of the proppant
and the complex stress environment in the reservoir, opting instead for investigations based on reg-
ularly shaped particles. This study delves into the crushing behavior of irregularly shaped quartz
sand single particles, determining the critical conditions of single-particle breakage through a com-
bined approach of numerical simulation and experiments. A discrete element model (DEM) for the
crushing of quartz sand single-particles under closure pressure and confining pressure was estab-
lished. The analysis of crushing characteristics involves examining the dynamic distribution of the
crushing belt and stress-strain curves. Additionally, the primary controlling factor influencing the
crushing behavior of single particles is investigated.
The results reveal a unimodal distribution in the stress-strain curve for proppant particles. Smaller
particle sizes correspond to higher effective peak values of fragmentation and smaller strains. Specif-
ically, under consistent parameter conditions, 40–70 mesh quartz sand particles exhibit stress peaks
over twice as high as those of 8–16 mesh particles. Larger particle sizes harbor a greater number
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of internal natural cracks and defects, thereby diminishing the particles’ bearing capacity. The in-
fluence of particle sphericity on crushing patterns and crack locations is governed by the mode of
contact between particles and the wall surface. Particles with high roundness are more likely to be
broken into two parts. Concurrently, as particle irregularity intensifies, secondary cracks emanate
within the particles prior to complete fragmentation, resulting in a stress-strain curve exhibiting
a multi-peak distribution. For a consistent 8–16 mesh of quartz sand particles, the peak crushing
force under conditions of high roundness surpasses that under conditions of low roundness by ap-
proximately 15 N. Notably, the crushing strain is significantly greater, nearly 10%, for small-sized
particles compared to large-sized particles under conditions of low sphericity, whereas this differ-
ence diminishes to 1.8% under conditions of high sphericity. The experimental approach was used
to validate the simulation results, immensely contributing to providing theoretical underpinnings
for the application and optimization of proppants.
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Adsorption and capillarity, in the order of high free energy to low, are the two soil–water interac-
tion mechanisms controlling the hydro-mechanical behaviour of soils. Yet most of the poroelasticity
theories of soil are based on capillarity only, leading to misrepresentations of hydro-mechanical be-
haviour in the low free energy regime beyond vaporisation. This inability is reasoned to be caused
by two major limitations in the existing theories: missing interparticle attraction energy and incom-
plete definition of adsorption- induced pore-water pressure. A poroelasticity theory is formulated
to incorporate the two soil–water interaction mechanisms, and the transition between them –that is,
condensation/vaporisation, by expanding the classical three-phase mixture system to a four-phase
mixture system with adsorptive water as an additional phase. An interparticle attractive stress is
identified as one of the key sources for deformation and strength of soils induced by adsorption and
is implemented in the poroelasticity theory. A recent breakthrough concept of soil sorptive potential
is utilised to establish the physical link between adsorption-induced pore-water pressure and matric
suction. The proposed poroelasticity theory can be reduced to several previous theories when inter-
particle attractive stress is ignored. The new theory is used to derive the effective stress equation for
variably saturated soil by identifying energy-conjugated pairs. The derived effective stress equation
leads to Zhang and Lu’s unified effective stress equation, and can be reduced to Bishop’s effective
stress equation when only the capillary mechanism is considered and to Terzaghi’s effective stress
equation when a saturated condition is imposed. The derived effective stress equation is experimen-
tally validated for avariety ofsoil in the full matric suction range, substantiating the validity and
accuracy of the poroelasticity theory for soil under variably saturated conditions.
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The anticipation of fluid transport behavior within porous media holds significant importance in a di-
verse array of applications, encompassing subsurface hydrology (Hu and Pfingsten 2023); petroleum
industry (Moslemipour and Sadeghnejad 2021), geothermal energy utilization (Meller et al. 2017),
and secure subsurface storage of hydrogen or CO2 (Esfandi et al. 2023, Kanaani et al. 2023). Pore-
scale properties can be obtained by building a reliable digital twin of porous media through the
digital rock physics (DRP) workflow (Sadeghnejad et al. 2022).
Various imaging techniques, such as X-ray computed tomography (XCT), scanning electron mi-
croscopy (SEM), and focused ion beam-SEM, have been incorporated into the DRP workflow for
capturing rock properties (Sadeghnejad et al. 2021). However, they all are plagued by a well-known
battle between scanning resolution and field of view (FoV). When increasing the FoV, scan resolution
diminishes, making it unfeasible to obtain high-resolution scans over a large FoV (e.g., laboratory-
scale), which could encompass all small-scale heterogeneities. Moreover, direct numerical simula-
tion (DNS) approaches cannot simulate digital twins at the Darcy scale because of their demanding
computational power. Consequently, alternative approaches, like integrating deep learning with
DRP, offer a more efficient means of estimating rock properties.
In this study, we integrate an unsupervised resolution-boosting algorithm with a supervised con-
volutional network to predict rock properties from 3D low-resolution micro-CT scans. The semi-
supervised approach involves two networks: an auto encoder and a convolutional neural network
(CNN). The auto encoder network is trained on unlabelled low- and high-resolution 3D image pairs
to enhance the resolution of low-quality images. The dataset comprises 35,680 3D scans of five
distinct rock types (i.e., Berea sandstone, Edward Brown Carbonate, Fontainebleau sandstone, and
Rotliegend sandstone) captured at two different resolutions. The scans are segmented with a Ran-
dom Forest classifier algorithm integrated in ilastik, version 1.3.3, (Berg et al. 2019). Subsequently,
the latent information from the AE network is combined with a conventional CNN to directly predict
the pore-scale properties (i.e., porosity, permeability, tortuosity, and specific surface area) form the
low-resolution images. To assess the prediction performance of this coupled network, we compare
the predictions with the DNS approach computed by GeoDict 2023 (Math2Market GmbH, Germany)
via the R-Squared evaluation metric.
This approach enables us to leverage a small amount of labelled data for the direct prediction of
pore-scale properties from cost-effective, low-resolution images. When applied to the validation
dataset, the AE-CNN network achieved an R-Squared value higher than that for the CNN not inte-
grated with AE. To assess the model’s generalization capability, a new scan from a distinct Berea
sandstone sample, which was neither part of the training nor the validation data, was utilized as
a test dataset. A noteworthy mean R-Squared increase was observed on the test dataset, when
the AE-CNN network was implemented. This outcome underscores the substantial enhancement
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in prediction performance achieved through the integration of the semi-supervised network when
working with low-resolution images of porous media.
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Amanufacturing process derived frompaper technology can be used to produce a flat porousmetallic
material. To this end, organic fibers, fillers and additives are mixed with metal powder and the pulp
is subsequently processed on a paper making machine. The so-called green paper is then subjected
to a heat treatment where the organic components are removed. After that, the remaining sheets are
sintered at temperatures close to the melting point of the metal powder, resulting in a purely metallic
porous material, the so-called sinter paper. This approach has been used for the development of an
innovative Gas Diffusion Layer (GDL) for mobile fuel cells. GDLs are situated between the bipolar
plate and the electrode inside the fuel cell stack. They ensure optimal gas distribution as well as the
removal of water, heat and electricity and have therefore to comply with complex requirements with
regard to electrical conductivity, mechanical properties, as well as wetting behavior and fluid flow
properties.
So far, metallic sinter paper that meets the materials specification of stainless steel 316L could be
made. The thickness of the paper is around 200 µm, and the porosity of the base material reaches
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values of approximately 60 %. A thorough morphological characterization was carried out based on
high-resolution µCT scans and analyzed via the software package GeoDict. Measured and calculated
values of the electrical and heat conductivity have been compared and first measurements of the
electrochemical performance in a single-cell test bench have been carried out.
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Continental shale oil in China ismainly of low-mediummaturity, filledwith heavy oil of lowmobility
and organic matter that unconverted. Horizontal drilling and hydraulic fracturing are insufficient
to obtain economic production in such reservoir, thus in-situ heating and transform technology
should be applied. A multiphase multicomponent thermal-hydraulic-mechanical-chemical (THMC)
coupling numerical model considering multistage kinetic reactions and solid-fluid mass conversion
is developed to describe the decomposition of solid organic matter, cracking of heavy hydrocarbon,
phase behavior and rock property evolution.
During the in-situ process, organic matter (kerogen) decomposition and heavy oil cracking happens,
enhancing hydrocarbon mobility. The research focuses on the development of multiphase multi-
component THMC coupling model, with the evolution of porosity and permeability considered. The
FVM is used for the space discretization of flow and heat transfer equation, and the open system
geomechanics model is discretized with FEM. Then the fixed-stress split method is applied to solve
the THMC coupling model. Finally, the impact of important parameters on cumulative production
are analyzed.
The impact of parameters including heating temperature, kerogen concentration, well bottom hole
pressure, heater pattern and initial water saturation on cumulative production is analyzed. The re-
sults are summarized as: kinetic reaction rate is controlled by temperature and different reactions
take place at variety heating temperature, influencing the fluid composition; higher kerogen con-
centration can enhance cumulative hydrocarbon production after in-situ conversion, making it an
important parameter to evaluate before production; low bottom hole pressure can extract hydro-
carbon products in time to prevent from further cracking and coking; different heater pattern has
impact on the ratio of energy output to energy input, and hexagon heater is the most benefit; high
water saturation will enhance energy consumption to heat water and reduce the utility ratio of
energy, thus dewater process is required to reduce water saturation. It can be concluded that the
in-situ conversion process is feasible in low-mid maturity shale oil reservoir, during which kerogen
decomposition and hydrocarbon cracking happens. Besides, the operating parameters should be in-
vestigated to make the heating process economical.
The proposedmodel provides an efficient tool for modeling the in-situ conversion process of low-mid
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maturity shale oil reservoirs. In this paper, the reservoir fluid property variation, in-situ porosity
and permeability evolution, and production characteristics are illustrated, which could provide in-
sights on heater design and well operational management. With multiple transport mechanisms and
multi stage kinetic reactions incorporated, the hydrocarbon production characteristics and forma-
tion property evolution of shale reservoirs can be both accurately captured.
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Understanding the properties of rocks is crucial in various porous media, especially in heteroge-
neous carbonate and tight sandstone rocks. Digital Rock Physics (DRP) has emerged as a valuable
tool, which is grounded in imaging and computation. Techniques like industrial X-ray CT and FIB-
SEM are usually used for image acquisition in DRP. However, these rocks are complex, with varied
pores, making high-resolution (HR) imaging with a large field of view challenging because of a trade-
off between resolution and field of view (FoV) [1, 2]. To tackle this, multi-scale image reconstruction
methods are employed, capturing images at different resolutions and integrating statistical proper-
ties to create a unified multi-scale image. In our previous study, we introduced a method called
the Octree CCSIM watershed-based multi-scale reconstruction method (OCWMR), which efficiently
reconstructs multi-scale images using an octree structure [3]. This technique significantly reduces
the time and memory required for reconstruction compared to previous methods. However, the re-
constructed images often end up being quite large, demanding substantial memory and runtime for
permeability calculations. To address this challenge, we propose a solution in this study. Instead of
calculating permeability on a multi-scale image with small voxels, we perform the calculations on
an image structured with an octree [4]. After reconstructing the multi-scale image using the octree
structure, we directly compute image permeability on the same octree structure. This approach sig-
nificantly reduces runtime and memory consumption. We tested our method on a Berea sandstone
(BS) sample, calculating the permeability of individual unresolved clusters with small voxel sizes.
Then, to calculate the permeability on the whole image, first, the permeability of the unresolved

Page 68



InterPore2024 / Book of Abstracts

clusters are set separately and the permeability of the whole image is computed on the main image
with large voxel size using GeoDict 2023 (Math2Market GmbH, Kaiserslautern, Germany). To val-
idate the approach, the permeability calculated on the multi-scale image with the finest voxel size
was used. With a runtime of 12 hr and by consuming 65 GB of memory, a permeabilty of 109 md
was computed. Whereas, the permeability obtained from our approach was 105 md, which indicates
the accuracy of our approach for calculating permeability using the octree structure. Moreover, the
run time of our approach was 1 hr with a consumed memory of 2.4 GB, which are 12 folds faster and
27 folds less memory consumable than the values for the fine-resolution simualtions.
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For heavy oil reservoirs buried over 3000 ft, the high pressure would lead to low dryness and expan-
sion difficulty for injected steam. Therefore, they are mostly developed by steam huff and puff, and
the EOR methods such as steam flooding and SAGD cannot be used. As a results, the oil recovery
could hardly reach 25%.
In order to solve this problem, a method of rapid expansion of steam chamber using nitrogen in-
ducing is proposed based on nitrogen assisted flow experiment and reservoir numerical simulation
study. Firstly, the effects of nitrogen concentration on partial pressure and dryness of steam under
high temperature and high pressure were obtained by phase behavior experiment, which indicated
that additive nitrogen amount of 20~40% would decrease the steam saturated vapor temperature
over 54℉. Secondly, the phase distribution during the fluid flow and heat dissipation process were
analyzed by pore-scale multiphase flow simulation, and the nitrogen would restrain the steam con-
densation process and increase the gas saturation along the flow direction. In the meantime, the
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core flow experiment shows that the nitrogen gas could decrease the multi-component fluid flow
resistance over 84%, which can be considered as strong flow conductivity in porous media. Taking
advantage of nitrogen gas inducing ability, the nitrogen pre-injection would build a fast flow chan-
nel in relatively higher permeability layer. It could also reduce the injection pressure over 260 psi
and enhance the steam dryness about 0.15. Inside the fast flow channel, the follow-injected steam
would reach a longer flow distance and higher saturation horizontal plane. As a results, the steam
overlap around the injection well would get relatively slower due to the high flow velocity on hori-
zontal plane. Then the gravity drainage process can heat and displace the heavy oil above the fast
flow channel, and partial nitrogen gas would gather at the top of the reservoir and reduce the heat
loss to the cap rock by 11% by reservoir numerical simulation evaluation.
Overall, this method can improve the thermal recovery over 19% and reduce the oil-steam ratio about
0.05, which provides a new way for economical thermal EOR in deep heavy oil reservoirs.
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To address seasonal fluctuations in supply and demand for renewable energy, hydrogen (H2) can be
produced using excess electricity and temporarily stored in geological formations [1]. Due to their
large volumes, widespread occurrence and distribution in sedimentary basins, saline aquifers have
significant potential for underground hydrogen storage (UHS). However, large-scale UHS of pure H2

in the porous subsurface has not been demonstrated yet. The Helmholtz research project GEOZeit
focuses on preparatory research for the construction of a hydrogen pore storage demonstrator in a
saline aquifer.

The precursor research contains numerical reservoir simulations with the reservoir software CMG
GEM. It targets to assess the capability of UHS operations at the Triassic Stuttgart anticlinal forma-
tion near Ketzin, Germany. This formation is lithologically heterogeneous, consisting of mudstone
and siltstone, and the reservoir sandstone varies in reservoir properties and thicknesses [2]. In the
recent past, a large-scale CO2 storage research project was successfully realised at the flank of the
anticline [3]. Now, the top of this structure is explored to serve as a structural trap for storing H2.
However, seismic surveys revealed the presence of a fault zone at the top [2,4], indicating possible
migration pathways for the gas. To study fluid flow across the fault system, different fault leakage
scenarios are carried out by adjusting fault transmissibility to represent sealing or leaky faults.
To access areas situated at an increased distance from the fault zone, we are exploring the option of
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horizontal directionally drilled (HDD) wells to bypass the fault zone. Although vertical drilling is
acknowledged as a cost-effective method, HDD excels in exploring a wider expanse of the reservoir.
Given that the performance of a storage operation is strongly dependent on the well location, orien-
tation and integrity, the comparative gas injection and withdrawal performance of a vertical versus
a horizontal well layout will be presented.

For all evaluated scenarios, crucial metrics are applied to assess the quality and effectiveness of the
storage operation, such as gas purity, sweep efficiency, and cyclic efficiency. The findings from the
numerical studies on UHS, encompassing both general considerations and site-specific analyses at
the Ketzin site, will play a crucial role in preparing and developing a prospective hydrogen demon-
strator and evaluating its feasibility.
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Predicting the migration behavior of dissolved contaminants in the pore space of rock and soil is
crucial for assessing the feasibility of remediation and long term waste storage strategies.
Positron emission tomography (PET) using conservative radiotracers is an established and reliable
method for investigating advective flow and diffusive flux in porous geomaterials and for validating
transport models [1, 2]. However, solute transport is often significantly influenced by sorption ef-
fects. Reliable data concerning these effects are crucial for analyzing remediation processes as well
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as predicting desired immobilization in waste storage applications.
To understand and quantify the effects of solute-mineral surface interactions, analyses beyond break-
through curve measurements are essential. PET techniques offer unique capabilities by providing
in-situ tracer propagation and concentration data with high temporal and spatial resolution, surpass-
ing traditional flow and lysimeter experiments.
For many materials, it is desirable to quantify both reactivity and hydrodynamic flow. The simul-
taneous quantification of both effects requires the use of a dual tracer system. In this presentation,
we discuss the possibilities of utilizing a tracer pair consisting of 18F as a reactive tracer and 76Br
as its conservative counterpart. This allows the prediction of spatially resolved surface reactivities
as well as the evaluation of advective flow. Using different sandy sediments as model systems, we
demonstrate the quantifiability of localized sorption effects as low as 10 pmol/mm³.
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This presentation aims at giving an overview of the porous media related activities of the HiPerBorea
project, an ANR-funded project in its 5th and last year. The objective of this project is to enable quan-
titative and predictive modeling of the evolution under climate change cold regions hydrosystems.
Arctic and sub-arctic areas, which are highly vulnerable to global warming, are largely covered by
permafrost –soil that is year-round frozen at depth. Permafrost-affected areas, which represent 25%
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of emerged lands of the northern hemisphere, are prone to major biogeochemical and ecological
transformations due to permafrost thaw, with strong associated feed-backs on greenhouse gas cy-
cling (degradation of previously permanently frozen organic carbon pools).[1] Permafrost thaw has
also important impacts on local populations and activities, for instance by generating soil instabil-
ities which damage infrastructures above[2]. In order to anticipate these major changes, there is a
need of modelling tools of permafrost dynamics, i.e. of heat and water transfer in variably saturated
and variably frozen soils. The considered porous media are constituted of four phases, the solid
phase, the liquid water phase, the ice phase and the air phase. The freeze/thaw processes induce
large and abrupt variations of the transfer properties of the porous media, such as hydraulic conduc-
tivity or thermal conductivity. Then the numerical resolution of this strongly coupled and non-linear
problem requires fine spatial and temporal discretizations, and thus large computation times.[3] To
tackle this issue, HiPerBorea develops and uses the cryohydrogeological simulator permaFoam, an
OpenFOAM solver for permafrost modelling,[4],[5] aiming at quantifying the permafrost evolution
under climate change at the headwater catchment scale.[6] Meanwhile, in order to assess the trans-
fer properties of the porous media relevant to permafrost dynamics, pore-scale studies on water
and heat flow are conducted using tomographical observations and direct numerical simulations as
well as pore-network modelling.[7] The main outcomes of the HiPerBorea project will be presented,
and open questions related to the upscaling of numerical results from the pore scale to the headwa-
ter catchment scale will be put forward. Finally, the perspective of applications of the developed
approaches will be discussed.
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Due to the rising atmospheric concentration of CO2 from human activities, the separation of CO2
from N2, commonly referred to as flue gas, has become a crucial priority.[1] There are four preva-
lent technologies used for CO2 capture: (i) adsorption with amine-based solvents, (ii) adsorption
by nanoporous solids, (iii) cryogenic distillation, and (iv) membrane separation. Zeolites, among
the materials considered for CO2 adsorption, offer the advantage of being inorganic, non-toxic sub-
stances with high thermal stability and selectivity, which can be adjusted by their framework struc-
ture and chemical composition.[1] Moreover, recent findings indicate that zeolites exhibit flexible
structures.[2]This flexibility in zeolites is observable as a response to the adsorption or desorption of
guestmolecules. It canmanifest as changes in the zeolite lattice parameters (framework dynamics) or
by the relocation of extra-framework cations within zeolite pores (extra-framework dynamics).[1,2]
Traditional zeolites face diffusion limitations of guest molecules through their pore networks due
to their typical existence as micron-sized polycrystalline powders.[3] To overcome these limitations,
various methods have been developed to increase the surface area/volume ratio. Among these ap-
proaches, nanozeolites consisting of discrete nanoparticles that result in a greater external surface
area and a higher number of available active sites.[3]
We have successfully demonstrated the outstanding CO2 capture capabilities of nanosized chabazite
(CHA) zeolites in various alkali forms (Na+, K+, and Cs+).[1,3,4] In this study, we initially estimated
CO2 and N2 equilibrium adsorption isotherms through Grand Canonical Monte Carlo (GCMC) cal-
culations at 298 K. Subsequently, utilizing molecular dynamics simulations, we determined the self-
diffusivities of CO2 molecules at different loadings for various CHA nanocrystals. The experimental
validation of dynamic CO2/N2 separation was conducted through breakthrough measurements, sim-
ulating a 17/83 (CO2/N2) mixed-component gas mixture package at 298 K (molar basis).
Based on the breakthrough results, we obtained dynamic saturation CO2 loadings of 2.48, 1.72, and
0.57 mmol g-1 for Na-CHA, K-CHA, and Cs-CHA nanosized zeolites, respectively, with CO2/N2 mo-
lar selectivity at saturation of 62, 46, and 23. Comparing the nanosized (60 nm) Cs-CHA zeolite with
its micron-sized (3 μm) counterpart, we observed significantly faster CO2 breakthrough kinetics for
the nanosized Cs-CHA zeolite. Ultimately, this accelerated kinetic behavior led to a remarkable over
150% improvement in dynamic CO2 removal.
In summary, different alkali forms of nanosized CHA zeolites prove to be exceptional materials for
effectively separating CO2 from N2.

Acknowledgments: The support of the Centre for Zeolites and Nanoporous Materials, Label of
Excellence, Normandy Region (CLEAR). IRN Zeolites and TotalEnergies is acknowledged.
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Currently, there is rapid development in the approaches for constructing and utilizing digital cores.
Digital Rock Physics (DRP) methods allow for quick and non-destructive acquisition of rock prop-
erties. The process of digital rock physics involves two primary stages: model construction and
simulation of physical processes on the created models.
For heterogeneous reservoir rocks, the usage of DRP is not as straight forward as for high porosity
sandstones. This is due to the inherent trade-off between the spatial resolution of data and the rep-
resentativeness of the model size. The primary goal of this study was to establish a technique for
upscaling digital core models from micro to macro scale, enabling the computation of rock proper-
ties while accounting for heterogeneities of various scales.
The upscaling procedure involved searching for correlations between tomography data of different
resolutions and transforming low-resolution tomography into a multiclass model according to the
found correlation. The approach of using convolutional neural networks for high-resolution tomog-
raphy data was considered as the optimal algorithm for transforming low-resolution tomography
into a multiclass model. The output of the neural network was an upscaled model of lower resolu-
tion than the original tomography. Each element (voxel) of the upscaled model belonged to one of
several digital types of rock, whose generalized characteristics were determined based on the anal-
ysis of high-resolution tomography data.
To validate the upscaling technique we constructed a digital model of complex carbonate reservoirs
based on data from multiscale microtomography. A multiclass model concept has been created and
experimented with, enabling the computation of flows in pore spaces of various scales. By incorpo-
rating diverse pore space structures as supplementary classes in the multiscale model, it is possible
to preserve a substantial physical size of the model while enhancing its level of intricacy.
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Geological storage of carbon dioxide and spent nuclear fuel are topics of huge significance for our
societies. This motivates an improved understanding of fluid transport of gases through partially
saturated porous networks such as claymaterials or caprock. However, this is a complicated problem
spanning length scales from nano- to millimeter sized channels. To fully model drying, evaporation
and diffusion through these networks we need to understand the dominating physics at all scales. At
nanometer scales the molecular nature of fluids becomes apparent. For multiphase fluid systems this
involves fluid–fluid interfaces, which have explicit widths of several molecules across and physical
properties separate to those of the bulk phases. Physical modeling of multiphase flows must include
these effects when applied to systems of sizes approaching the nanoscale [1].

We present our work on resolving these molecular details of fluid–fluid interfaces in two-phase sys-
tems. Since it is inherently difficult to study nanoscale behavior in laboratory experiments, our ap-
proach is by the use of molecular dynamics (MD) simulations of gas/liquid flows through nanopores.
MD simulations are fully atomistic and so include realistic molecular effects by its nature. How-
ever, molecular simulations of multiphase flows at the nanoscale are still challenging and should
be achieved with care and adequate methodology, as proposed in this work, to avoid unphysical
behavior. These numerical experiments give us physical insight in how molecular interfaces affect
two-phase flows in nanochannels. We also show how these effects can be included as effective
quantities or boundary conditions in continuum physical models of similar systems.
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The generic term “kerogen” refers to the solid organic matter found in sedimentary source rocks
(shales, coal beds). Kerogen is a nanoporous material, close to synthetic amorphous carbons from
the point of view of its molecular structure, in which hydrocarbon fluids, and notably natural gas,
have been naturally generated and stored over geological time. Since natural gas is the fossil resource
that emits the least amount of carbon dioxide per unit of energy produced (e.g. almost 50\% less than
coal and 30\% less than home heating fuel [eia.gov]), it is considered as a transitional energy in the
expectation of a rapid development and diversification of renewable energy sources. Therefore, in
this context of an ever-changing energy mix, the modeling of gas adsorption and flow in kerogens
remains an important issue, especially in order to reduce the environmental impact of natural gas
production from gas shales and coal beds. In this respect, the injection of CO2 should be considered
as a way to improve the recovery of natural gas while improving its carbon footprint.

In this work, we explored the adsorption and competitive diffusion behavior of methane (CH4) and
carbon dioxide (CO2) mixtures within a molecular model representing mature type-II kerogen, em-
ploying molecular dynamics simulations [1]. The analysis of the system was conducted using the
Dual Control Volume-Grand Canonical Molecular Dynamics method, with a focus on kerogen’s se-
lectivity towards mixtures across a broad range of thermodynamic conditions. Our findings revealed
that the adsorption selectivity of CO2/CH4 ranged from 2 to 4, showing a decrease with tempera-
ture within the range of 350–450 K. Notably, the Extended Langmuir (EL) model was observed to
underestimate the selectivity. To address this, we proposed a correction in the form of the Corrected
Extended Langmuir (CEL) model, which enhanced estimations of CH4/CO2 mixture adsorption in
kerogen, utilizing only one adjustable parameter independent of thermodynamic conditions. In-
triguingly, our observations indicated that, when a pressure gradient was imposed, the adsorption
selectivity remained unaffected by flow conditions out of equilibrium. Consequently, the CEL model
proved effective in describing the contribution of adsorption to selectivity under flow conditions.
Our results indicated that the ratio of collective diffusion coefficients for CH4 and CO2 was approx-
imately 0.3–0.4, notably lower than values reported in other simulations in the literature. To depict
global selectivity, we proposed a straightforward approach that combined the CEL model with the
average ratio of diffusion coefficients, yielding a selectivity of approximately 1.
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Formation damage poses a significant challenge in the oil and gas industry, negatively affecting hy-
drocarbon production [1]. Various mechanisms such as fines migration, clay swelling, asphaltene
deposition, and pore plugging can alter the properties of porous rocks, especially at the pore scale,
changing permeability and porosity [2,3]. It is crucial to accurately predict these changes at the pore
scale to reduce operational costs.
The traditional formation damage analyzing methods often involve time-consuming and expensive
field and laboratory studies. In recent years, Convolutional Neural Networks (CNNs) have gained
attention across various fields for their capability to predict porous media properties very fast [4,5].
To overcome the limitations of traditional approaches, this study introduces a novel methodology
that employs CNNs to predict the effects of formation damage, especially fine migration, on rock
properties in the digital twin of a granular porous medium. A sphere packing algorithm with grain
overlapping is utilized to generate the porous media with various porosity and permeability values.
A Eulerian-Lagrangian computational fluid dynamic approach [3] is used to simulate fine particle
migration and deposition. The output of this pore-scale model is post-deposition porosity and per-
meability changes of the porous media. The 2D images of the porous media is fed into the CNN
and porosity/permeability changes subsequent to the deposition are implemented as the regression
parameters. During the CNN evaluation, 80% of the generated images are used as training data, and
the remaining 20% are used as test data.
Various formation damage scenarios can have varying effects on permeability and porosity of the
porous media at the pore scale. The proposed CNN model could predict these effects with a high
degree of accuracy. Significantly, the predictions can be obtained in a fraction of a second using
CNNs, specifically on an Nvidia® GeForce GTX 1080 Ti GPU with 11 GB RAM, compared to the
several core-hours of CFD simulation on a 48-core Intel® Platinum 8160 CPU 21 GHz workstation.
It is evident from this efficiency that CNNs have the potential to enhance the prediction and un-
derstanding of formation damage impacts on rock properties in a more time- and resource-efficient
manner as opposed to the traditional modeling approaches.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into both awards

Country:

Iran

Porous Media & Biology Focused Abstracts:

References:

1. Kalhor Mohammadi, M., Riahi, S., & Boek, E. S. (2023). An insight review on formation dam-
age induced by drilling fluids. Reviews in Chemical Engineering, 39(3), 387-415. 2. Muneer,
R., Pourafshary, P., & Hashmet, M. R. (2023). An integrated modeling approach to predict criti-
cal flow rate for fines migration initiation in sandstone reservoirs and water-bearing formations.
Journal of Molecular Liquids, 376, 121462. 3. Sadeghnejad, S., Enzmann, F., & Kersten, M. (2022).

Page 78



InterPore2024 / Book of Abstracts

Numerical simulation of particle retentionmechanisms at the sub-pore scale. Transport in Porous
Media, 145(1), 127-151. 4. Tang, P., Zhang, D., & Li, H. (2022). Predicting permeability from 3D
rock images based on CNN with physical information. Journal of Hydrology, 606, 127473.

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS07 / 102

Bridging Microscale Physics to Macroscale Models in Confined
Porous Media
Authors: Nijat RustamovNone; Saman Aryana1

1 University of Wyoming

Corresponding Authors: nrustamo@uwyo.edu, saryana@uwyo.edu

Tight subsurface formations and shales often act as seals for subsurface systems that are envisioned
to store fluids such as CO2 and H2 as part of a transition to low-carbon economies of the future.
These seals often comprise complex nano-confined systems with heterogeneous physical and chem-
ical features. The extreme confinement and heterogeneity in such systems present difficulties in
terms of scale separation in modeling efforts. We aim to address this challenge by developing a
scale translation framework that bridges the dominant physics at the microscale to model systems
with complex geometries featuring a host of flow regimes. The scale-translation framework uses an
optimized implementation of a multi-grid lattice Boltzmann method (MG-LB), capable of simulating
complex pore networks that feature wide ranges of Knudsen numbers. The simulator is optimized
using hash tables, indirect addressing, and parallelization techniques, extending the reach of the
simulator to large and complex domains. The modeling tool generates a dataset of flow behavior in
complex porous media, which is used to train a Machine Learning model, specifically, a deep neural
network (DNN). Features of the pore networks, such as connectivity of the pore structures and pore
size distributions, serve as input and the resulting DNNs estimate the transport properties in compu-
tational domains beyond the reach of the MG-LB models. The estimates will inform the macroscale
properties of large-scale and heterogeneous, confined porous media.
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Based on deep generative adversarial networks, we present a comprehensive framework for image
multiscale fusion and multi-component auto-segmentation, which aims to create a precise digital
rock − a key part of Digital Rock Physics to predict the petrophysical properties of porous media.
Compared to low-resolution images with a large field of view (FoV), high-resolution (HR) rock im-
ages are limited in number and FoV. Thus, we first use a Style generative adversarial network (Style-
GAN) to augment LR images. Then, a Cycle-consistent GAN (CycleGAN) is subsequently used to
fuse multiresolution images to overcome the inherent trade-off between image resolution and field-
of-view, using the unpaired real-world LR/HR images and augmented HR data. It is an efficient
approach to enhance LR images over large FoV and reconstruct a 3D multiscale model, eliminating
the limitation of super-resolution (SR) relying on paired images. Both HR image augmentation and
multiscale fusion are conducted over greyscale images. Consequently, we trained a pix2pix network
to realize multi-component auto-segmentation based on the labelled images artificially segmented
into multiple minerals, along with their corresponding HR images. The workflow is quantitively val-
idated over shale images at each above-mentioned section through petrophysical properties, such as
the porosity (area or volume fraction of different minerals), two-point correlation function, pore size
distribution, and apparent permeability, showing that the synthetic HR images and SR images are
comparable to the ground truth. The trained pix2pix network can accurately capture the spatial dis-
tribution and morphology of different minerals. The proposed workflow provides a reliable pathway
to reconstruct multiscale and multi-component digital rocks with large FoV for further pore-scale
microstructure properties and fluid flow mechanism estimation, in the field of underground energy
development, hydrogen storage, and carbon sequestration.
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Despite the fact that China has become one of few countries that can achieve economic exploita-
tion of continental shale oil and gas, we are still confront of tricky challenges in further enhancing
the recovery of hydrocarbon. Among the influencing factors, the long-term fracture conductivity
after hydraulic fracturing plays a crucial role in the overall productivity of the well. Meanwhile, the
stimulation of natural fissures, which are expected to collaborate with the artificial fractures, is also
of great significance to an improved reservoir permeability. This requires a well-projected design
and injection scheme of fracturing fluids and proppant. On top of that, a better understanding of
the transport mechanism of such a fluid-particle-based system at the particle-scale can promote an
optimised combination of fracturing fluid and proppant.
Hence, the aims of the current research include a parametric study of the particle-laden flow in
the fractures and a systematic evaluation of the conductivity of the propped fractures. The study
on proppant transport is accomplished by means of numerical simulation. The implemented nu-
merical framework consists of the lattice Boltzmann method (LBM) for the fluid and the discrete
element method (DEM) for the large number of moving particles. A partially saturated boundary
condition is applied to provide an accurate characterisation of the fluid-solid boundaries. The trans-
port mechanism of the proppant at the artificial-natural fracture intersection as well as the flowback
mechanism of the proppant are studied. Factors including proppant size and concentration, aperture-
to-diameter ratio, injection rate and fracture inclination are investigated in detail. Specifically, the
shear-thinning rheology of the immersed proppant bed is observed, which results in a nonlinear
variation of proppant bedload transport with the fluid. The fracture conductivity is experimentally
evaluated using the shale cores and sand proppant at the reservoir pressure. By adjusting the prop-
pant aspect ratio, we find an optimised proppant concentration for each overburden pressure, under
which the fracture conductivity reaches the maximum.
The present study can provide a powerful numerical approach towards a particle-scale characterisa-
tion of proppant transport. Besides, it also formulates an efficient workflow to evaluate and optimise
both short- and long-term fracture conductivity. The outcome of the current research contributes to
a better design of the fracturing fluid comprising of the carrier fluid and proppant. It also provides
a theoretical basis for an optimised proppant selection for future hydraulic fracturing operations,
which benefits the exploitation of the continental shale oil in China.
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The reservoir space of shale series is mainly composed of micro and nano pores. It is significance
to carry out the occurrence characteristics and quantitative evaluation of shale oil with micro- nano
pores for the study of shale oil rich and integrated reservoirs. In 2020, Well Ping’an 1, located in the
northeastern region of Sichuan Basin, achieved a high yield of 100 tons in Jurassic Lianggaoshan
Formation shale, realizing a major breakthrough in shale oil and gas exploration of Lianggaoshan
Formation in Sichuan Basin and showing a broad exploration prospect of shale oil in this area [1].
However, the rapid sedimentary facies change, complex and diverse lithofacies, large maturity distri-
bution range (Ro: 0.9%-1.9%), andmultiple oil types of the shale strata in the Lianggaoshan Formation
lead to unclear occurrence characteristics and content of micro-nano pore shale oil, which seriously
restricts the optimization of favorable zones in this area [2]. Therefore, taking the medium-high
mature shale strata of Lianggaoshan Formation in northeast Sichuan area of China as an example,
this study carried out experimental analysis of conventional core and preserved core samples in
the study area, such as scanning electron microscopy, low-temperature nitrogen adsorption, high-
pressure mercury injection, nuclear magnetic resonance, multi-step pyrolysis, and original oil and
gas chromatography. The results show that oil film/carbon slag is widely developed in the micro-
nano pores of shale, and the lower limit of free oil pore size is ~3nm. The occurrence (oil) volume
of organic-rich layered clay shale and organic-low layered felsic shale is the largest. TOC, clay con-
tent and maturity are the main control factors of oil adsorption in Lianggaoshan shale. Combined
with light hydrocarbon recovery and heavy hydrocarbon correction, the total oil content calculation
model of the original formation in the study area is determined. The total oil content of the organic-
rich layered clay shale and organic-low layered felsic shale is higher than that of other rock facies,
which can be used as a favorable oil reservoir for research.
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Gravity currents in porous media play a crucial role in various geophysical flows e.g. seawater intru-
sion in coastal aquifers, underground hydrogen storage (UHS), and CO_2 or acid gas sequestration.
We therefore developed a theoretical and numerical model to study the evolution of a gravity current
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with a particular focus on the interaction between its bulk and dispersed phases. Our models assume
that the gravity current experiences distributed basal drainage along a low-permeable interbed layer.
The requirement to incorporate dispersion arises from empirical observations of miscible gravity cur-
rents undergoing drainage. Our theoretical model considers the mass exchange between the bulk
and dispersed phases to include dispersion. Basal draining is modeled with reference to two book-
end limiting formulations, i.e. no mixing vs. perfect mixing in the lower layer. The accuracy of these
formulations is evaluated by contrasting the theoretical model predictions with the results obtained
from complementary numerical simulations conducted using COMSOL.
Our findings indicate that the extent of dispersion is influenced by the inclination angle, as well as
the depth and permeability of the interbed layer. We additionally discover that the theoretical model
we employ provides reasonably precise predictions for the nose position until the no-mixing model
anticipates a retraction of the gravity current front.
Finally, the injection phase of UHS in a depleted gas reservoir is simulated using a reservoir simu-
lator, OpenGoSim, to study the applicability of our theoretical model to real geological layers. The
results justify that the simplifying assumptions in our theoretical model do not limit its predictive
accuracy.
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he geological features of fractured-vuggy carbonate reservoirs are complex, primarily manifested in
the multiscale nature, diverse distribution, and complex connectivity and combination of fractures
and vugs. The fluid flow behavior in such media is complex, involving both porous flow in the matrix
and fractures and free flow in vugs. This results in the internal flow showing features of coupled
flow of two-phase or even multi-phase free flow coupling. Currently, research on the coupling of
single-phase porous media flow and free flow has been very mature at home and abroad. However,
the research on multiphase flow is not perfect, and the coupling mechanism is not clear, especially
three-phase flow of oil, gas, and water, leading to immature development theories and methods for
fractured-vuggy reservoirs and low recovery rates.As proven the behavior of three-phase flow of oil,
gas, and water in fractured-vuggy reservoirs, this study, based on typical reservoir geology and flow
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features, designed and fabricated a physical model of fractured-vuggy media and conducted physical
simulation experiments. Numerical simulation studies were then conducted based on these experi-
ments, with the simulated flow trends being generally consistent with the experimental results. By
combining numerical modeling with experimental approaches, a fundamental theoretical study on
the three-phase flow of oil, gas, and water in fractured-vuggy reservoirs was conducted, illustrating
the features of the three-phase flow in such media. This research has a certain guiding significance
for the efficient development of fractured-vuggy reservoirs.
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The destabilization of the sand bed during flowback results in the closure of fractures near the well-
bore. Furthermore, the density and viscosity of supercritical CO2 (Sc-CO2) are significantly influ-
enced by the formation temperature and pressure, exerting a substantial impact on the flowback
process. This study employs a coupled CFD–DEM model, validated through experimental data, and
integrates a heat transfer model to analyze the stability of sand beds in Sc-CO2 fracturing. The
findings delineate the flowback stage into three phases: translation-controlled, rolling-controlled,
and stable. Sand bed stability is discernibly influenced by fluid drag force, inter-particle contact
force, and the bed shape pre-flowback. Lower flowback rates, larger proppant sizes, and higher fluid
temperatures enhance stability by reducing the drag force, while increased closed fracture width
enhances stability by augmenting the inter-particle contact force. Additionally, a longer sand bed
and a bed front characterized by a higher inclination angle and curved zone enhance stability. No-
tably, the reduction of inter-particle contact force during flowback may turn a stable proppant pack
unstable.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Page 84



InterPore2024 / Book of Abstracts

MS17 / 110

Porenetworkmodelling of hydro-chemo-mechanical performance
of clay materials
Author: qingrong XiongNone

Co-author: yongxiao qu

Corresponding Author: qingrong.xiong@sdu.edu.cn

The truncated octahedron cellular assemblies are used to represent the clay materials which align
with experimentally characterised microstructures. The cellular assembly is divided into two inter-
acting graphs: one is themechanical graphwhich is developed to describe the deformation behaviour
of the material, and the other is physical/chemical graph which is developed to demonstrate the re-
active transport in the material. This setting is realistic especially when the mechanically-driven
cracking has an impact on the transport pathways. Both graphs can represent the anisotropy and
heterogeneity of the materials. The model performance is demonstrated using experimental data
on the diffusion of species through Opalinus clay (OPA) –a complex process that involves elastic
response, diffusion and anionic exclusion. The accuracy of the model is validated by the simulating
the
confining pressure and reactions dependency of different species transport through OPA.The model
improves the understanding of the microstructure influence on the macroscopic transport properties
of porous materials. The developed model can be applied to a variety of scientific and engineering
problems, such as hydraulic cracking of gas-bearing shale, radioactive nuclear waste geo-disposal,
contaminated soil remediation and geological carbon storage.
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CO2 flooding is a strategic measure to enhance oil recovery (EOR) while mitigating CO2 emissions.
In recent years, dimethyl ether (DME) has emerged as a promising solvent used in EOR practices. Its
potential application in CO2 flooding attracts considerable interest. However, accurate modeling of
the phase behavior of the DME-H2O-CO2-Hydrocarbon system remains a challenge, which leads to
the lack of a reliable reservoir simulator required by the industrial production simulation.
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In this study, the phase behavior of the DME-CO2-H2O is systematically studied after the intensive
literature collection and review. We developed a robust and efficient multiphase equilibrium calcu-
lation framework for the DME-H2O-CO2-Hydrocarbon systems. The Peng-Robinson EOS with the
Huron-Vidal mixing rule is used as our thermodynamic model. We have implemented a combined
successive substitution-Newton-trust region iterative algorithm to guarantee convergence in the
stability analysis and multiphase flash calculations. Besides, the initial phase equilibrium constants
(K-values) strategy is revealed to correctly detect the phase status for one-phase and two-phase sta-
bility analyses. We present the performance of our model with two characterized fluid systems from
the literature. For each case, the fluid consists of 30% oil and 70% H2O, and the mixture of the dif-
ferent ratios of CO2 and DME is injected into the fluid. Our model works accurately and robustly
for these cases, and we do not find a single mistake or convergent problem for more than tens of
millions of tested points.
Our model and the developed algorithms can robustly and accurately predict the multiphase behav-
ior of the DME-H2O-CO2-Hydrocarbon systems. To the best of our knowledge, our algorithm is the
first one to meet the restricted standard for multiphase equilibrium calculations in the compositional
simulation of injecting the mixture of CO2 and DME into a reservoir. Our developed method will
provide the key contribution to the development of the compositional simulation for the DME-H2O-
CO2-Hydrocarbon systems.
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Gas diffusion layer (GDL) is an essential component of proton exchangemembrane fuel cells, serving
the functions of gas-water transport, thermal-electrical conduction andmechanical support. The var-
ious microstructural characteristics of the GDL have coupled and complex impact on transport prop-
erties, which is not comprehensively considered in previous studies. This study combines stochasti-
cally reconstruction techniques, pore-scale modeling and orthogonal design method to evaluate the
coupling effect of multiple microstructural characteristics on transport properties, and determine the
impact degree of each microstructural characteristics, including fiber diameter, porosity, GDL thick-
ness, fiber orientation coefficient, binder and PTFE content. Finally, new mathematical models are
developed and validated to predict and optimize the anisotropic transport properties accurately and
rapidly by considering the coupling effect of multiple microstructural characteristics. The results
showed that porosity has higher impact degree on gas diffusion and heat conduction than other
microstructural characteristics. The combinations of microstructural parameters are optimized to
achieve higher performance, with thermal conductivity and gas diffusivity increased by ≥139% and
62%, respectively. The prediction mathematical models are validated with the error ranging from 1%
to 8%, which can predict transport properties and optimize the GDL microstructure accurately and
rapidly.
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The Gas Diffusion Layer (GDL) is a critical component that ensures the efficient operation of proton
exchange membrane fuel cells, capable of accommodating deformations and pressure differences be-
tween cell components. This study proposes a combined method of finite element and stochasticlly
reconstruction method for GDL, calculating the stress and stress uniformity inside GDL microstruc-
ture under different compression ratios. Finally, an optimization analysis is conducted using orthog-
onal design method, and new stress prediction expressions are proposed. The results indicates that,
fiber diameter and porosity aremore sensitive. The new developped expressions are validated, which
can predict and optimize the combined effects of different microstructure parameters on mechanical
performance accurately. The results of this study provide predictions and guidance for designing
low-stress and high-performance GDL.
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Natural gas hydrate has large reserves and a high level of heat value, which is the strategic command-
ing point of global energy development. The hydrate reservoirs in the South China Sea are shallowly
buried and have low cementation strength. In the process of exploitation for the hydrate reservoirs,
workers often face problems such as large sand production, formation instability, and low efficiency
of exploitation. In order to further study the production capacity and sand production during the
process of exploitation, this study focuses on the characteristics of hydrate reservoirs in the Shenhu
area of the South China Sea. Based on the CMG-STARS platform, a numerical model, coupled with
thermos-hydro-chemistry processes, was established to explore the effects of completion horizon,
completion length and production pressure on reservoir productivity and sand production law in
vertical well depressurization mining. The results show that: The well completion in the middle of
the reservoir is 21% and 15% higher than that at the top and bottom respectively, and the cumulative
gas-to-water ratio is higher and the development effect is better, while the sand production prob-
lem at the top and middle of the reservoir is more serious. Under the current simulation conditions,
considering the production capacity and sand production, the exploitation effect is the best when
the completion length is 10m. Continue to increase the completion length, the production increase
is reduced, only 19% increase, and the sand production increases sharply. The lower the production
pressure is, the better the productivity is, and the more serious the sand production is. When the
production pressure continues to decrease, the yield increase effect decreases, while the sand pro-
duction still increases significantly. This study can provide a theoretical basis for the development
of natural gas hydrate in the South China Sea.
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Abstract:The phenomenon of abnormal low resistivity values in shale is widespread at the base of the
Longmaxi Formation in the southern Sichuan region,and the gas content between different low resis-
tivity shale gas wells have obvious differences.In order to explore the controlling factors and the dif-
ferences in nanoscale pore structures of different resistivity shale, the shale of the Longmaxi Forma-
tion in the Changning area of the Sichuan Basin was taken as the research object.Firstly,according to
the characteristics of electric logging curves and the production capacity,the shale wells of Longmaxi
Formation in Changning area were divided into ultra-low resistivity wells(Rt<1Ω·m),low resistivity
wells(1Ω·m<Rt<20Ω·m),and normal resistivity wells (Rt>20Ω·m).Secondly,the effects of organic mat-
ter,conductive minerals and pore fluids on the resistivity of shale were analyzed through the rock
electrical experimental,and the main controlling factors of shale resistivity were clarified.Finally, the
reservoir space of the shale reservoirs of the Longmaxi Formation in the study areawas characterized
by argon ion polishing scanning electron microscopy, low-field nuclear magnetic resonance,carbon
dioxide and nitrogen adsorption.The results show that the ultra-low resistivity wells are mainly af-
fected by the graphitization of organic matter,which leads to the exponential decrease of shale resis-
tivity,while the low resistivity wells are mainly affected by the high water saturation,and the shale
resistivity decreases relatively little.There are great differences in the microscopic pore structure of
shale reservoirs with different resistivity.The ultra-low resistivity wells have the lowest porosity (the
mean is 3.38%),and the worst inter-pore connectivity and openness (the mean hysteresis coefficient
is 0.21).There was little difference between the porosity of low resistivity wells(The mean is 6.22%)
and normal resistivity wells (the mean is 6.14%),and the normal resistivity wells (the mean hysteresis
coefficient is 0.13) were better than those of low resistivity wells (the mean hysteresis coefficient is
0.15).
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Abstract
As the development of medium and shallow oil and gas reservoirs progresses into the mid-to-late
stages, the focus of petroleum exploration is shifting towards deep and ultra-deep reservoirs. Deep
oil and gas reservoirs are defined as those with burial depths exceeding 4500 m, while ultra-deep
reservoirs refer to those buried beyond 6000 m. These reservoirs exhibit characteristics of high
stress, significantly impacting the pore structure of reservoir rocks and, consequently, influencing
microscopic flow of oil and gas. Digital rocks serve as a crucial platform for simulating flow at the
pore scale. However, existing methods for reconstructing digital rocks fail to account for the effects
of high stress. In this study, we propose a novel method for reconstructing digital rock cores consid-
ering high stress based on the discrete element method (DEM). The first step involves transforming
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scanned results obtained under room temperature and pressure conditions into a DEM model. We
employ the watershed algorithm to segment CT scan images, utilize spherical harmonic functions
to represent particle contours, and transform them into clump particles in PFC3D. Subsequently,
a DEM model is established with porosity matching that of the actual rock. The accuracy of the
model is evaluated using two-point correlation and linear path correlation functions. The second
step involves setting micro-mechanical for the contact constitutive model between particles, apply-
ing stress simulation calculations, and converting the results into voxel data. The third step analyzes
the geometric and topological structure of pores under different stress combinations, along with the
evolution of permeability. The feasibility of the proposed digital rock core reconstruction method is
validated through the analysis of Bentheim sandstone as a case study.
Keywords: digital rock reconstruction; the discrete element method; high stress; pore structure
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Pore-scale modeling developed over the past decades has become a powerful method to evaluate
the effective transport properties of porous electrodes. Experimental verification for such a method
is crucial to confirm the method’s validity. In this study, experimental data of gas diffusion layer
(GDL) are compared with results of pore-scale modeling. GDL microstructures are scanned and
reconstructed by X-ray computed tomography. Explicit dynamic simulations based on the finite
element method are performed on these reconstructed models to reveal the 3D displacement of the
microstructure during compression. Over the deformed models, the effective diffusivity, thermal
and electrical conductivities are then computed using a pore-scale model code. It is found that, as
the compression ratio increases to 30%, the fiber displacement increases obviously with significant
anisotropy, and the fibers gradually squeeze into nearby pores located in the adjacent layers inside
GDL. The effective diffusivity and permeability decrease by about 15% and 35% respectively. The
conductivity increases by 100% and 20% in the through-plane and in-plane direction respectively. The
validated methods can support microstructure optimization and transport properties improvement
for different types of porous electrodes.
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Leveraging various energy storage techniques spanning daily, weekly, and seasonal cycles offers
a pathway to lower carbon dioxide emissions per energy unit. Employing renewable energy for
hydrogen production, storage, and recycling emerges as a highly viable tactic to manage seasonal
energy fluctuations. Deep saline aquifers provide a practical solution for extensive hydrogen storage,
specifically designed to fulfill long-term storage needs. This study introduces a percolation theory-
based upscaling technique to lower computational expenses when simulating H2 movement across
diverse saline aquifers with varying correlation lengths. Two geological models, each with different
correlation lengths, illustrate the efficacy of this method. In the model featuring a 1.2-meter correla-
tion length, the percolation-based upscaling results in H2 saturation errors of 8.76% in the primary
area and 3.7% in the sink area, reducing runtime by almost sevenfold. Similarly, in the model with
a 4.0-meter correlation length, final H2 saturation errors of 10.7% in the main area and 1.27% in the
sink area are achieved, decreasing runtime by nearly fivefold. To enhance the credibility of the pro-
posed upscaling technique, parameters derived from the Brooks-Corey and van Genuchten models
are fine-tuned to match experimentally obtained properties of H2-water multiphase flow. The re-
sulting broader-scale model accurately reproduces primary permeability and H2 migration patterns,
maintaining errors below 5%. Crucially, key mechanisms governing H2 movement during subter-
ranean hydrogen storage in saline aquifers are retained in the upscaled models, enabling efficient
predictions of H2 saturation beneath caprock. This research deepens our insight into the intricate
H2 migration at a smaller scale within complex geological systems and sheds light on incorporating
the characteristics of small-scale capillary barriers during upscaling.
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Knowledge related to the relations between elastic observations and fluid state cannot be overem-
phasized in porous media, which is of fundamental concern for the extraction of hydrocarbons, the
monitoring of carbon dioxide geological sequestration, and the underground hydrogen storage. As
known from previous theoretical and experimental experience, the P-wave velocity-saturation re-
lation for partially saturated porous media is a concretization of the effect of fluid patch evolution
on elastic properties. However, the P-wave velocities are not only governed by the overall satu-
ration, but also depend on the fluid patches and their size. The patch size variation as saturation
changes is commonly ignored in modelling investigations, even though it is natural to assume that
fluid patches will form larger as saturation progresses and that percolating clusters will form at
some critical saturation levels. To capture the evolution of patch size with saturation implied in the
velocity-saturation relations, we are inspired by percolation theory. By incorporating the connectiv-
ity of water-filled patches in the continuous randommediummodel, we develop a critical saturation
model. We apply this critical saturation model to examine recently reported experimental measure-
ments, specifically analyzing the patch size changes. For measurements of drainage or imbibition
processes in four sandstone samples, we indeed find a clear indication of growing patch size with
water saturation. The predictions of the critical saturation model are in reasonable agreement with
elastic observations. Our approach enhances the interpretation accuracy of the velocity-saturation
relations and lays the foundation for a profound understanding of the effects of fluid clustering on
elastic properties in partially saturated porous media.
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Abstract: The shale of the Wufeng-Longmaxi formation in the Sichuan Basin is the preferred layer
for shale gas exploration in China, and its petrophysical characteristics are the key to geological and
engineering dessert prediction. However, the characteristics and impact mechanisms of its acoustic
wave velocity and elastic anisotropy are currently unclear. In this paper, the Wufeng-Longmaxi
shale is taken as the research object, and the P-wave and S-wave velocities of the samples are tested
under the loading and unloading process of confining pressure. The stress sensitivity variation of
parameters such as wave velocity, wave velocity ratio, and anisotropy is discussed. P-wave and
S-wave anisotropy parameters are correlated under different pressure conditions. X-ray diffraction,
casting thin sections, scanning electron microscopy, micron CT scanning, and other analytical tech-
niques are used to explore the mechanism of stress sensitivity of elastic parameters. The research
results indicate that: (1) the acoustic velocities of samples from different angles are V90°>V45°>V0°,
and there is a positive correlation between the wave velocity and the confining pressure. After un-
loading the confining pressure, irreversible plastic deformation occurs due to the closure of some
micro-fractures in the rock core, causing the wave velocity to be higher than the initial value. (2)
The stress sensitivity coefficient of the P-wave (The mean is 3.00m•s-1•MPa-1) is higher than that
of the S-wave(The mean is 1.23m•s-1•MPa-1), and the stress sensitivity coefficient of the compacted
stage(The mean is 3.02m•s-1•MPa-1) is higher than that of the elastic stage(The mean is 1.21m•s-
1•MPa-1). (3) The anisotropy of P-wave and S-wave is negatively correlated with confining pressure.
When the confining pressure is loaded to 65MPa, the change rate of P-wave anisotropy coefficient
is 23%, and its stress sensitivity is higher than that of S-wave anisotropy coefficient (the change rate
is 13.7%). After the unloading of confining pressure, the degree of anisotropy is reduced due to the
closure of some micro-fractures. The empirical formula of P-wave and S-wave anisotropy parame-
ters under different pressures is established by linear regression, which can provide a reference for
the mutual prediction. (4) The variation of wave velocity anisotropy with stress can be divided into
stress and material anisotropy, which are related to the directional arrangement of micro-fractures
and clay minerals, respectively. The quantitative characterization of shale anisotropy can be realized
by evaluating the development degree of reservoir fractures and mineral components and provides
a reference for logging interpretation, dessert prediction, and fracturing construction of shale gas
reservoirs.
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Sealing carbon dioxide (CO2) in marine sediments in the form of hydrates presents a promising
approach for mitigating greenhouse gas pollution. The captured CO2 often includes other impu-
rity gases, such as nitrogen (N2) and sulfur dioxide (SO2). It is well-established that the release of
SO2 carries adverse effects on both human health and the environment. Currently, various flue gas
desulfurization methods have been developed, but few methods can simultaneously achieve flue gas
desulfurization and decarbonization. Consequently, the co-injection of impurity gases with CO2 into
deep-sea sediments and their utilization for hydrate storage has emerged as a promising approach.
While extensive studies have explored the impact of N2 on CO2 hydrate storage, the understanding
of how SO2 influences the utilization of hydrate storage for CO2 remains relatively limited. In this
work, we used a 2.5D microfluidic chip to characterize the pore structure of sediments in the South
China Sea. Visualization studies were conducted to examine the occurrence patterns and growth
habits of CO2-SO2 mixed gas hydrates under specific hydrate zone conditions (P=9 MPa, T=284.15
K) in the South China Sea under stagnant conditions. The growth and occurrence patterns of mixed
gas hydrates at the pore scale were analyzed, and quantitative Raman spectroscopy was employed
to investigate changes in hydrate composition within the pore space.
The results indicate that under static conditions, the dissolution and diffusion of gas are influenced
by the pore structure of porous media, leading to regional differences in dissolved gas. This dis-
crepancy can result in density variations between fluids, inducing fluid convection. This convection
can place the fluid in a slightly perturbed state, facilitating the nucleation and growth of hydrates.
Hydrate growth initiates from the gas-liquid interface, the region with the most severe fluid dis-
turbance, promoting hydrate nucleation. During the hydrate growth process, it was observed that
hydrates preferentially grow along regions where aqueous solutions exist, occupying all pores con-
taining solutions. After that, the hydrate film that penetrates the gas-liquid interface extends into
the gas phase. Due to the hydrophilicity of porous media and the high solubility of CO2-SO2 gas
mixtures, the occurrence mode of mixed hydrates in the aqueous phase is typically patchy, while
in the gas phase, it manifests as a mixed mode of pore-filling and load-bearing. Disparities in sub-
stance composition of dissolved substances in porous media were identified, with natural hydrate
formation tending to occur in areas with higher local SO2 concentrations. Given the easier forma-
tion of SO2 hydrates compared to CO2 hydrates, the accumulation of SO2 in the fluid promotes
the nucleation of mixed gas hydrates, where SO2 plays a crucial role in hydrate nucleation sites.
Moreover, as SO2 is a polar molecule, its enhanced hydrophilic properties significantly improve the
stability of CO2 hydrates, allowing them to remain stable and grow outside the stable domain. These
findings contribute to a better understanding of the occurrence and growth mechanism of CO2-SO2
mixed hydrates in sediment pores, demonstrating the potential application of using hydrates to seal
CO2-SO2.
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Underground hydrogen storage (UHS) is recognized as a viable solution for storing significant amounts
of hydrogen (H2) in the advancement of a low carbon energy system. The diffusive mixing between
H2 and cushion gas, which leads to a reduction in the purity of produced H2, persists through the
entire storage period. Therefore, it is crucial to understand the diffusive mass transfer and its impact
on the migration of H2. Due to experimental challenges, there is limited research dedicated to quan-
tifying the diffusion between H2 and cushion gas under reservoir conditions. For the first time, we
measured the diffusive process between H2 and CO2 (acting as the cushion gas) in a high-pressure
capillary cell in situ. The time-dependent Raman spectroscopy was used to monitor the diffusive
mass transfer, and the diffusion coefficient was determined based on the measured concentration
profiles. We showed that the diffusive process was adequately captured by the Fick’s second law
with a constant diffusion coefficient. The diffusion coefficient scales linearly with the reciprocal
viscosity of CO2 across the pressure and temperature range associated with subsurface storage con-
ditions. Based on the measured diffusion coefficient, we quantified the diffusion distance for the
mixing occurring at field-scale. Results indicate that the mixing between H2 and CO2 can reach
tens of meters over a one-year period. This suggests that the dispersive mixing plays a role in the
purity of produced H2.
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Underground hydrogen (H2) storage in saline aquifers is a viable solution for large-scale H2 storage.
Due to its remarkably low viscosity and density, the flow of H2 within saline aquifers exhibits strong
instability. Therefore, it is crucial to understand the flow processes of H2 and brine at the pore-scale,
which can be translated into constitutive relations at continuum-scale to guide field-operations. For
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the first time, we develop a lattice Boltzmann model tailored for pore-scale simulations of the H2-
brine system under typical subsurface storage conditions. The model captures the significant con-
trast of fluid properties between H2 and brine, and it offers the flexibility to adjust the contact angle
to suit varying wetting conditions. The developed model is employed to investigate the pore-scale
dynamics of two-phase flow composed of H2 and brine. We show that the snap-off is enhanced
in a system with a higher capillary number and a smaller contact angle. These conditions lead to
a reduced connectivity of the gas phase, which is unfavorable for H2 production from the aquifer.
Moreover, the relative permeability curves, computed from the simulation results, exhibit distinct
behaviors for H2 and brine. In the case of the wetting phase, the relative permeability can be quan-
tified solely using the phase saturation, whereas for the non-wetting phase, the phase saturation
and Euler number appear to contribute equally to the relative permeability. This implies that dif-
ferent formula, compared to the typically used saturation-based functions, should be considered for
continuum-scale simulations.
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The traditional finite element method requires that the meshmust match with various discontinuous,
which can significantly increase the difficulty of preprocessing for hydrodynamic coupling problems
with complex boundaries and material interfaces. In such case, the finite element method using un-
fitted mesh is obviously more advantageous, however, this method also has certain problems, for
example, irregular mesh cutting may lead to ill-conditioned coefficient matrix to appear, which in
turn affects the accuracy and stability of the algorithm. The ghost penalty technique was proposed
to overcome the ill-conditioning issue. Recently, an unfitted finite element was proposed for two-
field poroelasticity problem, where stabilization terms based on the ghost penalty were developed.
Material interfaces are even more difficult to deal with than the boundary as they require careful
treatment of the weak discontinuity conditions as well as the mesh cutting stabilization. In this pa-
per, we formulate an unfitted finite element for the poroelastic problemwith both material interfaces
and complex boundaries. A weak formulation based on the Nitsche’s method was developed. Ghost
penalty stabilization terms are designed for both sides of the elements intersected by the material in-
terface. The performance of the proposed methodology is tested by several benchmark and practical
hydraulic problems of complicated rock-soil mixtures. The numerical results demonstrate optimal
convergence rates and low-level condition numbers independent of the mesh cutting.
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In the process of forming porous media by deposition of particles, due to factors such as deposition
rate, gravity sorting effect and fragmentation of coarse particles, different structures of interlayers
are usually formed, and the form of distribution of interlayers has an important effect on the stress
distribution, structural strength and deformation properties of the porous media. However, existing
structural parameters such as voidness, coordination number and friction angle cannot fully char-
acterise the effect of interlayers on the structural stability and contact anisotropy of porous media
under stress. In carrying out the research on the structural stability of porous media interlayer, the
discrete element method is used to simulate the mechanical behaviour of particles in the process of
compaction under triaxial stress servo, to reveal the mechanism of the influence of different inter-
layer parameters on the overall structure of the porous media, and to analyse the influence of the
thickness and quantity of the interlayer on the mechanical behaviour and structural deformation
of porous media according to the structural parameters of the formation of the porous media and
the parameters of the interlayer particles. Based on the structural stability and stress anisotropy
of porous media, the mechanical properties of the intercalation were found to have a particularly
significant effect on the macroscopic strength and structural stability of porous media, taking into
account the inter-particle contact force, contact direction, and peak stress correlation.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Page 98



InterPore2024 / Book of Abstracts

MS03 / 128

Numerical simulation of transport mechanisms for cyclic high-
speed injection and production in fractured-vuggy underground
gas storage
Authors: Ye Tian1; Yi Yang1; Huiyan Zhao2; Zehao Xie1; Yulong Zhao1; Liehui Zhang1

1 Southwest Petroleum University
2 PetroChina Southwest Oil and Gasfield Company

CorrespondingAuthors: ytian@swpu.edu.cn, xiezehao19@163.com, zhaohuiyan@petrochina.com.cn, 2759645813@qq.com

Underground gas storage (UGS) exhibits various transport mechanisms due to their multi-cycle in-
jection and production, often overlooked in numerical simulations. In fractured-vuggy UGS, cer-
tain mechanisms may have a stronger effect. L underground gas storage is crucial to China’s first
fractured-vuggy UGS group. A simulation study was conducted to investigate the effect of three
transportmechanisms—stress sensitivity, relative permeability hysteresis, and high-speed non-Darcy
effect of the fractured-vuggy UGS L during high-speed injection and production. Based on the ge-
ological model of the L UGS, the history matchings were separately conducted with and without
considering transport mechanism to ensure model accuracy and elucidate the significance of trans-
port mechanisms (as shown in Fig. 1). The multi-component fluid characterizations were imple-
mented separately using the Peng-Robinson equation of state to perform the compositional simula-
tion.

Our study found that stress sensitivity resulted in a 3.31% reduction in storage capacity and a 6.07%
decrease in working gas volume. Relative permeability hysteresis led to a 9.05% decline in storage
capacity and a 4.09% decrease in working gas volume. The high-speed non-Darcy effect only caused
a 0.16% reduction in storage capacity but led to a 4.19% decrease in working gas volume. With
increased injection and production cycles, the storage capacity steadily rises. After 25 cycles, there
was a 3.97% increase in storage capacity. Stress sensitivity increased the capacity increment to 4.66%,
while relative permeability hysteresis and high-speed non-Darcy effect raised the increment to 6.05%
and 4.13%, respectively. The greater the impact of the transport mechanisms on storage capacity and
working gas volume, the more significant the increase in storage capacity. However, this increase in
capacity is attributed to the rise in cushion gas volume and does not reflect an increase in working
gas volume. The coupling of stress sensitivity and relative permeability hysteresis resulted in a
reduction of 6.51% in storage capacity and a decrease of 11.65% in working gas volume. The coupling
of these two mechanisms reduced the loss in storage capacity but amplified the decline in working
gas volume. We analyzed six effects resulting from the coupling of two mechanisms, as illustrated
in Fig. 2. The coupling of the three mechanisms resulted in a reduction of 6.53% in storage capacity
and a decrease of 13.44% in working gas volume (as shown in Fig. 3). Coupling with the high-speed
non-Darcy effect had no extra coupling effect on storage capacity but led to a further decline in
working gas volume. The mutual influence relationships among the three mechanisms are depicted
in Fig. 4.

This study presents the utilization of compositional simulation to investigate the coupled effect
of stress sensitivity, relative permeability hysteresis, and high-speed non-Darcy effect, as well as
the coupled effects of stress sensitivity with relative permeability hysteresis on the operation of
fractured-vuggy UGS. It comprehensively quantifies the varying degrees of influence exerted by
different transport mechanisms on the operation of UGS. The study offers guidance for optimizing
operational strategies for the UGS L and other similar UGS converted from fractured-vuggy reser-
voirs.
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Crude oil is a complex mixture of organic compounds which are conventionally categorized as sat-
urates, aromatics, asphaltene and resins based on their polarity and solubility. Aromatics, in par-
ticular, comprise a large portion of many light, medium and heavy oils therefore it is important to
understand their interfacial properties with water and surfactants in the context of enhanced oil
recovery. In this work, we explore the effect of imidazolium-based ionic liquids on water/toluene
interface using molecular dynamics (MD) simulation. Imidazolium ionic liquids are cationic organic
compounds comprised of a heterocyclic aromatic head with a saturated aliphatic chain. The MD
simulations were based on classical OPLS and SPC/E force fields with the leap-frog numerical inte-
gration scheme, 1.2 nm cut-off for Lennard-Jones potential and particle mesh Ewald summation for
the electrostatic interactions. The interfacial tension (IFT) for pure water and toluene was found to
be 36.09 mN/m at 300 K and 1 bar which is close to the experimental value of 35 mN/m. Adding
imidazolium chloride at a surface coverage of two molecules for every square nanometer slightly
reduced the IFT to 32.71 mN/m for the butyl chain. For Ionic liquids with octyl and dodecyl chains,
the IFT of water/toluene has been significantly reduced by approximately a factor of 2 and 8, re-
spectively. Calculations of the interaction energy between the two phases shows that imidazolium
cations with longer chains interact more strongly with Toluene, thereby effectively reducing the IFT.
Furthermore, density profiles across the axial-direction perpendicular to the interface shows that the
ionic liquids with longer alkyl chain partition more toward the interface whereas the butyl imida-
zolium have a low surface excess and are not as surface active as the octyl and dodecyl imidazolium.
Therefore, imidazolium interacts with toluene more via its alkyl chain and the association between
the toluene and the imidazolium aromatic head is limited at the water/toluene interface.
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As the most effective reservoir stimulation technique, hydraulic fracturing has been applied since
the 1950s. At the same time, hydraulic fracturing can induce seismicity or result in the loss of
containment of subsurface fluids due to the high injection pressure applied during its operation,
leading some projects to eventual shut-down. To mitigate such adverse impacts, an alternative ap-
proach known as hydro-shearing has been promoted for some enhanced geothermal system projects,
wherein the injection pressure is kept at a low level, aiming to stimulate pre-existing networks of
fractures by shearing. However, the practical effectiveness of hydro shearing is yet to be proven.
In this talk, we propose another alternative stimulation approach using a low-viscosity fluid. We
numerically demonstrate that with low-viscosity fluid injection, we can fracture discontinuous in-
terfaces such as grain boundaries or natural fractures without initiating fractures at the injection
point. Our results indicate the possibility of engineering reservoir stimulation operations without
applying high injection pressure.
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Water huff-n-puff (WHP) is one of widely used methods to improve oil recovery for tight reservoirs.
However, the poor flow-conductivity and low sweep efficiency in matrix also restrict its oil recovery
performance. Herein, the N2-water alternating huff-n-puff (NWAHP) was put forward to improve
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oil recovery at reservoir conditions. firstly, the feasibility of which was confirmed by the comparison
of NWAHP andWHP experiment. secondly, the effect on oil recovery of injection method, N2-water
ratio (NWR), soak time and number of injected plugs were investigated. The results showed that the
single-cycle oil recovery of NWAHP was 13.95%, which was 3.51% higher than that of WHP, and
it can improve the effect of WHP very well. The N2-water injection process could delay the break-
through of N2 during production due to the presence of water slug, resulting in a higher oil recovery
than water-N2 injection. Increasing the NWR could enhance the elastic energy and sweep more oil
into the matrix, but if the NWR was too high, N2 breakthrough would occur prematurely during
production. Increasing the soak time could improve the diffusion distance of N2 in the core and
the effect of water imbibition. Increasing the number of injected plugs could enhance the pressure
during the injection process, thereby improve the swept volume of N2 and water.
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Stress and chemical sensitivity of hydraulic permeability in fine-
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Natural gas hydrates are widely distributed in fine-grained marine sediments containing various
kinds of clay minerals, for example, marine sediments in the northern South China Sea with mas-
sive illite. It is of great significance to explore how hydraulic properties of these marine sediments
evolve during hydrate production, aiming to acquire reasonable regulation and controlling of gas
and water production. This study conducts water ratio limit tests, oedometer consolidation tests,
and liquid flushing test on specimens molded by using marine sediments sampled from a hydrate
distribution region in the northern South China Sea, and lots of experimental data under different
salinity and stress conditions are acquired and analyzed. Results show that plastic index, liquid and
plastic limits of the sediments all decrease with increasing pore brine salinity. Hydraulic perme-
ability and conductivity of the sediments increase with increasing pore brine salinity but decrease
with increasing stress. In addition, the sensitivity index due to stress changes becomes larger when
the pore brine salinity increases, and the sensitivity index due to salinity changes decreases with
increasing stress. The proposed fitting equation connecting the hydraulic conductivity and the nor-
malized void ratio is easy to use as values of the fitting parameters do not depend on the pore brine
salinity.
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Fine-grained marine sediments containing veiny and nodular gas hydrates will evolve into fine-
grained gassy sediments after hydrate dissociation due to climate-driven ocean warming. Mechani-
cal properties of the fine-grained gassy sediments are basically acquired by ocean engineering design.
However, they have not been fully understood largely due to the lack of microstructure visualization.
In this paper, a new system is developed to jointly conduct X-ray CT scans, oedometer tests, and seis-
mic wave testing on a single specimen with temperature being well controlled, allowing varieties of
experimental data to be acquired effectively and automatically. The results show that stress history
can hardly affect the undrained stiffness of fine-grained gassy sediments, while the drained stiffness
of fine-grained sediments without gas bubbles is stress history dependent. After being unloaded,
many microstructure changes remain, and examples include the free gas distribution being more
concentrated and the connectivity among gas bubbles becoming much better. The multi-orientation
system lays the foundation to further studies on microstructure changes and mechanical responses
of fine-grained gassy sediments associated with gas hydrates.
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Depletion recovery in shale reservoirs after fracturing suffers from a rapid decline in production and
low recovery. The CO2 huff-n-puff oil production technology can effectively supplement formation
energy, reduce oil-gas interfacial tension and crude oil viscosity, and improve the production of a
single well. This technology has good application prospect in enhanced oil recovery of shale oil.
Currently, researches on enhancing shale oil reservoir recovery by CO2 huff-n-puff primarily focus
on the effects of field production parameters on recovery. However, there is limited research on the
production characteristics of the degree of crude oil utilization and the effective range of CO2 under
different pore sizes.
Supercritical CO2 huff-n-puff experiments were conducted to investigate the mechanism of CO2
huff-n-puff for enhanced recovery in shale reservoirs. The T2 and one-dimensional frequency cod-
ing maps before and after the huff-n-puff experiments were obtained by using nuclear magnetic
resonance (NMR) technology, and the oil recovery, utilization range and porosity characteristics of
shale cores were analyzed at different core permeability, huff-n-puff cycles and soaking time. A
typical shale reservoir has been used to develop a mechanism model for a single well at the field
scale, simulating CO2 huff-n-puff and water-CO2 alternating huff-n-puff at the field scale, studying
CO2 diffusion in the reservoir, and investigating the effect of production capacity under different
production parameters.
The results show that the CO2 injection volume has the most obvious effect on the CO2 huff-n-puff
cumulative oil production, and the injection rate has less effect on the huff-n-puff effect under the
optimal gas injection volume. By lengthening the soaking time, the distance of the injected CO2
effect from the proximal to the end of the core increased, the utilization of small pores increased
significantly and there was an optimal soaking time. The increase in huff-n-puff cycles led to im-
proved utilization of crude oil in the first half of the core, as well as increased utilization of medium
and large pores, resulting in a production increase of approximately 74%. Due to capillary force,
the recovery and CO2 diffusion effects near the borehole are better with supercritical water-CO2
alternating huff-n-puff than with CO2 huff-n-puff. However, water injection may drive some of the
oil away from the borehole, resulting in an overall recovery effect that is not as good as that of
CO2 huff-n-puff. Therefore, it is recommended to use CO2 huff-n-puff for new wells and water-CO2
alternating huff-n-puff for old wells with poor recovery. This study can serve as a reference for
developing a reasonable technology plan for CO2 huff-n-puff in shale reservoirs.
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Deep saline aquifers are ideal geological storage sites for CO2, containing abundant water and
geothermal resources. Injecting CO2 into deep saline aquifers while simultaneously extracting reser-
voir water can slow down the rise in reservoir pressure, increasing the safety of storage. This ap-
proach also extracts water resources to offset the cost gap incurred during the storage process. Si-
multaneously, the heat in the reservoir water (geothermal energy) can be directly used for power
generation and heating, further enhancing the resource utilization efficiency of deep saline aquifers.
Therefore, a coordinated development approach for deep saline aquifers involving CO2 injection,
water extraction, geothermal energy extraction, and carbon storage is proposed. This approach is
divided into two phases: the first phase involves extracting formation water and geothermal en-
ergy during CO2 injection, and the second phase involves using CO2 as a heat medium to extract
geothermal energy after depleting formation water. A numerical simulation model coupling gas-
water two-phase heat flow is established to verify the advantages of this new development approach.
Additionally, optimal injection methods, well pattern, and injection-production parameters for the
new approach are provided.
The research results indicate that simultaneous water and geothermal extraction during CO2 injec-
tion can delay the rise in formation pressure, providing more storage space for CO2 and increasing
the amount of sequestration. Continuing geothermal extraction after depleting formation water
not only retrieves more heat but also further increases geological storage capacity. CO2 injection
induces geochemical reactions, increasing porosity and connectivity, creating favorable conditions
for sustained CO2 injection, and the extraction of formation water and geothermal energy. Inter-
mittent injection is the optimal injection method to maximize the delay in formation pressure rise.
Production wells and injection wells should be located in the same layer, with more injection wells
placed in structurally lower positions. Taking the Qing 3rd member of the deep saline aquifer in the
Daqing Oilfield, Jilin Province, as an example. The optimal injection parameters are an injection rate
of 10,000 m3/d, an injection-production ratio of 0.8, a cyclic injection time of 3 months, and a cyclic
injection-production time ratio of 1.
The new development approach provides a novel method and perspective for geological storage of
CO2 in deep saline aquifers. Its aim is to establish a theoretical foundation and scientific basis for
the efficient utilization of resources in deep saline aquifers. This research is of reference significance
for supporting the “Dual Carbon” goals and promoting efficient resource coordination.
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To ensure the safety and reliability of batteries it is critical to accurately estimate the internal state
of the battery which is crucial in Battery Management Systems (BMSs). It is crucial to have methods
which, aside from yielding accurate predictions, can be applied for real time estimations. However,
the advanced BMSs generating accurate results are computationally intensive and time-consuming,
limiting their direct application in real-time estimation. To overcome the computational demand
Deep Neural Networks (DNNs) have been applied. However, to have highly accurate models, DNNs
with more complex architectures should be applied. The complexity of their architecture will hinder
their efficiency for online state estimation algorithms. To tackle the goal of having highly accurate
predictions while being computationally efficient, we propose a BiLSTM model as a state estimator,
with its hyperparameters automatically optimized using a Bayesian Optimization (BO) framework.
We show that leveraging Bayesian inference enables the use of a highly accurate state estimator with
a less complex DNN architecture, ensuring computational efficiency.
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The presence of non-aqueous phase liquids (NAPLs) like crude oil in groundwater systems is a ma-
jor environmental concern. Conventional remediation methods often fail to remove NAPLs from
low-permeable regions due to subsurface heterogeneity. Surfactants, like Tween80, are commonly
used to enhance remediation; however, concerns about their toxicity and resulting secondary con-
tamination remain. This study explored the use of a green bio-derived solvent and several other
oil displacing agents for NAPL remediation. Two structurally different heterogeneous micromod-
els were designed and fabricated to mimic the longitudinal section of the heterogeneous regions of
natural aquifers. The results indicated that the heterogeneity of porous media could significantly
influence the displacement process and final results. Generally, the injection fluid preferred to flow
through the high permeable area with larger pore size and lower flow resistance, resulting less resid-
ual oil compared to the low permeable area under various experimental conditions, with an average
difference in residual oil saturation of 56.76%. Besides, the bio-solvent could effectively mobilize
and remove NAPL residuals from low permeable zones, improving the efficiency of remediation
by 30-45%, compared with other agents. Our findings suggest that the bio-solvent is a promising,
environmentally-friendly alternative chemical agent for ¬in situ NAPL remediation, offering im-
proved efficiency and reduced secondary pollution.
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In shale nanoscale pores, the CH4molecular size is equivalent to themineral molecular size, then, the
non-negligible gas-solid molecular interactions lead to the existence of a large amount of adsorbed
gas with low mobility, which has an important impact on shale gas production. Since the adsorption
capacity of CO2 is higher than that of CH4, the injected CO2 can be adsorbed on the mineral surface
and replace the adsorbed CH4, becoming an effective means to increase shale gas production and
a potential way to realize CO2 geological sequestration. However, the current explanation of CH4-
CO2 competitive adsorption is mainly limited to molecular simulation based on a single nanopore,
the pore-scale competitive adsorption behavior in porous media with complex pore structure is still
poorly understood and consumes a lot of computing resources.

In this paper, a multi-component lattice Boltzmann method coupled with molecular simulation and
machine learning is proposed to accurately simulate and rapidly predict the competitive adsorption
behavior of CH4-CO2 in shale kerogen and illite three-dimensional nanoporous media. Firstly, the
density distribution of the miscible CH4-CO2 in kerogen and illite pores with different CO2 molar
fractions is calculated by molecular simulation. Then, by fitting the molecular simulated density
distribution, the CH4-solid and CO2-solid interaction force parameters in the multi-component lat-
tice Boltzmann model are modified, and the CH4-CO2 competitive adsorption in kerogen and illite
porous media is simulated based on the fitting parameters. Finally, the porous media are divided
into 2095 pore structures by watershed segmentation algorithm, then, the artificial neural network
is trained by pore-structure characteristics and competitive adsorption capacity to accurately predict
the CH4-CO2 competitive adsorption content in arbitrary pore structure and porous media.

This method overcomes the limitation of computing resource consumption of molecular and pore-
scale simulations, and provides an effective method for the accurate simulation and rapid prediction
of multi-phase multi-component competitive adsorption behaviors in nanoscale space.
Keywords: CH4-CO2 competitive adsorption; three-dimensional nanoporous media; lattice Boltz-
mann method; molecular simulation; machine learning
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Ganglia (bubbles, or droplets) are widespread in porous media of various industrial applications.
Thermodynamic properties of a ganglion, including its volume (V ), surface free energy (F ), and
capillary pressure (Pc), play pivotal roles in determining its transport and reactive performance.
Although these properties in homogeneous porous media have been recently resolved [1, 2], quan-
titatively description of ganglia in heterogeneous media remains a challenge [3-5].

In this study, we develop a pore-scale algorithm for determining the morphologies and thermody-
namic properties of hydrostatic ganglia in heterogeneous porous media (a 2D pillar array, as illus-
trated in Figure 1a). Notably, we reveal novel ganglion morphologies: the fluid-fluid interface can
emerge between non-adjacent solid particles that do not share a pore unit (referred to as the “cross-
pore interface”), although it has long been assumed that a pore is a basic unit of fluid and interface
behaviors in porous media [2]. The presence of cross-pore interfaces is strongly associated with the
pore-throat ratio: a smaller pore-throat ratio (wider throat) leads to a greater number of metastable
morphologies. Interestingly, these novel cross-pore interfaces can also be found in homogeneous
media.

We track cycles of quasi-static growth and shrinkage of a ganglion (Figure 1b) and resolve the corre-
sponding thermodynamic properties’evolution (Figure 1c&d). During growth, the ganglion invades
pore by pore, with only one major length scale (the throat) controlling Pc. In contrast, during shrink-
age, the boundary of the ganglion in different pores contracts cooperatively, exhibiting multiple
scales of Pc during different stages of ganglion shrinkage. In addition, although the F − V correla-
tions of both growing and shrinking ganglia are statistically linear, the surface free energy (F ) of a
shrinking ganglion is, in most cases, higher than that of a growing ganglion at the same V .

This work provides insights for investigating quasi-static degassing, ganglia dissolution, and ripen-
ing processes, as well as to analyze the thermodynamic stability of dispersed fluid clusters in het-
erogeneous porous media. In addition, we call for attention that the term “pore”may not always be
a valid basic representative unit during the description of fluid and interface behaviors in porous
media, as demonstrated by the presence of cross-pore interfaces.
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Figure 1: (a) Ganglionwith cross-pore interfaces, in pore-scale experiments (left) and ourmodel
(right). (b) Snapshots of ganglion growth and shrinkage in heterogeneous porous media. (c&d)
Evolution of capillary pressure (Pc) and surface free energy (F) with ganglion volume (V) during
ganglion growth-shrinkage cycle in heterogeneous porous media.
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Nanofluid injection has been reported as a promising technique to enhance oil recovery in tight reser-
voirs. However, research pertaining to nanoparticles (NPs) is primarily confined to laboratory exper-
iments, thus the microscopic enhanced oil recovery mechanism behind nanofluid injection remains
unclear. Therefore, it is imperative to establish a micro-scale research and analysis methodology for
the nanofluid injection onmacroscopic reservoir. This methodology aims to address strategically sig-
nificant oilfield concerns, including: 1) NP non-uniform adsorption: The manner in which internal
mineral composition, roughness, and distribution within porous media influence the non-uniform
adsorption of nanoparticles, and how this non-uniform adsorption affects the microscale wettability
of porous media. 2) Relative permeability: The heterogeneity in microscale wettability induced by
nanoparticles and its impact on immiscible two-phase relative permeability of porous media.
In answering the question above, a novel, hybrid pore-scale simulationmethod using Lattice-Boltzmann
(LB) coupled with Langevin-Dynamics (LD) is proposed to depict the motion behavior of NPs during
immiscible two-phase displacement. In a fashion of discrete LB forcing source distribution, the LD
method is introduced to characterize the effects of Brownianmotion, thermal fluctuation-dissipation,
and particle-particle interactions. An Eulerian-host algorithm is adopted to ensure the computa-
tional efficiency. Based on physical experimental data, NP surface properties are mathematically
characterized. This coupling enables the dynamic and precise depiction of localized wettability alters
within the pore-throats of reservoir. Combining with the application of statistical analysis theory,
conditions governing the formation of oil-phase preferential pathways are examined, and oil/water
permeabilities in tight reservoirs are calculated.
The hybrid LB-LD approach embedded experimental data and statistical analysis theory achieves the
efficient-yet-rigorous characterization of SiO2 NPs wettability alteration behaviors from representa-
tive pore-throat structures of tight oil sandstones. The results indicate: 1) Nanofluids induce a state
of strong dynamic wettability heterogeneity in reservoirs by locally altering wettability. It exhibits
a linear relationship with NP concentration and water-swept-area. 2) The probability density distri-
bution of wettability in porous media exhibits a bimodal normal distribution trend. As the injection
of nanofluid increases (with Sw increasing from 0.2 to 0.9), the proportion of strongly water-wet
surfaces (water-wetting angle of 165°) rises from 23% to 66%, while the proportion of strongly oil-
wet surfaces (water-wetting angle of 30°) decreases from 59% to 27%. 3) Quantitatively characterize
the mathematical relationship between the heterogeneity in microscale wettability distribution and
macroscopic permeability in porous media. Propose a probability density equation for the distribu-
tion of microscale wettability in porous media following exposure to nanofluid.
Using the method above, the microscopic mechanisms of NPs in altering wettability is examined in
detail. A quantitative relationship between nanofluid injection and strong wettability heterogeneity
is established, alongwith a clear connection betweenwettability heterogeneity and the reservoir per-
meability. The results provide important guidance not only for the prediction of micro-wettability
of porous media, but also for the optimization of injection condition so that optimum oil recovery
can be achieved.
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Hydrogen is poised to become one of the most promising alternative clean sources of. energy for
climate mitigation. The development of a sustainable hydrogen economy depends on the global
implementation of safe and economically feasible inter-seasonal hydrogen storage and recovery.
However, the current body of literature lacks a comprehensive numerical characterization of the
multiphase flow of hydrogen-brine and hydrogen-cushion gas in porous media. It is crucial to study
the essential parameters that impact hydrogen storage and withdrawal at the pore scale.

This study introduces a pore network model designed to replicate the underlying mechanisms of
hydrogen interaction with in-situ fluids, such as brine and cushion gases. Initially, the developed
pore network model is validated against laboratory measurements of hydrogen-brine drainage and
imbibition curves using the precise fluid properties and the measured petrophysical properties of
the core sample. Additionally, a comprehensive sensitivity analysis was conducted to quantify the
effects of fluid and rock properties on the relative permeabilities of the hydrogen phase.

The model was adapted to replicate the results of drainage and imbibition observed in the laboratory
experiment of hydrogen-brine drainage and imbibition curves. Furthermore, a sensitivity analysis
of the model was conducted under various conditions, including injection pressure, initial reser-
voir pressure, reservoir temperature, salinity of brine, and the presence of cushion gas. The results
indicate that capillary pressure and the relative permeability of the hydrogen-brine system are sen-
sitive to surface wettability. Moreover, the relative permeability endpoint (residual saturation) is
significantly influenced by pore distribution and pore connectivity. A higher ratio of smaller pores
correlates with a higher residual saturation of hydrogen. Conversely, the presence of a third phase
(cushion gas) reduces the residual saturation of the non-wetting phase (hydrogen). Additional anal-
ysis of different cushion gases revealed that CH4 performs better as a cushion gas compared to CO2
and N2 under the simulated conditions.

Page 112



InterPore2024 / Book of Abstracts

This research offers a comprehensive pore-scale prediction of the relative permeability of hydrogen
and brine systems, both with and without cushion gases. The analysis provides crucial quantifica-
tions of the effects of various parameters on hydrogen production. These findings contribute to the
improved selection of optimal storage sites and operational parameters for the geological storage of
hydrogen and its production.
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Dissolution of CO2 in brine, one of the key mechanisms for securely storing CO2 in the subsurface,
involves diffusion of CO2 into the brine and subsequent buoyancy-driven convective migration. The
stable stratification along the CO2-brine interface, predominated by diffusion, stimulates the density-
driven convection, resulting in an enhanced dissolution rate. In fractured porous media, the complex
geometry increases the uncertainty of CO2-plume migration. Predicting the characteristics of CO2
dissolution into the resident brine in fractured saline aquifers is important to understand the poten-
tial for long-term storage. In this work, a discrete fracture-matrix model (DFM), where fractures
are explicitly characterized in the model with individual grid cells, is adopted to describe the ge-
ometry of the fractured saline aquifer. We first carry out a sensitivity study to obtain a reasonable
resolution of grid discretization which can capture both the fast convective flow and converged dis-
solution rate with fractures. Based on the selected resolution, the properties of fractures, e.g., the
permeability and aperture of fractures, are investigated to confirm their impacts on density-driven
convection within an individual-fracture model. In addition, an aquifer containing a complicated
fracture network that includes highly intersected/dead-end fractures is used to highlight the effects
of fractures on the interactions between gravity currents and convective dissolution. Our simulation
results demonstrate that due to a low porosity/permeability matrix, CO2 dissolution is driven by dif-
fusive/convection transport along the CO2-brine interface, while the density-driven convection is
very weak, i.e., relatively long onset time with a small Rayleigh number. The directions of fractures
play a critical role in the convective behavior of CO2-enriched brine. The fracture network enhances
CO2 dissolution compared to the case of an aquifer containing isolated fractures, i.e., no connections
among fractures. These estimates of the dissolution rate with fractures show that the geometry of
fractures plays an important role in enhancing storage security.
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The study of trapping and releasing nonwetting droplets in porous materials has been extensively ex-
plored. However, dynamically characterizing residual nonwetting droplets under vibrations within
porous media remains a challenging endeavor. Current theoretical models addressing seismic re-
sponses in two-phase flow primarily focus on single-channel geometries with fixed pressure differ-
entials across inlet and outlet boundaries. In practical porous media, trapped droplets exist amidst
flowing aqueous phases. External vibrations can induce significant pressure fluctuations due to sur-
rounding flows, making the fixed pressure differential assumption invalid in a single-channel model.
To overcome these constraints, this study delves into the micro-scale dynamics, aiming to surpass
the limitations of the single-channel model. A theoretical framework involving a pore doublet, i.e., a
sinusoidally constricted channel paralleled with a straight channel, is proposed to account for bypass
flow effects. Initially, we analyze alterations in pressure differentials upstream and downstream of
residual nonwetting droplets, considering flow dynamics during seismic excitation. We evaluate the
impact of these pressure differential variations on predictive accuracy compared to the fixed pres-
sure differential assumption in the single-channel model. Employing the pore doublet theoretical
model, we examine how the permeability of parallel straight channels influences the dynamic re-
sponse of residual nonwetting droplets. Furthermore, we compare predictive discrepancies between
the single-channel and pore doublet models, integrating bypass flow, to determine critical accelera-
tion amplitudes for releasing residual nonwetting droplets at different frequencies. Ultimately, we
uncover the competitive interaction between the seismic response of residual nonwetting droplets
at pore throats and bypass flow in surrounding pores. These research findings establish a robust
theoretical foundation for comprehending seismic impacts on engineering, geological implications,
and the potential incubation of geological disasters within the geological and environmental do-
mains.
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Theory of nonwetting fluid snap-off in porousmedia under vibra-
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Author: Jiajing Li1
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Snap-off represents a fundamental occurrence within the complex dynamics of multiphase flow in
porousmaterials. Understanding the quantitative aspects of phenomena triggered by seismic activity
within these media is vital for engineering applications and predicting natural events, particularly
concerning snap-off investigations. Exploring the influence of vibrations on snap-off through nu-
merical simulations demands substantial computational resources. Consequently, there is an urgent
necessity for a theoretical model to deeply comprehend snap-off under vibrational influence. We
developed a theoretical model based on volume conservation principles, elucidating the dynamic
instability at the wetting/non-wetting interface in sinusoidally constricted capillary tubes experi-
encing vibrations. Our analysis focused on correlating vibration amplitude and frequency with
non-wetting phase snap-off occurrences. Furthermore, we examined how vibrations affected non-
wetting droplets, verifying adherence to static snap-off criteria. Investigating various capillaries with
differing pore throat/pore size ratios allowed us to gauge the impact of vibration on snap-off. This
research significantly advances our comprehension of snap-off phenomena in multiphase porous
media subjected to seismic conditions, bridging a crucial gap in vibration-influenced porous media
studies.
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Anomalous phase transition behavior of dilute electrolyte solu-
tions in nanoconfinement under cryogenic environment
Author: Shaoheng Wang1

Co-author: Michael Steiger 1

1 University of Hamburg

Corresponding Authors: shaoheng.wang@chemie.uni-hamburg.de, michael.steiger@uni-hamburg.de

The impact of confined spaces on the phase transition of water or electrolyte solutions has garnered
considerable interest due to their widespread occurrence in natural processes and technological ap-
plications. [1-3] Specifically, phenomena such as freezing, melting, and vapor condensation have
been extensively studied. Recently, there has been growing attention towards the phase transition
of aqueous solutions, as they represent situations closer to natural and realistic scenarios than pure
water.[4-5]
Notably, electrolyte solutions exhibit a slight variation from pure water, wherein an ice-salt phase
separation occurs at low temperatures. The phase transition starts when ice or salt precipitates and
continues until the eutectic point is reached. The eutectic point, being the lowest temperature at
which a liquid solution can exist, remains constant regardless of the initial molality, and decreases
with decreasing pore radius.[4] Anomalous behavior in confinement arises when the initial concen-
tration is significantly diluted. In all studies involving a dilute solution in confinement, the thermal
signal of ice and salt crystallization at the eutectic point was not observed, neither in bulk nor in the
pore.[3,5]
In this work, we conducted a systematic calorimeter measurement to analyze the influence of salt
molality, pore filling extent, and pore size on the transition routine of CaCl2 and NaCl solution. The
results indicate that in situations with fewer salts, such as smaller pores, dilute solutions, or lower
filling degrees, only water freezing at the beginning is detected, and the eutectic transition is absent
due to the lack of available free ions for crystallization in the pore center. Conversely, the eutectic
transition could be well detected in the solution with a larger amount of salts. This may be attributed
to the uneven distribution of cations and anions in pores[6]
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Fluid-driven fracturing plays a vital role in the exploitation of geo-energy sources (geothermal, gas
and oil), while also posing challenges for CO2 sequestration and underground energy storage. While
the variational phase-fieldmodels have shown their power inmodeling the involved crack nucleation
and propagation coupled with hydro processes, the diffused representation of the cracks impedes
the accurate description of the fluid flow in the discrete fracture network and the interplay between
the hydraulic and mechanical processes. In this work, we developed a hybrid-dimensional model
to realise a staggered description of phase-field fracture in solid media and Reynolds flow in lower-
dimensional cracks. This model enables the dynamic reconstruction of 2D or 3D discrete fracture
networks (DFNs) based on phase-field point cloud and unconstrained discretisations for solid and
fracture domain. To avoid pressure projection when using immerse boundary condition for fluid-
solid interaction, a new hydro-mechanical coupling method is proposed and verified with several nu-
merical examples. We demonstrated that this new coupling method is efficient and more favourable
when faced with complex DFNs and large-scale parallel computations.
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Abstract
This research aims to evaluate the efficiency of water-alternating-gas (WAG) methods, specifically
CO2 Low-Salinity Water-Alternating-Gas (CO2-LSWAG) and flue gas-LSWAG, in comparison to
High-Salinity Water-Alternating-Gas (HSWAG), within a carbonate reservoir. Employing a com-
positional reservoir simulator (E300), the study analyzes the effectiveness of these methods and
optimizes the hybrid enhanced oil recovery (EOR) technique.
Introduction
The investigation into flue gas-LSWAG injection in geo-sequestration is crucial for improving EOR
efficiency while concurrently storing CO2 and mitigating environmental impacts. A comprehensive
understanding of flue gas and low-salinity water behavior in the reservoir is essential for devising
more effective and sustainable approaches to enhance oil recovery and facilitate CO2 storage. This
research contributes to the advancement of efficient hybrid EOR technologies, thereby supporting
the transition towards a low-carbon future.
Methodology
The research employs a compositional reservoir simulator (E300) to explore hybrid EOR methods in
fractured carbonate reservoirs. The model incorporates three phases: oil, gas, and water, assuming
no mass transfer between water and the other phases, considering both gaseous and liquid states of
the hydrocarbon mixture. The simulation process encompasses three steps. Firstly, the PVTi mod-
ule simulates the reservoir fluid using oil component data. Subsequently, Eclipse software simulates
flow in oil reservoir, assessing the impact of injected gas on oil recovery and the performance of
conventional EOR methods. The outcomes of natural oil production are then evaluated. In the third
step, various hybrid EOR methods (CO2-WAG, CO2-LSWAG, CO2-HSWAG, Flue gas-WAG, Flue gas-
LSWAG, and Flue gas-HSWAG) are implemented and compared against Flue gas and CO2 injection.
Finally, the results are analyzed and optimized.
Results
Comparing oil recovery factors revealed that incorporating high salinity water in CO2-HSWAG re-
sulted in a noteworthy 12% improvement in the recovery factor. CO2-WAG exhibited superior ef-
ficiency during the early production stages, leading to a significant increase in reservoir pressure.
In contrast, the sole CO2 injection method proved three times less effective in reservoir pressure
increase compared to the hybrid method. CO2-HSWAG emerged as the most effective method in
managing water production, contributing to approximately 90% of water production at the end of
the simulation. Flue gas-WAG injection positively impacted reservoir pressure, particularly in the
early production stages. Notably, the CO2-LSWAG scenario achieved the highest recovery factor
in the LSWAG method investigation, demonstrating an impressive 27% improvement compared to
other scenarios, reaching a level of 70%.
Conclusion
This study underscores the potential of hybrid flue gas-WAG injection to enhance oil recovery and
CO2 geo-sequestration in carbonate reservoirs. The incorporation of low-salinity water and flue
gas in WAG methods exhibits promising outcomes in improving oil recovery and effectively manag-
ing water production. These findings contribute to the optimization of hybrid EOR techniques and
injection strategies, offering valuable insights for low-carbon future research in this domain.
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The transport and deposition of colloids in porous media are common phenomena in nature and in-
dustry. In this study, a pore network model (PNM) was used to model the geometry, flow field, and
colloidal mass transfer of porous media. The finite element method (FEM) was utilized to establish
a database of the contact efficiency ηt of the pore-scale collectors, and a random forest model (RFM)
was trained. Reasonable prediction of ηt shows that the developed RFM greatly improves the compu-
tational efficiency and frees users from repeated numerical simulations. The effects of the colloidal
size and seepage velocity on colloidal transport and the surface deposition behavior were studied, the
ηt distribution in the PNM was determined, and breakthrough and retention curves were calculated.
The results show that the ηt distribution width and mean value increase with the increase in the
colloidal particle size and decrease with the increase in the seepage velocity in the range of colloidal
particle sizes and seepage velocities considered in this paper. The peak concentration of the break-
through curve decreases with increasing colloidal particle size and increases with increasing seepage
velocity. Surface deposition produces exponential or uniformly shaped retention curves, with reten-
tion concentrations increasing with increasing colloidal particle size and decreasing with increasing
seepage velocity. The evolution analysis of the retention curve revealed notable detachment and
reattachment effects of the colloids in porous media. The results of this study have potential applica-
tions in various fields such as environmental remediation, groundwater management, and filtration
technology optimization.
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In this study, a variety of advanced imaging techniques, including scanning electron microscopy,
focused ion beam microscopy, micro-CT, and cryogenic electron microscopy, were employed. These
techniques were combined with multiscale digital rock visualization technology and quantitative
analysis algorithms to conduct a microscopic reservoir evaluation of oil shale cores. The evaluation
encompassed various aspects such as mineral composition, pore structure, and organic matter char-
acteristics, aiming to investigate the influence of minerals on the identification of sweet spots in oil
shale, as well as the relationship between minerals mechanical properties and reservoir properties.
The results of the microscopic reservoir evaluation indicate that the oil shale reservoir in the study
area exhibits a dual porosity media feature with pores and fractures. A comparison between the sam-
ples from wells MY2 and MY1H shows that the former exhibits higher overall porosity, larger pore
radius, and a higher content of organic matter, consequently displaying better oil saturation and su-
perior reservoir properties. The study on the relationship between minerals and reservoir properties
and mechanical properties indicates a positive correlation between dolomite content and reservoir
properties. Moreover, intervals with the coexistence of quartz and dolomite exhibit higher porosity,
measured permeability, and oil saturation. The correlation between plagioclase content and reser-
voir properties is relatively weak, but there is a positive correlation between plagioclase content
and fracture density. Plagioclase-rich intervals demonstrate lower fracturing pressure, facilitating
the formation of fractures. The mechanical characteristics, such as tensile strength and brittleness,
make plagoclase more prone to fracture extension. Therefore, intervals with high dolomite content
can be considered as favorable geological sweet spots, while high plagioclase content can serve as
an identification indicator for engineering sweet spots.
The findings of this study provide experimental evidence for the identification of geological and en-
gineering sweet spots, thereby contributing significant practical value to the systematic evaluation
of shale oil reservoirs. Moreover, the utilization of multiscale digital rock visualization technology
and quantitative analysis algorithms offers new perspectives and approaches for the study of shale
oil reservoirs.
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Thermal conductivity is a key parameter dominating the heat transfer process in a number of engi-
neering applications such as geothermal exploitation, borehole thermal energy storage and carbon
dioxide geo-sequestration. Since soil consists of multiple phases including solid particles, gas and/or
water, not only the physical properties of these phases but also the routes that they form affect the
heat transfer and reflect on the value of thermal conductivity. However, the heat transfer routes
have not been properly identified in existing studies, which hinders the fundamental understanding
of the physical mechanisms for thermal behaviour and accurate prediction of thermal conductivity
in unsaturated soils.

This work aims to identify the different types of heat transfer routes and study the contribution of
each type to the effective thermal conductivity of unsaturated soils. Based on computed tomography
(CT) images of five glass bead assemblies varying in degree of saturation, a series of image processing
algorithms were applied to the images and identified six types of heat transfer routes: (1) particles
in contact surrounded by air, (2) particles in contact surrounded by both air and water, (3) particles
in contact surrounded by water, (4) separate particles connected by air, (5) separate particles con-
nected by both water and air and (6) separate particles connected by water, respectively. In addition,
the amount of each type was quantified. After reconstructing digital samples from CT images and
computing their effective thermal conductivity, the contribution of each heat transfer route to the
effective thermal conductivity of unsaturated soils was analysed. Results show that the contribution
of types 3 and 6 increases while types 1 and 4 decrease during the increase of saturation. In addition,
type 2 and 5 reach their maximum contribution when the degree of saturation is at 0.2.
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Carbon Capture and Storage (CCS) can be realized efficiently and safely by collecting atmospheric
carbon dioxide (CO2) and injecting it into basalt formations in a dissolved state by co-injection of
CO2 and water. In the actual storage, the collected CO2 may also contain a variety of soluble acidic
impurity gases, and co-injection of acidic impurity gases with CO2 can significantly reduce the
economic cost of gas collection, but the acidic impurity gases will be reacted before CO2, and there
is a possibility of inhibiting the carbonation process of the minerals. In addition, the co-injection
of CO2 and water is highly efficient, but it requires high freshwater resources. For coastal areas,
seawater can be used instead of freshwater to reduce the dependence on freshwater resources, but
at the same time, seawater injection is also more likely to affect the process of mineral sequestration.
We used transparent quartz capillary tubes to simulate the reaction process between CO2 and basalt
under geological reservoir conditions, and quantitatively observed the mineral reaction process after
the addition of sulfur dioxide (SO2) and sodium carbonate (Na2CO3) solutions with the help of in-
situ Raman spectroscopy, so as to reveal the influence of SO2 acidic gas and carbonate solution on
the sequestration process of CO2 basalt. The results show:
(1) In the system consisting of only CO2 and pure water, CO2 is dissolved into water first, and then
carbonate will gradually appear on the surface of basalt particles.
(2) When SO2 is added, SO2 and CO2 are dissolved into water at the same time, but sulfate and
sulfite minerals appear first on the surface of basalt particles, and carbonate rocks appear on the
surface of basalt particles only after SO2 is consumed by the reaction and the process of CO2 mineral
sequestration occurs.
(3) The addition of Na2CO3 significantly limits the dissolution of CO2 into the water, but does not
affect the dissolution of SO2. This allows SO2 to still react with basalt, while CO2 has difficulty
reacting with basalt to produce carbonate minerals. This suggests that the presence of carbonate in
solution further inhibits CO2 mineralization from occurring.
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The study of fractured porous media is an important and challenging problem in hydrogeology. One
of the difficulties is that mathematical models have to account for heterogeneity introduced by frac-
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tures in hydrogeological media. Heterogeneity may strongly influence the physical processes taking
place in these media. Moreover, the thickness of the fractures, which is usually negligible in compar-
ison with the size of the whole domain, and the complicated geometry of fracture networks reduce
essentially the efficiency of numerical methods. In order to overcome these difficulties, fractures are
sometimes considered as objects of reduced dimensionality (surfaces in three dimensions), and the
field equations are averaged along the fracture width.
Fractures are assumed to be thin regions of space filled with a porous material whose properties dif-
fer from those of the porous medium enclosing them. The interfaces separating the fractures from
the embedding medium are assumed to be ideal. We consider two approaches: �
(i) the fractures have the same dimension, d, as the embedding medium i.e. they are d-dimensional;
�
(ii) the fractures are considered as (d-1)-dimensional manifolds, and the equations of density-driven
flow are found by averaging the d-dimensional laws over the fracture width.
We show that the second approach is a valid alternative to the first one. For this purpose, we per-
form numerical experiments using a finite-volume discretization for both approaches. The results
obtained by the two methods are in good agreement with each other.
We derive a criterion for the validity of the simplified representation. The criterion characterises the
transition of a mainly parallel flow to a rotational flow, which can not be reasonably approximated
using a d-1 dimensional representation. We further present a numerical algorithm using adaptive
dimensional representation.
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Increasing production andwide application of engineered nanoparticles lead to their ultimate release
into the environment, thereby contaminating water, air, and soil. Suspended bacteria are ubiquitous
in the subsurface and can affect the transport of nanoparticles. This study investigates the fate and
transport of zinc oxide nanoparticles (nZnO) in saturated soil in the presence of suspended E. coli
through a coupled experimental and modelling approach. E. coli was found to enhance the transport
of nZnO. However, E. coli transport was retarded in the presence of nZnO. The difference in the
transport behaviour of nZnO and E. coli during the cotransport and individual transport studies is
because of the competition between them in finding attachment sites on grain surfaces and also
due to the formation of nZnO-E. coli heteroaggregates. The experimental results were successfully
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simulated using a model which accounted for nZnO and E. coli retention in soil, heteroaggregation
kinetics, and heteroaggregate retention in soil.

Keywords: ZnO nanoparticles, bacteria, cotransport, modeling, soil
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The coal-bed methane and shale gas are integral components of coal-measure gas, which exhibits
the accumulation characteristics of homologous symbiosis and thin layers overlapping with each
other. Exploiting a single layer not only yields low economic benefits but also leads to resource
wastage. The optimal mining strategy involves co-exploitation of multiple reservoirs. However, in-
terlayer cross-flow and backflow during simultaneous extraction pose significant challenges to the ef-
ficiency of coal measure gas mining. This paper establishes a typical model for combined production
of coalbed methane and shale gas by considering the dynamic variation in porosity and permeability
within composite reservoirs. It analyzes seepage laws and interlayer interference while taking into
account interlayer cross-flow and hydraulic fracturing stimulation. The results demonstrate that
physical properties greatly influence seepage laws, while interlayer interference varies depending
on adjacent reservoir properties. When the permeability difference between layers is 1-10, interlayer
interference intensity remains low, making it suitable for combined production; however, when the
permeability difference exceeds 10-100, high levels of interlayer interference render it unsuitable for
combined production or development purposes. Additionally, smaller differences in interlayer pres-
sure result in reduced levels of interference intensity. The numerical simulation method proposed in
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this paper holds great significance for enhancing combined production efforts within coal measure
gas.
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Channelized reservoirs, formed by ancient river sands, play a crucial role in oil and gas reservoirs.
Their subsurface nature, however, poses significant challenges in direct visualization and character-
ization. This paper presents a novel approach to model these reservoirs by applying Q-learning, a
machine learning technique. We redefine the reservoir modeling problemwithin a Q-learning frame-
work, where well locations form the state space, and the reward mechanism differentiates between
channel and non-channel wells. Our method utilizes the adaptive learning ability of Q-learning to
predict the channel path, aiming to maximize the cumulative reward of identifying channel wells
while minimizing traversal through non-channel wells. We extend our study by conducting multi-
ple simulations and applying the results to porous media flow field simulation, which serves to test
geological uncertainties. This not only provides a deeper understanding of channelized reservoirs
but also showcases the potential of machine learning techniques in analyzing large datasets for
geological exploration and characterization. Comparative results with traditional stochastic walk
algorithms affirm the effectiveness and accuracy of our approach, offering new insights into the
modeling of porous media.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into both awards

Country:

China

Porous Media & Biology Focused Abstracts:

Page 125



InterPore2024 / Book of Abstracts

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 161

Optimization of Water Control and Oil Stabilization Scheme for
Edge and Bottom Water Heavy Oil Reservoir
Author: lilong Xu1

Co-authors: Lei Tao 2; Junjie Zhong 1

1 China university of petroleum (East China)
2 School of Petroleum and Natural Gas Engineering, Changzhou University

Corresponding Authors: lilongxu2020@163.com, 1903848030@qq.com, zhongjunjie@upc.edu.cn

In the development process of edge and bottom water heavy oil reservoir, the existence of edge
and bottom water will affect the production effect of the reservoir. Compared with conventional
oil reservoirs, edge and bottom water heavy oil reservoirs have a series of production problems,
such as short oil production periods without water, rapid rise in water cut, high production cost,
and low economic efficiency, resulting in generally low recovery factor. In this study, the advan-
tages of N2, foam, CO2, and the viscosity reducer were used to give full play to their synergies
through combination, the water control and oil stabilization technology of edge and bottom water
heavy oil reservoir was formed to inhibit the coning of bottom water, reduce the viscosity of the oil,
control the rise of water cut, and achieve the effect of improving the recovery factor. Four water
control and oil stabilization schemes are designed in the paper, and the optimal water control and
oil stabilization huff and puff technology scheme is identified as N2 foam + CO2 viscosity reducer +
N2 through one-dimensional sand-packed tube physical simulation experiments. The results show
that this scheme has the triple mechanism of N2 foam can slow down the coning of bottom water,
CO2 and the viscosity reducer dissolving and energizing, the synergistic viscosity-reducing effect
of deep propulsion, and N2 supplementing the formation energy, which can significantly improve
the oil production, reduce the water production, and inhibit the rise of water cut. The final recovery
factor reached 39.81%, an increase of 16.09 percentage points. The results of this study can provide
a reference basis for the development of mining technology programs for similar blocks of edge and
bottom water heavy oil reservoir after entering the high water cut period.
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The technology of sequestering CO2 in deep shale has shown great potential due to the low per-
meability of shale and the high adsorption of CO2 by organic-rich characteristics. Deep shale is
characterized by high-temperature and high-pressure with a significant hydro-mechanical coupling
effect. The Darcy-Brinkman-Stokes method was integrated with heat transfer equations to simu-
late thermal-hydro-mechanical coupled single-phase steady-state flow, combined with multiphase
flow equations to simulate hydro-mechanical coupled transient flow under high-temperature con-
ditions. This study aims to reveal the effect of temperature difference between CO2 and reservoir,
Reynolds number, and formation pressure on the flow process of CO2 geological storage in deep
shale based on the constructed real core structure consisting of organic pore, organic matter, and
inorganic matter. The results indicate that low-temperature CO2 is conducive to giving full play to
the role of convection heat transfer, improving the CO2 saturation and the swept volume of organic
pores. Reynolds number has a negligible impact on the transition of convective and conduction heat
transfer. At higher Reynolds numbers, CO2 flows extensively and deeply, and CO2 clusters occupy
a higher proportion in organic pores. The Nusselt number is higher, and convective heat transfer
is more dominant under lower confining pressure. Shallower reservoirs are favorable conditions
for adsorption trapping, as their cores are subjected to slightly lower confining pressure, resulting
in higher CO2 saturation in the organic matter and higher sweep rate of organic pores. Our main
finding is that low-temperature CO2, a higher Reynolds number and shallower buried depth favor
carbon sequestration.
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Foam injection can improve sweep efficiency in gas-injection processes to sequester CO2 in, and
to produce hydrocarbons from, porous geological formations (Bellow, 2023, Rossen et al., 2022).
Surfactant-Alternating-Gas (SAG) is the preferred injection method. Liquid injectivity is typically
very poor during the SAG process, which hampers foam effectiveness overall. Conventional simu-
lators do a poor job of assessing injectivity in SAG processes. Here we determine how refining the
simulation grid, and especially the size of the injection-well grid block, alters simulated injection
pressure during liquid and gas injection in SAG.
The impact of foam on the mobilities of gas and liquid is highly nonlinear, with abrupt changes in
mobility upon slight changes in gas saturation in the porespace (graphical abstract, left figure). We
use the widely-employed STARS foam simulator to model injectivity in a SAG process. We examine
the impact of grid refinement on injectivity and well-grid-block pressure. We model a 2D 5×5 grid
of equal-size blocks representing a 100 m × 100 region and three refined-grid cases, in which the
central grid block is partitioned into 9, 25, and 49 equal-size blocks. We compare simulated injection
pressure with that from fractional-flow theory (FFT) (Al Ayesh et al., 2017). In addition, we test the
effect of the Namdar Zanganeh (NZ) correction for foam dry-out and collapse (Namdar Zanganeh
et al., 2014), of neglecting the Peaceman equation and, like Sharma et al. (2017), of disallowing foam
in the injector grid block.
As we refine the central grid, the peak in injection-well pressure decreases, and the peaks in pressure
occur earlier for both liquid and gas injection. For gas injection, incorporating the NZ correction
increases injectivity in both STARS simulations and FFT calculations, but simulations are not able
to match the prediction of FFT. Gas and liquid injectivities increase if one neglects the Peaceman
equation. However, gas and liquid injectivities are underestimated at early times and overestimated
at later times. Neglecting foam in the injection-well grid block greatly overestimates injectivity for
both gas and liquid injection, especially at later times.
The central problem in the simulators is that saturation and mobility are both treated as uniform
in each grid block. Moreover, each grid block experiences saturations that should disappear within
a shock front (arrows in left figure) (Rossen, 2013). In reality, complex fronts propagate outward
from the injection well with time (Al Ayesh et al., 2017; Gong et al., 2019). As a result, the simulator
predicts that injection pressure peaks at values up to 7 times that from FFT (right figure). Surpris-
ingly, however, the average injection pressure over time is substantially lower than that predicted
with FFT. Thus the simulator overestimates the volume injected over time if injection pressure is
fixed. The excessive buildup in pressure, combined with the assumption of uniform saturation in
the grid block, drives water out of the injection grid block during gas injection, and gas out dur-
ing water injection. This leads to an excessive peak in pressure but overestimated injectivity over
time.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

Netherlands

Porous Media & Biology Focused Abstracts:

References:

** Al Ayesh, A. H., et al., “Foam Diversion in Heterogeneous Reservoirs: Effect of Permeability and In-
jection Method,” SPE Journal 22, 1402-1415 (2017) https://doi.org/10.2118/179650-PA ** Bello, A., et al.,
“Foam EOR as an Optimization Technique for Gas EOR: A Comprehensive Review of Laboratory and
Field Implementations,”Energies, 16(2): (2023)972. https://doi.org/10.3390/en16020972 ** Gong, J., et al.,
“Modeling of liquid injectivity in surfactant-alternating-gas foam enhanced oil recovery. SPE Journal,
24(03), 1123-1138 (2019). https://doi.org/10.2118/190435-PA ** Namdar Zanganeh, M., et al., “Challenges
to Adjoint-Based Optimization of a Foam EOR Process. Computational Geosciences 18 (3–4): 563–577

Page 128



InterPore2024 / Book of Abstracts

(2014). https://doi.org/10.1007/s10596-014-9412-4 ** Rossen, W. R., “Numerical Challenges in Foam Sim-
ulation: A Review,” SPE 166232 presented at the SPE Annual Technical Conference and Exhibition held
in New Orleans, Louisiana, USA, 30 September–2 October 2013. https://doi.org/10.2118/166232-MS **
Rossen, W. R., et al., “Potential and Challenges of Foam-Assisted CO2 Sequestration,” SPE paper 209371,
presented at the SPE Improved Oil Recovery Conference, Tulsa, OK, 25-29 April 2022. ** Sharma, M.,
“Numerical modelling study for designing CO2-foam field pilot.”In IOR 2017-19th European Symposium
on Improved Oil Recovery (Vol. 2017, No. 1, pp. 1-15). European Association of Geoscientists & Engi-
neers. https://doi.org/10.3997/2214-4609.201700339

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS10 / 164

Flowfield tomography identifies and quantifies pore opening and
clogging in sandstones
Author: Cornelius Fischer1

Co-authors: Jonas Schabernack 1; Johannes Kulenkampff 1

1 Helmholtz-Zentrum Dresden-Rossendorf

Corresponding Authors: j.kulenkampff@hzdr.de, j.schabernack@hzdr.de, c.fischer@hzdr.de

Fluid-rock interactions drive changes in porosity and permeability. This has important consequences
for the flow field development in the complex porous material and thus controls the evolution of
reactive transport processes. Important applications are in the vast field of reservoir rock alteration,
e.g. by coupled dissolution and precipitation processes. While dissolution processes can cause local
increases in pore space and permeability, they can also lead to pore throat blockage, which can cause
formation damage due to precipitation reactions and particle retention in pore throats. Although
these mechanisms are understood in principle, the direct changes in the flow field they cause are
difficult to observe directly. Using positron emission tomography (PET), we show how flow field
heterogeneities are quantitatively affected by the coupling of dissolution reactions and pore throat
blockage by particles in a long-term experiment.

Specifically, we performed a dissolution experiment focusing on calcite cement in sandstones. While
dissolution is responsible for a local increase in pore space, mobilized iron oxide and sheet silicate
colloids are trapped and cause a local decrease in permeability. Direct comparison of sequences of
PET-derived flow field data reveals a pattern of flow field modification during this experiment. PET
thus becomes a key analytical tool to localize and quantify pore-scale flow field changes, in addition
to recent advances focused on the identification of flow channeling effects of advective flow 1and
on the heterogeneity of diffusive flux in low permeability rocks [2].

1. Pingel, J. L.; Kulenkampff, J.; Jara-Heredia, D.; Stoll, M.; Zhou, W.; Fischer, C.; Schäfer, T., In-situ
flow visualization with Geo-Positron-Emission-Tomography in a granite fracture from Soultz-
sous-Forêts, France. Geothermics 2023, 111, 102705.

2. Bollermann, T.; Yuan, T.; Kulenkampff, J.; Stumpf, T.; Fischer, C., Pore network and solute flux
pattern analysis towards improved predictability of diffusive transport in argillaceous host rocks.
Chemical Geology 2022, 606, 120997.
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Themechanical parameters of reservoir rocks play a crucial role in the evaluation of unconventional
reservoirs. However, due to time and cost constraints, conducting rock mechanics experiments on
all formations is not feasible. Furthermore, conventional testing methods may not accurately char-
acterize and test rocks with complex micro-structures, such as tight sandstones and shales, where
pore-throat connectivity is intricate. Therefore, this study proposes a multi-scale coupled simulation
approach for reservoir rock mechanical parameters. Firstly, digital core models were constructed
through CT scans of four core samples obtained from the Shengli oilfield. The analysis of thin sec-
tion observations, combined with the machine learning approach of random forest, was used to clas-
sify mineral phases in the cores, such as Feldspar, Quartz, Mica, and Calcite. These mineral phases
were well distinguished within the core. Subsequently, crystal lattice models of these minerals were
established at the molecular scale, and mechanical parameter simulations based on molecular mod-
eling were performed. The finite difference method was employed to calculate the stress under
various strain states, resulting in the Young’s modulus and Poisson’s ratio for each mineral compo-
nent. At the core scale, finite element simulation of uniaxial compression tests was conducted using
the mechanical parameters obtained from molecular simulations, to calculate the Young’s modulus
and Poisson’s ratio of the entire core. The model established by this method accurately reflects the
fine structure and heterogeneity of the rocks, thus improving the simulation accuracy and faithfully
representing the mechanical behavior of rocks in experiments. Comparison with actual uniaxial
compression test results indicates an average Young’s modulus error of 2.44 GPa and an average
Poisson’s ratio error of 0.036, demonstrating that this simulation method effectively predicts rock
mechanical properties, reduces the time and cost required for experiments, and retains the majority
of the accuracy of the results obtained.
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The phenomenon of the Stokes–Darcy flow in coupled systems comprising a clear channel and a
complex 3D porous medium is investigated through numerical and theoretical approaches. A quar-
tet structure generation set (QSGS) method is used to generate random complex 3D porous struc-
tures imitating real structures in nature. Pore-scale flow simulations are performed using the Lattice
Boltzmann method, enabling detailed analysis and characterization of the interfacial flow phenom-
ena. Four key parameters with clear physical meanings are introduced to capture essential aspects
of the flow dynamics quantitatively, revealing intriguing linear relationships with the square root
of permeability –a fundamental characteristic length scale dominating the phenomenon. Several ex-
isting models are examined by these parameters. A Brinkman double-layer(BDL) model is proposed
to address the limitations of existing models. Compared with several classic models, the present
BDL model stands out due to its simplicity, accuracy, and robustness, providing a comprehensive
understanding of the complex flow behavior in the coupled system.
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The heterogeneities of shale pore system are expressed in terms of the complex pore-fracture struc-
ture, different pore type and multi-scale pore size. Fluid transport mechanisms in shale nanopore
space notably differ from that in conventional micro-scale porous media. Conventional core-scale
multi-phase flow experiments are not applicable to shale because of the nanoscale pore size and the
realistic multi-component multi-phase fluid flow patterns in shale are still unknown to a large ex-
tent. Therefore it is essential to study the pore-scale fluid transport mechanisms and establish the
corresponding flow simulation method.
This work summarizes our recent study on multi-component multi-phase fluid transport mecha-
nisms in shale by pore network modelling and level-set approach. We first constructed the multi-
scale pore network model based on dual resolution scanning electron microscope images. The pore
network multiphase flow model (PNMFM) in organic pore system is established considering nano-
micro scale gas and water transport mechanisms. PNMFM in dual pore type (organic-inorganic) sys-
tem is further proposed considering the influence of pore type and wettability on gas-water distribu-
tion. We further developed a general pore network-based three-phase thermodynamic equilibrium
and transport model, which enables accurate prediction of multicomponent hydrocarbon−water
transport properties in shale at different temperatures and pressures. Fluid flow in complex fracture
systems near wellbore is influenced by heterogeneous fluid pathway structure, proppant distribution,
and stress-induced fracture aperture change. To deal with this, we developed the physics-driven
level set lattice Boltzmann method -coupled model to study multiphase flow properties in complex
fractures during injected water flowback and proposed the upscaled relative permeability models of
induced fracture network and hydraulic fracture with proppant.
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Translating fracture statistics to global hydraulic properties in subsurface fractured rocks is a com-
plex but appealing task, as measuring parameters such as permeability can be prohibitively expen-
sive. To tackle this challenge, we developed the finite-size scaling (FSS) hypothesis, drawing inspi-
ration from percolation theory in statistical physics. We created numerous Monte Carlo iterations
using our CUDA-based code, cuDFNsys, to simulate flow and transport in discrete fracture networks
(DFNs). We generated a wide range of DFN scenarios with vastly different input parameters to en-
sure generality. We then nondimensionalized the obtained connectivity, permeability, (asymptotic)
dispersion coefficients, density of fractures, domain sizes, and so on. By analyzing the dimension-
less quantities, we found that the FSS hypothesis can predict connectivity, permeability, and dis-
persion as an invariant function of dimensionless density and domain sizes with several universal
critical quantities. Furthermore, the FSS function can identify the transition point of dimensionless
density, where permeability remains constant regardless of domain sizes. Around this point, the
scale-dependence of permeability changes from negative to positive. Our findings provide a strong
theoretical foundation for understanding the relationship between fracture attributes and field-scale
hydraulic properties. This research inspires further investigation into applying the FSS function at
the field scale, which will improve the information that earth scientists can obtain from fracture
statistics
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Hydraulic fracturing, involving the injection of highly pressurized liquid into a well to break up
bedrock formations, is a widely employed method for stimulating unconventional reservoirs, such
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as shale oil, shale gas, and enhanced geothermal systems (Gandossi & Von Estorff, 2013). Natural
fractures play a crucial role in shaping stimulated reservoir volume and significantly impacting sub-
surface liquid production. Due to the scarcity of details on natural fractures, most research primarily
focuses on regularly distributed fractures and their influence on the hydraulic fracturing process.
However, these regular patterns differ significantly from actual fracture systems.

This study employs a lattice Boltzmann-discrete element method (LBM-DEM) (Galindo-Torres, 2013)
to simulate the hydromechanical behavior during hydraulic fracturing (Chen &Wang, 2017, Chen et
al., 2020). Additionally, we delve into the intricacies of natural fracture systems through the discrete
fracture network method, incorporating these fractures into the LBM-DEM scheme. We consider
two key geometrical parameters of discrete fracture networks: mean orientation and position clus-
tering. Natural fractures are mimicked by adjusting the relative bond strength between particles.
From the previous study (Zhu et al., 2023), we found that the heterogeneity of fracture strengths,
injection rate, and viscosity is essential for the fracture initiation and propagation process. There-
fore, in this work, we also consider different degrees of heterogeneity and injection rates under low
viscosity conditions. A Taguchi design is adopted to perform orthogonal numerical tests to reduce
computation time.

Preliminary observations yield several conclusions: i. Heterogeneity of bond strengths profoundly
influences fracture formation and the complexity of resulting fracture systems, specifically their
intensity. Extremely low bonding strength can lead to many local fractures disconnected from the
primary hydraulic fracture, which, however, cannot contribute equally to production compared to
the primary hydraulic fracture initiated from the perforation. ii. Higher injection rates, coupled
with low viscosity, intensify fluid leakage, potentially generating extensive local fracture clusters.
iii. Connectivity of hydraulic fractures increases with their propagation, positively correlating with
production rates. However, production rates are more closely tied to the total area of the primary
fracture cluster. iv. In the studied cases, the geometries of fractures exhibit weak correlations with
connectivity and final production rates. The clustering effect tends to enhance the connectivity of
formed fracture networks and, subsequently, the final production rate.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Gandossi, L. and Von Estorff, U., 2013. An overview of hydraulic fracturing and other formation stim-
ulation technologies for shale gas production. Eur. Commisison Jt. Res. Cent. Tech. Reports, 26347.
Galindo-Torres, S.A., 2013. A coupled Discrete Element Lattice Boltzmann Method for the simulation
of fluid–solid interaction with particles of general shapes. Computer Methods in Applied Mechanics
and Engineering, 265, pp.107-119. Chen, Z. and Wang, M., 2017. Pore‐scale modeling of hydromechani-
cal coupled mechanics in hydrofracturing process. Journal of Geophysical Research: Solid Earth, 122(5),
pp.3410-3429. Chen, Z., Elsworth, D. and Wang, M., 2020. Does low‐viscosity fracturing fluid always
create complex fractures?. Journal of Geophysical Research: Solid Earth, 125(9), p.e2020JB020332. Zhu,
W., Chen, Z., Tian, Z. and Wang, M., 2023. Numerical Investigation of Influential Factors in Hydraulic
Fracturing Processes Using Coupled Discrete Element-Lattice Boltzmann Method. Journal of Geophysi-
cal Research: Solid Earth, 128, e2023JB027292

Conference Proceedings:

I am not interested in having my paper published in the proceedings

Poster / 171

Page 134



InterPore2024 / Book of Abstracts

Pore-scale Study of the Influence of Pore Heterogeneity on Non-
miscible CO2 Displacing Oil
Authors: Minfeng Li1; Shuyang Liu1; Yingshuo Wan2; Hangyu Li1

1 China University of Petroleum (East China)
2 Development Division, PetroChina Southwest Oil & Gas Field Company

CorrespondingAuthors: 1285433790@qq.com, lihangyu@upc.edu.cn, shuyang_liu@126.com, 1582182876@qq.com

CO2 Enhanced Oil Recovery (CO2-EOR) is a green and promising technology that not only improves
crude oil recovery but also reduces carbon emissions. The micro-pore structure of porous reservoirs
significantly influences the effectiveness of CO2-EOR, making research in this area crucial. This
study aims at the influence of pore heterogeneity on the non-miscible CO2 displacement and em-
ploys a coupled approach utilizing the N-S equations and phase-fieldmethod to numerically simulate
the microscale two-phase flow of CO2-oil displacement within porous media. The impact of pore
heterogeneity on the shape and stability of the CO2-oil displacement front, residual oil types, and
spatial distribution are investigated under different capillary numbers. The study elucidates the
mechanisms through which heterogeneity affects the non-miscible displacement process of CO2.
The results indicate that, under conditions of neutral wettability (θ=π/2) and low capillary numbers
(logCa=-6.253), the increased pore heterogeneity in porous media leads to a more unstable displace-
ment front. The overall recovery increases with an increase in capillary numbers in the model with
weak heterogeneity (σ=0.004). However, the presence of dominant channels leads to a decrease in
the oil recovery with the increasing capillary numbers in the models with stronger heterogeneity
(σ=0.008 and σ=0.012). With the pore heterogeneity increasing, the influence of capillary numbers
on the displacement front, the quantity and spatial distribution of various residual oils, and break-
through time become less pronounced. This research provides valuable insights into themechanisms
governing the impact of pore heterogeneity on the non-miscible displacement process of CO2-oil un-
der different wettability and capillary number conditions for CO2-EOR.
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In the pressure unstable well testing of the reservoir with obvious temperature change, because the
existence of pore fluid seepage and rock mass temperature difference is accompanied by obvious
heat transfer, the seepage field and temperature field are coupled and not independent of each other.
At this time, the interpretation method of isothermal well testing is obviously not accurate. In order
to solve the above problems, combined with the principles of porous media percolation mechanics
and heat transfer, and considering the coupling influence of reservoir thermodynamic parameters
on seepage field, a fluid-thermal coupling well test model is established. Through the multi-physical
field coupling simulation and well test research of the actual non-isothermal reservoir by COMSOL
Multiphysics software, the typical well test curve of fluid-thermal coupling is drawn, and the curve
characteristic analysis and parameter sensitivity analysis of the typical well test curve are carried out.
The analysis of typical convection-thermal coupling well test curves shows that the thermodynamic
parameters of core pores and reservoir fluid have a certain influence on the performance of bottom
hole pressure. The research results can provide theoretical guidance for non-isothermal well testing.
Keywords：heat flow coupling；energy conservation；well test；heat conductivity coefficient
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Swelling potential has long been used as a terminology to quantitatively describe the expansibility
of soil. It encompasses multiple definitions such as the swelling pressure under specific strain con-
straints or the free swelling strain without confining stress. However, although these definitions are
of great significance to engineering practice, they do not directly represent the physical nature of
soil expansion. Resistance to mineral swelling occurs due to Van der Waals and Coulomb forces be-
tween crystal layers. The water adsorption ability within the interlayer space of expansive minerals
can overcome this resistance by enabling water molecules to enter the interlayer space, resulting in
macroscopic soil expansion. The interlayer hydration of expansive minerals serves as the intrinsic
reason for soil swelling. Therefore, the authors propose utilizing the energy available for swelling
of the interlayer space under a specific humidity as the soil swelling potential. To experimentally
determine the proposed swelling potential, a framework based on the soil water isotherm (SWI),
which establishes the constitutive relation between relative humidity and water content, was devel-
oped. SWI not only represents the energy state of soil water but also captures the interlayer water
content change of expansive soil during wetting and drying through its hysteresis at low humidity.
By leveraging the existing SWI model, which determines interlayer water content, and the method
of calculating the water adsorption ability of soil (referred to as soil sorptive potential, SSP) using
SWI, the authors can quantify the proposed soil swelling potential under any humidity. Several
verifications were conducted to validate the proposed swelling potential. Firstly, the SWI of mont-
morillonite was generated using molecular simulation, combined with basal spacing measurements
obtained from XRD tests under varying humidity. The interlayer water content and system energy
change from the molecular simulation were analyzed to understand the volume change of mineral
during wetting and drying. The energy change of soil-water system under humidity variations was
used to verify the theoretical soundness of the established swelling potential framework. Secondly,
the measured SWIs of different soil samples were utilized to calculate the swelling potential of these
soils, thereby confirming the practical feasibility of the proposed framework. Finally, to facilitate
comparison with existing indicators for identifying expansive soils, the energy used for crystal layer
expansion during the water adsorption process, which can also be calculated using the proposed
framework, was defined as the swelling potential index. This index exhibited superior performance
in identifying expansive soils compared to other indicators of soil swelling ability. This study offers a
novel perspective on the study of expansive soils and establishes a scientific basis for understanding
the engineering behaviors of expansive soil under varying humidity environments.
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The global progress with the energy transition from fossil fuels to renewable energy has boosted the
demand for metals. Copper, amongst all metal resources, is regarded as an essential raw material
in producing the conduit to reduce the energy needed during electricity production. Most of the
low-grade copper is recovered from heap leaching, which is a well-established hydrometallurgical
method.
However, a low recovery remains a significant challenge of this method. This poor leaching per-
formance is caused by the variation of the leaching kinetics driven by not only the leaching fluid
transport at the particle scale but also the mass transport at the grain scale. Previous studies have
implemented a collection of numerical and experimental methods to investigate the leaching perfor-
mance under a variety of scales and leaching conditions but rarely investigated the process using a
multiscale approach.
Herein, we implemented a fundametal study the flow behaviour in a dual porosity system, which is
by visualising the fluid transport andmeasuring the liquid contents under the particle and grain scale.
A series of leaching experiments is conducted using water with packed glass beads and chalcopyrite
beads. We image the column in regular periods under Micro Computed Tomography (Micro-CT)
imaging over several days of the leaching period. We label and track mineral grains from high-
resolution images and monitor the alternation of the mineral size and porous media structure. Our
study shows the impact of dual porosity systems on flow patterns and the performance of leaching
on mineral grain within different particles. Our results highlight the importance of multiscale sim-
ulation for the design and optimisation of heap leaching.
Keywords: Heap leaching, dual-porosity, Micro-CT, column test
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Foam improves sweep efficiency in gas-injection processes to sequester CO2 in, and to produce
hydrocarbons from, porous geological formations (Bellow, 2023, Rossen et al., 2022). Gas trapping
plays a key role in foam’s ability to reduce gas mobility in porous media. We describe a study of gas
trapping and diffusion in a sandstone core using nitrogen (N2) foam and krypton (Kr) as a gas-phase
tracer.
Surfactant solution and nitrogen were injected, with gas fraction 0.6, superficial velocity 2 ft/day
(3.5 x 10-6 m/s), into a 17-cm-long, 4-cm-wide Berea core oriented horizontally in a CT scanner. At
steady-state, foam apparent viscosity was 0.4 Pa s (400 cp), and gas saturation was uniform across the
core cross-section. Then injection continued with 0.6 gas fraction, but with half the N2 replaced by
Kr gas. Krypton can be distinguished in the CT scanner fromN2 at the pressure of these experiments
(4 MPa). Kr can therefore serve as a tracer in high-pressure foam-flow experiments in cores in place
of the more-expensive xenon used by Nguyen et al. (2009). With image filters, it was possible to
determine Kr fraction in the gas from the image with a resolution of about 2 mm.
CT images show that the advance of Kr was almost entirely in a thin zone at the top of the horizontal
core, with trapped, immobile foam below. (See graphical abstract, where Kr is shown in red.) This is
likely the result of segregation of gas and surfactant solution in the core endplate. Similar, though
less-severe, segregation originating in the endplate was observed in the foam CT experiments in Kil
et al. (2011). Slowly Kr diffused down from the flowing foam at the top of the core, in a similar
fashion to diffusion of gas through trapped foam in the coreflood experiments in Kil et al. Our
resolution was not sufficient to resolve individual flowing-gas paths in our experiments as in Kil et
al., however. A model fit to the CT data indicates that flowing fraction of gas in the core was roughly
0.06, and the Kr diffusion coefficient through trapped gas was 3 to 4 x 10-8 m2/s.
In addition to measuring the flowing gas fraction and diffusion rate of gas through trapped foam,
these results highlight the usefulness of Kr as a possible gas-phase tracer in high-pressure foam
experiments in porous media. They also highlight the need to account for possible nonuniform
injection from the core endplate in multiphase displacements in core samples.
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In this study, we introduce amulti-scale Pore NetworkModel (PNM) that uniquely integrates reactor-
scale and particle-scale transport phenomena. We employ a 3D reactor-scale PNM, that is extracted
from 3D structural images of a packed column with spherical particles, obtained by Magnetic Reso-
nance Imaging (MRI). Hydrodynamic analysis of the reactor-scale PNM provides valuable insights
into the flow behavior within the reactor, crucial for modeling species dispersion. Calibration of the
reactor-scale PNM is performed using Particle-Resolved CFD (PR-CFD) 1 and validated by compar-
ing the flow field from PNM to the one obtained from MRI [2]. To address particle-scale transport
phenomena, we employ a 3D particle-scale PNM to simulate species diffusion and reaction within
a spherical porous catalyst particle. This particle-scale PNM is reconstructed from the complex 3D
pore space of a porous spherical catalyst particle, which is modeled as densely packed with numer-
ous smaller spheres. The developed particle-scale PNM facilitates the application of realistic 3D
boundary conditions on the catalyst particle’s surface [3].

Thiswork introduces an innovativemethodology for coupling the reactor-scale PNMwith the particle-
scale PNM through the incorporation of surface fragments. The construction of these surface frag-
ments involves applying a particle detection algorithm to structural images obtained from MRI,
pinpointing the positions of spherical particles. Subsequently, each individual particle’s surface
is partitioned into numerous surface fragments along both azimuthal and zenithal directions. In
a prior study, this specific definition of surface fragments was employed to characterize local par-
ticle wetting using MRI images of a two-phase gas-liquid flow in a trickle bed [4]. In the current
research, however, this detailed partitioning facilitates the precise localization of these surface frag-
ments within the reactor-scale volume element map, obtained from pore network extraction. So,
surface fragments of the catalyst particles can be assigned to pore bodies of the reactor scale PNM.
This enables the seamless coupling of reactor-scale and particle-scale PNMs.

The multi-scale PNM developed in this study offers a computationally very efficient model, capable
of swiftly generating local partially-resolved results for catalytic packed bed reactors within minutes.
To validate the model, the axial concentration profile from the multi-scale PNM is compared with
that from a 1D heterogeneous plug flow model for a packed bed reactor. This innovative multi-scale
PNM lays the groundwork for comprehensive pore network modeling of real packed bed reactors,
where a complex interplay of hydrodynamics, reactions, and mass and heat transport phenomena
occurs.
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The intermittency in energy supply and demand from renewable resources, which is often caused
by seasonal variations, necessitates the development of long-term energy storage solutions. One
promising approach is Underground Hydrogen Storage (UHS), a scheme in which hydrogen is strate-
gically stored in subsurface formations to maintain market equilibrium. Depleted oil and gas reser-
voirs and saline aquifers present an attractive option for UHS. The appeal of these reservoirs lies
in their existing infrastructure and the presence of subsurface traps, which are essential for sealing
reservoir fluids. To fully leverage these reservoirs for UHS, it’s crucial to understand the wettability
and interfacial tension (IFT) of the gas, brine, and rock systems. These properties play a signifi-
cant role in determining capillary pressure, fluid migration, and drainage in porous media. We used
molecular dynamics simulations to study the impact of temperature (300 and 323 K) and pressure
(5, 10, 15, and 20 MPa) on the IFT between hydrogen and formation brine. We also investigated
the effects of two carrier gases, methane and carbon dioxide, on the system. Our findings revealed
that the IFT of pure hydrogen/brine did not change significantly (less than 1 mN/m) with pressure.
However, the addition of methane and carbon dioxide to the system lowered the IFT, with carbon
dioxide having a more pronounced impact. In addition to IFT, we studied the contact angle between
a gas phase (comprising hydrogen and its mixtures with methane and carbon dioxide), the brine and
rock (calcite and silica) at a pressure of 20 MPa and a temperature of 300 K. With the exception of the
H2-CO2/brine/silica, all systems exhibited complete water-wetting with a zero-contact angle. The
exception can be attributed to the complete protonation of silanol groups, which is caused by the
dissolution and hydration of CO2 to form carbonic acid, resulting in a low pH of 3. This research
contributes to our understanding of UHS and provides valuable insights that could aid in the opti-
mization of energy storage strategies. It underscores the importance of considering the effects of
temperature, pressure, and carrier gases on the IFT and wettability of the system, which are critical
for the efficient storage and retrieval of hydrogen in subsurface formations.
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Microfluidic devices allow direct observation of interfacial phenomena andmultiphase flow in porous
media. However, they have difficulty representing steady multiphase flow without fluctuating oc-
cupancy of locations in the network. The ability of two phases to form steady, intertwined flow
pathways is an essential property of 3D pore networks (Sahimi, 1994; King and Masihi, 2019); fluc-
tuating pore occupancy occurs at elevated capillary number (Gao et al., 2020). A two-dimensional
network can represent this only if the flow paths of the two phases cross at some locations in the
network (Fisher, 1961). Crossing is possible in a microfluidic network if wetting phase can form a
bridge across the top and bottom of a gap between grains at a pore throat while nonwetting phase
flows through the throat, as illustrated in the graphical abstract, left figure.
We review conditions for existence of quasi-static flow pathways in conventionalmicrofluidic geome-
tries. We examine whether paths can cross in several different throat geometries (Cox et al., 2023)
using the Surface Evolver software (Brakke, 1992). For relatively long straight or curved throats, the
most common geometry in microfluidic networks used to study flow in geological formations (see
graphical abstract, center and right figures), the capillary pressure for bridging is the same as that
for snap-off. As a result, phases displace each other in turn in the network, even at the very lowest
capillary number.
Concave throats, as between cylindrical barriers, can support bridges over a substantial range of
capillary pressure. The range of capillary pressures at which bridging is stable increases as throats
become more strongly concave (i.e., pillar radius decreases) and for narrower throats. Steady two-
phase flow would be possible in networks of pores with throats of this geometry.
For networks of this geometry, we estimate the range of fractional flows of wetting and nonwetting
phase that could be sustained (Obbens, 2022). To get past pore bodies occupied with nonwetting
phase, wetting phase is restricted to the corners at the top and bottom of the pillars, shown in the
graphical abstract, left figure. We input flow geometries determined by the Surface Evolver into
the COMSOL numerical flow solver to estimate relative permeabilities of both phases for a given
network realization. We choose assumptions that favor the flow of the wetting phase: for instance,
penetration of the nonwetting phase just to the point where it connects across the network. The
results show that the relative permeability of the wetting phase is roughly 1/10 of that of the non-
wetting phase. Given the assumptions made, this is a generous estimate. If viscosities of the two
phases were roughly equal, the maximum fractional flow of wetting phase would be 0.1. For gas-
water studies, where the viscosity ratio can be 50:1, the maximum fractional flow of water would
be 0.2%. Imposing a fractional flow above this would guarantee fluctuating pore occupancy in the
network.
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The lifetime of a geothermal doublet depends on the time it takes reinjected cold water to reach
the hot production well. The spreading of the thermal front as it advances through the reservoir
is therefore key to the lifetime of the project. Simulation of thermal dispersion in a heterogeneous
reservoir is challenging. Refinement of the grid to incorporate all scales of heterogeneity is imprac-
tical. Conventional models take the arithmetic average of properties within an upscaled grid block.
This causes underestimation of thermal dispersion in the flow direction.
We have developed an upscaling method that accounts for the increased “Taylor”dispersion that re-
sults from nonuniform velocities, reflecting permeability variation, within a grid block (Tang, 2022).
With this method, for instance, we upscale a geothermal reservoir description with 91 layers, rep-
resenting permeability values from a well log, to 12 layers (figures a and b in graphical abstract),
with corrected thermal dispersion coefficients (figures c and d). The upscaled simulation model has
increased thermal dispersivity in the flow direction.
In this study we examine the combined effects of improved upscaling and numerical dispersion (van
Nieuwkerk, 2022) using the DARTS simulator (Khait, 2019). We use a 2D rectangular “layer-cake”
model of 91 layers reflecting the permeability distribution at the well, with parallel flow to elimi-
nate numerical dispersion from diagonal flow between grid blocks. We compare results of upscaled
models to the original 91-layer description with sufficient grid resolution in the flow direction to
minimize numerical dispersion overall. We examine the advance of cold water from one well to the
other and, in particular, the arrival of the cold-temperature front at the production well. For simplic-
ity, in this study we exclude heat transfer with over- and unburden to focus on dispersion within
the reservoir.
With sufficient grid resolution in the flow direction, the corrected upscaling method gives a better
fit to the 91-layer fine-grid model than simple arithmetic averaging within grid blocks. Upscaling in
multiple stages using the new method appears to further increase thermal dispersivity by a modest
amount. Arithmetic upscaling underestimates thermal dispersion.
However, coarser grid refinement (50 grid blocks between wells) increases the spread of the thermal
front for both upscaling methods. As a result, combined with numerical dispersion, the arithmetic
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upscaling method gave a better fit in that case than the corrected upscaling. With 25 grid blocks be-
tween wells, numerical dispersion greatly distorts the results of both upscaling methods, spreading
the thermal front much more than in the fine-grid 91-layer simulation.
These results show the complexity of predicting the breakthrough time of the cold-water front in a
geothermal doublet. Current simulators do not account for increased dispersion arising from hetero-
geneity within grid blocks, but numerical dispersion greatly distorts results. Higher-order numerical
methods designed to correct for numerical dispersion may help. Furthermore, if the simulator as-
signs the thermal conductivity automatically based on average fluid and formation properties within
a grid block, it may be difficult to adjust the thermal dispersivity for Taylor dispersion.
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The field of geotechnology has seen growing interest in microbiologically induced calcium carbon-
ate precipitation (MICP) as a sustainable and ecological alternative to traditional methods of mineral
consolidation like cement. Themost commonly usedmethod ofMICP is ureolysis, duringwhich urea
is degraded into ammonium and carbonate ions. In the presence of calcium ions and an alkaline en-
vironment the carbonate ions are precipitated as calcium carbonate. The calcium carbonate can form
bri dges between particles and thereby act as binder for the particles. To achieve high compressive
strengths of consolidated samples, multiple cycles of treatment with cell suspension and calcination
solution (urea, calcium salts) are required. To optimize the efficiency of this process, research on
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the rate and kinetics of MICP has been conducted, including studies on the effects of cell concentra-
tion as well as urea and calcium concentration. However, previous research has primarily focused
on low concentrations of calcium ions and cells. This study aims to gain a better understanding of
MICP efficiency by investigating MICP at calcium and urea concentrations up to 2500 mM, and cell
concentrations with an OD600 up to 10, which are more representative of conditions used in the pro-
duction of biocement. It could be shown that the presence of calcium ions inhibits the reaction speed
of ureolysis and that calcium ion concentrations above between 2000 mM and 2250 mM, depending
on the cell density, lead to a complete stop of calcium carbonate precipitation. A low pH injection
methodology for MICP application has gained interest in literature as an application methodology
that can achieve higher homogeneity due to delaying the initial precipitation. Therefore, the influ-
ence of initial pH value on the reaction speed of ureolysis was also investigated. While at a pH
value of 2 and low cell densities (OD600 1) the efficiency of MICP drops to about 60 %. At higher cell
densities no impact on the efficiency of MICP could be observed, most likely due to the fast rise of
pH due to ureolytic activity. It appears that for higher cell densities low pH injection of cell suspen-
sion and calcination solution this methodology is not suitable. On the basis of these findings, silica
sands with different particle size distributions were treated with various injection techniques under
optimal conditions based on previous experiments. The treated samples were then analyzed using
micro computed tomography to determine contact points between particles and pore space volume
during the MICP treatment. The results were compared with unconfined compressive strength and
water permeability of the samples to find correlations between these parameters. These insights
could be used to further study if reducing the duration between cycles would have any impact on
the samples’ compressive strength and homogeneity.
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Liquid particles within three-dimensional periodic scaffolds play a crucial role in various natural
and engineering applications, for example, cellular arrays composing living tissue, 3-D materials
that mimic tissue with an unprecedented level of control, and innovative liquid-infused materials
designed for carbon capture. Although it has been known that fluid interfacial energy during multi-
phase displacement can drive the emergence of 3-D periodic liquid particles in micropillar scaffolds,
the underlying microscale physics and the macroscopic formations of liquid particles in scaffolds re-
main unclear. Here we establish trapping criteria for the formation of liquid particles in micropillar
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scaffolds based on the evolution of fluid-fluid interfacial curvature during multiphase displacement,
considering four key parameters (pillar size α, contact angle θ, capillary number Ca, and viscosity ra-
tioM).The fundamental trapping criteria are theoretically derived in α-θ space under a viscous stable
state andmainmeniscus-dominated flow, where critical α distinguishes trappingmode and complete
displacement, and critical θ further distinguishes between diamond-like and spherical particles in
the trapping mode. However, the critical pillar size α for trapping mode or completed displacement
can be further affected by viscous instability under lower viscosity ratio M and inter-pillar interface-
dominated flow under lower capillary number Ca. These criteria are validated through numerical
CFD simulations and confirmed by microfluidic experiments. These results indicate the conditions
for trapping 3-D periodic liquid particles in micropillar scaffolds, offering insights that extend and
clarify prior literature. The derived criteria provide valuable guidelines for the design of micropillar
scaffolds and for the emergence of 3-D periodic liquid particles in micropillar scaffolds under various
conditions by controlling multiphase displacement processes.
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It is widely known that the motion of a gas at a low Mach number can be approximated as an incom-
pressible flow at the leading order in a small Mach number expansion of the full solution (Anderson
1995; Panton 2013). However, it has been shown recently that such an incompressible approxima-
tion becomes invalid for a semi-sealed system with no inlets and no boundary movements. Studies
based on linearized compressible Navier-Stokes equations for such a system made of small capillary
tubes have revealed some counter intuitive flow characteristics such as no-slip flow with a slip-like
mass flow rate (Chen and Shen 2018a, b; Shen and Chen 2019a, b; Shen and Chen 2020). In this work,
we extend these works to a semi-sealed porous system which has applications to microfluidics and
primary production from a tight gas reservoir.

Based on the compressible N-S equations and the theory of Klainerman and Majda (1982) for low
Mach number flow, Jin and Chen (2019) has shown that at the pore-scale, the flow of the gas obeys a
damped wave equation. Applying multi-scale analysis and volume averaging upscaling to the pore
scale equation, Jin and Chen (2019) obtained a self-diffusion equation at the macroscopic scale in
the limit of infinitesimal pore size. To account for small but not infinitesimally small pores, the
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effective macroscopic diffusion coefficient must be modified to consider the effect of wave-mediated
diffusion. We first perform pore-scale numerical simulations of drainage flow from a porous plug
using the damped wave equation. The mass flow rate from this simulation is then matched to the
one computed from the macroscopic diffusion equation with an adjustable diffusion coefficient. The
diffusion coefficient that provides such a match in the mass flow rate is then the effective diffusion
coefficient.

A large number of pore scale simulations are performed for various pore structures. We study slow
viscous drainage flow of a viscous compressible gas from a semi-sealed porous plug to a large vessel.
The semi-sealed porous plug has a length of , height of ; and the vessel has a height of and extends to
infinity downstream. We then use the homogenized medium shown in Figure 1 and the macroscopic
diffusion equation with various effective diffusion coefficients to compute mass production rate from
the plug. From the simulation results, it is found that the larger the porous plug length and its
porosity, the larger the effective diffusion coefficient. The larger the expansion ratio, the smaller the
effective diffusion coefficient. An empirical correlation of the effective diffusion coefficient is then
established for applications to larger physical size. The proposed wave-mediated effective diffusion
model as well as Darcy’s law are both used to perform historic match with the data from laboratory
experiments. The comparison shows that thewave-mediated effective diffusionmodel provides good
agreement with experiments whilst Darcy’s law severely underestimates the flow rate.

The proposed wave-mediated diffusion model is promising for applications for primary production
from tight gas reservoirs. Testing of this model with field data is currently underway.
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Reversing capillary trapping of nonaqueous fluid from dead-end
structures bynanoparticle suspension and their self-adaptive con-
trol in complex porous media
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We report an anomalous capillary phenomenon that reverses typical capillary trapping via nanopar-
ticle suspension and leads to a counterintuitive release of nonaqueous fluid from dead-end struc-
tures under weakly hydrophilic conditions. Fluid interfacial energy drives the trapped liquid out
by hierarchical surfaces: the nanometric roughness formed by nanoparticle adsorption transfers the
molecular-level adsorption film to hydrodynamic film by capillary condensation andmaintains its ro-
bust connectivity, then the capillary pressure gradient in the dead-end micrometric structures drives
trapped fluid motion out of the pore continuously. The developed mathematical models agree well
with measured evolution dynamics of released fluid. This reversing capillary trapping phenomenon
via nanoparticle suspensionmay be a general event in a randomporousmedia and could dramatically
increases displacement efficiency. Our findings have implications for manipulating capillary pres-
sure gradient direction via nanoparticle suspensions to trap or release the trapped fluid from complex
geometries, especially for site-specific delivery, self-cleaning, or self-recover systems.
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1. OBJECTIVE/SCOPE
Geologic CO2 sequestration (GCS) has been considered as a promising engineering measure to
reduce global greenhouse emission. Real-time monitoring of CO2 leakage is an essential aspect
of large-scale GCS deployment. This work introduces a deep-learning-based algorithm using a
hybrid neural network for detecting CO2 leakage based on bottom-hole pressure measurements.
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2. METHODS, PROCEDURES, PROCESS
The hybrid neural network, called CNN-BiLSTM, leverages the strengths of convolutional neural
network (CNN) and bidirectional long short-term memory (BiLSTM), in which CNN is used for
spatial feature extraction and BiLSTM is applied for temporal dependency recognition. The CNN-
BiLSTM enables us to build a spatial-temporal-based image-to-value regression model to learn
the nonlinear mapping between high-dimensional input data (e.g., permeability, porosity, injec-
tion rate) and predicted bottom-hole pressure as output. The proposed workflow incorporates
the generation of train-validation samples, the coupling process of training-validating, and the
model evaluation. In this work, the diffusivity equation for pressure is solved within the CMG
framework used to generate datasets under no-leakage conditions. A Bayesian optimization pro-
cess is performed to optimize the network architecture, model hyperparameters, and the ratio of
train to validation samples.

3. RESULTS, OBSERVATIONS, CONCLUSIONS
We test the CNN-BiLSTM performance on the bottom-hole pressure data collected fromCO2 leak-
age simulations. Results show that the CNN-BiLSTM model can successfully detect CO2 leakage
events by comparing the difference between the predicted (no leakage) and tested bottom-hole
pressures. We further compare its superiority with CNN, LSTM, BiLSTM, and CNN-LSTM. Our
proposed model achieves the highest accuracy with the same datasets. The CNN-BiLSTM out-
performs other models owing to 1) its capacity to process image-based input, which could ac-
curately capture input formation, especially cases with highly heterogeneous permeability; 2)
its bidirectional ability to capture time-series dependency. Other models, like LSTM and BiL-
STM, take value-based input, which is insufficient to describe the input information in highly
heterogeneous cases. In contrast, CNN model suffers from capturing the temporal dependency
features. Because of the bidirectional feature, CNN-BiLSTM shows higher accuracy, even 10%
when applied to a small number of datasets, than the CNN-LSTM model.

4. NOVEL/ADDITIVE INFORMATION
We propose a hybrid neural network featuring Bayesian optimization for CO2 leakage detection.
We demonstrate its applicability in terms of accuracy and robustness with other models. The
proposed workflow can be implemented in commercial-scale GCS for real-time monitoring ap-
plications.
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Numerical simulation of hydro-mechanical coupling in shale gas
reservoirs based on coner-point grids
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The flowmechanism of shale gas reservoir is complex including viscous flow, adsorption-desorption,
and Kundsen diffusion, etc. The shale reservoir is usually developed by hydraulic fracturing which
produces large-scale fractures. The porosity and permeability of the fractures are greatly affected by
the geostress, so that the influence of the hydro-mechanical coupling effect needs to be taken into
account in the numerical simulation. The reservoir geological model is usually described by corner-
point grids and due to the existence of mismatched nodes in the corner-grid and complex geological
structure which makes the numerical simulation of the hydro-mechanical coupling in the corner-
point grids not be solved effectively. In this paper, based on coner-point grids, an effective hydro-
mechanical coupling numerical simulation method for fractured shale gas reservoirs is proposed,
in which the flow equations and elastic equations are discreted by the finite volume method and
the virtual element method respectively, the fracture is characterized by embedded discrete fracture
model and fixed-stress splitting algorithm is used to solve the flow and stress equations itetatively.
The correctness of this method is verified and the effects of different parameters on gas production
in fractured shale gas reservoirs are analyzed and the applicability of this method is further verified
by historical fitting of actual production data.
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1. OBJECTIVE/SCOPE
Hydraulic properties of fractures (including natural and hydraulic) in shale are essential parame-
ters for the modeling of fluid flow in shale reservoirs. Traditional static- and flow-based methods
used to estimate the shale fracture permeability suffer from low accuracy and high computa-
tion cost, respectively. Experimental measurements are even more time-consuming. This work
presents a data-driven model based on machine learning as an alternative to traditional methods.
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2. METHODS, PROCEDURES, PROCESS
The objective of this study is to develop a data-driven surrogate-model for estimating shale frac-
ture permeability, with the consideration of geometric fracture properties (e.g., mean aperture,
minimum aperture, roughness, tortuosity, contact area, etc.) and other flow parameters (e.g.,
Reynolds number, Klinkenberg constant). The workflow for the development of the data-driven
model, as shown in Figure 1, includes four main steps. Step 1: Identify uncertain parameters
and perform Latin Hypercube Sampling (LHS). We first identify the uncertain parameters which
affect the shale fracture permeability. We then generate ns training samples using LHS based
on the identified uncertain parameters. Step 2: Perform training simulations. In this step, high-
resolution simulations with parallel computing for the Navier-Stokes equations (NSEs) are run
for each of the ns training samples. Step 3: Construct an optimized data-driven surrogate model.
A data-driven model is then built to model the nonlinear mapping between the input and output
parameters based on results collected from Step 2. Herein, four popular and powerful machine-
learning techniques, including Multivariate Adaptive Regression Splines (MARS), Support Vector
Regression (SVR), Random Forests (RF), and Artificial Neural Network (ANN), are implemented
to select the most suitable algorithm. Step 4: Validate the proposed data-driven model. In this
step, we first conduct blind validation on the proposed model with high-fidelity simulations and
further test it with experimental measurements.

3. RESULTS, OBSERVATIONS, CONCLUSIONS
We demonstrate the developed surrogate model with hundreds of fracture cases with a broad
range of roughness, tortuosity, and contact area. We further extend its applicability by incor-
porating the inertial and gas slippage effects, which are quantified by Reynolds number and
Klinkenberg constant, respectively. We then compare its performance in terms of accuracy and
efficiency to the reference solutions (i.e., NSEs simulations and experimental measurements) and
other seven traditional models from the literature. Results show that the developed data-driven
model shows the best accuracy among the selected models. Specifically speaking, the proposed
model offers
more computational efficiency than the flow-based models by two-orders of magnitude and pro-
vides more accurate results than the analytical-based models yet with the same level of efficiency.
For the tested cases, the relative error of the proposed model ranges from -12 % to 10 %, with an
essential normal distribution crossing the zero line and most points located within the range
of -10% to 10%. Other traditional analytical- and flow-based models, however, show one-side
distribution with most points either above or below the zero line, as shown in Figure 2.
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Spontaneous imbibition in dual permeable media using dynamic
pore network model
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Understanding preferential flow in porous media holds substantial theoretical significance on the de-
sign and optimization of hydrocarbon exploitation in shale reservoir. Previous researches discussed
the competition of imbibition front in layered porous media while the underlining mechanism for
interfacial dynamics and induced displacement efficiency of multiphase flow remains ambiguous. In
this paper, we investigate the spontaneous imbibition in dual permeable media and analyze the flux
exchange between the neighboring porous zones with permeability contrast using dynamic pore
network model. The impact of fluid viscosity ratio and permeability contrast on the spontaneous
imbibition preference have been addressed, and finally a phase diagram for displacement efficiency
has been obtained. The results revealed that the dual permeable structure enhanced the invasion
rate of wetting fluid in the low-permeable zone and induced unstable displacement patterns, leading
to reduction of the long-term displacement efficiency. The interfacial pattern transition from stable
displacement to unstable pattern in dual permeable media could be ascribed into the flux exchange
between dual permeable zones, which shows a contrary impact on the fluid flow within the low-
permeable zone under favorable and unfavorable viscosity ratios. The permeability contrast in dual
permeable media intensifies this impact during spontaneous imbibition. These results help us to
understand the occurrence and mutual interaction of multiphase flow in layered porous media, and
provide a theoretical guidance for the hydrocarbon exploitation in shale reservoir.
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For deep fractured-vuggy carbonate reservoirs, foam flooding is an effective oil recovery method.
However, the connectivity and anisotropy of the fractured-vuggy network affect the plugging per-
formance of foam and the ability to adjust the displacement profile. Therefore, it is necessary to
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conduct a comprehensive investigation on the migration characteristics of foam, in order to provide
guidance for the oilfield application of foam flooding.
The fractured-vuggy system exhibits heterogeneity and strong diversion capabilities. When devel-
oping a model that can represent reservoirs with fractured-vuggy formations, it is challenging to
simultaneously satisfy the characteristics of multiple experiments with a single model. The flow
behavior of foam in fractured-vuggy system is a crucial factor that needs to be observed, so it is nec-
essary to appropriately relax the requirements for simulating reservoir temperature and pressure
conditions. Based on the combination relationships of fractures, wall effects, and fluid properties,
a multi-dimensional and multi-scale fractured-vuggy model was developed. This model, combined
with the selected foam system, was used to study the evolution of foam structure, flow characteristics,
gas-liquid distribution patterns, and oil displacement properties within the fractured-vuggy model.
The study summarized the dynamic and static matching relationships between fractured-vuggy di-
mensions and foam, investigated the improvement effects of foam on shielding fractured-vuggy flow,
and comprehensively analyzed the changes in the foam displacement front and the different distri-
bution characteristics of gas and liquid in fractures under the influence of various factors. The study
clarified the foam displacement characteristics corresponding to different production scenarios.
The experimental results show that, due to limitations in the channel dimensions, there are differ-
ences in the quantity and shape of foam distribution within fractured-vuggy formations after in-
jection. Significant variations also exist in the evolution patterns during the static stable stage of
foam. The shielding effect of foam displacement between fractures is dynamically adjusted. This
is because high-quality stable foam gradually “plugs” dominant fractures, increasing the flow resis-
tance for subsequent foam in the dominant fractures. Consequently, some foam is still able to divert
towards the inferior fractures.
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The rise of sea levels and the expansion of plateau salt lakes are among major consequences of the
ongoing climate change1. When saline water overlays above permafrost (ice in porous soil), ice
may melt because salinity reduces the melting/freezing point. Permafrost melting may alter the
mechanical properties of the soil and affect the safety of coastal structures1, and even may induce
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the release of underground methane gas into the atmosphere[2]. Therefore, studying the kinetics of
salinity-induced melting of underlaying permafrost is of great environmental significance.

We conducted visualized experiments to study the kinetics of permafrost melting induced by overly-
ing saline water. Water in bead-pack is first frozen to mimic permafrost and then is immersed under
excessive saline water at -5℃. Glass bead diameter varies from 0.1mm to 0.5mm, and salt concentra-
tion varies from 10wt% to 25wt%. Melting front (ice-water interface) in porous media can be visually
identified (Figure 1(a)) and recorded by camera. As the dilute saline water at the melting front is of
lower density than the overlying saline water, Rayleigh-Darcy convection is induced in the porous
medium[3,4], so we use Rayleigh number (ratio of gravitational-induced flux over diffusion), Ra, to
characterize the mass transfer in liquid-saturated porous layer[5].

Surprisingly, we found two distinct melting patterns: 1) when Ra is high, the melting front is flat and
moves down stably; 2) when Ra is low, “fingers”emerge and develop at melting front. This seems to
be different from the previous research results that greater Ra implies higher instability[6–8].
We theoretically show that the melting pattern is a result of interplay between local circumflux
shaped by the melting front perturbation and the global Rayleigh-Darcy convection (Figure 1(b)).
When a perturbation emerges at the front, density contrast induces local convection from the trough
to the peak, that further enlarge the perturbation (Figure 1(c)). This local convection is proportional
to Ra. Meanwhile, global Rayleigh-Darcy convection enhances lateral mixing which compress the
development of the perturbation. This lateral mixing is proportional to Ra^(1.5~2). As a result,
when Ra is low, melting is dominated by the local circumflux and fingers grow; when Ra is high,
strong lateral mixing homogenizes concentrations along the solid-liquid interface and results in flat
melting front. Numerical simulations further support the above theory and match the experiments
well. When the melting front is flat, the melting rate can be predicted by classical Rayleigh-Darcy
convection theory. However, when a fingering melting front forms, the melting rate is one order
of magnitude slower than classical theory prediction. Moreover, fingering melting front implies
penetration of permafrost layer before melting all ice, that may induce unexpected groundwater
pollution and subsurface methane release.
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Because underground hydrogen storage offers the potential for large-scale, long-term storage of
hydrogen, understanding the adsorption and diffusion behaviors of hydrogen and cushion gas in
the reservoir is critical to understanding the underlying mechanisms that control hydrogen storage
and transport. Using molecular simulation methods, we investigated the adsorption and diffusion
behaviors of hydrogen, methane and carbon dioxide in kaolinite slit pores (10 MPa and 303 K), re-
spectively. The distribution characteristics, excess adsorption amounts, diffusion coefficients and
gas-solid interaction energies of the three gases in the slit pores were analyzed. Near the pore wall
surface, carbon dioxide formed a distinct double adsorption layer, methane formed a smaller second
adsorption layer, and hydrogen formed a single adsorption layer. The order of excess adsorption
amount is carbon dioxide > methane > hydrogen. The rank of diffusivity of gases under the same
conditions is hydrogen > methane > carbon dioxide. The interactions between gases and pore walls
are in the following order: carbon dioxide>hydrogen>methane. Van der Waals interactions domi-
nate. However, hydrogen and carbon dioxide have significant coulombic interactions with the pore
walls, while methane has negligible coulombic interactions with the pore walls. The minerology
of the formation results in different charges on the pore surfaces, which has a significant effect on
gas storage. This study provides better insights into the mechanisms of hydrogen and cushion gas
storage, thus providing a theoretical basis for underground hydrogen storage site selection.
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The lunar surface is covered with a layer of lunar regolith. Observational evidence[1-3] suggests
that it may contain volatile substances such as water, methane, and helium-3 that could be utilized.
Studying the diffusion behavior of volatiles in lunar regolith is of great significance for the explo-
ration and exploitation of these extraterrestrial resources.

Volatile in lunar regolith layer exist under extremely high vacuum conditions (~10−9Pa)[4]. Un-
der such extreme conditions, gas molecules undergo Knudsen diffusion, where the average free
path is more than 10 orders of magnitude larger than the size of lunar regolith particles (Knudsen
number Kn > 1010). At this extreme (almost infinitely large) Knudsen number condition, gas
molecules in porous lunar regolith rarely collide with each other, and the diffusion trajectories re-
semble chords (free paths) between solid surfaces which are determined solely by porous structure.
Previous studies have measured tortuosity[5] or free path length distribution[6] to modify the dif-
fusion coefficient, but the correlation between pore structure and the diffusion coefficient is still
largely unexplored.

In this study, we investigate the influence of pore structure on the diffusion of rarefied gases in
porous media at infinitely large Knudsen number, based on a Monte Carlo program. Numerical
experiments confirm that the linear relationship between the mean square displacement and time
predicted by the Einstein equation still holds. However, the statistics of free path lengths shows clear
bimodal-distribution even in homogeneous media, which is different from the unimodal-distribution
as shown in porous media Fickian diffusion or in straight tube Knudsen diffusion. By statistically an-
alyzing the molecular trajectories within the porous medium, we show that the bimodal distribution
corresponds to the sizes of pore and the throat.

According to the pore-throat bimodal distribution of free path length, we establish a bimodal random
walk model to derive the diffusion coefficient from the pore and throat parameters. This analytical
prediction successfully matches the numerical experiments with various structures. We further in-
vestigate the impact of adsorption and heterogeneity on the volatile transport in porous media at
infinitely-high Knudsen number.
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In the permanently shadowed regions of lunar polar craters, there may exist significant reserves of
water ice in the porous lunar regolith (1,2), offering the potential for scalable extraction to address
the water supply bottleneck for lunar bases. However, there currently are only some indirect mea-
surements of ice content on shallow surface layer. The scale and spatial distribution of water ice
underneath the lunar surface are still largely unknown.
Here we study evolution of water ice in the permanently shadowed regions at geological time scale
(~billion years). We establish a three-dimensional simplified model based on the assumption of quasi-
steady-state heat and mass transfer in presence of rarefied vapor crystallization and ice vaporization.
After modifying earlier approaches on dispersed fluid/cluster evolution in porous media (3), we pro-
pose diffusion and phase change equations suitable for extreme environment for ice and water vapor
in lunar polar shadowed regions.
Accordingly, we are able to elucidate the dynamics of water ice accumulation & escape in polar lu-
nar craters at geological time scale, and then estimate the scale of ice reservoirs within these specific
areas. We also investigate the impact of possible sources of water ice within permanently shadowed
regions: a) ice crystals brought by incoming meteorite impacts, and b) water vapor migration from
low-latitude regions to high-latitude regions on the lunar surface (4, 5). We further provide projec-
tions for the distribution of water ice over a billion-year timescale, which may help the selection of
water recovery sites in future lunar missions.
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The relative permeability curve is one of the key features to evaluate the flow property of a porous
medium, which is important in many subsurface engineering problems such as underground en-
ergy storage and recovery. Recently, rapid developments in the technology of artificial intelligence
(AI) have offered new views to revisit the acquisition of relative permeabilities. Here, we present
our systematic work on the developments of AI models for the predictions of relative permeabil-
ity curves directly from 3D digital rock images. The training and testing data are generated from
pore-network simulations and core-flood experiments. It avoids the use of indirect geometrical pa-
rameters as inputs in previous AI methods. It is able to cover 3D digital rocks with variable sizes
and further equiped to have the upscaling capability. The results show that the AI models have high
prediction accuracies over 95%, with scale information being the most important physics feature ac-
counting for 51%, and the upscaling prediction of relative permeability curve is in good agreement
with macroscopic experiment data. The new framework is also flexible and can be easily extended
for the prediction of other rock physical properties according to practical demands.
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This study employs microscopic imaging equipment to observe the low-salinity effect occurring
in porous media during the process of low-salinity water flooding with different polar component
contents of crude oil. The research describes the oil-water transport behavior and changes in pore
occupancy, which is influenced by wettability and interfacial tension changes within the porous
media. Low-salinity water exhibits a favorable enhancement in wetting behavior and displacement
efficiency for crude oil with high polar component content. Crude oil with a high polar component
content demonstrates a stronger oil-wetting tendency on the surface of the porous media. Upon
injection of low-salinity water, improvements in contact angle, curvature, and capillary forces are
observed within the porous media, leading to reduced oil displacement resistance. Low-salinity wa-
ter invades smaller pores and throats, decreasing the proportion of pore space occupied by oil. Oil
within smaller pores is displaced, thus enhancing the microscopic displacement efficiency of the
pores. However, the positive effects of low-salinity water are less pronounced for crude oil with
low polar component content. The porous media surface demonstrates weaker oil-wetting tenden-
cies for crude oil with low polar component content, resulting in minor changes in contact angle,
curvature, and capillary forces upon low-salinity water injection. Low-salinity water tends to form
water microdispersions with crude oil containing low polar components. These microdispersions
redistribute from smaller to larger pores, moving toward the outlet end. Ultimately, the injected wa-
ter occupies nearly the entire pore space, leading to an improvement in microscopic displacement
efficiency.
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Understanding the mechanisms of CO2-water-oil three-phase low is crucial for enhancing oil re-
covery and improving CO2 storage efficiency. In the present study, with the help of high pressure
high temperature microfluid experimental system, the pore-scale CO2-water-oil three-phase flow is
directly visualized and the underlying mechanisms of triple-phase flow are revealed.
During the experiments, the contact angle of themicrofluidic porous chip is altered to study the triple
phase flow with different wettability In water-wet systems, water tends to occupy the small pores,
oil exists in the intermediate pores, while CO2 enters the large pores. Gas ganglia disconnected with
continuous gas injection do not reconnect and CO2 is displaced in the form of disconnected ganglia
by a double/multiple displacement process. In contrast in the oil-wet system, , a three-phase Haynes
jump occurs in the pore space during oil replacement by gas.
Under supercritical conditions, it can be observed that the oil droplets are extracted during gas dis-
placement. The CO2 displacement in oil-water filled porous chip which has been already displaced
by water can further reduce the oil saturation. The residual oil presents in the form of columns,
membranes and corners. In addition, as the gas injection rate is increased from 0.005ml/min to
0.01ml/min, the residual oil content is reduced from 42.11% to 18.35%, indicating greatly enhanced
oil recovery. When the gas injection rate is further increased to 0.02ml/min, the increase of the oil
recovery is negligible, due to the occurrence of gas channeling.
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Countercurrent imbibition is the process that the wetting phase spontaneously displace the nonwet-
ting phase in porous media while the nonwetting phase is recovered at the wetting phase inlet1. It is
a major mechanism of shale oil recovery, where the permeability is so low that co-current imbibition
is largely limited[2, 3]. For fractured media, classic dual-porosity model is based on good fracture
connectivity and assumes that fractures are evenly distributed into each grid[4, 5]. Although the
heterogeneity and anisotropy of porous media are considered in some dual-porosity models, they
mainly assume topologically connected fracture network [6, 7].
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However, in continental shale reservoir, the distribution andmorphology of fractures are very unique.
As shown in Fig. 1a , continental shale consists of very densely-packed parallel microfractures. On
one fold, fractures are not directly connected, that breaks the assumption of continuous fracture
phase in dual-porosity models; on the other fold, the distance between neighboring microfractures
are extremely small (100-500 micrometers)[8], so they are hydrodynamically highly correlated by
coupling and not independent. Unfortunately, there is still no suitable REV (representative elemen-
tary volume) scale model to describe imbibition in such parallel dense fracture system.

In this study, we first numerically simulate the countercurrent imbibition in a dual- unidirectional
microfracture system using MRST with fine grids, using typical continental shale parameters. Two
distinct stages are identified: an early stage that fractures can be treated as independent, and a late
stage that neighboring fractures are strongly correlated by capillarity. In both stages cumulative oil
production grows proportional to the t^0.5(shown in Fig. 1), while with different pre-factors. We
show that the late stage is the dominant stage in shale oil recovery. After elucidating themechanisms
of fracture-fracture capillary interaction, we successfully derive analytical solution for countercur-
rent imbibition kinetics at the late stage, and accordingly propose equivalent REV models for both
systems. The REV model is validated with fine-grid simulation.

Notably, we find that anisotropic relative permeability is required to depict imbibition in such parallel
dense microfracture system at REV scale. This is distinctive from classic approaches for modeling
anisotropic media where simply adopting anisotropic absolute permeability is adequate. It brings
new challenge in numerical simulation at reservoir scale.
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Cyclic CO2 injection, followed by soaking, and production [”Huff-n-Puf” (HNP)], can be employed
in unconventional reservoirs to reduce greenhouse gas emissions while increasing oil recovery. Cy-
cles of unloading and loading stress occur during HNP due to gas injection and gas-oil production,
which in turn lead to cyclic strain accumulation and subsequent creep deformation. This study in-
vestigates the impact of cyclic creep deformation on CO2 storage and enhanced oil recovery (EOR)
using experimental data and numerical simulation with a focus on the matrix and fracture flow.
Intact and naturally fractured core plugs from the Canadian Montney Formation (tight siltstones)
were tested in this study. Single-phase gas flow (gas permeability) measurements were carried
out under multiple cycles of loading and unloading stresses, followed by the determination of slip-
corrected permeability, porosity, compressibility, effective diffusion coefficient, and Biot’s coeffi-
cients for each cycle. The measured data were utilised to develop hydromechanical models to study
the physics of cyclic CO2 injection and storage in fractures and pores of the rock at the core scale.
Various deformation scenarios were considered, encompassing conditions where the rock was rigid,
elastic, weakly elastic, and subjected to cyclic creep (plastic). The geomechanical behaviour was as-
sessed with coupled multiphase, multicomponent flow and transport models. Furthermore, a series
of sensitivity simulations were conducted to study the influence of different confining stresses on
the HNP flow characteristics.
The results indicate that cyclic creep deformation affects CO2-EOR processes as rock and flowproper-
ties, such as permeability and porosity, diminish with each successive cycle, with a more pronounced
effect on fractures than matrix. As the number of cycles increases, the accumulated creep deforma-
tion leads to a slower pressure build-up during CO2 injection and a slower depletion rate during oil
production. Consequently, CO2 storage is reduced by 18% and 30%, and oil recovery by 5% and 20%
in pore and fracture domains, respectively, compared to models without creep effects incorporated.
The results also demonstrate that free and dissolved CO2 storage volumes increase with each cycle.
However, fractures allow for significantly greater dissolved CO2 storage, 21%, compared to only
6% in matrix-only models. Additionally, a noticeable progressive reduction in diffusive CO2 flow
across cycles highlights a gradual shift from diffusion-dominated to convection-dominated flow due
to reservoir depletion. With increasing confining stress, effective stress also rises, which leads to
reduced porosity but enhanced free CO2 storage, particularly in the initial cycles, with a more pro-
nounced effect on the fracture than the matrix system.
Ignoring the effect of cyclic creep deformation can overestimate oil recovery and CO2 storage ca-
pacity. This highlights the need for accurate modeling with creep effects incorporated in order to
optimise the number and duration of cycles in CO2-EOR schemes. Although the potential for cyclic
CO2 storage in the analysed Montney interval is limited, the prospect for dissolved CO2 storage in
these reservoirs appears promising. Creep-informed models help to enhance our understanding of
subsurface responses in cyclic CO2-EOR and storage schemes, which provides some insight into the
development of sustainable energy systems and efficient carbon management strategies.
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The existence of bedding and an abundant interlayer in sandstone reservoirs severely hinders the
exploration and extraction of sandstone gas reservoir resources. A layered heterogeneous sandstone
core was prepared, which consisted of two permeability layers, and the permeability ratio between
the high and low permeability layers was 1.6.
The gas injection and water flooding experiments with different injection parameters were carried
out sequentially on the core in saturated water state, and increased the back pressure after the water
flooding.The gas-water distribution of the core in different stages was scanned with the help of CT
equipment, and the image data were obtained at a resolution of 4.51 μm. Qualitative and quantitative
analysis of image data with the help of professional software to study the differences in gas-water
flow in layered heterogeneous sandstone core.
The experimental data showed that, in the gas injection stage, when the gas injection rate was low,
the gas preferentially entered the large pore space, and the gas saturation of the high permeability
layer increased rapidly, and with the continuous improvement of the injection parameters, the gas
overcame the capillary force to break through into the small pore space under the effect of the in-
jection pressure, the low permeability layer began to have a significant increase, and finally the gas
saturation of the whole core was 49.3%, the gas saturation of the high and low permeability layers
was close to 2:1 under the influence of the heterogeneity.
In the water flooding stage, when the low injection parameter, the water didn’t have enough energy
to break through into the large pore space, but preferentially entered the small pore space under the
effect of wettability; after increasing the injection parameter, the water began to displace the large
pore space, and the gas saturation of the highly permeable layer decreased rapidly. In the displace-
ment process, since the core was water-wet, a water film was formed preferentially after the water
entered the pore space, and with the increasing volume of water injection, the water film gradually
became thicker and eventually filled the whole pore space. After increasing the back pressure, resid-
ual gas formed by snap-off near narrow throats and a large amount of residual gas was stranded
downstream in dead-end corners because of the lack of effective percolation channels. The whole
core eventually achieved a gas recovery of 81.5%, with the gas recovery ratio of the high and low
permeability layers close to 1.25:1.
This study provides fundamental knowledge to investigate the effect of heterogeneity on gas-water
flow laws in sandstone, which may help to further enhance the gas reservoir recovery in heteroge-
neous sandstone.
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Although the global energy sector is shifting from the fossil-based energy systems to the renew-
able energy resources, the conventional energy development techniques has received increasing
attentions with the mature development and the recharge by AI. With the help of AI techniques,
drawing lessons from thousands of years of traditional energy development in the technology tran-
sition into the next-generation energy is an effective approach to accelerate energy transition and
avoid repeated research causing unnecessary wasting. In this talk, we will introduce an iterative
flash calculation scheme and a deep learning algorithm using a thermodynamics-informed neural
network (TINN) to perform accurate, robust, and fast phase equilibrium calculations for realistic
fluid mixtures of natural hydrogen. The development of natural hydrogen is an emerging topic in
the current energy transition trend. The production process involves compositional multiphase flow
via subsurface porous media. This makes studying the compositional phase equilibrium behavior
essential for reliable reservoir simulation and prediction. The application of TINN architecture can
accelerate the calculations for nearly 20 times. The effect of capillarity on phase equilibrium states is
demonstrated. Based on simulation results, suggestions for the natural hydrogen industry chain are
provided to control the possible phase transitions under certain environmental conditions that may
be observed in the natural hydrogen reservoirs, storage and transportation facilities. The extremely
low critical temperature of hydrogen challenges the robustness of flash calculations but facilitates
the separation of impurities by liquefying certain undesired species. Moreover, phase transitions un-
der control can be an effective approach for carbon dioxide capture and sequestration with optimized
operating conditions over the phase equilibrium analysis.
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In response to the low porosity and permeability of shale oil reservoirs in Block A, as well as the
difficulty in producing shale oil, nuclear magnetic resonance experimental technology and high-
temperature and high-pressure CO2 huff and puff experimental technology were used to study the
effects of shale oil huff and puff pressure, extraction rate, maturity, and shale oil composition on CO2
huff and puff oil recovery efficiency, and to explore the occurrence characteristics of shale pore fluids
in the T1-T2 two-dimensional spectrum. The experimental results show that the rapid extraction of
shale oil is 7.43 percentage points higher than the slow extraction, but excessive pressure drop in the
formation can cause strong stress sensitivity, and the actual production process needs to optimize the
extraction speed; The extraction rate of high maturity shale is 11.13 percentage points higher than
that of low maturity shale. Optimizing favorable desserts for development is an effective method
for energy conservation and efficiency improvement; When the throughput pressure approaches
the formation fracture pressure, it can significantly increase the shale oil recovery rate; After CO2
huff and puff, shale oil still retains immovable oil in large pores and bedding fractures in the T1-T2
two-dimensional spectrum.
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Flow in fractured porous media plays an important role in applications ranging from geothermal
energy production to the selection of suitable underground CO2 storage sites. Predictions of flow
and transport are central in these applications and often times corresponding models are applied
that rely on effective permeabilities. In subsurface formations, where fractures extend over distances
comparable to the scale of interest, such models are no longer suitable. As an alternative, a model
based on conductivity kernels has recently been proposed. This model accounts for the non-local
character of long-range flow conduits or fractures leading to a description, which is based on an
integro-differential equation. In this work, this model is extended for non-space stationary fracture
statistics with model predictions being successfully compared against fracture-resolving reference
simulations.
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The technology of multi-stage, multi-well pad fracturing is an effective way to increase the stimu-
lated volume and recoverable reserves in shale reservoirs. During the fracturing treatments, there
are common phenomena of well interferences from the multi-well pad. However, there still lacks an
effective tool to analyze the parent-child interactions and to evaluate the fracture parameters quan-
tificationally. To narrow this gap, a numerical pad-well model is developed for pressure transient
analysis in fractured horizontal wells with secondary fractures and well interferences, based on a
discrete fracture model (DFM) and unstructured PEBI grid system.

Using methods of automatic differentiation and Newton iteration, the proposed model is more effi-
cient for computations and interpretations of well testing curves. Its accuracy and practicality have
been demonstrated by model verifications and field applications. The results show that the flow
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regime of interference effects caused by parent-child interactions are more obvious, with a larger
child-well production, a smaller well spacing, and a larger hydraulic-fracture angle. The well in-
terferences are also stronger when the child well has more secondary fractures, longer secondary
fractures, and higher fracture conductivity, as the pressure drop caused by child well will propagate
more quickly. Once the complex fracture networks have developed within the multi-well pad, the
interactions between parent and child well will be weaker with the increase in area and conductivity
of fracture networks. By comparison, the pressure transient behaviors of Parent well are remarkably
affected by Child-well production rate, well spacing as well as connectivity degree. However, the
angle, length, number, and conductivity of secondary fracture have weaker impacts on the pressure
transient behaviors of Parent well. The field application shows that the single-well testing model
without considering well interference cannot match with field data at the late stage. In this case,
the estimation errors will occur. With considering the well interferences, the well testing data are
interpreted and the fracture parameters are evaluated successfully. This work provides a meaning-
ful way to understand the pressure transient behaviors and to evaluate the fracture parameters of
multi-stage, multi-well pads.
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CO2 miscible injection holds tremendous potential for enhancing tight oil recovery, where achiev-
ing the minimum miscibility pressure (MMP) is crucial. The adsorption of CO2 and oil in nanopores
affects the CO2-oil MMP in tight reservoirs, necessitating the precise calculations of nanoscale MMP
and a comprehensive understanding of influencing factors. In this work, we employed a modified
Peng-Robinson equation of state (PR-EOS) for nanoscale MMP calculations, incorporating adsorp-
tion layers and effective molar volume to describe molecular adsorption. Additionally, our improved
method accounted for capillarity and critical point shift. The accuracy of this approach is validated
against molecular simulations and nanofluidic experiments, with a maximum deviation of 4.61%. We
observed that in nanopores, achieving miscibility demands less CO2 than in bulk. The CO2-oil MMP
reduces as pore size decreasing, influenced by adsorption, capillarity and critical point shift. At 5 nm,
the MMP is 11.12 MPa, 27.8% lower than the bulk value (15.4 MPa). Adsorption intensifies this reduc-
tion by curtailing free molecules and effective pore radius, and becomes more pronounced for lighter
hydrocarbon mixtures. However, the nanoscale CO2-oil MMP is equal to the bulk value when rp ≥
350 nm. Furthermore, a maximumMMP and the corresponding transition temperature exist for each
pore size, and increase as pore size increasing. This method provides a valuable tool for optimizing
CO2 miscible injection and carbon storage in challenging nanoscale-pore reservoirs.
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CO2 displacement is considered as a potential method to enhance shale oil recovery. CO2 can reduce
the viscosity and surface tension of crude oil, making it possible to recover crude oil in the nanopores.
At the same time, the CO2 can also be partially stored underground, reducing the carbon footprint of
the hydrocarbon extraction process. Therefore, understanding the CO2 displacement in nanometer
pores of shale is critical for developing effective CO2 injection techniques. In this work, we applied
direct numerical simulation to study the effect of rough surface on CO2 displacement in nanometer
pores of shale. By quantifying the CO2 displacement in rough nanochannels, we aim to understand
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how surface roughness and morphology affect the displacement process. After considering the in-
fluence of slip effect, the CO2 displacement process in three channel models was studied (single
channel, pore throat structure, nanoporous media). We found that in a single channel, the rough
surface leads to the reduction of CO2 displacement paths, slowing down the displacement rate. In
addition, the pinch-point effect of the rough nanochannel prevents the smooth progression of the
interface contact line. The Periodic fluctuations at the interface further hinder CO2 displacement.
The smoother the convex and convex transition of rough surface, the smaller the resistance effect
of the pinch-point effect. In the pore throat structure model, the rough surface makes it easier for
residual oil to remain in the pore. We also simulated CO2 displacement in rough nanoporous media
and found that rough surfaces lead to a substantial reduction in CO2 displacement efficiency. Our
simulation results show that the surface roughness of shale nanometer pore has nonnegligible effect
on CO2 displacement.
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Dynamic imbibition and displacement between the matrix and fractures in shale reservoirs can sig-
nificantly enhance oil recovery (EOR) following initial depletion. However, the microscopic produc-
tion characteristics and seepage mechanisms at different pore scales during the dynamic imbibition
process remain incompletely understood. In this study, we established an online physical simulation
experiment method that combines dynamic displacement and imbibition based on nuclear magnetic
resonance (NMR), and a series of online NMR water flooding dynamic imbibition experiments were
conducted. Through real-time dynamic monitoring of multiphase flow and migration behavior of
crude oil in each stage of dynamic imbibition, the microscopic production characteristics and influ-
encing factors were quantitatively studied from the recovery and residual oil saturation field distri-
bution of different scale pores, the contribution mechanism of imbibition and displacement to EOR
were investigated, and the multiphase and multi-scale dynamic imbibition crude oil migration and
seepage models are discussed. The results show that shale oil occurrence pores can be categorized
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into two types based on the corresponding production mode (imbibition + displacement). The imbi-
bition effect predominantly governs the recovery of small and large pore walls, while displacement
primarily occurs in large pores and fractures. Thewater flooding dynamic imbibition process in shale
reservoirs unfolds in three stages: strong displacement and weak imbibition stage characterized by
the rapid production of large pores and fractures under displacement action; weak displacement and
strong imbibition stage involving the slow production of small pores under reverse imbibition; and
dynamic equilibrium stage characterized by weak displacement and weak imbibition. Viewing the
entire water flooding dynamic imbibition process as an organism, it becomes imperative tomaximize
the recovery of large pores while ensuring the recovery degree of small pores. High permeability
contributes to better pore throat connectivity, shorter imbibition equilibrium time, and a greater im-
bibition and displacement production degree. The contribution of the two production modes to the
recovery of small and large pores increased by 4.67% and 3.17%, respectively. A negative correlation
was observed between high displacement pressure and imbibition recovery, yet it is conducive to the
contribution of displacement to total recovery. Notably, fractures can effectively increase the imbibi-
tion contact area, reduce oil-water seepage resistance, and increase the contribution of displacement
to recovery by 21.65%. Effectively utilizing the bridge flow conductivity of fractures is crucial for
improving matrix oil production. This study provides theoretical support for clarifying the interac-
tion between matrix-fracture imbibition and displacement and for the efficient development of shale
oil.
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The objective of this research is to establish a consistent relationship between nonlinear numerical
simulations and the obtained results for use in inverse analysis. We simulate the shape of breakouts,
taking into account inelastic deformation of high-porosity limestone, using developed finite element
methods under various in-situ conditions. Subsequently, the dataset is employed to train four ma-
chine learning algorithms, as well as white-box algorithms, in order to determine the relationship
between in-situ stress and breakout shape.
This study employs a two-phase approach through inverse analysis to determine in-situ stress. In the
initial phase, we utilize nonlinear elastoplastic finite element modeling to generate a dataset. This
dataset serves as the training data for a machine learning (ML) algorithm designed to establish a pre-
dictive correlation between in-situ stress and borehole breakout measurements. In the second phase,
the trained ML algorithm is applied to estimate the equivalent in-situ stress based on provided bore-
hole breakout measurements. To investigate in-situ stress from borehole breakouts and construct
robust correlations, we employ a combination of four black-box algorithms and three white-box al-
gorithms.
A numerical simulation has been performed to determine the geometry of borehole breakouts un-
der various in situ stress levels and taking into account plastic deformations. The breakout cross-
section’s non-circular shape can be modeled using an elastoplastic model that was created using the
finite element approach. This shape fluctuates as the breakout develops until it stabilizes. The depth
of the breakouts rises until a stable state, just like in earlier models based on the elastic assumptions.
The width of the breakouts, however, does not change as the breakouts develop. The growth of the
breakout is stopped by taking into account inelastic deformations, which also gives the chance to
model the V-shaped type breakouts seen in both field and laboratory data. According to laboratory
research, disregarding plastic deformations in very porous and weak rocks results in an incorrect
understanding of the relationship between in situ stress and rock failure state.
To determine the correlation between in situ stress and breakout shape, four machine learning tech-
niques and three whitebox algorithms have been applied to the data set generated from numerical
tests. To calculate the in situ stress from breakout shapes, trained algorithms were put through an
inverse analysis. The XGBoost and GP algorithms mean square error (RMSE) of 0.419541, 0.9977and
a determination coefficient (R2) of 0.99565 and 0.97564 outperform others in terms of accuracy and
suitability.
The novelty of the proposed approach lies in its consideration of inelastic deformation for estimat-
ing in-situ stresses, which is a crucial factor in the failure of high-porosity and unconsolidated rocks.
Additionally, it involves establishing a relationship for estimating in-situ stresses through a combi-
nation of machine learning and numerical simulation.
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Inverse analysis has been utilized to understand unknown underground geological properties by
matching the observational data with simulators. To overcome the underconstrained nature of in-
verse problems and achieve good performance, an approach is presented with embedded physics and
a technique known as algorithmic differentiation. We use a physics-embedded generative model,
which takes statistically simple parameters as input and outputs subsurface properties (e.g., perme-
ability or P-wave velocity), that embeds physical knowledge of the subsurface properties into inverse
analysis and improves its performance. We tested the application of this approach on four geologic
problems: two heterogeneous hydraulic conductivity fields, a. hydraulic fracture network, and a
seismic inversion for P-wave velocity. This physics-embedded inverse analysis approach consis-
tently characterizes these geological problems accurately. Furthermore, the excellent performance
in matching the observational data demonstrates the reliability of the proposed method. Moreover,
the application of algorithmic differentiation makes this an easy and fast approach to inverse anal-
ysis when dealing with complicated geological structures.
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Geological CO2 storage (GCS) is an efficient strategy to mitigate large anthropogenic CO2 emissions
and achieve carbon neutrality. As one of the storage mechanisms, CO2 mineralization that converts
CO2 to carbonate precipitation and provides long-term sequestration safety especially for mafic and
ultramafic reservoirs, has been extensively researched through laboratory and field studies [1, 2].
Following CO2 injection via a wellbore, CO2 plume migration forms widespread static retention
regions including dead-end fractures and static water-saturated pores in the subsurface reservoir,
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where mass transfer is dominated by diffusion. Previous researches investigated the impacts of dif-
fusive transport on carbonate mineral formation [3-5]. However, there is less research focusing on
the effect of heterogeneity on the coupled transport and reaction process and carbonate distribution
in the diffusion-limited zones.
Here, we have conducted the static packed experiments using natural olivine with different grain
sizes under different pressure modes. The sequestered CO2 amount was tracked via time-resolved
pressure data recorded for the constant volume of the reactor. The surface morphology, phase identi-
fication and total inorganic carbon were determined via scanning electron microscope (SEM), X-ray
diffraction (XRD) and total organic carbon analyzer (TOC) for the solid samples before and after ex-
periments. The results showedmagnesite formed in experiments with less dolomite. The distribution
and quantity of carbonate minerals along the depth direction exhibited a non-uniform distribution
trend resulting from localized chemical gradients. The zone with smaller particle grain sequestered
more inorganic carbon, independent of pressure mode. However, the spatial distribution of car-
bonates varied between powder packed beds with different structural heterogeneity and pressure
modes. The onset of magnesium carbonate precipitation is spatially localized at the shallow zone at
constant pressure, while carbonate precipitation prefers to nucleate and grow in the bottom zone
during pressure decay. This study advances the fundamental understanding on the effect of hetero-
geneity on CO2 transport and reaction in the diffusion-limited zone, providing insight into the fate
of CO2 sequestrated in mafic and ultramafic formations.
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Mineral dissolution in porous media coupled with single- or multi-phase flows is pervasive in nat-
ural and engineering systems. In subsurface environments, the solid porous matrix is composed of
various types of minerals, through which subsurface water flows. Dissolution of minerals occurs as
chemicals in the solid phase are transformed into ions in the aqueous phase, effectively modifying
the physical, hydrological, and geochemical properties of the solid matrix as well as the chemistry in
the aqueous phase. These processes play a defining role in a broad range of applications such as car-
bon capture and sequestration (CCS), underground contaminant transport and vadose zone sciences.
For instance, CCS is considered as a viable technology to reduce carbon emissions to the atmosphere,
thus effectively mitigating global climate change. However, injection of CO2 into geologic forma-
tions leads to dissolution of minerals, potentially comprising reservoirs rocks, and creating leakage
pathways that threaten the safety and security of CO2 storage. Therefore, to successfully model,
predict, control, and optimize these many processes, a comprehensive understanding of mineral
dissolution is crucial.

Mineral dissolution in porous media and pore flow are strongly coupled. On the one hand, pore
flow plays a defining role in mixing and transporting the reactants to the reaction sites as well as
transporting reaction products away. On the other hand, mineral dissolution modifies the porous
media both structurally and chemically, in turn reshaping the pore flow. However, our fundamental
understanding of this coupling effect at the pore level is still limited, leading to strong challenges in
the effort of predicting mineral dissolution at much larger scales. To this end, mineral dissolution
is studied in novel calcite-based porous micromodels under single- and multiphase conditions, with
a focus on the interactions of mineral dissolution with pore flow. The microfluidic devices used in
the experiments were fabricated in calcite using photolithography and wet etching. These surro-
gate porous media offer precise control over the structures and chemical properties and facilitate
unobstructed and unaberrated optical access to the pore flow with µPIV methods.

The preliminary results provide a unique view of the flow dynamics during mineral dissolution. It is
observed that the local dissolution rate is strongly affected by the local pore flow, with much higher
dissolution rate in fast flow regions and lower dissolution rate in slow flow regions. This process
significantly reshapes the geometry of individual calcite grain, in turn posing feedback to the flow.
Additionally, when HCl concentration is sufficiently high, the produced CO2 emerges as a separate
phase, leading to a multiphase flow. The separate CO2 phase not only divert the HCl flow, but also
shield the solid surfaces from further reaction, thus significantly modifying the local dissolution
pattern and rate.
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Equilibrium contact angle depends on both the chemistry of the two fluids and solid base, and the
microstructure on the solid surface. Actual surface of the pore wall in porous media is typically
rough and curved, which has not been well-considered in related applications. This work uses a free
interfacial energy minimization approach to theoretically derive the equilibrium contact angle on
two specific surface structures on flat surfaces and extends the derivation considering the surface
curvatures in porous media. Results reveal the equilibrium contact angle is not dependent on the
curvature of spherical surfaces, and we further prove that this conclusion applies to any point along
the apparent common line at solid surfaces with any arbitrary curvature. The fundamental physics is
the local mechanical balance of a composite contact among three interfacial tensions. Furthermore,
the contacting mode can shift from non-wetting to wetting when the pressure difference between
two fluids exceeds the entry pressure of the microstructures, which should be considered in relative
dynamic scenarios such as rain droplet impact and fluid displacement in porous media. Note these
conclusions are from pure theoretical analysis based on idealistic assumptions and real circumstance
may deviate from these assumptions.
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Particle migration and plugging are ubiquitous throughout the entire lifecycle of unconsolidated
sandstone reservoir development. During the extraction process, particle migration and plugging
alter the microscopic characteristics of the reservoir, while the microscopic parameters of the reser-
voir control particle transport and plugging. This paper utilizes methods such as CFD-DEM, visual-
ization of laser-etched pore structure models, dynamic core displacement, and thin-section casting
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to systematically discuss the coupled relationship between the microscopic characteristics of un-
consolidated sandstone reservoirs and particle migration. This includes the impact of particle size,
concentration, particle/pore throat ratio, pressure drop. Based on particle transport/plugging in dif-
ferent types of pore structure models. The achievements and understanding are as follows: Based
on particle size, reservoir particles are categorized into seepage sand (<4μm), formation particles
(4~32μm), and framework particles (>32μm). When particle volume concentration is >1%, particles
are more likely to be retained on the pore surface and in the throat. When the particle size/throat is
less than 1/14, the migration of permeable sand has almost no effect on the permeability of the reser-
voir. When the particle size/throat is less than 1/7, particles will aggregate and settle in the pores.
When the particle size/throat is less than 1/7, particles will disperse and settle in the pores. When the
particle size/throat is greater than 1/3, particles will bridge and block the throat in the form of single
double particles or multiple particles. This study proposed that the migration/blockage of particles
in reservoirs has periodicity, stages, and persistence. This paper evaluated the differences in parti-
cle migration and blockage in different types of reservoirs, and established a coupling relationship
between the permeability damage rate of particle migration and the microscopic characteristic pa-
rameters of the reservoir. And established three mechanisms and six modes of particle and blockage
in loose sandstone.
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Abstract:
Permeability is a measure of flow resistance in porous media. As an important characterization pa-
rameter of porous media flow capacity, it is widely used in oil/gas development, filtration analysis,
groundwater transport, hydrocarbon recovery and so on. However, on the one hand, the permeabil-
ity was considered a monodrome function of porosity by many researchers in their studies [1~3]. On
the other hand, its determination for different types of porous media is challenging due to its com-
plex dependence on the pore-scale structure of porous media [4], which always includes fractures
caused by hydraulic fracturing and geological factors.
We first established an absolute permeability computational method to determine the actual relation
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between permeability and other pore-throat parameters. The method is based on the Darcy equa-
tion and Lattice Boltzmann method (LBM). Then we calculated the permeability for porous media
with different pore-throat parameters. A modification to the Kozeny-Carman equation was made
by considering the effects of pore-throat ratio and coordination number. Finally, we studied the im-
pact of fracture and arrangement. The compound porous media (CPM) with different initial porous
media (IPM) structures and arrangements, such as series connection and parallel connection, were
constructed and the compound permeabilities were calculated. According to the electric resistance
network analogy [5], the relationship between the compound permeability and the permeabilities
of IPM was established mathematically.
Using the LBM, our revised permeability calculation method matched well with the theoretical pre-
diction compared to the classical Kozeny-Carman equation. In low-permeability tight reservoirs
or shale reservoirs, fracture contributes more to fluid transport rather than matrix, which was con-
firmed by its higher permeability. Besides, our calculation results revealed that the arrangement,
while directly affecting the compound permeability, will further affect the compound permeability
by changing the tortuosity. This effect through tortuosity is more pronounced in CPM with series
connection.

Key words: Permeability, Lattice Boltzmann method, Kozeny-Carman equation, Porous media ar-
rangement
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Understanding the occurrence and flow mechanisms of shale oil in nanopores, as well as the impact
mechanisms of fluids on solid deformation, is crucial for advancing our comprehension of fluid be-
havior in porous media. Prior neglect of factors such as the multi-component characteristics of shale
oil, the properties of real shale nanopore walls, and nanopore flexibility has resulted in insufficient
knowledge regarding the occurrence and flow mechanisms of shale oil in nanopores. In this study,
molecular dynamics simulations were employed to extensively investigate the occurrence and flow
mechanisms of fluids in graphene, hydroxylated quartz, rough kerogen rigid nanoslits, and flexible
nanotubes. The following conclusions were drawn: (1) The occurrence patterns of multicomponent
shale oil in organic and inorganic nanopores were revealed. The adsorption characteristics of shale
oil are related to the pore wall elements. Components containing oxygen, nitrogen, and aromatic
hydrocarbons tend to adsorb more readily on quartz surfaces, while sulfur-containing components
also tend to adsorb on the kerogen surface due to interactions with sulfur elements in kerogen. (2)
Real shale oil flows in real nanopores without slippage. Through simulations comparing the flow of
single/multicomponent shale oil in smooth/rough nanopores, we found that slip phenomena occur
only under ideal conditions (single-component oil, smooth surface). The slip does not occur in real-
istic shale oil flow, offering theoretical support for setting slip length in pore-scale simulations. (3)
In quartz, kerogen, and graphene nanoslits, an increase in pore pressure was observed with the ele-
vation of pressure gradients. In rigid graphene nanoslit, fluid flow induces an elevation in nanoslit
pressure, with a critical pressure gradient of 1 MPa/nm. Below this threshold, pore pressure exhibits
minimal variation; above it, a significant increase is observed. Higher pressure gradients lead to
an increase in kinetic energy in the direction perpendicular to the wall, indicating an escalation in
collision intensity between the fluid and the wall, as well as among fluid particles, resulting in a
rise in pore pressure. Increased pressure gradients reduce the interaction energy between the fluid
and the wall, signifying that fluid molecules are propelled further from the wall upon collision, un-
derscoring the gradual intensification of fluid-wall collisions. (4) The intricate relationship between
pressure gradient, nanopore stress, and nanopore strain was revealed. Under static conditions, the
transition of a rigid and smooth nanopore to a flexible one can result in an increase in surface rough-
ness, which leads to a reduction in the density of the adsorption layer. The pore width decreases
and the pore pressure increased slightly. Fluid flow induces an increase in pore pressure and width.
Simulations of fluid flow in rigid nanoslits with coupled pore width and rock compressibility, as well
as in flexible nanotubes, indicate that an increase in pressure gradient leads to pore expansion. This
study revealed the intricate interactions of shale oil in nanopores, offering theoretical support for
understanding its flow in porous media and contributing to the efficient extraction of shale oil from
unconventional reservoirs.
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Study on the pore-scalemultiphase seepage characteristics of clayey-
silt sediments
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The sediment of natural gas hydrate reservoir in the South China Sea is primarily composed of clayey
silt, exhibiting characteristics such as loose structure, lack of consolidation, high clay content, and
complex pore structure. These features contribute to the complexity of reservoir seepage charac-
teristics, making it challenging for conventional experimental methods to accurately describe the
evolution of permeability and the main controlling factors. By combining seepage experiments with
micro-CT, the seepage characteristics and distribution patterns of multiphase fluids at the pore scale
are obtained. The results indicate that in single-phase water seepage experiments, the pore structure
of clayey-silt samples undergoes creep as the seepage process progresses. With increasing seepage
pressure, the pore and throat radius of the samples decreases, leading to a significant decrease in
permeability. In gas displacement experiments, fluid in larger pores is initially displaced, and with
increasing displacement pressure, water in smaller pores is further displaced. The gas phase per-
meability gradually increases, and when the displacement pressure exceeds the initial consolidation
pressure, the sample generates the dominant flow channels composed of fractures. Once the dom-
inant flow channels appear, the gas phase permeability remains constant. The two-phase relative
permeability curves of the samples are obtained through gas-water displacement experiments, show-
ing a narrow range of co-permeability for both phases, lower co-permeability point, and high bound
water saturation. The research findings help clarify the multiphase seepage characteristics during
the development of clayey-silt natural gas hydrate, providing theoretical guidance for improving
recovery efficiency of hydrate reservoirs.
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Soil desiccation crack is ubiquitous in nature, yet the physics of its initiation and propagation remain
under debate, as it involves complex interactions across multiple fields of mechanics, hydraulics, and
thermals. Here, an experimental attempt is made to uncover the role of substrate roughness on the
soil desiccation process. The substrate roughness is deliberately fabricated by 3D printing, whereas
the thickness of sample and environmental humidity are controlled to eliminate the effect of large
hydraulic gradient. Four types of soils with varying expansibilities were desiccated on substrates
with varying roughness. It reveals that: (1) soil desiccation crack evolution can be conceived as a
competing process between the shear failure of soil-substrate interface, i.e., slippage of interface,
and the tensile failure of soil, i.e., crack initiation, in minimizing the total energy of drying soil;
(2) substrate roughness alters the failure mode and shear strength of soil-substrate interface and its
sensitivity to moisture, thereby it regulates the pattern of how soil crack propagates upon drying; (3)
soil expansibility is recognized as a key factor governing the crack-initiation point in addition to the
widely recognized air-entry, and flaws in soil are the sources for the 120° crack angle and bimodal
crack angle distribution.
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SEM image segmentation based on deep learning
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Image segmentation techniques for processing scanning electron microscopy (SEM) images can en-
hance the efficiency of oil and gas field exploration. This study initiates by reviewing the limita-
tions of traditional SEM image segmentation methods (threshold-based, boundary-based and region-
based), especially the challenges in processing complex structures and high-noise images. Subse-
quently, the basic principle of deep learning technology in image segmentation is deeply discussed,
with a specific emphasis on the superiority of Convolutional Neural Network (CNN) architectures
such as Fully Convolutional Networks (FCN) and U-Net in SEM image segmentation research. Fi-
nally, the challenges facing the current research are analyzed, encompassing difficulties in data an-
notation, the enhancement of model generalization capabilities and the processing of multi-modal
SEM images. Prospects for future research directions are also put forward.
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Physics-informed neural network (PINN) is an innovative universal function approximator which
adds physical constraints to neural network to make the fitting results satisfy the physical laws
better. In this paper, a physics-informed residual network (PIResNet) is proposed to solve the single-
phase seepage equation without labeled data. The loss function is constructed by summarizing the
residuals of the discretized seepage equation based on the finite volume method (FVM), and the
boundary conditions are embedded in the PDE residuals in a ‘‘hard constraint’’way. The PIResNet is
simple in network structure, fast in convergence and easy to optimize. Furthermore, the convergence
of the residual structure used in this paper is proved and the theoretical analysis of time complexity
illustrates the computational efficiency of PIResNet. The correctness of the proposed method is
proved and the experiments display that the solution time of PIResNet is reduced by more than six
times compared to physics-informed convolutional neural networks (PICNN). (Note: This paper has
been published in Computer Methods in Applied Mechanics and Engineering.)
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The pressure oscillation method is a widely employed technique for measuring the permeability of
time-varying and tight porous media. The previous analytical solution for permeability calculation
neglects the unsteady-state condition of the slip effect, and the application of the Klinkenberg cor-
rection lacks theoretical support. Existing permeability calculations rely on the periodic part, and
the utilization of the transient part needs further development. In addition, parameter regulation in
experiments incurs trial-and-error costs, and the reasonable prediction of parameter setting is nec-
essary. In this study, the analytical solution of the pressure oscillation process considering the slip
boundary is derived based on the capillary model and perturbation expansion. The correspondence
between the Klinkenberg correction relation and the Knudsen number is clarified, which provides
a theoretical basis for applying Klinkenberg correction to the pressure oscillation method. A new
data processing method is proposed for permeability calculation based on the transient solution, and
the scope of application of the Klinkenberg correction for the new method is given. Experiments of
the pressure oscillation method and pulse decay method are carried out to validate the theoretical
model and data processing method. Through comparison of the permeability measurement results,
the transient solution is consistent with the periodic solution, and the unification of the quasi-steady-
state and unsteady-state methods under pressure oscillation conditions is achieved. In contrast to
the pulse decay method, the pressure oscillation technique exhibits advantages in terms of measure-
ment duration. Under conditions of higher permeability, a tenfold increase in measurement speed
can be attained, while under lower permeability conditions, there is a minimum threefold improve-
ment. Through the inverse solution process for permeability calculation, this study analyzed the
main factors influencing measurements in the pressure oscillation method. The reason for the inac-
curacy of porosity measurement is that porosity is extremely sensitive to the amplitude ratio and
the phase difference, and the measurement error is magnified several times. The contour of the am-
plitude ratio response based on the dimensionless number is established to provide a reference for
the selection of experimental parameters for practical engineering applications.
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Theoretical Foundation for Klinkenberg-corrected Permeability
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We provide the theoretical foundation of directly adopting the Klinkenberg plot, the apparent per-
meabilities versus the reciprocal of the mean pressures, in Pulse Decay Method to eliminate the
slippage effect, which is characterized by the Knudsen number and strengthens with the decrease
of permeability, by asymptotic perturbation of Navier-Stokes equation in capillaric model in this
work. Traditional late-time solution of Pulse Decay Method intrinsically cannot take the slippage
effect into account, except for some tedious numerical attempts. We theoretically fill the gap of
interpreting the experimental data got by the traditional late-time solution of Pulse Decay Method
with consideration of the slippage effect. By considering the nature of the low value of permeabil-
ity, asymptotic perturbation method is adopted to theoretically solve the governing equation. We
show that the Klinkenberg plot can be safely used to interpret the experimental data of Pulse Decay
Method for microporous media when the ratio between the pore volume of the microporous media
and the upstream or downstream chamber is smaller than 0.1. This implies that when one cham-
ber, upstream or downstream chamber, is totally sealed in experiment, the slippage effect cannot
be eliminated for this kind of experimental apparatus. Our own experimental results, by comparing
the intrinsic permeabilities got by Pulse Decay Method and steady-state method in different mean
pressures for the same sample, verify the correctness of our derivation.
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Colloidal particles from industrial and natural sources can alter the environment they flow through.
Colloidal retention and accumulation in porous media may cause catastrophic consequences, such
as fouling of filtration membranes, formation damage in geological systems and thrombosis in hu-
man bodies. It can also be utilized in many aspects, including enhanced hydrocarbon recovery and
targeted drug delivery. Therefore, prediction of retention and accumulation mode is crucial for un-
derstanding colloidal transport in porous media.

Conventional description of colloidal transport in porous media is based on filtration theory and
core-scale measurements, where the collector efficiency serves as a comprehensive parameter re-
flecting all particle interactions with the medium. Recent advances in microfluidics have provided
tremendous insight into pore-scale particle behaviors. Geometrical confinement in porous media is
the most common origin of clogging, such as size exclusion and bridging effects. Physicochemical
interactions also drive particle accumulation by promoting surface deposition and aggregation under
favorable conditions. Previous studies mainly focus on the direct interaction between intercepted
particles and surrounding medium, leading to increased flow resistance at narrow throats. However,
the self-organization of colloids under constrained porous flow condition is overlooked.

In this work, we report unexpected formation of colloidal streamers in porous media. Microfluidic
experiments with high-speed imaging system combining bright field and fluorescence observations
enable us to visualize the emergence and development of self-organized particle structures. Streamer
formation is initiated by particle retention in the stagnant zone between solid grains, where the in-
terparticle adhesion contributes to the connection and thickening of streamer structures. Colloidal
streamers are found to be ubiquitous by constructing regular arrays with various packing arrange-
ments and densities. Balance between fluid shear force and particle-wall adhesion determines the
extension state of these streamers, which is confirmed under oscillate boundary conditions. Nu-
merical simulation with developed model based on computational fluid dynamics and discrete ele-
ment method reproduces our experimental observations. The triggering mechanism and criterion
for streamers are further clarified via theoretical analysis. When introduced into disordered porous
medium, streamer development is further strengthened due to the complex geometry. Clogging con-
sequences are observed and quantified for upscaling of streamer impact. Our results reveal the exis-
tence and importance of self-organized colloidal streamers, deepening understanding of microscopic
colloidal behaviors with macroscopic flow consequences during transport in porous media.
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Suspended particle migration and clogging processes in rock fractures are ubiquitous in nature and
industrial activities like hydraulic fracturing and hole-drilling fluid leakage resistance. As a com-
mon type of particle cohesion, the impact of liquid cohesion on clogging in rock fractures and its
mechanism remain unclear. We conduct visualized experiments and discover that even if a small
amount of immiscible liquid phase is added into the particle suspension, the clogging in fractures
is significantly enhanced. By varying the flowrate and secondary liquid content, four patterns of
particle clogging behaviors are found. The reason for clogging enhancement is further explained
by the particle agglomeration induced by capillary cohesion. To quantify the effect of capillary co-
hesion, we propose a theoretical model of agglomerate size distribution as a function of various
secondary liquid content and a criterion for particle agglomerate clogging in rock fracture. These
findings have potential applications in numerous field applications involving particle migration and
clogging, including oil/gas exploitation, drilling fluid leakage resistance, and drilling cuttings under-
ground disposal, etc.
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Chalk reservoirs, because of their high porosity and very low permeability, represent one of the
most interesting cases for carbonate engineering studies. They exhibit complex fluid-rock interac-
tions due to their reactive surfaces and tight porous environment. Re-injection of co-produced water
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is an attractive strategy for managing the wastewater stream from oil wells, however, the reactive
nature of carbonates and the permeability presents challenges with permeability loss. Identifying
the stages and understanding the processes that occur during the reinjection of produced water into
a well is necessary for planning correct technological operations to increase the permeability of the
formation and the feasibility of these operations. This study examines the stages of permeability
change during the re-injection of produced water and seawater from the Danish North Sea oil and
gas fields. Using computed tomography, real core samples from the chalk formations were selected
to be homogeneous without any open fractures. All experiments were carried out in a core flooding
system simulating well conditions with respect to pressure and temperature. Produced water sam-
ples were taken from the Dan field to replicate the chemical and thermodynamic processes occurring
in a real well as accurately as possible. As a result of the core flooding experiments, 3 stages of core
permeability changes were identified (permeability increase, pressure stabilization, and permeabil-
ity decrease). The processes occurring at each stage of the change in permeability were explained
based on the data of the chemical composition of produced water from an ion chromatography-mass
spectrometry, image analysis from a scanning electron microscope, measurement of particles size by
a zetameter, as well as building a thermodynamic model of scale formation in ScaleCERE software.
These experiments provide new data for the process of changing the permeability of oil fields con-
sisting of chalk reservoirs and additional evidence for existing theories.
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The displacement of residual oil by water flooding in porous media is important in many sandstone
reservoirs. Our fundamental understanding of the influence of complex pore geometries of natural
sandstones on fluid distribution is still incomplete. To study the formation mechanism and mobiliza-
tion potential of microscopic discontinuous residual oil, this paper constructs a two-phase flow simu-
lation model in heterogeneous sandstone pores based on the N-S equation and fluid volume method
(VOF). The pore structure characteristics are accurately described using the watershed method, and
the relationship between residual oil distribution and pore structure parameters was quantitatively
characterized. Our findings suggest that pore-scale displacement and snap-off processes have a
strong dependence with the coordination number, pore radius and aspect ratio. Moreover, the mi-
cro remobilization mechanism of different types of residual oil is analyzed from a hydrodynamics
perspective. The results show that the residual oil of network form is the main type during the high-
water period influenced by the low coordination number of heterogeneous pore space. Mechanical
analysis shows that the mobilization of residual oil is the result of the combination of capillary force
and driving force during low-capillary number water flooding process. Pores with good connectivity
are the potential breakthrough positions for oil phase. The increasement of driving force would fur-
ther push the two phase interface to move and form a combined force with the capillary force, and
effectively remobilizing oil clusters. The statistical analysis revealed that the development of sub-
pathways and the suppression of snap-off are responsible for the decrease of remaining oil saturation
under higher capillary number water injections. This study reveals the formation and remobilization
mechanism of microscopic residual oil in the high-water cut stages, providing a theoretical basis for
fine tapping of the highly disconnected remaining oil in sandstone reservoir.
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The oolitic limestone reservoir of Qianjiang Formation in Jianghan Oilfield has the characteristics
of shallow burial, thin layer, developed upper and lower water layers and strong heterogeneity, so
it is difficult to be reformed on site. In order to optimize the transformation process and the optimal
process parameters suitable for the reservoir, the core dissolution experiment and acid displacement
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experiment of two different acid systems of conventional acid and retarded acid were carried out in
this paper. Combined with the analysis of CT scanning results, the action law of oolitic limestone
and different acid systems, the quantitative characterization of permeability change at different injec-
tion rates and the CT three-dimensional imaging of acid etching pore characteristics were clarified;
at the same time, according to the results of acid rock reaction kinetics experiment and acid etching
conductivity experiment, the effective distance of acid rock reaction in different acid system is pre-
dicted theoretically, and the best acid system and injection parameters are optimized. The results
showed that the optimum concentrations of hydrochloric acid and retarded acid were 20 % and 10 %,
respectively. The displacement rate has no obvious difference in the increase of permeability after
core acidification, but it has a great influence on the wormhole structure formed by acid etching.
The increase of displacement rate will form wormholes with better connectivity and less damage
to rock skeleton and physical properties; by calculating the experimental parameters of acid-rock
reaction kinetics, it is found that the effective distance of retarded acid is 10 m longer than that of
conventional acid under the same injection rate of large displacement acid. Finally, according to
the characteristics of the reservoir, a large displacement injection of ‘ 10 % retarded acid + 0.3 %
corrosion inhibitor ‘ acid system can effectively increase the acid action distance and enhance the
transformation effect.
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Shale is a highly heterogeneous porous material rich in organic matter. Injecting fluid into a porous
material can expand the pore space, distorting the solid skeleton. The detailed flow andmechanics of
this solid deformation has not yet been systematically investigated. This work reports on modelling
steady liquid flow in shale system, considering the slip effect and fluid-structure wall deformation. A
microscale (pore level) fluid structure interaction (FSI) problem is formulated in terms of incompress-
ible Newtonian fluid and a linearized elastic solid. The slip effect is adopted means of a Navier-type
boundary condition. Combining different mechanical properties of organic and inorganic matter,
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an asymptotic solution to the FSI problem is derived for a certain geometry. A nonlinear Darcy-
type upscaled equation for the averaged pressure is obtained, as well as introducing an apparent
permeability dependent on interface position and slip coefficient. Based on the obtained results,
relevant results for more general situations are obtained through extended analysis. The accuracy
of the result is assessed by comparisons with numerical simulations. Our results may be useful for
a better understanding of shale oil rocks at the micrometer scale, studying the large squeezing de-
formation of carbonaceous shale in practical situation or studying the deformation of other porous
media.
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Displacement of immiscible fluids in heterogeneous porous media is extensively found in many un-
derground applications, such as groundwater remediation, underground hydrogen storage (UHS),
and geological carbon storage (GCS). Natural fractures are widely distributed in the subsurface sys-
tem and likely to induce a channeling effect that makes the flow within fractured porous media
very distinct from that in conventional ones. In pursuit of enhanced displacement efficiencies in the
aforementioned applications, the mechanisms of flow phenomena within fractured porous media
needs to be better known by accounting of the channeling effect. Here, based on a numerical phase-
field method (PFM), the spatial and temporal evolution of the phases and their interface during a
multiphase flow in a fractured porous media are investigated under various fracture morphologies
(i.e., aperture, length, dip angle, and tortuosity). The results show that the absolute permeability of
the porous medium is all increased in the studied cases due to the presence of microfractures. This
increase in permeability is largely attributed to the reduced fluid tortuosity in the flow direction.
Yet the ultimate displacement efficiency shows a non-linear dependence on the absolute permeabil-
ity. Micro-fractures serve as a main displacement pathway in view of the varying topology of the
local pores, and thus play a key role in controlling the ultimate displacement efficiency. Among
the above four characteristic parameters, aperture has the most significance in regulating the fluid
displacement. The ultimate displacement efficiency reaches a maximum value (51.14%) as the aper-
ture of the micro-fracture is twice the mean pore diameter and can be 1.2 times larger than that of
the model without micro-fractures. The relative permeability of the displacing fluid, which is pro-
portional to its saturation, shows a higher growth rate under presence of micro-fractures. It is also
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demonstrated that the ultimate displacement efficiency is negatively correlated to the growth rate
of relative permeability.
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With the growing expansion of machine learning applications in reservoir proxy modeling, the ef-
fective design of input and output data for data-driven models remains a formidable challenge. This
challenge is particularly pronounced due to the diverse nature of available data, encompassing vari-
ations in type, quantity, and accessibility. As the demand for robust reservoir models intensifies,
overcoming these hurdles becomes imperative for harnessing the full potential of data-driven ap-
proaches. In response to this critical need, our study addresses the pivotal challenge of utilizing
reservoir grid data efficiently for model training associated with well-based Surrogate Reservoir
Modeling (SRM), highlighting the significance of the grid sampling method as a key solution to en-
hance model efficiency and accuracy amidst inherent well’s data sparsity concerns. Conventional
approaches treating each grid’s data as a distinct observation become impractical, diminishing the
efficiency of network training with an extensive array of input variables. Real-world reservoirs, of-
ten comprising tens of thousands to several million grids, intensify this complexity, emphasizing
the necessity for a practical approach to reflecting the reservoir’s evolving behavior over time into
a designed Spatio-Temporal database for data-driven model training.
To overcome these challenges, we present the Streamline-Enhanced Dynamic Grid Sampling tech-
nique, a novel methodology integrating streamline simulation data into grid sampling. The core
tenet is to capture reservoir grid data dynamically, considering fluid flow progression within the
reservoir. Unlike static or random sampling approaches, our method adapts dynamically to evolv-
ing reservoir conditions, ensuring a more accurate representation of the reservoir’s behavior during
the training phase of the surrogate model. The methodology comprises two pivotal components: a
database reflecting the inherent nature of reservoir fluid flow and a versatile application seamlessly
integrating across diverse reservoir geometries. This approach conquers the limitations of existing
methods, providing the physics of flow in the database structure.
To illustrate the effectiveness of the introduced method, a deep learning-based SRM is designed and
applied based on the introduced data sampling technique for a water flooding process in the Egg
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reservoir model. The significance of this benchmark lies in its representation of real-world com-
plexities and its acceptance within the reservoir simulation scope. The method’s superiority over
conventional static and random grid data sampling is assessed by the surrogate model’s ability to
mitigate data sparsity issues. The results demonstrate that with the introduced method, the devel-
oped SRM requires a lower database for convergence while enhancing the simulation accuracy of
well production rates compared to conventional well-based surrogate models.
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Objective:
It is believed that viscous oil-displacement fluids enhance oil recovery (EOR) by modulating the mo-
bility ratio between displacement fluid and oil. According to classical mobility control theory, a
lower viscosity ratio of the defending fluid and the invading fluid would allow for better incremen-
tal oil recovery. However, core-scale experiments have shown that the viscosity ratio is not always
monotonically related to incremental oil recovery. Instead, there is an optimal viscosity. The de-
termination of viscosity for non-Newtonian fluids, which are the primary composition of chemical
flooding, is inherently elusive. This has become an important issue in the application of chemical
oil-displacement agents to reservoirs. While core-scale experiments can aid in viscosity design, ex-
tensive experimental work can impede research progress. Microfluidic is an advanced technique that
enables in-situ visualization within porous media. In this study, we propose a microfluidic approach
to enable rapid decision-making on the viscosity of viscous chemical oil-displacement agents.
Method:
Microfluidic experiments using PDMS chips were conducted to perform surfactant-polymer (SP)
experiments at different polymer molecular weights and concentrations. The experimental results
were analyzed using our previously proposed image algorithm (Gao,2021) for multi-scale pore re-
covery coupling with z-score method, which allows for characterization of the viscosity matching
degree in different planar pore radii. Finally, the hydraulic radius approach is applied to upscale
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the planar pore radius in microfluidics to permeability of the reservoir. This enables the graphical
plotting of matching degree between reservoir permeability and apparent viscosity.
Results：
Themicrofluidic experimental results confirm that higher viscosity does not lead to better incremen-
tal recovery. Instead, there exists an optimal viscosity. The viscosity of the displacement agent and
the pore have a matching relationship, and a higher matching degree corresponds to a higher recov-
ery. For HPAM-based SP solutions, a lower viscosity is observed at lower pore radii. With average
pore radius in the range of 3-14μm, the most appropriate viscosity is in the range of 9-42cP. In same
viscosity SP solutions, a high concentration of low molecular weight was found to be more effective
in EOR than a low concentration of high molecular weight. The reason for this is that higher con-
centration gradients are conducive to the mobilization of residual oil in the smaller pore spaces.
Novel：
This work provides new insights into the microfluidic applications for EOR. Compared to extensive
core experiments, microfluidics offers the advantage of characterizing mobilization in multi-scale
pores simultaneously. This approach requires only a few experiment to achieve the same results as
more than a dozen core-scale experiments, thus significantly reducing the effort and time required.
On the other hand, microfluidics has the advantage of allowing in-situ visualization in porous media,
which facilitates the understanding of the performance andmechanism of chemical oil-displacement
agent, and has the potential to replace core-scale experiment to some extent in phenomenological
research.
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The pore water retained in the unsaturated soil includes film water stagnant on the solid surface and
capillary water in corners or pores, which can be morphologically quantified by film thickness and
radius of meniscus curvature, respectively. The current procedure and theory of soil water retention
(SWR) measurement assume that capillary water and filmwater are connected in the medium satura-
tion range and have equal suction values when they coexist especially in the clayey and loamy soils.
However, the results of theoretical derivation and numerical simulations from this work reveal that
the film thickness remains constant with the varying radius of meniscus curvature, not following
the classical relationship. Moreover, the adsorptive suction is much higher than the capillary suc-
tion and the adsorptive interaction on solid boundary affects the shape of SWR curve significantly.
These findings not only help to establish the SWR function with accurate physical meanings in the
field of soil physics and hydrology, but also have important implications for understanding the gen-
eral relationship between film thickness and meniscus curvature as well as measuring the disjoining
pressure isotherm in colloid chemistry and interface science.
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In the natural gas mining process, there are obvious and unpredictable emissions of organic waste
gases including hydrocarbons (mainly methane) and alcohol vapors. These gases would promote the
greenhouse effect seriously without reasonable purification. Present purification method is usually
burning these gases with flame devices such as incinerator because of the violent flow and density
fluctuation, which causes more greenhouse gases and thermal energy releasing to the environment
for the fuel consumption in flame devices. Responding to this phenomenon, in this paper, based on
the heat storage capacity and micro-channel flow characteristics of porous media, an experimental
study about self-sustained oxidization of low concentration methane in a porous media burner with
noble metal catalyst was carried out. In the burner, porous ceramics (rectangular pore size: 1.5 mm
× 1.5 mm) and Pt-A2O3 catalyst (average particle diameter: 2 mm) were applied and the flow and en-
ergy fields were investigated. The results show that the gas flow should be treated as turbulent flow
even at low Reynolds number (30 < Re < 100) and the changes of gas pressure during the reaction
are noticeably periodic. Besides, modifying the cycle period, gas concentration and space velocity
would result in temperature distribution changing in the burner, and low space velocity and high
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gas concentration make the temperature curve in the burner to be ‘M’-type. Furthermore, the ther-
mal conductivity of the material has a greater influence on the radial temperature distribution than
that on the axial direction. All the results indicate that it is achievable to purify organic waste gases
and recover energy in natural gas industry using self-sustained oxidization method in porous media
burner.
Key words: porous media, flow characteristic, combustion, organic waste gases, natural gas indus-
try.
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Gas-water two phases flow behavior is fundamental to understand the underground gas exploitation.
Due to the limitations that core-scale displacement experiments cannot reveal the evolution of gas-
water interface and distribution of gas and water at pore-scale, a visualization study of gas-water
two-phase flow at pore-scale using microfluidics was conducted in this study. Both a single capil-
lary model and pore network model were designed based on CT images of real tight sandstone rocks
and related microchip models were fabricated and etched. Then the dynamic evolution of gas-water
interface and flow phenomena at pore-scale were investigated using these two micro models. The
core-scale flow experiments were also carried out to analyze the gas and water flow mechanisms.
The results shows that snap-off and bypass flow were the two most important pore-scale events that
occurred during the evolution of gas-water interface to break the continuity of gas flow. Once the
gas phase is discontinuous, the Jamin effect became remarkable to hinder the gas flow and water
drainage, resulting in gas entrapment and residual water produced. Combined with the core-scale
analysis and pore-scale visualization, the damage mechanisms of water blocking in tight sandstone
reservoirs is elucidated from the perspective of pore-scale evolution of gas-water interface. These
findings will improve the knowledge of gas-water flow mechanisms and reveal the intrinsic mecha-
nism of the water blocking in tight formations.
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While isolated fractures are difficult to fully characterize in subsurface formations, they serve as
highly conductive long-range flow conduits and thus may have a strong influence on flow and trans-
port. Recently, we have proposed a new model for flow in fractured formations that provides pre-
dictions of the expected flow field. Unlike existing methods, this model accounts for the non-local
effect of these flow conduits using kernel functions that appear in an integro-differential flow balance
equation. In the present work, kernel functions predicting mean flow rates and pressure profiles for
a variety of fracture shapes are presented. Furthermore, discrete fracture length distributions are
incorporated leading to a formalism that can account for mixtures of different fracture families. A
series of numerical experiments are presented with the results being successfully compared to ex-
pensive fine-scale reference simulations.
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Porous media coupled with free-flow systems are prevalent in both natural and technical applica-
tions. A classic example of such systems in the nature is the interaction between wind and partly
saturated soil, leading to soil drying through evaporation. In fuel cells, as an example of technical
applications, the understanding of interface process between the free flow (gas distributor channel)
and the porous medium (gas diffusion layer) is crucial for optimizing fuel cell performance. In or-
der to simulate these strongly non-linear coupled systems, efficient, monolithic model concepts are
required.
Pore-network model (PNM) has been proven to be an efficient tool to capture pore-scale phenom-
ena. Through simplified representation of porous media geometry, a pore-network model describes
the porous medium as large void spaces, pore bodies, connected by narrow paths, pore throats. In
this work, we focus on the fully implicit pore-network model and discuss the related modeling and
numerical challenges. A central concern in this type of pore-network models is dealing with the
discontinuity in local conductivity of fluid phases due to displacement processes, i.e., invasion and
snap-off, in the pore throat, which causes numerical convergence issues during simulation. To tackle
this issue, we first propose regularization strategies to smoothen the local conductivity curve. In ad-
dition, we introduce a generalized flux function formulation using a Heaviside function to scale the
flux within a pore-throat with a factor parameter. We analyze the impact of employing the afore-
mentioned approaches on the numerical efficiency and accuracy of the fully-implicit pore-network
model. Finally, we show that the further development of our PNM allows simulating porous media
coupled with free-flow systems.
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After injecting CO2 into subsurface porous media for sequestration, CO2 may be trapped as con-
tinuous gas cap (structural trapping) 1 or dispersed ganglia (capillary trapping) [2]. The former can
utilize local pore space more efficiently, while the latter has been well-recognized to be hydrodynam-
ically more stable. After thousands of years, both gas cap and gas ganglia dissolves into formation
fluid. However, the evolution of ganglia and gas cap during slow dissolution in porous media is still
largely unexplored.
We conduct experiments on slow dissolution of gas in porous media into surrounding liquid. Surpris-
ingly, the ganglia dissolution is not in classic “outside-in”mode that the ganglia interface flinches
inward gradually, but in a counterintuitive “inside-out”mode: liquid bridges spontaneously emerge
at the throats after several hours and finally fragment the ganglia into pieces. One example in the
micromodel visualized experiment is shown in Fig. 1a. Intriguingly, it suggests a probability that
structural trapping can spontaneously transform into capillary trapping during mild dissolution,
which helps to achieve stable CO2 storage without sacrificing space utilization at the very begin-
ning.
We hypothesize that this counterintuitive phenomenon, which emerges when large ganglia slowly
dissolve, is driven by the optimization of free energy, i.e., forming liquid bridges is a thermodynami-
cally more optimum pathway than outside-in dissolution. To prove this hypothesis, we first employ
a conceptual 2-D theoretical model [3] to analyze thermodynamic states of ganglia in homogeneous
porous media. We confirm that in porous media with narrow throats, dissolving bubble by forming
liquid bridge is of lower free energy than by outer boundary flinch [Fig 1.b]. Kinetically, the liquid
bridge can form via 1) film flow when liquid is completely wetting, and 2) capillary condensation of
connate water via Ouzo effects when the liquid is only partially-wetting.
We further develop quasi-static pore network modeling (PNM) algorithm to extend the experimen-
tal discovery and theoretical interpretation into 3D and heterogeneous media. Pore bodies and pore
throats are depicted as spheres and cylindrical tubes for simplicity. This PNM successfully identifies
the thermodynamically optimum pathway of ganglia dissolution, and quantifies the quasi-steady
state mass transfer coefficient between two phases [Fig 1.c]. We show that “inside-out dissolution”
path results in larger mass transfer coefficient than “outside-in”path [Fig 1.d], which may facilitate
dissolution and mineral trapping in subsequent stages.
In summary, we reveal a novel mechanism in CO2 subsurface sequestration that continuous gas
and large ganglia may spontaneously break into pieces via forming liquid bridges during dissolu-
tion. This “inside-out”pathway is thermodynamically more favored. It provides a new perspective
to estimate sequestration efficiency and safety.
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Figure 2: enter image description here

Figure 1 (a) Snapshots of experiment (above) and diagrams for 2 dissolution modes (below). (b)
Free energy of ganglia with different curvatures changes with increasement of liquid bridges. (c)
Diagrams for PNM and evolution of bubbles in two modes. Light blue represents water while the
other different colors represent different bubble domains internally continuous but mutually isolated
for liquid bridges. (d) Mass transfer rate changes through dissolution in different pathways.
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Porous media have a wide range of applications in various engineering fields. Accurate modeling
microstructure of porous media is the basis for subsequent numerical analyses and structure–prop-
erty relationship researches. Computational reconstruction methods play an important role in these
studies, can address limitations of some imaging techniques that are difficult to directly model three-
dimensional (3D) structures, such as 2D-to-3D microstructure reconstruction and specific structure
generation, and provide a fast and efficient way to model microstructures. Current computational
reconstruction methods include traditional methods and machine learning-based (or deep learning-
based) methods. Compared with traditional methods, machine learning-based computational recon-
struction methods show advantages in reconstruction accuracy and speed. However, such machine
learning-based methods also have limitations in interpretability, controllability, generalization, and
small data sample application, which make it difficult to deal with various reconstruction tasks.
In the previous study, we developed a hybrid method combining multiple-point statistics and ma-
chine learning, which is capable of handling 2D-to-2D, 2D-to-3D, and 3D-to-3D reconstruction tasks.
Whereas, there are still some limitations in dealing with controllable and conditional generation
tasks.

To further improve the reconstruction performance, we propose a novel controllable generation
method hybrid multiple-point statistics and sliced Wasserstein metric, design a controlled sampling
strategy and a conditional reconstruction strategy, and make progresses in dealing with controllable
and conditional generation tasks. In this method, multipoint statistical information is adopted for
microstructure characterization and sliced Wasserstein metric and gradient optimization are used
for microstructure reconstruction. The controlled sampling strategy enables microstructure gener-
ation for any given phase volume fraction, by sampling with purpose from multipoint statistical
information of training images. While the conditional reconstruction strategy can generate differ-
ent microstructures satisfying the condition data. In addition, the proposed method only requires a
single data sample (a 2D image or a 3D structure) to complete the above tasks, which has advantages
in controllability, generalization, and small sample data application. Finally, to verify the reconstruc-
tion performance of our method, multiple sets of experiments are performed on a variety of porous
media images (e.g., porous rocks, silica materials, battery electrode materials, and synthetic ceram-
ics), by generating microstructures with different phase volume fractions and condition data from
a single data sample. Comparisons of visualization, statistical parameters such as two-point prob-
ability function and linear path function, and numerical analysis are adopted to further show the
effectiveness of our reconstruction results.
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Micro-nano-bubbles (MNBs) enhanced oxidation presents a sustainable approach for contaminated
groundwater remediation. Understanding MNBs transport and deposition in porous media is cru-
cial for application and optimizing this technology. Firstly, the relationship between the number
of MNBs and dissolved oxygen (DO) concentration was calibrated to provide a basis for the inves-
tigation of MNBs’migratory behaviors by employing DO concentration. Secondly, we developed a
two-dimensional microfluidic model to simulate the pore structure of uniform-sized particles and
directly observed the retention mechanisms of injected oxygen MNBs. The results indicated that
MNBs retention predominantly occurs through surface deposition and hydrodynamic bridging, with
no significant straining observed. Furthermore, we conducted one-dimensional column experiments
using glass beads as porous media to examine the impact of porous media and groundwater chemical
characteristics on MNB migration, deposition and re-mobilization. The findings revealed substan-
tial MNB retention within the porous medium, with retention diminishing as the injection rate and
glass bead size increased. Finally, the irregular quartz sand was employed in the column tests, which
demonstrated a higher propensity for MNB capture comparing to uniformly-sized glass beads. Al-
terations in groundwater pH and salinity also influenced MNB migration by affecting the surface
potential of both MNBs and the porous medium. In conclusion, this study provides a reference for
further utilization of MNBs for remediation of contaminated groundwater.
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Is it safe to continue relying on traditional porosity-permeability
relationships?
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Theprecipitation of secondary phases in porousmedia carries profound implications for the function-
ality and efficiency of diverse natural and engineered systems. This encompasses applications rang-
ing from subsurface CO2 storage sites, geothermal systems, deep geological disposal repositories,
tunnels, oil and gas reservoirs, to the treatment of contaminated groundwater. These precipitation
processes alter the structure of porous media, reduce pore space, influence hydrodynamics, and even
modify reaction rates by reshaping reactive surfaces. As a result, it becomes crucial to thoroughly in-
vestigate the hydrodynamic consequences of mineral precipitation in porous geometries. However,
the prevailing practice of assessing the impact of precipitation reactions on flow and transport relies
on simplistic permeability-porosity relationships. Commonly employed empirical, experimental, or
theoretical models such as Kozeny-Carman, Verma-Pruess, and power law are favored for their con-
venience and simplicity. These models find widespread application in commercial or open-access
simulators for diverse geo-energy and geo-environmental purposes. Nevertheless, our previous re-
search has revealed that relying solely on such porosity-permeability relations introduces significant
uncertainty. To address this knowledge gap andmitigate the associated uncertainty, we propose a hi-
erarchical statistical approach to upscale the porosity-permeability relationship from the microscale
to the macroscale. Our approach acknowledges the complexity of permeability-porosity evolution
while still leveraging practical and readily available formulations. Simulations of the mineral precipi-
tation process in diverse homogeneous and heterogeneous settingswere conducted, and a power-law
formulation for the porosity-permeability relationwas fitted, resulting in a distribution of power-law
parameters for each setting. This resulted in a lognormal probability distribution function (PDF) for
all the cases. By incorporating this PDF into continuum scale simulations, a fit-for-purpose porosity-
permeability relation is established, linking themicroscopic dynamics of probabilistic nucleation and
growth in porous media with the macroscopic application domain. For most objectives in reactive
transport modeling, a three-step scheme adequately captures the pore-scale physics and dynamics,
ensuring the representation of these properties at the application scale.
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rich Caprocks

Page 201



InterPore2024 / Book of Abstracts

Author: Mohammad Masoudi1

Co-authors: Mohammad Nooraiepour 2; Helge Hellevang 3

1 University of Oslo, Department of Geosciences
2 University of Oslo (UiO)
3 University of Oslo

CorrespondingAuthors: mohammad.masoudi@geo.uio.no, nooraiepour@gmail.com, helghe@geo.uio.no

Underground Hydrogen Storage (UHS) plays a pivotal role in the shift towards renewable energy
resources, necessitating paramount attention to safety and efficiency. To maximize the recovery of
stored hydrogen and ensure a reliable seal against leakage, it is crucial to comprehend the propen-
sity for hydrogen migration through caprock. The migration may occur within the pore solution,
where small H2 molecules can readily diffuse through pores and fractures of the seal. Accurate risk
analysis requires a thorough assessment of hydrogen loss through the caprock, emphasizing the
significance of hydrogen transport properties, including adsorption and diffusion. However, due to
safety concerns surrounding hydrogen gas, comprehensive data on its interaction with various nat-
ural settings remains scarce. This study investigates the hydrogen adsorption of various natural and
synthetic materials, including four shale samples from the Norwegian Continental Shelf and three
standard clays. The samples underwent extensive characterization tests, such as X-ray Diffraction
(XRD), X-ray Fluorescence (XRF), Scanning Electron Microscopy-Energy Dispersive Spectroscopy
(SEM-EDS), and BET analysis. High-pressure gas adsorption analysis was conducted to measure hy-
drogen sorption isotherms. The experiments included dried and wet samples, with and without prior
treatments. The results reveal that swelling clays, particularly those from the Smectite group, have
a higher hydrogen uptake capacity. Additionally, when wet clay samples were examined, the pres-
ence of water resulted in competition between water and hydrogen for binding sites within the clay,
leading to a decrease in hydrogen adsorption. The comprehensive testing and analysis conducted
in this study provide valuable data for future risk assessments and enhance our understanding of
geological hydrogen storage in various geological formations.
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In the field of oil recovery and other industrial applications, the significance of an accurate and ef-
ficient model for porous media cannot be overstated. At present, most of the macroscopic models
for the gas flow in porous media at a high Knudsen number are only investigated under pressure
gradient. What’s more, the thermal effect becomes prominent in a single tube as the rarefication
degree increases whereby mass flow could occur in the direction of inverse temperature gradient,
which is named as Transpiration flow. This phenomenon will surely make a difference in the mass
transport and heat transfer process in porous media, leading us to determine the mass and heat trans-
port coefficient in porous media under pressure gradient and temperature gradient, as the existing
coefficients for mass transport are physically ambiguous and coefficients for heat transfer in porous
media are not specified. Therefore, to fully reveal the transport mechanism in porous media under
moderately high Knudsen numbers at a macroscopic scale, a novel approach is developed.

Specifically, the analytical solutions of velocity and heat flux to the Poiseuille flow and Transpira-
tion flow in a cylindrical tube by the R13 moment method of rarefied gas theory are first obtained.
Subsequently, they are separately incorporated into a three-dimensional pore network model that
comprises thirty pores in each direction via newly derived mass flow conductivity and heat transfer
conductivity in the form of Knudsen number. As a result, these pore network modellings derive
the apparent permeability and the apparent Knudsen diffusion coefficient for mass flow and heat
transfer under pressure gradient and temperature gradient respectively. It is found that the above
four numerically computed properties fitted with the effective Knudsen number are consistent with
their explicitly analytical form in a cylindrical tube. Hence, the analytical form of macro properties
is then applied to the macro model for porous media simultaneously subjected to pressure gradient
and temperature gradient. Also, a validation of the macro model is made by developing a heat and
mass-coupled pore network model under the same boundary condition when the Knudsen number
is under unity. To summarize, in this work, a computationally efficient and precise macro model
for rarefied gas flow in porous media with the Knudsen number ranging from 0.001-1.0 is estab-
lished.
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CO2 geological storage in saline aquifer is significantly influenced by the reactive solute transport
in the fracture media. However, the governing factors and coupling mechanisms of solute transport
within the fracture at different periods under seepage-chemical coupling remain unknown. In this in-
vestigation, reactive solute transport experiment on sandstone fracture was conducted to determine
the main mineral reactions. The fracture reactive solute transport analysis model taking mineral
precipitation into account is proposed, and the fracture reactive solute transport characteristics un-
der varying Pe number and Da number conditions are analyzed. The results of the dimensionless
parameter analysis revealed that the Pe number was the governing factor of the solute transport
process in the short period between injection and peak concentration of CO2, and that the time to
peak solute concentration decreased with increasing Pe number. Under long periods of injection
conditions, the solute transport process is governed by the Da number. Mineral precipitation at
a high Da number obstructs the fracture, resulting in a progressive decrease in the variation rate
of Ca2+ concentration during the late stage and the bypassing flow phenomenon of flow lines and
species transport pathways.
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High-quality digital rocks are essential for high-precision pore-scale modeling. However, limited
by the imaging hardware, meeting the requirements of high resolution (HR) and a wide field of
view (FOV) simultaneously is challenging. In this study, we propose a novel Efficient Attention
Super-Resolution Transformer (EAST) to boost digital rock quality, which reconstructs HR details
from low resolution 3D images with wide FOV. To address the specific characteristics of digital
rock tasks, EAST employs a hybrid loss function to recover sharp pore edges and combat noise.
Furthermore, we utilize data augmentation techniques to improve model generalization. The hyper-
parameters of EAST are optimized to trade off speed and super-resolution quality. Through quantita-
tive evaluations and qualitative visualizations, we validate the superior reliability of EAST in terms
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of recovering sharp edges and eliminating noise. Compared to the efficient convolutional neural
network-based model RCAN, EAST achieves higher performance with only 22% of the parameters
due to hybrid efficient attention mechanism. Finally, we verify the physical accuracy of the EAST
reconstruction results by direct flow simulation method. The results demonstrate that EAST signifi-
cantly reduces the relative error of single-phase permeability from 35% in Tricubic interpolation to
8%. Moreover, EAST is 185% faster than RCAN, which implies that EAST could process a digital rock
with 109 voxels in 4.3 hours, thereby generating an impressive 6.4×1010 voxels.

Keywords: digital rock physics, 3D image super-resolution, deep learning, Transformer
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Complex boundaries and material interfaces are common in scientific and engineering problems.
When solving such problems with the standard finite element method (FEM) where the elements
conform to boundaries and interfaces, analysts have to pay great efforts and patience for the mesh-
ing to avoid low-quality elements in the vicinity of boundaries and interfaces. Therefore, meshing or
preprocessing is normally time-consuming and arduous for practical problems. The unfitted FEMs
provide another path for the solution of problems with complex geometric domains, where a sim-
ple mesh not necessarily aligning to the physical model is employed. However, the boundaries and
interfaces can cut the mesh and produce tiny cut elements, which causes ill-conditioning of the
stiffness and mass matrix. The recently developed aggregated unfitted resolved the cut-induced ill-
conditioning by linking the unknowns of nodes outside the physical domains to the adjacent nodes
within the physical domain. It did not introduce any additional stability terms and, therefore, main-
tained the consistency. Hence, it is more favorable than stabilized unfitted FEM when consistency
is desired.
The majority of geotechnical problems often involve complicated external boundaries and material
interfaces. Therefore, the aggregated unfitted FEM is an excellent tool for analyzing geomechan-
ics and geotechnical problems. In this paper, we develop an aggregated unfitted FEM for hydro-
mechanical coupling problem, which is one of the most important problems in geomechanics. In
the development of this methodology, we link both the displacement and pore pressure of nodes
located outside the physical domain to the nodes inside the physical domain via extrapolation. The
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ill-conditioning is avoided as the small cut supports of the nodes outside the domain are precluded.
Several benchmark hydro-mechanical coupling problems are solved with the proposed aggregated
unfitted FEM.The numerical experiments demonstrate the optimal spatial and temporal convergence
regardless of how the meshes are cut. Furthermore, the condition numbers of the stiffness matrix
are dependent of the smallest cut ratio.
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Shale oil, widely distributed in organic (i.e., kerogen) nanopores, is playing an ever-increasing role
in addressing the global energy crisis, but is faced with challenges of low recovery efficiency due to
well-developed nanopores. It is believed that the pore size distribution of kerogen is in the range of
several angstroms to tens of nanometers (AAPG bulletin 96 (6): 1099-1119). In such a narrow pore
space, oil molecules are dominated by adsorbed phase, which is hard to recover relying on pressure
drop (International Journal of Coal Geology 147 (2015): 9-24). CO2 huff-and-huff is identified as a
promising method to enhance oil recovery while achieving CO2 sequestration. Clarifying the ad-
sorption and extraction behaviors of hydrocarbons in kerogen nanopores is crucial for accurately
predicting oil recovery and revealing CO2 enhanced oil recovery (CO2-EOR) mechanisms.
In this work, we adopted molecular dynamics (MD) simulation to study the static spatial distribution
and dynamic mass transfer of hydrocarbon and CO2 in slit-shaped kerogen nanopores by carefully
designing a series of pore apertures. It shows that the adsorption and extraction behaviors of oil
molecules are closely related to pore aperture. Interestingly, we found that the surface adsorption
of oil molecules demonstrates a non-monotonic trend of rising after falling as the pore size decreases.
Specifically, when the pore size is reduced to a certain value, oil molecules exhibit a pseudo-double
layer adsorption state, in which the surface adsorption peaks of oil molecules are significantly weak-
ened. On the other hand, although the reduction of pore width adversely affects the extraction speed
of oil during CO2 soaking, the recovery efficiency presents a jump for the oil at pseudo-double layer
adsorption state. Meanwhile, the surface adsorption of CO2 is also greatly enhanced, which leads to
the highest CO2/Oil ratio in the nanopores. Collectively, our work provides fresh and important in-
sights into hydrocarbon occurrence state and CO2-EORmechanisms in organic-rich shale reservoirs
and builds up a good foundation for accurate predictions of oil recovery.
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Dispersed fluid systems (foam, emulsion, bubbly liquid, etc.) involves inmany key geophysical/geochemical,
environmental, and engineering processes[1-3]. However, regardless ofmany pore-scale and channel-
scale approaches[4, 5], predicting dispersed fluid flow behavior in porous media is still a major chal-
lenge. Here we conduct experimental and theoretical investigation, trying to rationalize the long-
puzzling gap between single-channel scale and porous media scale models for dispersed fluid flow.
We first conduct experiments in doublet microfluidic model (Fig. 1a). We fix Cad (dispersed fluid
capillary number) and observe the flow state at varyingCa (total capillary number). At low Ca, very
significant difference for blob fluxes between two parallel channels are identified even when the two
channels are highly symmetric (Fig. 1b). After careful quantitative analysis, we realize that minor
fabrication error cannot rationalize this symmetry breaking.
We thus hypothesize that this asymmetric flow of dispersed fluid is originated from a new symme-
try breaking mechanism. We thus conduct stability analysis in a doublet system, that introduce an
infinitesimal perturbation to assess its potential for self-amplification. Analysis shows that such
symmetry breaking can emerge, if there is a negative correlation between pressure drop and total
flow rate at a constant dispersed fluid flux ( ∂F

∂Ca

∣∣
Cad

< 0) within a specific channel. The existence
of ∂F

∂Ca

∣∣
Cad

< 0 correlation is successfully validated: theoretically, by classic Bretherton’s correla-
tion for non-viscous gas slug flow in a uniform cylindrical tube [6] (Fig. 1c); and experimentally, by
microfluidic experiment along a single channel of sequential pore-throat structure (Fig. 1d).
This breaking of flow path symmetry, if emerges in porous media, may result in preferential flow
even in homogeneous media. We conduct a demonstrative experiment in a homogeneous porous
medium to validate the above inference. Surprisingly, we do observe significant non-uniform flow
at steady state, as shown in Fig. 1e and Fig. 1f. Preferential paths carry almost all dispersed fluid
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flux, while blobs in other paths flow only occasionally and slowly. Noticeably, the dispersed fluid
saturation is negatively correlated with its flux, which is contradictory against classic relative per-
meability idea, but can be well explained by the abovementioned spontaneous symmetry breaking.
This discovery of spontaneous symmetry breaking of dispersed fluid in porous media may bring new
insight into the understanding and modeling of complex fluid behaviors in disordered geometry.

Figure 3: (a)The design of the doublet-channel model, single-channel model and homogeneous
porous media model. (b) The experimental results of the cumulative number of droplets in
doublet system for Cad = 1.5×10-5. Hollow symbols denote channel 1 results, while solid sym-
bols represent channel 2 results. (c) Schematic diagram of F-Ca curve in a single channel for
Bretherton model. (d) The experimental results of F-Ca curve along a single channel with Cad
= 3.0×10-5 (in the main plot, and colors mark different regimes), and with Cad = 2.5×10-4 and
5.0×10-4 (in the inserted plotting). (e) Time-average dispersed fluid saturationmap of thewhole
micromodel. (f) Time-average blob-passing frequency field map of the whole micromodel.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

1 Haj-Shafiei S, Ghosh S, Rousseau D, et al. Kinetic stability and rheology of wax-stabilized water-in-oil
emulsions at different water cuts [J]. 2013, 410: 11-20. [2] Kovscek A R, Bertin H J. Foam Mobility in
Heterogeneous Porous Media [J]. Transport in Porous Media, 2003, 52(1): 17-35. [3] Romero M I. Flow
of Emulsions in Porous Media [Z]. SPE Annual Technical Conference and Exhibition. 2009: SPE-129519-
STU.10.2118/129519-STU [4] Blunt M J. Multiphase Flow in Permeable Media: A Pore-Scale Perspective
[M]. Cambridge: Cambridge University Press, 2017. [5] Hematpur H, Mahmood S M, Nasr N H, et al.
Foam flow in porous media: Concepts, models and challenges [J]. Journal of Natural Gas Science and
Engineering, 2018, 53: 163-80. [6] Bretherton F P. The motion of long bubbles in tubes [J]. Journal of

Page 208

https://wx1.sinaimg.cn/mw690/006mLUydly1hlikie4elmj33dn1yc1l2.jpg


InterPore2024 / Book of Abstracts

Fluid Mechanics, 1961, 10(2): 166-88.

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 264

Microscale pore structure of Citrus aurantium cortex affects its
drying characteristics: A micro-CT and lattice Boltzmann study

Author: WengXiang HeNone

Corresponding Author: 478537988@qq.com

The microscale pore structure of Citrus aurantium cortex has a significant impact on its drying
characteristics. In this study, micro-CT scanning technology was used to characterize the microscale
pore structure of Citrus aurantium cortex. To improve the image quality of the CT scanning results,
a comparative experiment of the mainstream denoising algorithms was carried out, and the optimal
denoising algorithmwas selected. TheAvizo software was used to quantify and characterize the pore
structure of Citrus aurantium cortex, and the equivalent pore model was established to calculate the
permeability. Based on the CT scanning results, the lattice Boltzmann method was used to simulate
the heat transfer and phase change during the drying process of Citrus aurantium cortex. The results
showed that the fibrous structure of Citrus aurantium cortex has a dual effect on the drying process
of Citrus aurantium cortex: on the one hand, the fibrous structure hinders the evaporation of water,
leading to a decrease in the drying rate; on the other hand, the fibrous structure promotes the heat
transfer of Citrus aurantium cortex, making the drying process more uniform.
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The adsorption mechanism of coal becomes extremely complex due to the influence of coal quality,
physical and chemical structure, temperature and mechanical properties. The impact of different
scales of pores in coal on the adsorption behavior was investigated by combining the reaction heat
apparatus C80 and atomic force microscopy (AFM), followed by characterization of adsorption ef-
fect variation in coals with different particle sizes due to adhesion differences. The results show that
the absolute adsorption volume (AAV) of Chengzhuang (CZ) of 0.85-2.00 mm is 1.06 times higher
than that of Qiyi (QY) under the pressure of 4.2 MPa. With the increase of pressure, more desorp-
tion occurs at different sites of adsorbed phase, resulting in the increase in the density of the free
phase methane increasing the gap between AAV and excess adsorption volume (EAV).The larger the
particle size of coal, the smaller the temperature variation during adsorption. In the AFM measure-
ments, CZ containing 2026 adsorption pores exhibits stronger heterogeneity than QY, leading to the
formation of more capillary condensation of methane. For the adsorption heat, methane tends to
occupy sites with high adsorption potential at the beginning of adsorption to release large amounts
of heat. Moreover, the adhesion force distribution of QY is more uniform than that of CZ, mainly
concentrated between 1.5 and 3.0 nN. Subject to microscopic adhesion force, methane molecules in
the effective adhesion region can be stably adsorbed to pores. Temperature affects the heterogeneity
of adhesion, mainly the higher the temperature, the more concentrated the distribution of adhesion
in coal.
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Prediction of aerosol deposition in the respiratory tract has become amajor focus for inhaled drug de-
livery and air pollution prevention. Computational fluid-particle dynamics (CFPD) provides themost
accurate local prediction results, but the computational cost is unbearable for the CFPD simulation
of the whole respiratory tract. This challenge arises due to the multiscale nature of the respiratory
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tract and numerous bronchioles 1. A common practice is to truncate the bronchial tree and simulate
on the truncated model using CFPD. In this study, a novel boundary condition for the truncated res-
piratory tract model based onmultiscale simulation is proposed, named extended-bronchus-network
(EBN) boundary condition. The truncated model is extended to the terminal bronchial and the air
flow in the extended part is simulated using local hydraulic resistance equivalence pore network
model (PNM) [2]. The pressure and flow rate at the outlet of truncated model is consistent with
PNM, which provides the outlet boundary condition for CFPD of truncated model. A comparison
against EBN with the widely used uniform pressure outlet boundary condition [3] is made. It re-
veals that EBN boundary condition in this study is more physiologically and closely to the clinical
data. The maximum relative disparity of nano-micro aerosol penetration fraction of the right middle
lobe and right lower lobe between these two methods is 93% and the maximum relative disparity of
aerosol deposition fraction within the trachea-lobar bronchi is 30%. EBN boundary condition is im-
plemented for the simulation of nano-micro particles transport in the mouth-to-lobar bronchi (MLB)
model at the inspiration volume rate of 15, 60, 90 L/min, respectively. Result shows that for particles
equal to or less than 1 μm in size, over 90% penetrate deeper into the pulmonary lobes, with inspira-
tion volume rate and particle size having minimal impact on penetration fraction. However, micro
particles more probably deposit in the MLB with larger inspiration volume rate. Notably, when par-
ticles larger than 6 μm are inhaled at 15 L/min or particles larger than 3 μm are inhaled at 60 L/min,
over 40% of them deposit in the MLB. Particle deposition hotspots forming reason is qualitatively
analyzed. This work provides a reference for the optimization of drug delivery, targeted therapy, the
prevention and control of pollutants. It also lays a foundation for the simulation of aerosol transport
in whole lung.
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The microscopic analysis of methane (CH4) adsorption and diffusion in the heterogeneous pore
structure of coals is vital for the success of the coalbed methane (CBM) projects. In anthracite, the
methane storing and flow capability rely to a great extent on the nano-structure due to the extremely
low porosity and underdeveloped fractures. In this research, a combined matrix and nano-fracture
system based on the double-porosity model was constructed. We aimed at providing a molecular-
level insight into the gas transport behaviors through simulated study. The results demonstrated
that there was a significant equilibration time-lag between matrix and fracture. Gas molecules in
nano-fracture owned a high diffusion rate. Meanwhile, the adsorption layers with increased densi-
ties were formed in the transition area between matrix and fracture. The particles in matrix mainly
collided in pores with poor orientation. By contrast, the adsorbate in nano-fracture and adsorption
layers directionally moved along Z-axis and the YZ plane, respectively. Coal matrix was divided
into the outer and interior sub-matrices according to whether it was accessible to the secondary mi-
grated gas. Pressurizing to 10MPa could effectively improve the gas invasion range. The simulated
self- and transport diffusion coefficients were found to coincide well with the experimental data.
There was a stronger pressure dependence of diffusivity in the case of a smaller channel width. For
the impact of surface geometry, a dramatic increase of velocity was detected in cylindrical system
compared with the cubic block. To sum up, molecular simulation could be an effective means to
precisely investigate the micro-flow mechanisms of adsorbate molecules.
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Water flooding is one of the important ways of oilfield development in China. However, due to the
poor-compatibility between injected water and reservoir rocks and fluids, free particles such as in-
organic scale and rock clay often block the pores and throats under the carry-over effect of water
seepage, which leads to engineering problems such as water injection pressure increasing, underin-
jection of injection-wells and decreased oil production capability of production-wells. Conventional
core experiments and numerical simulations were used to study the damage induced by water in-
jection. Since the black-box nature of the core, researchers cannot observe the fluid flow rules in
porous media, nor can they know the specific location and degree of core damage. Although the
numerical simulation method can simulate the scale formation and the occurrence of scale particles,
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it ignores the real situation of scale particles being carried and moved by fluid, and can not obtain
the real rules of water flooding damage to the reservoir.
Considering the shortcomings of previous studies, we combined low-field NMR and microfluidic
techniques to explore the damage rules of injected water to the core of an ultra-low permeability
reservoir in northwest of China. Firstly, low-field NMR online displacement technology was used to
detect the signal intensity changes of the core along the axial direction, as well as the pores of vari-
ous sizes during the water flooding process, and we obtained the injury rules of the core at different
locations during the water flooding process. Further, we used μ-CT to scan the core slice and obtain
its pore distribution information, and etched it on the glass chip for displacement experiment, and
observed the damage rules of the scale particles generated by the combination of injected water and
formation water on the porous media in real time.
It is found that free particles are selective to reservoir damage. Due to the low-resistance flow char-
acteristic of fluid, free particles will be carried by fluid to the micro-fractures and large pores, causing
greater damage. This kind of damage has mobile characteristics, free particles will be carried to the
center and tail end of the core, and increase the blockage these parts over time. The microfluidic
experiment further confirmed the rules obtained by low-field NMR method, and the accumulation
of scale particles in the middle and rear of the chip was also found in the microfluidic displacement
experiment. The particles size of these areas continues to increase, which increases the damage to
the middle and rear of the reservoir, blocks the flow channel of the production wells, and seriously
reduces the swept efficiency of the displacement phase.
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This study investigates the thermodynamic and kinetic characteristics of nano porous particle as an
additive in the formation of CH4 hydrate, essential for hydrate technology applications and energy
estimation in gas storage process. Thermodynamic analyses were conducted with varying nano
porous particle concentrations. Differential Scanning Calorimetry (DSC) was employed to deter-
mine phase equilibrium temperatures and pressures within the range of 3-10 MPa. As pressure
increases, the endothermic peak shifts to the right, indicating higher decomposition temperatures,
and the peak of hydrate decomposition intensifies, signifying enhanced hydrate formation with in-
creased pressure. Phase equilibrium points measured by DSC align with existing literature values,
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indicating that nano porous particle does not alter CH4 hydrate phase equilibrium under varying
pressure conditions.
The kinetics of CH4 hydrate formation were examined under different nano porous particle concen-
tration. Observations show a reduction in the induction time with increased nano porous particle
concentration, attributed to enhanced gas solubility and increased nucleation sites in the porous
medium. The porosity, specific surface area, and mobility of nano porous particle accelerate hydrate
formation and enable it to adsorb more CH4 than pure hydrate, emphasizing its role in gas storage.
Raman spectroscopy was employed to analyze CH4 solubility in water with nano porous particle.
Results demonstrate an increase in solubility with rising nano porous particle concentration, sug-
gesting nano porous particle’s significant role in promoting CH4 hydrate formation. This indicates
potential efficiency improvement in CH4 hydrate production by substituting pure water with nano
porous particle.
The stability of this nano porous particle immersed in water for various durations was analyzed by
XRD and SEM, and the results were consistent without obvious structural changes. BET analysis
confirms the stability of pore diameter and specific surface area. The good stability of nano porous
particle can ensure the effectiveness of nano porous particle as an additive in the hydrate system.
In summary, this study reveals the thermodynamic, kinetic properties of CH4 hydrate formation in
water with nano particles, providing insights into its potential applications and efficiency improve-
ments in gas storage processes.
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Extreme viscosity ratios emerge in many important applications such as carbon dioxide geological
sequestration (CO2 is much less viscous than formation fluids), natural gas production and hydrogen
storage (gas is much less viscous than water), and heavy oil reservoir recovery (oil is much more
viscous than water). Clearly understanding the immiscible two-phase flow with extreme viscosity
ratio can provide guidance for practical production.
Lattice Boltzmann method (LBM) has recently been widely applied for numerical simulation of pore-
scale two-phase flow. However, prior LBM approaches on two phase porousmedia flow [1-4] present
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major limitation in modeling extreme viscosity ratio and low capillary number. It mainly stems from
the large spurious currents[5,6] when dealing with multiphase flow problems in complex media due
to insufficient isotropic, which results in poor stability and accuracy of the prevailing multiphase LB
model. Consequently, genuine flow velocities, particularly under conditions of low capillary num-
bers or high viscosity ratios, become tainted with these unwarranted velocities. Such interferences
significantly hinder a comprehensive understanding of two-phase flow mechanisms within porous
media.
To address this challenge, we integrate interaction forces using a higher-order difference approach[7],
building upon Porter et al.’s multi-relaxation MCMP pseudopotential model[8] with an explicit forc-
ing format. Our findings point that adjustable parameters related to the non-conserved quantities
within the multi-relaxation matrix offer a distinct advantage in diminishing spurious currents. Fur-
thermore, by employing the color gradient model for the diffusive mixing of two-phase systems,
we successfully achieve higher viscosity ratios. Notably, our improved model dramatically reduces
maximum spurious currents in porous media by two orders of magnitude (from 1e-3 to 1e-5) com-
pared to its predecessor. Based on this improvement, we simulate two-phase flow in porous media,
spanning a broad capillary number range (4e-5 to 1e-2), extreme wetting conditions (0º to 180º), and
high viscosity ratios (up to 100). We are therefore able to extract more accurate velocity distribution
for diverse analysis on multiphase flow in porous media.
In general, we propose a novel MCMP pseudopotential model, that extends our capacity to numer-
ically investigate immiscible fluid flow in porous media with low capillary number and extreme
viscosity ratio flow.
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During and after multi-stage volume hydraulic fracturing in the continental shale oil reservoir, mas-
sive water would be imbibed into the matrix pores to form an imbibition water shield (IWS). And
the IWS would not only prevent external fluids flowing into the interior of pores, but also block the
discharge of remaining shale oil. Then the height distribution of IWS represents the bidirectional
shield resistance of imbibition water in different pores and reflects one of the important imbibition
characteristics in shale reservoir.. This study quantitatively evaluated the pore-size distribution of
Chang 7 continental shale based on high pressuremercury injection (HPMI) experiments and nuclear
magnetic resonance (NMR) tests, which the pores could be divided into three types as micropores (≤
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0.1 μm), mesopores (0.1 μm ~ 1.0 μm) and macropores (>1.0 μm). Furthermore, compared the changes
of the IWS height between spontaneous imbibition and pressurized imbibition in different pores, it
can be inferred that the height of IWS increased overall under pressure and the distribution char-
acteristic curves were more complex with time, reflected the complexity of oil and water flowing
in the shale matrix pores o during the imbibition process. And the order of the effect of pressure
on imbibition was macropores, mesopores, and micropores. Moreover, the IWS height of microp-
ores and mesopores raised significantly and there was a clear trough in the macropores for Core H7
under the pressure at15MPa, indicated that it might have generated new fractures at15MPa for the
experiment shale. And the distribution curves of IWS height in macropores were basically overlap
for the two cores with the same length, but the IWS height of micropores and mesopores in the core
with pressurized imbibition was larger than that of core with spontaneous imbibition, revealed that
there was better final effect on the imbibition to mobilize shale oil in micropores and mesopores
under pressure.
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Contaminated soils typically possess self-healing capabilities, and the ecological concept of empha-
sizing natural restoration with supplementary artificial reinforcement has gained widespread accep-
tance. An investigation was conducted into the arsenic pollution status at an abandoned arsenic
factory site in southern China. After identifying the spatial distribution characteristics of arsenic
in the soil, indoor soil arsenic dissolution experiments were conducted under different conditions
to obtain chemical kinetic parameters during desorption. A relationship model between desorption
amount and time was established based on simulation results using Phreeqc. This model aims to
predict the natural attenuation of soil arsenic based on natural restoration. The results indicate se-
vere arsenic contamination in the original waste heap soil, with arsenic content reaching 181-283mg
within 20cm below the surface in certain local areas. However, high concentrations of arsenic pol-
lutants are mainly concentrated in the depth range of 30-60cm below the surface. This suggests that
under the driving force of atmospheric precipitation, arsenic from the original waste heap infiltrates
into the soil below the surface of 30-60cm. Due to the transformation of the soil from an oxidiz-
ing environment to a reducing environment, arsenic continuously accumulates, forming a relatively
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stable secondary pollution source that still poses a risk of groundwater contamination. The results
of desorption simulation experiments using local normal rainfall and acid rain (pH=4.6) show that
normal atmospheric precipitation can only desorb approximately 40.7% of the arsenic in the soil. It
would take an additional 16.25 years to bring the arsenic concentration in the contaminated site to
the second-level standard limit of soil environmental quality. Under acid rain conditions, the disso-
lution rate of arsenic can reach 65.4%, and considering the local annual acid rain rate, the arsenic
concentration in the contaminated site can meet the second-level standard limit of soil environmen-
tal quality within 13.09 years.
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The vertical variation in permeability is a typical heterogeneity of pore structure in sandstone reser-
voirs. We thus constructed a millimeter sized layered sandstone, and performed water-alternating-
gas (WAG) injection and CO2 foam flooding. After each gas injection, the core was placed vertically
for 24 hours and horizontally for 24 hours respectively to study the influence of gravity on fluid
migration. The fluid distribution obtained by high-resolution X-ray microtomography indicates that
layered heterogeneity leads to a large amount of oil being trapped in the low-permeability layer. Al-
though theWAG strategy improves the oil recovery of layered porous media, a large amount of oil is
still trapped in low-permeability layers after twoWAG cycles. After CO2 foam flooding, the oil in the
low-permeability layer can be effectively recovered. During the no-injection period, the difference
in fluid density caused fluid migration and crossflow, that is, the oil in the low-permeability layer de-
creased while the oil in the high permeability layer increased, which is beneficial for subsequent oil
production. Increasing the number of WAG cycles is beneficial for improving the CO2 capillary trap-
ping efficiency. The relative permeability of CO2 in low-permeability layers is relatively low, with
residual gas mainly distributed in single pores. CO2 clusters in the low-permeability layer have a
large surface area to volume ratio, thus the CO2 capillary trapping is more stable, and the amount
of CO2 dissolution trapping will be greater.
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Wettability is an important factor controlling the pore-fillingmechanism and displacement efficiency
in the subsurface pore space. The trapped phase can be mobilized by wetting alteration, which is
one of the main mechanisms of enhanced oil recovery technologies, such as surfactant flooding and
low-salinity water flooding. Despite recent advances in the simulation of wetting alteration at the
core scale or beyond, there are very few works that have modeled the wettability alteration at the
pore scale, especially in three-dimensional (3D) micro-CT images, causing fluid displacement and
retrapping mechanisms during wettability alteration are not well understood. With this objective, a
wettability alteration model by low-salinity is developed and implemented in the open-source com-
putational fluid dynamics software OpenFOAM (Open Source Field Operation and Manipulation),
where both the Navier-Stokes equations for oil/water two-phase flow and the advection-diffusion
equation for species transport are solved. The proposed model is validated against a published si-
nusoidal channel micromodel and then applied to 3D micro-CT images of sandstone to investigate
the interplay between wettability alteration and pore structure. This study takes into account the
effect of initial wettability, different degrees of wettability alteration, different time scales of wetta-
bility alteration, and different injection scenarios on oil trapping and the ultimate oil recovery factor.
A larger degree of wettability alteration results in a higher oil recovery factor during tertiary low
salinity water flooding. However, the oil recovery factor will first increase and then decrease with
the increase of wettability alteration degree due to the snap-off effect during secondary low salinity
waterflooding. In tertiary low salinity waterflooding, a lower wettability alteration time scale un-
der the same degree of wetting alteration produces more oil. This study emphasizes the important
interplay between wettability alteration, pore structure, and time scale during low salinity water
flooding, and can explain some observations in recent micro CT experiments.
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Thin cellulosic materials such as natural textiles, paper, or bio-based walls, exhibit a remarkable ca-
pacity to absorb humidity from the environment through “bound water” sorption within nanopores,
constituting up to 30% of their drymass 1. Understanding themechanisms of inducedwater transfers
is crucial for advancing industrial processes and sustainable practices across various fields, including
wood drying, paper production and usage, moisture transfers in clothes or hair, and humidity regu-
lation of bio-based construction materials. Despite the significance of this knowledge, the transport
and storage mechanisms of moisture in these materials is still poorly understood, often relying on
modeling assumptions of dominant vapor transport with an assigned diffusion coefficient [2].
Our research addresses this research gap by highlighting the critical role of bound water transport
within interconnected fiber networks. Particularly, at low porosity, our findings reveal that bound
water diffusion surpasses vapor diffusion [3]. Through rigorous experimentation, we isolate diffu-
sion processes and derive diffusion coefficients, establishing a comprehensive model for moisture
transfer. Remarkably, our model accurately predicts the spatial distribution evolution of bound wa-
ter over time across varying porosities, as confirmed through Magnetic Resonance Imaging (MRI).
This paradigm shift, indicating the dominance of bound water transport over vapor transport, pro-
vides control of humidity-related processes.
Furthermore, our observations extend to the essential role of bound water diffusion in the fate of
an aqueous droplet over long time, specifically in papers and masks. From Magnetic Resonance Im-
ages, it appears that even in a close container blocking evaporation the liquid water of this droplet
reaching a non-treated cellulosic sample, progressively disappears. We show that our model fully de-
scribes this process: the free water is rapidly absorbed as bound water which then diffuses through
fiber network partly as bound water and partly as vapor.
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Shale reservoirs are a type of fine-grained sedimentary rock with low permeability and poor fluid
flow due to the rock’s compactness. The pores in these rocks are typically small, leading to low per-
meability of the reservoir. In order to improve pore structure and enhance fluid flow for oil and gas
recovery, hydraulic fracturing is applied to shale oil reservoirs. Fracturing involves the formation
and extension of cracks, allowing the release of oil or gas from the rock. Increasing the network of
fractures also contributes to extending the productive life of shale oil reservoirs.
During the hydraulic fracturing in shale, various techniques such as carbon dioxide (CO2) pre-
fracturing and acid fracturing are often employed in many oil fields. Injecting CO2 and the acid
during fracturing can dissolve certain minerals in the formation, such as calcite and dolomite. Impor-
tantly, mineral dissolution increases the porosity and permeability of the rock, leading to significant
changes in the rock’s pore structure and affecting fluid flow.
In the process of mineral dissolution, the nanopore size and pore diameter in shale undergo substan-
tial changes. As the reaction progresses, it provides a larger surface area and dissolution interface
for the matrix, and the changes in pore size also influence the mass transfer process of fluids.
In order to address the issue of shale oil dissolution during CO2 injection and acid fracturing pro-
cesses, and based on the characteristic multi-scale pore structure of shale, we have developed a
multi-scale mineral dissolution method. The flow in identifiable pore regions is modeled using the
Navier-Stokes equation, while the matrix region with given porosity and permeability parameters
is solved using the Darcy-Brinkman-Stokes (DBS). Additionally, we have observed that the distri-
bution of micro-fractures and heterogeneous mineral reactions significantly impact the dissolution
patterns in the core.
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The increasing demand for green hydrogen in Europe, particularly in Germany, requires extensive
storage capacities to compensate the imbalance between production and consumption. Although
salt caverns are known as safe and reliable medium for large scale hydrogen storage, however, these
are geographically limited. Therefore, porous reservoirs - such as saline aquifers and depleted hy-
drocarbon fields - are suggested as alternative solutions.

This study investigates the preliminary feasibility of underground hydrogen storage in Ketzin, Bran-
denburg, Germany. TheKetzin site was already used for the storage of town gas, natural gas and CO2
as well in the past decades. The potential hydrogen storage unit is the Stuttgart formation, which
exhibits fluvial facies characterized by channel and floodplain elements. In this study, we consider a
homogenous model for a sensitivity analysis, where porosity, permeability, capillary pressure, rela-
tive permeability, hydrodynamic dispersivity as well as salinity of the brine are investigated within
their known ranges. The effect of geological parameters is analysed with respect to storage per-
formance such as gas injectivity and productivity as well as sustainability derived from long-term
injectivity and productivity.

The results from the sensitivity study reveal that changes in capillary pressure and permeability
exhibit the most significant influence on productivity, with variations of up to 150% observed in both
positive and negative directions. The sustainability, on the other hand, is significantly negatively
influenced by low porosity, low permeability as well as high dispersivity by up to 80 %. However, the
results of the high salinity of the water solution have themost positive influence on this index.

The analysis not only holds significant importance in advancing fundamental knowledge on the
storage of hydrogen in porous reservoirs and its influencing parameters. It also provides a solid
starting point for the systematic evaluation of the feasibility of a prospective regional hydrogen
demonstrator. Future work will be carried out with a more complex model including the lithological
heterogeneity and focus on the optimization of the operating parameters like the duration of cushion
gas injection and storage cycles as well as the injectivity and productivity.
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Lithium-ion batteries (LIBs) play a crucial role in urbanization and human life, providing essen-
tial energy storage capabilities distinguished by their high energy density, long cycle life, and low
weight [1,2]. The hydrometallurgical method for recycling of spent LIBs is of great importance
due to its remarkable features, including high metal recovery rates, their capacity for Li+ and Al3+
recycling, extraction of high-purity metals, operation at relatively low temperatures, and reduced
energy consumption and emissions [3,4]. The conventional hydrometallurgical processes generate
a sodium-enriched wastewater, requiring treatment prior to safe discharge. This study concentrates
on a closed-loop recycling process for spent LithiumNickel Manganese Cobalt Oxide (NMC) cathode
material, depicted in Fig. 1. This innovative approach also aims to eliminate sodium ions through the
deviation from conventional hydrometallurgical methods, concurrently repurposing dissolved ions
within the disposal slurry, resulting in a more eco-friendly and cost-effective approach. Lithium
hydroxide (LiOH) is utilized as the precipitating reagent in this process, while lithium recovery is
conducted employing electrodialysis (ED) to regenerate LiOH and sulfuric acid (H2SO4) from the
lithium sulfate solution. A portion of the LiOH and H2SO4 reagents is subsequently employed in
the leaching and precipitation steps, establishing a closed-loop recycling system. To validate this
approach, an experimental setup was established to study leaching, impurity removal, and metal
extraction processes. The closed-loop recycling process was further investigated by the simulation
of this process using Aspen Plus. Therefore, the Aspen Custom Modeler was employed to create
the ED module in both continuous and batch configurations. Subsequently, this ED module was in-
corporated into Aspen Plus to integrate with the recycling process under experimental operational
conditions. The minimal deviations of 3.34% and 2.38% within the precipitation and co-precipitation
processes indicated the accuracy and validity of this work. Continuous and batch-mode EDs were
integrated with the recycling LIBs process to extract LiOH and H2SO4 from the Li2SO4 solution
resulting from the metal extraction procedure. Based on the results, a 40% greater recovery of LiOH
solution from the Li2SO4 solution using batch-mode ED indicates the better performance of this
mode compared to continuous configuration. The effect of time and temperature on the leaching
efficiency is also investigated. As illustrated in Fig. 2, it was found that the enhancement of reac-
tion time from 5 to 30 min resulted in the 33, 39, 45, and 73% increment on Li+, Ni2+, Co2+, and
Mn2+ leaching efficiency, receptively. Also, the 53% increment of Li+ was observed by raising the
temperature from 10 to 70℃.
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Electrodialysis (ED) technology relies on the selective permeability of ion exchange membranes,
which allows for the separation of ions in a solution under the influence of an electric field [1,2].
ED has been frequently used for recovery of acids and bases [3,4]. Due to the growing demand for
electric vehicles and the crucial need for recycling the lithium-ion batteries (LIBs), this study in-
vestigates the ED of Li2SO4 solution, aimed at comprehending the efficacy and requisite control
measures for effective closed-loop recycling of spent LIBs. The enhanced flexibility and energy
efficiency of batch-mode EDs highlight the significance of time-dependent models. The gaseous
molecules evolved from electrochemical reactions induce localized turbulence, significantly impact-
ing the velocity, potential, and concentration distributions. This study presents a two-phase model
that analyzes the dynamic behavior of a batch-mode Li2SO4 ED and investigates the bubbles’impact
employing an Euler-Euler model. The finite element method solves time-dependent hydrodynamic,
mass conservation, and electrochemical equations. The excellent agreement between the model and
experimental data shows the accuracy and validity of this model, emphasizing its applicability to
analogous electrochemical processes such as electrolysis. According to the results of this two-phase
flow model, the maximum volume fraction of H2 and O2 bubbles at the surface of the cathode and
anode are 9% and 5%, respectively. As illustrated in Fig. 1, It is observed that the buoyant and
drag forces induced by bubbles lead to a significant increment in liquid velocity and circulation of
electrolyte solutions in concentrate channels. The bubble-induced turbulence disrupts the uniform
velocity distribution near electrodes and increases the liquid velocity magnitude. This circulation of
electrolyte solution declines the average concentration polarization across IEMs and increases ionic
fluxes, particularly on the concentrate side of IEMs, which leads to the improvement of ED perfor-
mance, as observed in Fig. 2. The liquid circulation leads to a substantial 60% reduction in the average
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Li+ concentration polarization across the CEM. In this case, the average total Li+ flux enhances by
12%, resulting in the significant increment of average Li+ concentration from 551 mol•m-3 to 768
mol•m-3 at t=2 hours. Furthermore, the enhancement of current density and reduction of bubbles
diameter results in the increment of gas volume fraction. Increasing the flowrate causes a decrease in
the average gas volume fraction and eliminates the impact of bubbles on the liquid velocity, as shown
in Fig. 3. The effect of bubbles on ohmic overpotential is also discussed, and it is understood that it
is highly dependent on inlet flowrate and liquid circulation. The presence of bubbles increases the
ohmic overpotential by approximately 0.5 V in high inlet flowrate, F_in=0.3 L•s-1, that no circulation
is observed. However, when electrolyte solutions circulate at low inlet flowrates, F_in=0.03 L•s-1,
a higher ionic concentration and consequently lowers ohmic overpotential of electrolyte solutions
are observed.
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Chemical flooding is an important way to enhance oil recovery, and good oil recovery is usually
accompanied by excellent emulsification. To clarify the of chemical emulsification process and the
effect of accumulation and coalescence of O/W emulsions on chemical flooding. In this study, the
process of emulsifying oil with chemical agents was analyzed from the aspects such as interfacial
tension (IFT), micro-emulsification state and droplet size distribution. Furthermore, the accumula-
tion and coalescence mechanism of O/W emulsions were analyzed based on the results of multiple
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light scattering tests. Finally, the stages of emulsification, accumulation and coalescence of O/W
emulsion were determined by chemical flooding experiments under reservoir and injection parame-
ters. At the same time, the influence of chemical flooding dynamics on oil recovery were analyzed.
The results show that the higher the adsorption density of chemical agents on the oil-water interface,
the better the reduction of the IFT. At the same time, the smaller the droplet size of O/W emulsion,
the higher the proportion of the peak droplet size. It can be seen from the oil-water interface evolu-
tion process and the microscopic migration characteristics of the O/W emulsion that the coalescence
process of the emulsion depends on the difficulty of the interface fusion and the speed. The proper-
ties of the emulsion interface depend on the adsorption density, adsorption form and properties of
the chemical agent on the oil-water interface film. During chemical flooding, the oil state change
always undergoes through five processes: preliminary emulsification, stable emulsification, droplet
accumulation, droplet coalescence, oil retention & adhesion. The emulsification ability of chemical
agent can be enhanced by increasing concentration or injection pressure during chemical flooding.
Low reservoir permeability, long flow distance, high injection speed and suitable injection method
can increase the injection pressure. At the same time, higher injection pressure can also improve
the stability of O/W emulsions, so that the accumulation and coalescence process would postpone.
In the process of chemical flooding in oilfield, the following aspects should be addressed to improve
the oil recovery: (1) Increase the amount of O/W emulsion oil in the preliminary and stable emulsi-
fication process. (2) Reduce the droplet size of the formed O/W emulsion. (3) Prolong the stability
of O/W emulsion. To achieve the above goals, new chemical agents can be developed, and the in-
jection method can be adjusted appropriately. The results provide sufficient theoretical support for
the chemical flooding and provide guidance for chemical agent screening/synthesis and injection
process design.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS01 / 284

Investigatingmultiphaseflowdynamics in rock fractures viaXCT
imaging for hydrogen storage optimization
Authors: Sojwal Manoorkar1; Soetkin Barbaix1; Hamdi Omar1; Dominique Ceursters2; Steven Colpin2; Maxime
Lathinis2; Tom Bultreys1

1 Ghent University
2 Fluxys

Corresponding Authors: steven.colpin@fluxys.com, sojwal.manoorkar@ugent.be, tom.bultreys@ugent.be, do-
minique.ceursters@fluxys.com, soetkin.barbaix@ugent.be, maxime.latinis@fluxys.com, hamdi.omar@ugent.be

The global climate change crisis has heightened the current focus on sustainable energy solutions,
where hydrogen has emerged as a promising candidate for clean and efficient energy storage. How-
ever, effective and scalable storage of hydrogen remains a major challenge. Underground rock for-
mations, including fractured reservoirs, offer a potentially impactful solution for hydrogen storage.
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This research investigates multiphase flow dynamics within rock fractures to optimize hydrogen
storage strategies. We focus on a karstic aquifer formation currently used to store natural gas in
Loenhout, Belgium. Leveraging state-of-the-art X-ray micro-computed tomography (XCT) imaging,
we study the dynamic behavior of gas displacing the brine within intricate networks of rock frac-
tures.

We employ core flooding experiments coupled with XCT imaging to investigate the pore-scale dy-
namics of drainage and imbibition in rock fractures. Recognizing the challenges of sampling natural
fractures, we induce artificial fractures in samples with low initial permeability from the Loenhout
formation, using the Brazilian tensile test method. The experiments are conducted on mm-scale
cores featuring fractures with a size on the order of 102 microns, allowing us to capture intricate
flow features at a resolution of 6 microns. The study involves the injection of three different gases;
hydrogen, methane, and a hydrogen-methane mixture—through brine-saturated fractures.

We analyse the fluid distribution and differential pressure response throughout drainage and imbi-
bition at two different capillary numbers. This research methodology integrates advanced image
processing and computational fluid dynamics simulations to extract quantitative data from the XCT
images. This approach facilitates a nuanced understanding of gas transport mechanisms, capillary
pressure effects, and the influence of fracture characteristics on multiphase flow dynamics under
varying gas compositions.

Preliminary results offer insights into fracture permeability, aperture distribution, and the impact of
geological heterogeneity on hydrogen migration. The study also aims to highlight the impact of dif-
ferent gases on preferential flow paths within fractures, thereby influencing the spatial distribution
and storage efficiency of hydrogen and methane .
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There are abundant oil and gas reserves in the central Bohai Sea. However, during the development
of oil fields, particularly in the mid-deep shale formation of the Paleogene, challenging downhole
conditions such as block spalling, pump pressure and torque increase, and shale falling from the
vibrating screen are common occurrences. These complex drilling issues result in prolonged non-
productive time, escalated drilling expenses, and even pose a significant threat to drilling safety. As
such, it is imperative to address these challenges through advanced theoretical understanding and
technical means.
To address the issue of wellbore instability during drilling, a comprehensive study was conducted on
the mechanical properties, stress state, and instability mechanism of the Paleogene shale formation
in the central Bohai Sea. This was achieved through a combination of core experiments, field data
analysis, and numerical simulations. The core mechanics experiments revealed that the Paleogene
shale is anisotropic due to the influence of weak bedding planes, with a total cohesion of 8-10 MPa
and an internal friction angle of 35°. The cohesion of the bedding plane is approximately 2 MPa, with
an internal friction angle of 25°. Leak off tests conducted during drilling analysis indicated that the
minimum horizontal principal stress of the Paleogene formation at a depth of approximately 4000m
is 62 MPa, while the maximum horizontal principal stress is 75 MPa. These values are lower than the
overburden pressure. The parameters of in-situ stress calculation model were calibrated based on
the leak off tests data, and the stress state of the shale formation was evaluated. A numerical model
of borehole stability in the Paleocene formation was established, using the mechanical parameters
of shale as the basic data and the stress state as the boundary condition. The model calculated the
change in borehole state under different drilling fluid density conditions, and the change of drilling
fluid safety density window with the inclination angle and azimuth angle of development wells was
obtained by combining with theoretical calculations. The wellbore instability mechanism was de-
fined based on the physico-chemical and mechanical properties of Paleocene shale. The results indi-
cate that the mid-deep Paleogene shale in the central Bohai Sea is a transitional shale from expansive
to hard-brittle, with developed bedding fractures. Drilling fluid filtrate invades into fractures under
the action of capillary force, hydraulic pressure difference, and chemical potential difference, caus-
ing pore pressure increase and formation strength decrease. Under the action of strength anisotropy,
it destroys along the weak surface and causes serious wellbore instability.
Based on the wellbore instability mechanism of the Paleogene shale formation in the central Bohai
Sea, the primary engineering countermeasure involves utilizing micron and nano-scale plugging
agents to seal micro-cracks. Additionally, the density of drilling fluid should be appropriately in-
creased to achieve both mechanical and seepage balance. To avoid wellbore collapse caused by
pressure fluctuations, continuous circulation drilling technology can be employed. These measures
provide valuable insight for mitigating the complex drilling issues encountered in similar forma-
tions.
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Hydrogen, as a promising clean energy source, holds significant potential for energy transition and
the efficient utilization of clean energy. However, large-scale hydrogen storage poses a limitation to
its large-scale utilization and further development. Saline aquifers, characterized by favorable pore
space and temperature-pressure conditions, are considered promising candidates for large-scale hy-
drogen storage. Therefore, our study focuses on investigating the flow of hydrogen in porous sand-
stone media during the initial injection and extraction process.
Utilizing the volume of fluid method, we conducted direct numerical simulations of this process,
scrutinizing the impact of wettability, capillary number, and pore structure on hydrogen flow, stor-
age capacity, and loss rate. The result reveals that hydrogen flow in underground porous media
is predominantly governed by capillary forces, with hydrogen primarily stored in larger pores and
channels. Increasing hydrogen wettability enhances reservoir storage capacity but concurrently
results in elevated residual hydrogen after the extraction process. Regardless of reservoir wettabil-
ity, hydrogen losses during the initial injection and extraction process are significant. Reservoirs
characterized by larger pore and throat radii exhibit higher effective hydrogen storage capacity. Ad-
ditionally, reservoirs featuring higher coordination numbers and enhanced connectivity contribute
to greater hydrogen storage capacity and improved recovery rates.
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Multiphase flow and reactive transport in porous media play a key role in various applications
needed for establishing hydrogen as an alternative energy carrier. To successfully establish hy-
drogen, the porous media facilitating the hydrogen flow in presence of another fluid, needs to be
optimized in terms of reactivity and transport properties. Two important parameters controlling
reactivity and multiphase flow transport in a porous medium are surface area and surface energies
of porous media surface in relation to saturation. In this study, inverse gas chromatography (iGC) is
proposed to simultaneously measure surface energy distribution and surface areas of porous media
in correlation to saturation.

Inverse gas chromatography (iGC) is a powerful, sensitive, and relatively fast technique for char-
acterizing the physicochemical properties of porous media such as BET surface area and surface
energy distribution 1. In this technique, a single gas, known as probe molecules, is injected into a
column packed with the porous sample under investigation. The probe molecules pass through the
column, interact with the porous material, and the retention time of the probe molecules is measured
at the end of the column. Measuring the retention time for different probes, e.g. polar and non-polar,
enables us to determine a wide range of physicochemical properties of the porous material. Recent
advances in commercial IGC enable users to perform the iGC measurements at different controlled
humidity. Due to the capillary condensation, different relative humidity can create wide range of
saturation. By performing classical iGC experiments in these conditions, surface energy distribution
and surface area of sample, for the first time, can be correlated to saturation under same experimen-
tal conditions. Depending on the degree of hydrophilicity of the sample, water follows different
adsorption/saturation mechanisms as relative humidity of experiments increases. In the following
paragraph, the expected results of iGC measurements on Teflon samples, representing hydrophobic
situation, is discussed.

The water molecules’ presence in the system initially adsorb on surface high-energy sites, i.e. polar
functional group or cracks on the surface, and then as the relative humidity of experiments increases,
based on the competition between cohesive and adhesive forces, water adsorption would continue
on either the surface or the initial adsorbed molecules to form clusters [2,3]. In the case of the
hydrophobic sample, the water saturation mechanism follows the latter scenario. In this stage, a
decrease in polar component of the surface energy is expected (shown in Figure 2). The increase
in size clusters as RH increases would result in a slow decrease in measured dispersive component
and BET surface area. Clusters continue to grow until they reach to critical size when first stable
nanodroplets can form on the surface. The formation of nanodroplets will cause an abrupt decrease
in BET surface area and, conversely, increase in the polar component of surface energy due to the
formation of stable water surface. As the RH of experiments increases, nanodroplets start to merge
and slowly cover the surface, which results in a further decrease in surface area and a slow decrease
in surface energy components.
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With the ongoing transition towards net-zero, focus has been gradually shifting away from explo-
ration and into the maximisation of production from already existing reservoirs. Here, traditional oil
recovery methods typically extract around 30% of the oil in place –giving large opportunity for more
efficient recovery techniques. Among which, surfactant/polymer methods have the capability of in-
creasing recovery up to 70% by both liberating trapped oil and improving the displacement efficiency.
However, the relatively high cost of the surfactant is a major concern and, as such, ensuring its effi-
cient and maximum utilisation is pivotal to a successful operation. To this end, methods are needed
to understand the mixing process within the surfactant/polymer slug. Traditional approaches use
a surfactant effluent breakthrough curve, but the results are associated with significant uncertainty
due to the complexity of the flow dynamics present within a surfactant/polymer flood, with the
formation of an oil bank and sharp saturation fronts. As such, extrapolation to in-situ behaviour
remains a major challenge.

In this work we present results from a coupled experiment employing both PET and X-ray CT as
imaging techniques aimed at the direct visualisation of both saturation profiles (by X-ray CT) and
tracer propagation within a surfactant/polymer flood (by PET). The overall experiment consisted of
two identical surfactant/polymer corefloods –conducted on Bentheimer –with the individual imag-
ing techniques applied independently. Both experiments employed surfactant/polymer flooding as
a tertiary recovery method –following a waterflood. The flooding scheme consisted of a 0.7 PV sur-
factant/polymer slug (L-145-10s 90/HPAM) followed by a 0.5 PV polymer slug (HPAM) to displace
the residually trapped oleic phase (decane). For the PET experiment, two radiotracer pulses (FDG)
were injected at the front and rear of the surfactant/polymer slug to investigate the mixing dynamics
within the slug.

Via the use of X-ray CT, and the visualisation of the saturation profiles, the chosen combination of
flooding regime and fluids was shown to both increase recovery, up to 86%, and form an oil bank –
characteristic of a surfactant-based displacement process. Via the use of PET, the concentration pro-
files of the injected tracer pulses were reconstructed in up to three-dimensions as they progressed
through the core. Mixing indices, such as the dilution index, spreading length and segregation index,
were computed and compared to available single phase tracer experiments conducted on Bentheimer
and other rock samples of varying heterogeneity. Notably, the calculated indices indicate compar-
atively enhanced mixing for Bentheimer –with behaviour mimicking that of more heterogenous
systems. Lastly, via the combination the two imaging techniques, qualitative observations regard-
ing the influence of the saturation fronts on the shape of the tracer concentration profiles was made.
Overall, through this work, we demonstrate the feasibility of utilising PET in more complex flooding
environments to investigate mixing, but also highlight the complementary nature of X-ray CT and
PET as imaging methods.
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Surface wettability determines the property of a solid surface in contact with a fluid. It plays a major
role in reservoir engineering applications involving fluid transport phenomena. For example, it is
critical to hydrocarbon recovery where wettability not only influences the sweep efficiency, but also
influences the remaining oil distribution. Since the wettability tends to affect the mechanical proper-
ties of rocks, it provides a potential means to remotely monitor the movement of spilled nonaqueous
phase liquids in the subsurface via acoustic monitoring. However, there is a lack of direct wettability
measurement conditions in underground applications. As widely utilized methods in geophysical
exploration, borehole sonic logging and seismic surveys could be used as a potential far-field probing
tool for wettability changes. Understanding the acoustic response to wettability changes becomes
crucial for this purpose.
To generate a favorable experimental condition for wettability acoustic monitoring, we establish an
ultrasonic experimental basis for observing changes between hydrophilic and weakly hydrophilic
conditions in (partially) saturated granular porous media. Glass beads are employed to construct
granular porous media with fully interconnected pores and are chemical-treated to alternate the
wettability condition. Particular attention is paid to ensure the uniform distribution of water across
bead packings at different saturation levels, aiming to diminish the impact of patchy water distribu-
tion.
The P- and S-wave velocities and attenuations are measured with increasing saturation for the bead
packings before and after chemical treatment, respectively. The results illustrate that the chemical
treatment increases contact angles and improves the water–bead coupling, leading to higher velocity
and lower attenuation of coherent waves. The Gassmann-Wood-Walton model predicts the behav-
ior of coherent waves under different wettability conditions assuming a change in the coordination
number. Once reaching a critical saturation, incoherent high-frequency waves are developed with
higher propagating velocities. The treatment reduces the amplitude of these incoherent waves to
some degree, probably due to the improvement of water–bead coupling. We interpret the observed
incoherent waves in terms of the wettability-dependent ability for water to bridge neighboring beads.
The velocity of incoherent waves is exceeding the Gassmann-Wood prediction at partial saturation
but is close to the fully water-saturated condition. This is suggestive of a propagation path of inco-
herent pulses resembling the fully water-saturated condition. In our interpretation, this is because
the presence of a critical amount of water creates a favorable and wettability-dependent condition
to form liquid bridges connecting neighboring grains.
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Hydrogen energy is regarded as a promising energy carrier due to its high energy density and non-
pollution. Solid oxide electrolysis cells (SOECs) have been studied extensively as a promising way
for massive hydrogen production from renewable but unstable energy sources. The electrode mi-
crostructure of SOECs has a significant influence on their electrochemical performance. To better
understand the relationship between their microstructures and electrochemical performance, the
quantification of key microstructural parameters such as the three-phase boundary (TPB) density
and phase connectivity are required. The density and activity of the TPB sites are crucial in de-
termining the electrochemical performance of SOEC electrodes. Therefore, it is also important to
find the quantitative relationships between the active TPB density and electrochemical performance.
Many efforts in microstructural analyses of SOEC electrodes via focused ion beam-scanning electron
microscopy (FIB-SEM) have provided a great opportunity to link the microstructural properties to
the electrode performance and the active TPB density is usually evaluated from geometrical mod-
els. However, due to the influence of conductivity and mass transfer of the gas phase, not all TPB
identified from the geometric models are electrochemically active. Also, it is hard to quantitively
calculate the active TPB density linking to the charge transfer. Here, we developed a comprehen-
sive method to distinguish the active and inactive TPB which combined the image-based method
and finite-element (FE)-based method. A 3D pore-scale model based on the real three phases and
TPB lines was built to capture mass transfer, electron/ion transfer, and electrochemical reaction pro-
cesses. The TPB sites were assessed with their contributions to the total current of the electrodes. By
comparing the active TPB densities calculated from geometrical models (image-based method) and
that of the developed model in this study (combined image and FE method), the proposed model was
more accurate in predicting electrode electrochemical performance. This provides an effective way
to reduce experimental costs and time but also deepens our understanding of the microstructure of
porous SOEC electrodes.

Acceptance of the Terms & Conditions:

Click here to agree

Page 232



InterPore2024 / Book of Abstracts

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS10 / 293

Darcy-Scale Image Analysis for laboratory CO2 storage and frac-
ture flow
Author: Jakub Both1

Co-authors: Martin Ferno 1; Jan Martin Nordbotten ; Erlend Storvik 2

1 University of Bergen
2 Western Norway University of Applied Sciences

CorrespondingAuthors: jakub.both@uib.no, erlend.storvik@hvl.no, martin.ferno@uib.no, jan.nordbotten@uib.no

Imaging has always played a vital role in obtaining a better understanding of porous media processes
through laboratory experiments. In contrast to pore-scale imaging, extracting Darcy-scale interpre-
tation from porous media experiments has so far not drawn equally big attention. On the other
hand, various imaging techniques used in the lab often do not offer pore-scale resolution, e.g., CT-
PET, MRI, or optical images. Targeting the dedicated processing of image data from aforementioned
sources in a unified way, a new software package has been developed to enable both qualitative and
quantitative research based on experimental data: DarSIA (short for Darcy-Scale Image Analysis)
1. It provides unified input capabilities for various data types as well as a range of preprocessing
tools, upscaling routines, and multi-image comparison tools allow for direct comparison. To men-
tion two examples, such include tools to e.g. quantify the pointwise mechanical deformation in
terms of a displacement map; and measure the disparity between two fluid configurations in terms
of Wasserstein metrics and associated optimal transportation maps. Moreover, DarSIA provides I/O
for simulation data formats and thus conventiently allows for bridging computational and experi-
mental research.

In this talk, we present the philosophy behind DarSIA, and showcase its application for two example
studies:

1. the evaluation of optical image series of laboratory CO2 storage for the FluidFlower Validation
Benchmark Study for the Storage of CO2 [2,3],

2. comparison of PET images of flow in fractured media against simulation data in the context of a
validation study for mixed-dimensional modeling [4].

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Page 233

https://wx1.sinaimg.cn/mw690/006mLUydly1hlikie4elmj33dn1yc1l2.jpg


InterPore2024 / Book of Abstracts

Country:

Norway

Porous Media & Biology Focused Abstracts:

References:

1 JM Nordbotten, B Benali, JW Both, B Brattekås, E Storvik, MA Fernø, DarSIA: An open-source Python
toolbox for two-scale image processing of dynamics in porous media, TiPM (2023) [2] MA Ferno, M
Haugen, K Eikehaug, O Folkvord, B Benali, JW Both, E Storvik, CW Nixon, RL Gawthrope, JM Nordbot-
ten, Room-scale CO2 injections in a physical reservoir model with faults, TiPM (2023) [3] B Flemisch,
JM Nordbotten, M Fernø, R Juanes et al., The FluidFlower Validation Benchmark Study for the Storage
of CO2, TiPM (2023) [4] JW Both, B Brattekås, M Fernø, E Keilegavlen, JM Nordbotten, High-fidelity
experimental model verification for flow in fractured porous media, arXiv:2312.14842

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 295

Numerical simulation of compositional compressible two-phase
flow in heterogeneous reservoirs
Author: Min Chen1

1 Tongji University

Corresponding Author: 23518@tongji.edu.cn

Numerical modelling of multiphase multicomponent flow in porous media is significantly impor-
tant for many engineering practices, such as CO2 geological storage, natural gas recovery. In or-
der to improve the understanding of compressible two-phase flow behavior in porous media, this
work presents a fully coupled model for multicomponent compressible two-phase flow in porous me-
dia. The element-based finite volume is used for numerical solutions. Different previous numerical
model, the capillary pressure and gas species concentrations are selected as the primary variables.
The numerical model is verified by comparing the numerical results against the benchmarks. And
then the developed model is employed to investigate the flow behavior during CO2 injection into ge-
ological formations for sequestration. Particularly, the reservoir heterogeneity effect is highlighted
through comparing to homogeneous cases. The results indicate that the reservoir heterogeneity ef-
fect on the fluid flow is significant, which should be considered when designing the CO2 storage in
subsurface formations.
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Energy storage is becoming an increasing concern as the world transitions towards unpredictable
renewable energy production. Hydrogen is expected be a key player as it can be produced through
electrolysis of water using renewable electricity and used as a clean energy carrier to decarbonise
industry, hence hydrogen storage is energy storage. Its small molecule size and low density means
large-scale storage (TWh) is only feasible in the subsurface, such as porous reservoirs of saline
aquifers. These are stratigraphically and geographically widespread globally. Porous storage of hy-
drogen is yet to be implemented, hence the influence of injected hydrogen on the subsurface under
reservoir conditions (elevated temperatures and pressures) remains unknown. This includes geo-
chemical reactions instigated from interactions between minerals, pore-fluid, and hydrogen within
rock microstructure. It is essential that containment of hydrogen in porous rocks is proven prior to
implementation, and that reservoir behaviour is comprehensively understood. As hydrogen must
remain in the reservoir as expected and be recoverable in high volumes and purity.
This study relates to a larger collaboration between the British Geological Survey, Industrial De-
carbonisation Research and Innovation Centre, and the University of Manchester. That provides
lab-based microstructural characterisation and assessment of changes in reservoir rock properties
caused by exposure to hydrogen in batch-reactor experiments under reservoir conditions (50oC &
150 bar). Reservoir rocks analysed are considered representative of possible targets for onshore hy-
drogen storage in the UK (Sherwood Sandstone and Lower Greensand reservoirs). Samples were
thoroughly characterised pre- and post- experiment through a multitude of multi-scale imaging and
measurement techniques, with a particular focus on x-ray computed tomography to reveal inter-
nal structure non-destructively. This exposed the microstructural heterogeneity within sandstone
reservoirs, as well as microstructural alteration following hydrogen exposure. Sherwood Sandstone
samples, although compositionally similar, exhibit two prominent textures. Channel-base with
moderately sorted grains and a restricted pore network containing preferential alignment (poros-
ity 8.95%; mean pore size 41.54µm). And the more dominant channel-fill, also moderately sorted but
the pore-network is well-connected (porosity 24.47%; mean pore size 187.33µm). Lower Greensand
samples have extremely variable microstructure and composition dependent on sample formation.
Hythe Formation is well-sorted with a well-connected pore network (porosity 28.42%; mean pore
size 174.90µm) dominated by quartz, glauconite, and muscovite. Instead, the Sandgate Formation
is poorly sorted with a restricted pore network (porosity is much lower 15.34% and mean pore size
36.36µm) and is composed of quartz, calcite, and feldspar.
Overall, no major changes to rock microstructure or composition were observed following hydrogen
exposure. This is important as it suggests the reservoir investigated are safe for hydrogen storage,
which is promising for the UK. However, the migration of a fine particle was seen within one sam-
ple. The experimental design may have influenced other minor changes observed, such as grain loss
around the edges of samples. Although no conclusive alterations have been seen in the results of
these experiments, it remains possible that geochemical reactions will occur in reservoir composi-
tions containing more reactive minerals, such as those rich in pyrite and anhydrite. Hence further
investigation is required.
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Contaminated soils with hazardous persistent organic pollutants, such as Polycyclic Aromatic Hy-
drocarbons (PAHs), present significant challenges for efficient remediation, attributable to their low
mobility and bioavailability. The technique of Propylene Glycol (PG)-mixed steam enhanced extrac-
tion has emerged as a promising remediation technology, markedly increasing the solubilization and
desorption of PAHs through the application of condensed PG and input enthalpy. Despite its poten-
tial, a comprehensive understanding of the heat and mass transfer dynamics during PG-mixed steam
injection remains conspicuously underexplored, a gap critical to determining the technology’s reme-
diation scope and efficacy. In this study, a compositional two-phase flow model was constructed to
elucidate the heat and mass transfer mechanisms in unsaturated soils subjected to PG-mixed steam
injection, utilizing the Dumux framework. To account for the chemical equilibrium of water, PG,
and air across both gas and liquid phases, the ‘feos’ toolbox was employed for phase equilibrium
and thermodynamic property calculations, enabling the determination of the fugacity coefficients
for the various components in the liquid phase. Simultaneously, the behavior of gas-phase com-
ponents was modeled as an ideal gas. A multi-layer neural network was developed and trained to
predict the fugacity coefficients of these components under diverse conditions, including variations
in temperature, pressure, and liquid-phase composition. This model serves as a novel approach to
provide fugacity coefficients, facilitating the computation of the mole fraction of each component in
both phases. Comparative results indicate that the machine learning model substantially enhances
computational efficiency relative to tabulated searches for fugacity coefficients. The model yields
plausible predictions of temperature and pressure variations, as well as the distribution of water and
PG across both phases, surpassing the traditional assumption of an ideal PG-water solution. Subse-
quent sensitivity analysis will delineate pivotal parameters governing heat and mass transfer during
PG-mixed steam injection, identifying critical operational zones. Overall, this numerical model is
instrumental in advancing the understanding of PG-mixed steam enhanced extraction processes and
serves as a foundational reference for engineering design.
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Meeting the long-term expectations of Carbon Capture and Storage (CCS) technology hinges on
injecting massive volumes of CO2 annually into deep saline aquifers. These aquifers, due to their
storage capacity and proximity to emission sources, are prime candidates for CO2 sequestration. The
near-wellbore environment experiences significant thermo-hydro-mechanical-chemical (THMC) per-
turbations, necessitating a comprehensive understanding through experimental tests and simula-
tions to maximize the safety and cost-efficiency of CO2 storage. The injection of large volumes (on
a million-ton scale) of supercritical CO2 into the geological formations causes evaporation of forma-
tion water near wellbores and precipitation of salt crystals inside the porous medium. CO2-induced
salt precipitation can substantially threaten sequestration in saline aquifers. While existing works
primarily focus on predicting salt location and amounts, our study delves into the physics, growth
dynamics, and behavior of the fluid-solid interface near the evaporation/precipitation front. We
present a series of experiments, including microfluidic, hele-shaw, and sandbox, along with pore-
scale reactive transport modeling using the Lattice Boltzmann Method (LBM), providing fresh in-
sights into brine evaporation and salt growth dynamics. Our research challenges the current un-
derstanding, revealing a common shortcoming in many experimental studies—failure to facilitate
access and replicate in-situ continuous brine sources. This shortcoming significantly alters the dy-
namics of salt nucleation and growth in porous reservoir rocks, where the availability and continuity
of solute through water film movement control geometric alterations. To address this issue, we also
designed surface mineral precipitation tests and large-scale sandbox experiments to investigate salt
precipitation and growth under two scales and regimes in porous geometries. The laboratory results
indicated massive salt accumulation close to the injection port and underlined the effect of solute
availability and continuity on the intensifying severity of salt accumulation. The research outcome
highlights the interplay of complex processes (some of which are not yet fully characterized) crucial
in investigating salt precipitation induced by million-tons-scale CO2 injection. The observed char-
acteristics call for further in-depth investigation because, in the context of subsurface CO2 storage,
we need to redefine how we see injectivity impairment due to salt precipitation.
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Two-phase flow in fractured media involving non-Newtonian fluids is of vital importance in many
subsurface engineering applications. However, the impact of non-Newtonian rheology on the dis-
placement dynamics remains unclear. In this work, we perform primary drainage experiments in
which a Xanthan gum solution displaces a silicone oil in a transparent rough fracture for awide range
of shear-thinning property (controlled by polymer concentration) and flow rates. Based on qualita-
tive and quantitative analyses of the observed fluid morphologies, we present an experimental phase
diagram of the obtained displacement patterns. We present an experimental phase diagram of the
obtained displacement patterns. We characterize a novel displacement pattern where the fluid-fluid
interface changes from stable (plug flow) to unstable (fingering). We further propose a theoretical
model elucidating the mechanisms behind the flow regime transitions. The interface stability crite-
rion predicted by this model is in good agreement with the experimental measurements, and stresses
the important role of fluid rheology, coupled to aperture variability, in immiscible displacements in
rough fractures.
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Underground CO2 storage is a crucial effort to reach net-zero carbon emissions by 2050. By this, a
large volume of gaseous CO2 is stored underground. Shale formations due to their proper storage
capacity—composed of both bulk and adsorption types—can host CO2 for geo-sequestrations. Shale
is also a common lithology of cap rocks over underground storage sites, which has the duty of sealing
the storage site impeding upward migration of injected CO2. To understand dynamic behaviour of
CO2 storage in shales, pore-scale insights are required to investigate physiochemical interactions
between injected CO2 and host shale rock. Shale swelling defined as shale matrix deformation due
to CO2 adsorption leading to fracture size change is to be studied in this research. In this study, we
take an image-based approach to extract unstructured triple-porosity pore-network models (PNMs)
based on volumetric synthetic images. At nanoscale, meso- andmicro-pores of shale matrix together
with fractures compose a network of pores for each shale sample. Various flow features of shale
including gas rarefaction, sorption, and surface diffusion are included. It should be noted that this
PNM benefits from considering gas sorption effect at pore-level, which is less included in previous
shale PNM studies.

By considering methane (CH4) as the host fluid within the pore network and considering injection of
carbon dioxide (CO2) into shale samples, effect of swelling is studied. Such that, matrix deformation
due to gas sorption imposes a size-reducing effect on fractures. This swelling effect is in competition
with mechanical effective stress effect by which fractures are prone to size change as well. Thus, this
study computes dynamic pore-scale fracture size change during the injection of CO2 into initially
CH4-bearing shale samples. The results give insights into the fracture permeability change in two
sets of low-density and high-density fractured shale samples. The results show how Darcy and
Knudsen permeability values change over different CO2 injection pressures for both low-density
and high-density fractured samples.
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Saline water evaporation from soil is ubiquitous in many environmental and hydrological processes
such as soil water evaporation, vegetation and crop production. It plays an important role on soil
salinity influencing soil health and ecosystem functioning. When the salt concentration in soil sub-
stantially exceeds its solubility limit as a result of water evaporation, salt crystallization occurs (1).
Although how different parameters such as type of salt, soil texture, angularity of the grains, pres-
ence of a water table and atmospheric condition influence the formation (1-6), patterns and dynamics
of crystallization is relatively well understood, how exactly the presence of crystalized salt influence
the evaporation dynamics is poorly understood with the majority of the previous investigations
offering qualitative description. We thus aimed at quantifying the effect of crystallized salt on dy-
namics of saline water evaporation from porous media under controlled laboratory conditions. To
do so, three sets of experiments were conducted using NaCl solutions of 10%, 15%, and 20% (mass
basis) in a climate chamber with constant air temperature and relative humidity of 30 ℃ and 30%,
respectively. Sandy soil with particle sizes ranging from 0.4 to 0.8 mm and density of 2.65 gr/cm3
was used as the model porous medium packed in cylindrical glass columns (20 cm height - 8 cm
diameter). The columns were supplied from Marriott’s flasks to keep the columns fully saturated
during the evaporation experiments. Mass loss from sand samples was measured digitally while
crystallization dynamics and their corresponding thermal signatures were monitored with a high
resolution optical camera and a thermal imager, respectively. This setup enables us to quantify the
contribution of crystalized salt on evaporation. Our preliminary results highlight the key role of salt
crystallization on changing evaporation dynamics from sand columns relative to the reference sam-
ple supplied with freshwater. Despite the impact of salinity in reducing saturated vapor pressure,
we observed enhanced evaporation rates from samples with crystalized salt at the surface by a factor
of 4 to 12 (depending on the salt concentration). Furthermore, highly resolved surface temperature
dynamics recorded by the thermal camera enabled us to investigate the correlations between the
intermittent temperature fluctuations of salt crystals and the evaporative flux from the surface. Our
findings provide new insights regarding how the presence of crystalized salt at the surface influences
the soil evaporation dynamics.
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Geological carbon sequestration (GCS) in subsurface media is one of promising approaches to allevi-
ate excessive CO2 emission 1, while saline aquifers are ideal GCS sites [2, 3]. Generally, four trapping
mechanisms including: structural/stratigraphic trapping, residual trapping, solubility trapping and
mineral trapping are proposed for GCS in saline aquifers [4, 5]. Among them, structural trapping
plays a dominant role in the early stage of GCS, during which CO2 can be sealed in porous media
thanks to the capillary pressure between CO2 phase and water phase [6, 7], which is dependent on
CO2-water-rock contact angle. It is reported that clay minerals such as kaolinite, account for a large
proportion in caprocks. Thus, the knowledge about CO2-water-kaolinite contact angle is of great
importance for CO2 structural trapping.
Kaolinite is a typical 1:1 type clay, consisting of one tetrahedral sheet and one octahedral sheet,
which are known as siloxane and gibbsite surfaces, respectively [8]. Previous experimental and
computer simulation studies [9-12] have shown that kaolinite gibbsite surface is hydrophilic, while
siloxane surface is moderately hydrophobic [12]. Although these studies offer general understanding
about CO2-water-kaolinite contact angle, they have notable limitations. For example, it is extremely
challenging to distinguish kaolinite surfaces in experiments, while the kaolinite surfaces used in ex-
periments are often coated with quartz [11] and soil [9], and sample qualities are highly dependent
on their preparation processes [13].
While CO2-water-kaolinite contact angle on two kaolinite basal (gibbsite and siloxane) surfaces has
been heavily studied [14], the contact angle on kaolinite edge surface remains unclear. Bickmore
et al. [15] reported that the ratio of kaolinite edge surface area to total surface area can be up to
~50%. The water-edge surface interactions, interfacial water structures, and edge surface wettability
still remain unknown. Kaolinite edge surface is not atomically flat [16, 17], while surface wettability
is also dependent on surface roughness [18]. To the best of our knowledge, kaolinite edge surface
wettability in CO2-water-kaolinite system has not been reported yet.
Thus, in this work, we use molecular dynamics simulations to investigate kaolinite gibbsite and
edge surfaces wettability in CO2-water-kaolinite systems and elucidate the effect of interfacial wa-
ter structures at a typical GCS condition (330 K and 200 bar). We find that both gibbsite and edge
surfaces are strongly water-wet, while CO2-water-kaolinite contact angle (i.e., 180°) on edge surface
is even larger than that of gibbsite surface (i.e., 153°). Due to strong surface atomistic heterogeneity,
water thin films with muti-layered hydration structures emerge on edge surface by forming complex
hydrogen bonding networks and deplete CO2 molecules from the surface. On the other hand, in the
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presence of CO2 molecules, water thin films on gibbsite surface consist of single water adsorption
layer.
Collectively, our work provides important insights into the dependence of water thin films and in-
terfacial water structures on surface heterogeneity and their effects on surface wettability in CO2-
water-kaolinite systems, enhancing fundamental understanding about CO2 structural trapping for
GCS.
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Blood clots are a complex heterogeneous porous matrix primarily composed of platelets, red blood
cells, and fibrin. This matrix composed of micron and sub-micron scale components results in pores
on the order of microns, which causes high flow resistance through the clot in occluded vessels 1.
Elevated flow resistance in these occluded vessels, as occurs in cases of stroke or heart attack, results
in poor blood perfusion, reduces fibrinolytic protein transport to the clot, and limits the clot lysis rate
during thrombolytic therapy. Quantifying blood clot permeability in both statically and dynamically
formed clots, which may vary significantly [2], is critical to understanding thrombolytic efficacy
and vessel reperfusion. Although previous studies have quantified permeability [2,3], a thorough
understanding of blood movement through the porous clot structure remains elusive. This study
aims to quantify blood clot permeability using two methods: an established method and a novel
MRI-based method.

The first method followed the benchtop permeability experiments detailed by Wufsus et al. [3].
Briefly, a test chamber was occluded with clots of reconstituted platelet rich plasma formed over 24
hours. A saline solution reservoir was attached to the test chamber, and fluid was allowed to perme-
ate through. Flow rate was calculated using a camera to track fluid velocity in tubing downstream
of the clot. Permeability was calculated using the Darcy equation and the known fluid viscosity,
flow rate, and pressure gradient across the clot. The second method used magnetic resonance imag-
ing (MRI) to track fluid permeation (Fig. 1A). The occluded test chamber was attached to a saline
solution reservoir with MRI contrast agent Gadavist® (Bayer HealthCare) at a 1000:1 dilution and
placed inside a 14 Tesla MRI scanner (Bruker). Three-dimensional scans of the test chamber were
taken using a FLASH pulse sequence with echo and repetition times of 3 and 30 ms, respectively,
resulting in a 100 x 100 x 200 microns squared voxel resolution and 3.5 minute scan time. This scan
time was sufficiently low to prevent significant signal loss due to fluid motion. Sequential scans
were taken over the course of an hour. Avizo was used to generate volumetric reconstructions of
the high-intensity fluid domain and calculate flow rate (Fig. 1B).

Results from both methods produced similar average permeability measurements. The average per-
meabilities from the camera tracking and MRI methods were 5.87E-2 microns squared and 3.86E-2
microns squared, respectively. Although average results were similar, variability between clots were
relatively high. These permeability values were slightly higher in magnitude compared to previously
reported results by Wufsus et al. for platelet rich plasma clots with low platelet volume fractions
(1.2E-2 +/- 0.6E-2 microns squared) [3]. TheMRI method had the added benefit of tracking the entire
fluid volume through the clot to observe any significant permeation heterogeneities. The fluidmoved
uniformly through the clot across the entire cross-sectional area, which indicates in this fully occlu-
sive state where fluid motion is primarily governed by Stokes flow, a homogeneous porous media
modeling approach may still be appropriate in macroscopic-scale modeling.
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Glioblastoma (GBM), one of the most common aggressive brain tumours, accounts for more than
50% of primary malignant central nervous system (CNS) gliomas in adults. According to the World
Health Organization (WHO) classification 1, brain tumours can be graded from 1 to 4 as pilocytic
astrocytoma (PA), diffuse astrocytoma (DA), anaplastic astrocytoma (AA) and GBM in terms of ma-
lignancy and abnormality. GBM remains challenging to treat with a high 5-year modality rate of
more than 90%. This undesirable efficacy can be partially attributed to the higher levels of the ex-
tracellular matrix (ECM), thereby leading to disappointing drug delivery outcomes. Hyaluronic acid
(HA), one of the major components of ECM, is 8 times and even higher in GBM than the HA level
in brain normal tissue, However, how HA affects the ISF transport in the microscale channels is
insufficiently understood.
In this study, we first reconstructed the different 3D tumour microstructures from Grade 1 to 4 based
on the microscopic morphology of U87 cell lines and their geometrical information (porosity and cell
size) [2]. We conducted the simulations using the open-source computational fluid dynamics soft-
ware OpenFOAM [3]. We confirmed the representative element volume (REV) size (200 μm) and
validated simulation results with the reported experimental results [4]. We then quantified the re-
lationship between tissue hydraulic permeability and HA concentration in the low- and high-grade
tumours. Specifically, we indicated that the average permeability between PA and DA decreases by
23.5% with an average 21.6% increase of porosity and the same level of HA deposition. While the av-
erage porosity increased by 33% from the low-grade to the high-grade tumours, the mean hydraulic
permeability decreased by 23.8% with the 2.7 times increase in the HA concentration range. We
identified the necrotic region (NR) in GBM as more permeable than high-grade tumours, due to the
highest porosity and relatively lower HA concentrations. Therefore, results from our computational
models underscore the dominant effect of the HA matrix when simulating the ISF flow in brain
tumours. Finally, we established a significant correlation between hydraulic permeability and HA
concentration range in different grades of brain tumours, and also found that low- and high-grade
tumour tissues are more permeable than brain normal tissues [5].
In this work, we developed a modelling framework to investigate the ISF transport in differentWHO
Grades of brain tumours. We also linked the ECM permeability to ISF flow through the extracellular
space on the pore scale. The findings from this work can advance the accuracy of prediction of fluid
transport properties in the brain tumour, and hence also the efficiency of potential drug delivery
strategies for brain tumours and other disorders.
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Nanoparticles (NPs) have emerged as promising candidates for targeted drug delivery in the treat-
ment of brain tumours due to their diverse physicochemical properties. With the advanced develop-
ment of convection-enhanced delivery (CED), anticancer drugs are directly infused into the targeted
brain tumour region through a catheter, enabling drugs to bypass the blood-brain barrier (BBB). Mul-
tiple factors, such as particle size and surface charge are crucial for enhancing the NP transport in
brain tumours 1. However, primarily owing to the complex microstructure and microenvironment
of the brain tumours, how these physical properties affect the NPs diffusion in the brain tumour at
pore-scale still needs to be clarified and quantified.
In this study, we first established a framework consisting of different geometrical models of brain
tumourmicrostructures fromGrades 1-4 [2] and the particle tracingmodel to investigate the relation
between the effective NP diffusion coefficient in brain tumours and their physical properties. We
verified the predictive power of the present model by comparing the results under the same condi-
tions to experimental results reported in the literature 1. Then, we quantitatively analysed the NP
diffusion coefficient in order to establish the effect of particle size, surface charge, temperature and
extracellular matrix. We found that the diffusion coefficients of NPs are positively related to all these
physical properties when the total surface charge increases with the particle size [3]. Conversely, the
diffusion coefficient of NPs negatively corresponds to the particle size when the total surface charge
is kept the same. The magnitude of the diffusion coefficient with the zeta potential (Zp) of -5mV is at
least 1500 times larger than that value of uncharged NPs. This difference is even more pronounced
with larger NP sizes. More interestingly, we noted that the diffusion coefficient in the high-grade
tumourmicrostructures is smaller than that in low-grade tumourmicrostructures when other param-
eters are kept the same, although the high-grade tumours possess a higher porosity than low-grade
tumours. This may imply that higher level of hyaluronic acid (HA) of ECM deposited within the
interstitial fluid is essential for the critically decreased diffusion coefficient in high-grade tumours.
Results from this study can deepen the understanding of the relationships between NP diffusion
coefficient and physical characteristics of NPs in brain tumours, providing crucial insights and a
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reliable modelling framework for the development of nano-drugs and carrier delivery processes in
chemotherapy of brain tumours and other brain disorders.
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Predicting and controlling interface instability inmultiphase flow is of great interest in awide variety
of natural, geological and industrial processes, including oil/gas extraction, rock grouting. Here we
present an experimental and theoretical investigation on the interfacial instability in a Hele-Shaw
cell where the upper plate is lifted with a controlled velocity. We find that the onset of instability
predicted by the perturbation growth rate-based criterion is three orders of magnitude away from
that in the experimental observations. To reconcile this discrepancy, we propose a new criterion
based on perturbation amplitude to predict the onset of instability, which is in excellent agreement
with the experimental results. We also show that the competition of multiple fingers for limited
growth space results into a hierarchical liquid pattern.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Page 246

https://wx1.sinaimg.cn/mw690/006mLUydly1hlikie4elmj33dn1yc1l2.jpg


InterPore2024 / Book of Abstracts

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS13 / 309

Wetting behaviors and oil occurrence status of shale reservoirs

Authors: Tao Zhang1; Qinhong Hu2; Shengyu Yang2; Qiming Wang2; Cuijian Zhang2; Khawaja Hasnain Iltaf1

1 Department of Earth and Environmental Sciences, University of Texas at Arlington, Arlington, Texas 76019, United
States.

2 National Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China), Qingdao 266580, P.R.
China.

CorrespondingAuthors: hussarzcz@s.upc.edu.cn, s.yang@upc.edu.cn, qinhonghu@upc.edu.cn, tao.1220@outlook.com,
wqmpetrophysics@sina.com, kxi6276@mavs.uta.edu

A contrast-variation technique in small-angle neutron scattering (CV-SANS) is employed to investi-
gate the interfacial chemistry of shale oil reservoirs using reagents that span a range of polarities,
including water, toluene, and dimethyl methanamide. Through five different experimental strate-
gies, the work demonstrates a modification of shale wettability, ranging from enhancement, weak-
ening, to reversal. This study also presents an innovative approach for characterizing the status
of oil occurrence at the nanometer scale, and new insights into the scattering vector-particle size
(q-r) relationship in polydisperse systems. The unique CV-SANS technique shows that shale with
low contents of total organic carbon, clays, and porosity typically indicates better oil mobility, as-
sociated with larger particle scales. Meanwhile, the results indicate that an increase in pore scale
does not necessarily accompany the rise in radius of gyration when mass density spatial variation
occurs in the system. Collectively, this work establishes a direct correlation between size r in real
space and q in reciprocal space and decodes the interfacial wettability traits in nanopores of shale
oil reservoirs.
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Oil mobility evaluation is the primary topic in shale oil development. The different occurrence states
of shale oil, which closely relate to the pore structure and fluid properties tremendously affect the oil
mobility in shale. As proved in previous studies, the higher the content of oil in free states, the better
the oil mobility will be. In this study, the oil occurrence states and its influencing factors of the 7th
member in Yanchang Formation (Chang7) in Ordos Basin, China were investigated by multiple ex-
periments, including nuclear magnetic resonance (NMR), nitrogen gas adsorption (NGA), electronic
scanning microscope (SEM), X-ray diffraction, and rock pyrolysis. The Chang7 samples were classi-
fied into four lithofacies based on mineralogy and TOC. With the increasing of the clay content, the
four lithofacies are siliceous shale, OM-rich siliceous shale (TOC>5%), argillaceous shale, and OM-
rich argillaceous shale (TOC>5%) (Figure 1). The NMR results indicate the fluids in Chang7 consist
of structure water, free water, adsorbed oil, and free oil. The contents of adsorbed oil increase with
TOC and clay percentages increase. However, the contents of free oil show negative relationships
with TOC and clay percentages. Therefore, we speculate that the strong adsorbability in organic
matter and clay minerals force the oil to be preserved as adsorbed oil in shale, which tremendously
affect the oil occurrence states and mobility. Siliceous shale has the greatest content of free oil, and
OM-rich siliceous shale has the greatest content of adsorbed oil. From the NGA results, mesopores
have the domination in pore volume and specific surface area, especially in siliceous shale. The cu-
mulative pore volumes decrease from siliceous shale to OM-rich argillaceous shale with the increase
of clay contents. The NGA was also conducted on the samples after solvent extraction, which shows
opposite changes of the volume in mesopores and macropores. Lots of mesopores were released
by solvent extraction, particularly in siliceous shale which has the greatest increase in mesopores.
Similarly, SEM images of the siliceous shale also show a large amount of mesopores in felsic grains.
In the other three lithofacies, few pores were observed because of the tight compaction of clay and
felsic minerals. Combing with the free oil content, the positive relationship between the free oil
content and different percentage of mesopore volume indicates that the mesopores are the primary
storage space of free oil (Figure 2). Compared with the lithofacies which have more clay content
and TOC, the siliceous shale has more mesopores and low adsorbability in the pore system, which
provides an optimum pore structure for the occurrence of free oil. To summarize, the free oil content
shows an obvious preference in siliceous shale. The lithofacies defined by mineralogy compositions
and TOC affect the oil occurrence states by pore structure. Parallelly, the pore structure was deeply
affected by the grain size, spacial arrangement, and minerals (grain type). Therefore, the occurrence
states of oil in shale were strongly affected by the pore structure through the lithofacies.
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Low salinity water flooding (LSWF) is novel technique which can be used to improve oil recovery for
sandstone reservoirs. Although considerable experimental research has been conducted to identify
the underlying pathways, there are a lot of debatable issues with the mechanics. On the basis of
molecular simulation (MS) method, the models of rock, oil and brine in different salinity and ions
compositions were constructed. The interactions among rock, oil and brine and the influence of
brine salinity and concentrations of ions on the process of separating oil from sandstone surfaces
were studied. The temperature range considered ranged from 298K to 373K. That altering of the
wetting state of a sandstone induced the detachment of oil from the surface of the rock, even under
elevated temperatures. The results will provide essential molecular state information for change in
the wetting state of rock and increase in oil recovery.
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Geological carbon sequestration is the most suitable way to alleviate the negative influence caused
by CO2 at the field scale. CO2 dissolution as one of the most indispensable and predominant trap-
ping mechanisms is a complicated process involving both physical and chemical phenomena. In
this work, CO2 dissolution after capillary trapping far away from the injection well under different
environmental conditions is investigated to elaborate the main controlling mechanisms of CO2 dis-
solution reactions and the corresponding sensitivity analysis during these processes.
Coupled with homogeneous reactions in the brine and heterogeneous reactions at the CO2-brine in-
terface, a multiphase Shan-Chen multiple-relaxation-time lattice Boltzmann model with multicom-
ponent transport is established to capture CO2 dissolution reactions with phase transitions in saline
aquifers. Controlling mechanisms of CO2 dissolution reactions are probed by estimating the tempo-
ral evolution of CO2(aq) concentration and the dissolved CO2 nodes under different diffusion coef-
ficients and CO2 saturations in a periodic domain. Furthermore, CO2 dissolution in porous media
is captured to explain the ion evolution during homogeneous reactions and characterize the impact
of different factors, namely partial pressure, formation temperature and salinity, on this process in
the view of practical application.
The rapid mass transport, namely the large diffusion coefficient, could keep the CO2(aq) concentra-
tion gradient at the scCO2-water interface at a high level, which would accelerate CO2 dissolution
processes. The ratio of the equilibrium time between various cases is nearly about 3 times. Addition-
ally, the reactive interfacial length also affects CO2 dissolution reactions. It can be concluded from
the simulated results that higher reactive interfacial length would make the security of CO2 trap-
ping greater under the same CO2 saturation. More importantly, it is found that the CO2 dissolution
process is non-equilibrium and would not be omitted when the sequestration efficiency is estimated
in reservoir-scale simulations. Otherwise, the accuracy of the results cannot be ensured. It is bene-
ficial for sequestration efficiency to adopt the high-pressure region due to greater CO2 density and
equilibrium concentration at the scCO2-water interface. Besides, the formation temperature, which
should be prudently selected in the targeted saline aquifer for practical operation, has both positive
and negative effects on CO2 dissolution. In terms of salinity, the more ion strength is the less trap-
ping efficiency is.
This study offers not only a deeper understanding of multiphase reactive transport of CO2 disso-
lution in porous media during geological carbon sequestration but also a new idea about the same
physicochemical backgrounds, such as the hydrogenation of levulinic acid.
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Reservoir parameter inversion is an important technique in oil and gas exploration and develop-
ment that can estimate the reservoir physical properties, such as skin factor and permeability, using
observed data, such as well test data and production data. In this paper, we propose a physical accel-
erated neural network with multiple residual blocks (PRNN-Acc) for multiple parameter inversion
of the seepage equation with a source term and a sink term. PRNN-Acc is based on the idea of phys-
ical residual neural network (PRNN), which uses deep neural networks to approximate the solution
and parameter spaces of partial differential equations. PRNN-Acc adds multiple residual blocks to
enhance the expression ability and flexibility of the network and avoid gradient explosion or degen-
eration phenomena. In addition, the input of PRNN-Acc is multiplied by three adaptive parameters,
which can adjust the network training process according to the characteristics of the data and loss
function and improve the accuracy and stability of the inversion. We use bottomhole pressure (BHP)
data before and after shut-in as labels to invert multiple parameters for homogeneous and hetero-
geneous reservoirs. In this paper, three numerical experiments are designed. For homogeneous
and heterogeneous reservoirs, the inversion results of this method are up to 36 times more accurate
than those of PRNN. It is fully proven that the inversion effect of this method is better than that of
PRNN.
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The imbibition in porous media plays a critical role in various natural and engineering processes,
such as rainfall infiltration, hydrocarbon recovery, geological CO2 storage, and environmental re-
mediation. Microfractures and discontinuities are naturally presented and purposely induced in
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natural rocks and soils. The interaction between these heterogeneities and the matrix increases the
complexity of multiphase flow behavior in porous media.
This study aims to investigate the impact of microfractures on flow patterns in porous media during
imbibition and understand the pore-scale fluid interaction between microfracture and matrix via mi-
crofluidics experiments. Polydimethylsiloxane (PDMS) micromodels of fracture-matrix porous me-
dia with various fracture widths are designed and fabricated using the soft lithography technique.
The width of the matrix channels follows a lognormal pore-size distribution with a mean size of 30
and a standard deviation of 0.4. Thewidth of the fracture varies from 4 to 40 times the mean pore size
(120 μm to 1200 μm). The depth of the channel is around 110 μm. We inject ethanol as the wetting
phase to displace air at various flow conditions (constant flow and constant pressure). A pressure
transducer at the inlet monitors the pressure change, and a fluorescent microscope records the flow
behavior. The effect of different microfracture geometries on flow patterns during imbibition at var-
ious flow conditions is analyzed.
Results show that the flow pattern is matrix-prefer when the injection flow rate is low. The ethanol
prefers to invade the matrix, and the fracture acts as a capillary barrier. The flow pattern transfers
from matrix-prefer to the transitional stage as the flow rate increases. The liquid equally invades
the matrix and fracture area. The interaction between fracture flow and matrix flow is observed.
Eventually, the fracture becomes a preferential channel at high flow rates. The capillary barrier
and preferential channel phenomena are less salient for narrow fractured porous media, whereas
they become more significant as the width of the fracture increases. The recorded pressure signa-
tures reveal that the interplay between capillary and viscous forces results in different flow patterns
during imbibition. The capillary force dominates the flow behavior at low capillary numbers and im-
bibes the wetting phase into the matrix. Fractures act as capillary barriers when the fluid pressure
is smaller than the entry pressure. The viscous force dominates the flow behavior as the capillary
number increases. The wetting phase invades the low-viscous drag fracture and the cross flow be-
tween fracture and matrix is limited.
In conclusion, we observe three flow patterns in fractured porous media during imbibition and iden-
tify two thresholds for these patterns. The interaction between fracture flow and matrix flow is
analyzed at the pore-scale, Results presented in this study are relevant to the understanding of mul-
tiphase flow phenomena in fracture-matrix systems at various flow conditions.

Keywords: Microfracture, heterogeneity, imbibition, microfluidics, flowpattern, porousmedia
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Hydraulic pulsing is a widely used technology for cleaning, hydro-shredding, and soil improvement.
In recent years, low-frequency hydraulic pulses have been used in oil and gas development, such as
wellbore blockage removal and EOR.The effectiveness of this process depends on the attenuation pat-
tern of the hydraulic pulse wave in the reservoir. In this paper, a numerical model of low-frequency
hydrodynamic pulsed wave propagation in porous media is constructed and experimentally verified.
The finite element method was used to solve the model and analyze the radial attenuation patterns
of low-frequency hydraulic pulse waves in porous media with varying permeability. The results in-
dicate that the rate of attenuation of the energy (pulse amplitude) of the hydraulic pulse wave with
distance is significantly affected by the permeability of the porous medium. The rate of attenuation
exhibits a pattern of deceleration, acceleration, and then deceleration again as distance increases.
As the hydraulic pulse frequency is 0.1Hz, the pulse amplitude is 10MPa, and, the pulse amplitude
attenuates faster along the path as the permeability decreases and is mainly concentrated within
0.5-2.5m around the wellbore. Specifically, the pulse amplitude attenuation to 20% corresponds to a
propagation distance of 1.8 m in the 1 mD porous media, 2.7 m in the 200 mD porous media, and 6.8
m in the 1000 mD porous media. The pulse amplitude gradually decreases within 0.5 meters around
the wellbore, which may be attributed to the impact of reflected waves. In a porous medium with
a permeability of 100 mD, reducing the pulse frequency (0.1-30 Hz) can effectively decrease the in-
terference between different wave levels during propagation and slow down the attenuation rate of
pulse amplitude with distance. As distance increases, the effect of pulsation amplitude on attenua-
tion decreases, and the degree of attenuation becomes similar for different amplitudes. For reservoirs
with specific permeability, it is recommended to adjust the hydraulic pulse parameters to a lower
frequency and higher amplitude to achieve a longer effective distance and better results.
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To address the scientific problems of fracture initiation and expansion of hydraulic fractures in the
process of shale gas reservoir extraction, this paper focuses on the influence of shale minerals on
fracture initiation and expansion of hydraulic fractures under the influence of mineral interface,
establishes a geometric model of random distribution of shale minerals at the microscopic scale, and
uses the cohesionmodel to characterize the mineral interface, and constructs a microstructure model
of shale considering the influence of mineral interface. Numerical simulations are used to study the
effects of mineral interface stiffness, mineral content and mineral grain size on hydraulic fracture
expansion, and the fracture expansion pattern of shale hydraulic fracture under the influence of
mineral interface is obtained. The results of the study help to reveal the mechanism of shale minerals
on hydraulic fracture extension under the influence of mineral interface, and provide a theoretical
basis for the reasonable selection of hydraulic fracturing layer in shale gas reservoir. The results
show that.
(1) The mechanical response of mineral interface to shale is more obvious, and when subjected to
external force, the damage appears first at the mineral interface, and then the damage starts to occur
gradually inside the mineral, and the damage inside the quartz mineral is the largest, and the damage
inside the clay mineral is the smallest. (2) As the stiffness of mineral interface increases, short and
wide cracks are formed more easily; as the percentage of brittle minerals increases, long and wide
cracks are formed more easily; when the mineral grain size increases from 40μm to 60μm, long and
wide cracks are formed more easily, and when the mineral grain size increases from 60μm to 80μm,
short and narrow cracks are formed more easily, and the form of crack damage is mainly tensile
damage. (3) The shale hydraulic fracturing operation should give priority to the fracturing of layers
with low mineral interface stiffness, high brittle mineral content and large mineral grain size, which
is conducive to the construction of seepage channels in shale reservoirs and improving the transport
capacity of shale reservoirs.
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Study on pore-fracture morphology and mineral-induced acid-
heat-flow-solid simulation of coal under supercritical CO2
Author: Saipeng Huang1

1 Chongqing University

Introduction
Carbon capture and storage (CCS) in geological reservoirs has emerged as a rapidly effective op-
tion for mitigating the accumulation of greenhouse gases [1,2]. However, the flow and reactions
of supercritical CO2 (SCCO2) within coal seams entail a complex process, encompassing minerals
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dissolution and precipitation, adsorption behaviour, microstructural changes and mechanical weak-
ening effects [3]. These factors hold a crucial role in ensuring the secure and long-term geological
storage of CO2 in deep reservoirs. However, existing models mainly focus on temperature, flow and
mechanics, leaving a significant gap in the multi-physics field considering the effect of SCCO2 acid-
ification on coal structure in deep reservoir. On this basis, a comprehensive acid-thermal-flow-solid
model was developed and established to account for mineral dissolution processes. This model was
employed to study the influence of coal pore-fracture morphology and mineral distribution on the
assessment of SCCO2 geological sequestration in deep reservoirs, thereby addressing the limitations
inherent in existing models concerning the characteristics of CO2 storage in deep reservoir.
Methodology
A geometric model representing a circular reservoir was constructed. Within this model, the well-
bore radius was defined as 0.1 m, while the radius of the matrix region was established at 1 m. The
mesh distribution employed throughout the simulation is depicted in Fig. 1. Natural fracture distri-
butions were incorporated in the model, with the permeability of these natural fractures typically
being 1,000 times that of the matrix permeability.
Results and Discussion
A reduction in porosity was observed radiating from the wellbore towards the boundaries under
interactions with SCCO2, with this distribution being influenced by fractures. An increase in the
initial porosity of the coal samples corresponded to a more significant alteration in porosity after ex-
posure to SCCO2, as depicted in Fig. 2. Following SCCO2 interaction, reservoir porosity increments
resulting from adsorption expansion, dissolution, and total porosity were observed to decrease with
an increase in initial porosity. The reservoir’s total porosity was found to be 1.24 to 1.56 times that
of its initial state after SCCO2 treatment. The increase in total reservoir permeability was found to
intensify over time; nevertheless, as the reservoir’s initial porosity increased, this enhancement was
decreases gradually. For coal samples with initial porosities of 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1, the
corresponding permeability increments were determined as 23.57, 15.11, 10.45, 7.80, 6.11, and 4.98,
respectively. This indicates that the lower the initial porosity of the reservoir, the more pronounced
the alteration of its flow characteristics by SCCO2.

Fig. 1. Geometric model and simulation results. a) The grid distribution of the reservoir’s geometric
model. b) The porosity distribution of reservoirs with different initial porosities after exposure to
SCCO2. c) The variation in porosity of reservoirs with different initial porosities after exposure to
SCCO2. d) The variation in permeability of reservoirs with different initial porosities after exposure
to SCCO2.
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Hydrogels also known as superabsorbent polymers (SAPs) are crosslinked hydrophilic polymers
characterized by a three-dimensional polymer network structure. These polymers are capable of
absorbing water to thousands of times their own weight. Hydrogels can either be synthetic (poly-
acrylic acid) or natural such as biopolymers (xanthan gum). The use of hydrogels has been found
to have increased utilization in diverse fields such as agriculture, environmental science, petroleum,
and civil engineering. The key attractions in the use of hydrogels in these fields include the ability
to absorb substantial amounts of water, selectively attracting and binding to pollutants and facilitat-
ing particle aggregation. Most previous studies have consistently demonstrated that during wetting
swelling of hydrogel leads to restructuring of the soil particles and these studies claim that results of
wetting affect the soil stiffness, increases erodibility, and reduces shear strength. However, we lack
a more comprehensive understanding of the complex micromechanical processes that govern the
behaviour of hydrogel-treated soils during wetting. This knowledge gap hinders our understanding
of the interaction of hydrogels with soil and the effective use of hydrogels in soil remediation and
geotechnical engineering applications. This study aims to unravel the swelling process of hydrogel
in soil, how it leads to restructuring of soil particles and the resulting impact on the mechanical
behaviour of hydrogel-treated soils. We employ a miniature triaxial cell connected to a humidifier
and a peristaltic pump to supply humid air during saturation of the sand-hydrogel mixture. We
utilize an X-ray Computed Tomography (CT) scanner to unveil the four-dimensional (3D + time)
perspective of swelling-induced disturbance and its impact on the shearing behaviour. Preliminary
results show that hydrogel swelling dramatically reduce sand-to-sand contacts, resulting in a much
smaller peak strength. We further adopt image processing algorithms to denoise, segment phases
(sand, hydrogel, and air), and label sand and hydrogel particles for performing quantitative analysis
such as displacement and strain fields.

KEYWORDS:Hydrogels; Swelling; Shearing behaviour; Soil restructuring; X-ray tomography.
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Field tests and laboratory experiments indicate that the spatial distribution of hydrate saturation in
hydrate reservoirs is non-uniform. This non-uniform distribution significantly impacts the reservoir’
s temperature changes, and gas and water production rates during reservoir development. Currently,
the primary methods for determining hydrate saturation distribution in porous media are nuclear
magnetic resonance (NMR) and computed tomography (CT) scanning. However, these methods
have limitations such as small detection ranges, high costs, and the necessity of interrupting experi-
ments. During depressurization exploitation of hydrate reservoirs, abundant data on gas and water
production, as well as temperature and pressure monitoring, are available. These highly reliable
observational data vary with changes in hydrate saturation distribution, providing the possibility of
using inversion methods to determine this distribution.
This study first conducts secondary development of the Tough+Hydrate simulator. Energy and mass
conservation equations are separately constructed for the matrix and high-conductivity channels af-
ter reservoir stimulation. The transfer of mass and heat in thematrix and high-conductivity channels
was characterized using the discrete fracture method. A numerical simulation method for reservoir
stimulation assisted depressurization development of hydrate reservoirs was established and im-
plicitly solved. Then, by combining the ensemble Kalman filter algorithm with the simulator, the
inversion method of the hydrate saturation distribution was built and then validated using three
cases: core scale depressurization development, hydraulic fracturing assisted depressurization de-
velopment, and radial well stimulation assisted depressurization development. The impact of the
number of observation points on the inversion results also was investigated. Finally, based on
the observation data of Masuda’s classic experiment, the inversion method was used to obtain the
distribution of hydrate saturation in the core of Masuda’s experiment successfully.
Research results indicate that the established inversion method continuously assimilates observa-
tional data in the ensemble. Hydrate saturation distributions obtained through inversion in the
three cases tend to approach the preset distributions, demonstrating the reliability of the inversion
method. The quantity of observational data has a certain influence on inversion results; more ob-
servational data lead to the assimilation of more information, resulting in hydrate saturation distri-
butions closer to the actual values. Inversion results based on Masuda’s experimental data reveal
a strong non-uniformity in hydrate saturation distribution within the core, with a relatively high
hydrate saturation zone in the central region and lower hydrate saturation at the inlet and outlet
ends.
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Abstract: Tight sandstone reservoir, as unconventional oil and gas resource with abundant quantity,
plays a significant role in supporting the growing global demand of energy consumption. However,
tight sandstone has complex pore structure and strong heterogeneity, which brings challenges to
the development of unconventional hydrocarbon resource. In recent years, the nuclear magnetic
resonance method has been widely applied in porous media with the advantages of nondestructive,
fast and wider range of pore size characterization in investigating pore structure. But pore size dis-
tribution curve cannot be obtained directly by nuclear magnetic resonance method. The transverse
relaxation time spectrum from nuclear magnetic resonance could be converted into the pore size dis-
tribution curve by appropriate surface relaxivity, which can be affect by paramagnetic minerals and
varies with lithology. Using low temperature nitrogen adsorption method, high-speed centrifuga-
tion method, and nuclear magnetic resonance, the surface relaxivity of five tight sandstone samples
from different depths of Dongying depression was measured in this study. And then the influence of
mineral composition from experimental samples on surface relaxivity was discussed. In addition, the
pore size distribution curve from mercury intrusion porosimetry is utilized to verify the accuracy
of the pore size distribution curve inversed by the surface relaxivity. Based on the obtained sur-
face relaxivity, imbibition experiments under high temperature and high pressure conditions were
conducted combined with nuclear magnetic resonance technique. Then the flow characteristics of
whole cores and different pore size types (micropores, mesopores and macropores) influenced by
temperature and pressure was analyzed, and the imbibition mechanism of tight sandstones resource
was revealed.
Keywords: NMR, Surface relaxivity, Pore size distribution, Imbibition
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CO2 can dissolve in salt water layers or undergo chemical reactions with minerals to achieve per-
manent storage. Compared with other storage ways, salt water layers have the advantages of wide
distribution area, large thickness, fewer wells required for injection, low storage cost, and large
storage capacity. Cap rock and faults are important barriers to prevent CO2 migration and leakage
during the storage process of saline layers. The sealing characteristics of cap rock and faults are of
great significance for large-scale engineering projects.
The storage mechanism of the cap rock includes three types: capillary sealing, hydraulic sealing, and
overpressure sealing. There are many factors that affect the storage of the cap rock, among which
the thickness of the cap rock indirectly affects the capillary pressure by controlling the adsorption
resistance, thereby determining the difficulty of fluid discharge inside the cap rock, which is one of
the main factors affecting the sealing of the cap rock. Taking the total thickness of the cap rock and
the single thickness of the layers inside the cap rock as objects, simulate and analyze the impact of
cap rock sealing on CO2 storage. The results show that as the thickness of the cap rock increases,
the continuity of CO2 in both horizontal and vertical directions increases, and the accumulation of
CO2 near the cap rock decreases, reducing the risk of CO2 leakage; When the thickness of the cap
rock is constant, the larger the thickness of the internal single layer, the better the sealing of the cap
rock.
When the fault is adjacent to the target storage layer, on the one hand, with the injection of CO2, the
fault is induced to activate, leading to the problem of fluid leakage along the activated fault. On the
other hand, the influx of CO2 into a fault can lead to an increase in pore pressure at the fault plane.
When the pore pressure at the fault plane exceeds the shear stress along the fault plane, it can induce
fault activation and sliding. Characterize the impact of fault characteristics on CO2 sequestration
using fault development location, fault morphology, and fault permeability as variables. The further
away the fault is from the injection well, the lower the saturation of gaseous CO2 within the fault,
and the later the saturation of gaseous CO2 begins to increase, resulting in higher storage safety.
The extension distance of the fault increases, and the distribution area of gaseous CO2 saturation
within the fault increases. The more predicted CO2 leakage, the lower the storage safety. If a fault
has a certain permeability, as the permeability of the fault increases, there is no significant change
in the time when CO2 leakage begins, and the amount of CO2 leakage increases. However, com-
pared to the location of fault development and the distance of fault extension, the impact of fault
permeability on storage safety is relatively small.
Based on results, a method for evaluating storage effect has been established, and injection parame-
ters under different conditions have been optimized.
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Natural porous media is generally heterogeneous and anisotropic. The structure of porous media
plays a vital role and is often the source of heterogeneity and anisotropy. In a physical process such
as fluid flow in porous media, a small number of major features here referred to as wide channels,
are responsible for the majority of the flow. The thickness and orientation of these channels often
determine the characteristics of the permeability. Typically, the identification of such major fea-
tures is conducted through time-consuming and expensive simulations. Here we propose a prompt
approach based on geometric properties extracted from three-dimensional (3D) images. The size or
radius of the major features is obtained via distance maps, and their orientations are calculated by
Principal Component Analysis. We then visualize these features with color and color brightness
according to their orientation and size, together with their location and distribution in 3D space,
and the simultaneous visualization of anisotropy (orientation) and heterogeneity (size) in one plot
provides a straightforward way to enhance our understanding. Furthermore, we propose a refined
stereographic projection to statistically illustrate heterogeneity and anisotropy. Based on this under-
standing, we show a newway to compressmodel size in numerical simulation, therefore significantly
reducing computational cost, while retaining its essential characteristics.
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Abstract: Spontaneous imbibition is a process in which porous media spontaneously inhales wet-
ting liquid driven by capillary force, which is an effective means to enhance oil recovery in tight
reservoirs. At present, the observation methods of spontaneous imbibition mainly include nuclear
magnetic resonance method and computer tomography method. In this paper, the method of ultra-
sonic testing is used to link the change of seismic attributes of rocks with the distribution of fluids,
indirectly observe the spontaneous imbibition process of rocks, and explore the imbibition law of
tight sandstone. The high-pressure mercury intrusion method and low-temperature nitrogen ad-
sorption method were carried out on two kinds of tight sandstone. The pore structure parameters
of the rock were calculated, and the complexity of the pore structure was quantitatively described
according to the fractal characterization method. In addition, the ultrasonic test of the imbibition
process of the two rocks was carried out, and the flow of the fluid was observed by the change of the
velocity and amplitude of the elastic wave, and the influence of the pore structure of the rock on the
imbibition was analyzed. The results show that the pore structure of tight core is complex, mainly
micron pores. The initial rate of imbibition is faster, and the rate gradually slows down with the
increase of imbibition height. When the fluid front reaches the vicinity of the sensor, the velocity
and amplitude of the ultrasonic wave are strongly affected.

Keywords: Tight sandstone, spontaneous imbibition, ultrasonic monitoring
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Capillary imbibition is a widespread phenomenon in both natural and industrial fields. While most
studies focused on the imbibition between two Newtonian fluids or the fluid pair composed of a non-
Newtonian liquid and air, the imbibition of a liquid-liquid system, where the wetting phase is a non-
Newtonian fluid, remains relatively unexplored. Understanding the dynamics of flow for such fluid
system is essential in petroleum engineering and the remediation of contaminated aquifers, as the
flushing agent is often characterized as non-Newtonian. In this work, we proposed a generic math-
ematical model to describe the capillary imbibition of a system in which the non-Newtonian fluid
acts as the wetting phase. Specifically, we derived the viscous force exerted on the non-Newtonian
fluid based on the wall shear rate of Newtonian fluid. The resulting governing equation is applicable
to various rheological models of non-Newtonian fluids. The Carruea-Yasuda model is adopted in
this work, as it is able to describe the apparent viscosity over a wide range of shear rates. To ver-
ify the developed model, we conducted the capillary rise experiment in straight circular tubes, and
compared the numerical solutions against physical observations. Two fluid pairs were examined: (1)
liquid-air, and (2) liquid-liquid. In both cases, the wetting phase is non-Newtonian. Results show
that the good agreement is obtained between the predictions from the developed model and exper-
imental data across all investigated cases. In contrast, the traditional model falls short of capturing
equilibrium rise height in the liquid-liquid case. We found that for a liquid-liquid system, incorpo-
rating appropriate viscous force into the governing equation is crucial for accurately describing the
dynamics of capillary imbibition.
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The investigation of the spatial distribution of microscale pores and fractures in oil shale plays a
pivotal role in revealing the internal reservoir properties and fluid transport characteristics within
the oil shale. The impact of temperature on the generation of internal pores and fractures in oil
shale is substantial, and the appropriate temperature and pyrolysis time bear significant importance
for the rational exploitation of oil shale. To explore the multifractal characteristics of oil shale pore
structures at different scales and their evolution under temperature influence, multifractal character-
ization was conducted on oil shale samples post-pyrolysis at both micrometer and nanometer scales.
Utilizing CT image processing software, the reconstruction of oil shale specimens subjected to py-
rolysis at various temperatures was performed. At the micrometer scale, the analysis revealed the

Page 262



InterPore2024 / Book of Abstracts

distribution and volume percentages of oil shale pore sizes. Additionally, employing higher preci-
sion physical experiments such as mercury intrusion porosimetry, nitrogen adsorption, and carbon
dioxide adsorption provided insights into the nanometer-level pore distribution characteristics of
oil shale specimens. Fractal methods employed included generalized dimension spectra and multi-
fractal singularity spectra. The results indicate that the pore structure of oil shale after temperature
exposure exhibits multifractal characteristics. There is a strong correlation with the magnitude of
temperature and pyrolysis time, where temperature exposure promotes homogeneity in the oil shale
pore structure and enhances pore connectivity. Furthermore, the spatial distribution of nanoscale
pores becomes more intricate.
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At present, 47.5% of the remaining recoverable reserves of global oil and gas resources are distributed
in carbonate reservoirs around the world, of which natural gas reserves account for 44.4%, which
means carbonate gas reservoirs have great development potential. With the adjustment of energy
strategy, carbonate gas reservoir has been received more great attention as its rich reserves and
cleanliness. However, the gas reservoir has the complex fractured-vuggy structure, high tempera-
ture and high pressure, which leads the conventional logging has high cost and low accuracy. As a
result, it is necessary to create an intelligence technology to monitor the fluid profile and the char-
acterizes of fracture structure. Tracers are the only indicators that can accompany fluids into the
formation and carry reservoir information back to the surface, which can be carried out the problem
of carbonate gas reservoir. Some researchers always pay more attention to tracer flowback curves,
which wants to explain the results like fluid profile from the phenomenon of flowback curves. But
there are some details in flowback curves can not be explained and identified without the mechanism
of tracer. Therefore, this manuscript establishes a set of study method for the migration mechanism
of gas tracer based on the microscopic percolation mechanism which considers the migration char-
acteristics of gas tracer in carbonate gas reservoirs. The migration experiments of gas tracer are
designed to get deviation factor for correcting the flow equation in porous media in carbonate gas
reservoir. The flowing, diffusion, adsorption and retention of gas tracer are presented in the flow
equation through the experiments of different migration laws of gas tracers. Based on the experi-
mental results and the characteristics of the field flowback curve, the gas tracer flowback diagram is
established.
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Fluid phase behavior in shale nanopores has become a hot topic in recent years. But, most of the
current investigations are based on a smooth porewall assumption. Actually, for such small-scale
pores in shale, a serious porewall heterogeneity has been observed, which has been confirmed in
many experimental observations.
In this paper, the methods of N2 adsorption and desorption measurement, scanning electron micro-
scope (SEM) and atomic force microscope (AFM) are first applied to characterize the pore structure
of shale rocks, and three porewall heterogeneity modes are proposed, including furrowed surface,
ravine surface and sinusoidal surface. Simultaneously, the corresponding modelling procedure is
developed. Then, through a comparison between the experimental observation and simulation re-
sults, the optimal porewall heterogeneity assumption is derived. Thereafter, based on a pore size
depended equation of state (EOS), with the consideration of capillary pressure, adsorption layer and
fluid-solid interaction, a mathematical model for the fluid phase transition behavior in shale hetero-
geneous nanopores is established. And the porewall heterogeneity on the fluid phase behavior is
discussed.
Results indicate that among the three modes, a sinusoidal porewall assumption is the most recom-
mended one with an average relative error (<2%). Our developed mathematical model can well
simulate the fluid phase transition behavior in shale nanopores. Compared with a smooth porewall
assumption, a consideration of the porewall heterogeneity can further reduce the bubble point pres-
sure. For pure hydrocarbons, with the pore size reduces and molecule weight increases, the effect of
porewall heterogeneity is enhanced. For mixtures, with the fraction of heavy component increases,
the deviation between with and without the consideration of porewall heterogeneity is increased.
This paper firstly simulates the effect of porewall heterogeneity on the fluid phase behavior in shale
nanopores. It sheds some new insights to understanding the phase equilibria of hydrocarbons in
shale play.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Page 264



InterPore2024 / Book of Abstracts

I would like to submit this presentation into both awards

Country:

China

Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS09 / 329

A thermodynamically consistent and conservative diffuse-interface
model for two-phase flows in complex geometries
Authors: Chengjie Zhan1; Xi Liu1; Zhenhua Chai1

1 Huazhong University of Science and Technology

Corresponding Authors: hustczh@hust.edu.cn, aubrey-xixi@126.com, zhancj@hust.edu.cn

In this work, a thermodynamically consistent and conservative diffuse-interfacemodel for gas-liquid-
solid multiphase flows is proposed. In this model, a novel free energy for the gas-liquid-solid mul-
tiphase flows is established according to a ternary phase-field model, and it not only contains the
standard bulk and interface free energies for two-phase flows, but also includes some additional
terms to reflect the penalty in the solid phase and the wettability on the solid surface. Furthermore,
a smooth indicator function of the solid phase is also introduced in the consistent Navier-Stokes equa-
tions to achieve a high viscosity in the solid phase and preserve the velocity boundary conditions on
the solid surface. Based on the proposed diffuse-interface model, the fluid interface dynamics, the
fluid-structure interaction, and the wetting property of the solid surface can be described simply and
efficiently. Additionally, the total energy is also proved to be dissipative for the two-phase flows in
the stationary geometries. To test the present diffuse-interface model, we develop a consistent and
conservative lattice Boltzmann method and conduct some simulations. The numerical results also
confirm the energy dissipation and good capability of the proposed diffuse-interface model in the
study of two-phase flows in complex geometries.
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Abstract: Clarifying the injection-production characteristics duringCO2 flooding in fractured extra/ultra-
low permeability oil reservoirs is significant for further improving oil recovery. This study focuses
on the fluid and reservoir characteristics of ultra/low-permeability oil reservoirs in the Changqing
Oilfield. Under the conditions of formation temperature and pressure in the target block, long core
experiments and two-dimensional heterogeneous plate large rock model displacement experiments
were carried out to explore the effects of permeability and fractures on the swept efficiency of water
flooding and CO2 flooding. The swept characteristics and migration law of CO2 in extra/ultra-low
permeability reservoirs with fractures and high permeability zones after water flooding are deeply
understood. The research shows that: ①The development of micro-fractures is not conducive to the
expansion of the swept volume of CO2 flooding. Compared with homogeneous cores, the recov-
ery rate of CO2 miscible flooding after water flooding in one-dimensional fractured long cores is
reduced. ② The injection capacity of CO2 miscible flooding is obviously higher than that of water
flooding, and the displacement front is obviously more uniform than that of water flooding, which
can effectively displace the remaining oil in the matrix. ③ The development of fractures and high
permeability zones will lead to uneven distribution of remaining oil after water flooding, and CO2
breaks through earlier along the dominant channel, which seriously affects the swept volume of
CO2 flooding. ④ CO2 large PV miscible flooding can still produce oil continuously at high gas-oil
ratio and greatly improve the recovery rate.
Keywords: extra/ultra-low permeability reservoirs; fractures and high permeability zones; CO2
miscible flooding; injection-production characteristics
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The key challenge in polymer flooding for reservoir depth profile control is finding a solution to the
contradictory relationship between injectivity and effective displacement. One promising approach
is the synthesis of microencapsulated polymers with delayed release characteristics, achieved by en-
capsulating the polymer within microcapsules. However, the accurate assessment of their targeted
viscosity enhancement relies on a thorough understanding of the transport plugging and displace-
ment performance of the microencapsulated polymer within porous media.
We evaluated the underlying properties of the microencapsulated polymer. Based on this, microflu-
idic technology was used to study the flow behavior of the microencapsulated polymer at the pore
scale. We utilized a high-speed camera and two high-precision pressure sensors to capture real-time
flow images and pressure variations of microencapsulated polymer in a single-contracted PDMS mi-
crochannel. Subsequently, we studied the migration characteristics of microencapsulated polymers
through parallel microchannels with multiple-width ratios. Finally, we evaluated the oil displace-
ment performance of microencapsulated polymer under different trigger stages using a complex
network glass etching model.
The micro-resistance factor was defined as the ratio of the pressure difference between the microen-
capsulated polymer inside the microchannel and the pressure difference during water injection only.
The experimental results demonstrate that the particle size of the microencapsulated polymer can
expand up to 3-5 times, while the solution viscosity can increase by more than 25 times. The mi-
croencapsulated polymer particles exhibit particle adsorption, blockage, and free passage within the
microchannel. The severity of microchannel damage is more pronounced at lower injection flow
rates, and the micro-resistance factor of the microcapsules increases with higher concentration. For
particle sizes/throats less than 1, themicro-resistance factor is approximately 1. Blockage and adsorp-
tion behaviors of capsule particles gradually increase flow resistance, but blockage has amore drastic
impact. The microencapsulated polymer tends to enter wider throats in parallel microchannels, but
long-term injection causes more severe damage to smaller throats. In terms of micro-flooding ex-
periments, the flooding effect of un-triggered microencapsulated polymer is similar to that of water
flooding. As the triggering degree of the microencapsulated polymer increases, the occurrence of
the viscous finger-pointing phenomenon significantly weakens, effectively displacing the remaining
oil at the edge of the pore model, and enhancing the oil recovery rate by 22.8%.
This study investigated the flow characteristics and oil displacement performance of microencapsu-
lated polymers at the pore-throat scale. This microscopic analysis provides valuable insights into
understanding their deep migration and targeted viscosity enhancement. These findings hold great
significance for the advancement and practical application of novel oil displacement agents.
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It is not uncommon for porousmedia to spanmultiple scales of heterogeneity. Geological formations
are examples of such complex systems that may act as natural aquifers, hydrocarbon reservoirs or
greenhouse gas sequestration units. Application of conventional single scale modelling approaches
is not sufficient for representative prediction of flow in such heterogenous permeable media. In-
stead, a method that marries features of different heterogeneity scales needs to be established and
validated.

Three-dimensional digital images of pore spaces are the foundation for numerical pore scale mod-
elling. Depending on the image resolution and the underlying pore structure, voxel data may not be
exclusively binary (void or solid), but rather a collection of grey values that indicate under-resolved
porous regions. Traditional pore networks have already demonstrated their efficiency and accu-
racy when modelling single scale macroscopic properties where the porosity is fully resolved. How-
ever, rigorous capture of under-resolved heterogeneity remains a difficult task for this class of mod-
els.

In our work, we aim to address this shortcoming by introducing an additional set of entities referred
to as Darcy nodes that complement existing pore network macro nodes and throats. Physically,
the Darcy nodes correspond to under-resolved regions that are characterized by its porosity and
permeability. The proposed novelty is the more systematic consistency and flexibility of the Darcy
nodes allocation and integration into the existing pore network modelling workflow in comparison
to the previously published methods of microlinks (Bultreys et al., 2015) or very large stochastic
explicit networks (Jiang et al., 2013). We established a methodology that unites laminar and Darcy
flow mechanisms as well as their transitional behaviour, similarly as it is done in the multiscale
Darcy-Brinkman formulation, as shown in Figure 1. The accuracy and robustness of our model, as
implemented in the XPM (extensive pore modelling) simulator, is confirmed by a comparison with
more physically complicated direct numerical simulation modelling results. Finally, our develop-
ment is open source that is freely and readily available to the wider audience.
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Traditional porous media wave theory, such as the Biot theory and BISQ model, typically rely on
the idealized assumption of smooth cylindrical pores. However, in actual reservoirs, pores often
manifest as structures with non-smooth walls and varying diameters, where pores and throats alter-
nate, making them far more complex. These real-world conditions pose new challenges, especially
in accurately depicting the impact of fluid flow on wave propagation in these complex structures.
In this work we have proposed a new quantitative research method using the sinusoidal-wall tube
model to study fluid flow in porous media. This approach is not only applicable in the field of
biomechanics, such as in the description of blood flow, but also in rock physics, especially when
considering the dispersion and attenuation effects on wave propagation. A highlight of the work is
the introduction of the sinusoidal-wall tube structure, adding an extra dimension to pore geometry,
thereby differentiating it from previous porous models. Firstly, we have developed a time-resolved
Schlieren imaging system to observe fluid flow in the sinusoidal-wall channel. The optical flow
method is used to process the Schlieren images, which enabled us to determine the fluid velocity
field quantitatively. Base on the observed velocity field, the fluid pressure field is determined by
Naiver-Stokes equations. In addition, we used COMSOL software for numerical simulations, which
reproduced the presence of countercurrent and vortex flow in the sinusoidal-wall tubes. These ex-
perimental observations and numerical results provide strong evidence of new mechanism for wave
dispersion and attenuation in porous media. The results of this research may have a profound im-
pact on rock physics, particularly in understanding the behavior of seismic waves propagating in
complex porous media.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into both awards

Country:

中国
Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Page 269



InterPore2024 / Book of Abstracts

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS21 / 334

Non-linear growth of fingers during two-phase flow in porous
media
Authors: Santanu Sinha1; Yves Méheust2; Alex Hansen3

1 PoreLab, Department of Physics, University of Oslo, N-0316 Oslo, Norway
2 University of Rennes, CNRS, Géosciences Rennes - UMR 6118, F-350042 Rennes, France
3 PoreLab, Department of Physics, Norwegian University of Science and Technology, NTNU, N-7491 Trondheim, Nor-

way

CorrespondingAuthors: santanu.sinha@ntnu.no, alex.hansen@ntnu.no, yves.meheust@univ-rennes1.fr

Invasion of a fluid in a porous medium filled with another fluid immiscible to the injected one pro-
duces a wide variety of displacement patterns depending on the fluids’viscosity contrast and the
capillary number of the flow. In the case of a low-viscosity fluid advancing through a high-viscosity
immiscible fluid, a viscous instability occurs, leading to viscous fingers which have long been as-
sumed to exhibit a linear Laplacian growth behavior. This means that the interface velocities of
the advancing fronts depend linearly on the local pressure gradient. This (linear) Laplacian growth
behavior is also observed for viscously-unstable fingers observed in continuum Hele-Shaw cells by
Saffman and Taylor 1, as well as for diffusion limited aggregates (DLA). However, an experimental
study of drainage in a porous Hele-Shaw cell around 20 years ago [2] demonstrated that drainage
fingers in porous media can also exhibit non-linearity in the growth in a certain regime. Recently
we further investigated this configuration of drainage displacement with a dynamic pore-network
model [3] and measured the local growth rate of the fingers as a function of the local pressure drop.
We showed that there exists a regime where the two quantities relate nonlinearly with a power-law,
which then crosses over to a linear Laplacian growth regime at higher capillary numbers [4]. The
origin of this nonlinearity is the disorder in the capillary barriers at the pores [2, 4], and the pore-size
distribution, through the distribution of capillary thresholds, controls this non-linearity. In our re-
cent study [4], the pores size distribution was uniform. Here in this talk we will present our further
investigations on the sensitivity of these results on the distribution of pore sizes, and how the expo-
nent related to the fingers’growth law depends on the functional form of that distribution.
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Various rocks such as carbonate, coal or shale contain both micro- and macro-pores. To accurately
predict the fluid flow and mechanical properties of these porous media, a multi-scale characteriza-
tion of the pore space is essential. The hybrid superposition method performs well in this multiscale
reconstruction,but requires input images with two resolutions (high and low) and different recon-
struction methods.In addition, the stacking algorithm does not consider the position distribution of
the two-scale pores under different resolution conditions, and some stacking techniquesmay even in-
troduce a certain degree of artifacts. Here we thus propose an effective approach based on generative
adversarial network (GAN) for efficient and reliable multiscale digital rock reconstruction.According
to the homogeneity and heterogeneity of rock, a method for preferentially selecting training data has
been proposed, making the model training more efficient and accurate.The qualitative and quantita-
tive comparisons of the experimental results show that the results of multiscale reconstruction are
similar to the real high-resolution pore structure in terms of complex pore geometry and pore surface
morphology. The geometric, topological and permeability properties of multiscale reconstruction re-
sults are almost identical to those of the real high-resolution pore structures. The experiments also
validate that the proposal algorithm adequately accounts for rock heterogeneity and anisotropy.This
work provides an effective method for fine multiscale modeling of porous media.
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Digitalization of cores refers to the process of converting the physical and structural information of
real core samples into digital form for the purpose of digital modeling, analysis, and visualization. In
the process of digital core image imaging, due to the limitations of detector hardware and rock phys-
ical properties, there must be a trade-off between image field of view (FOV) and image resolution.To
obtain high-resolution rock images, a compromise often needs to be made at the expense of a wide
view. In light of these challenges, we propose a novel digital core reconstruction method utilizing
Conditional Variational Autoencoder Generative Adversarial Network (CVAE-GAN). This approach
integrates the stability training of Conditional Variational Autoencoder (CVAE) and the capability
of Generative Adversarial Network (GAN) to generate realistic images. The method aims to produce
high-quality digital core images from small field of view images, introducing randomnoise to achieve
image diversity. Additionally, we used theWasserstein GANwith gradient penalty (WGAN-GP) dur-
ing the training process to enhance the stability of the neural networks. We performed experimental
evaluations using different types of samples to verify the validity of our reconstruction method. Ex-
periments prove that our method outperforms some numerical reconstruction methods in terms of
practicality and efficiency.
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Underground hydrogen storage (UHS) is considered as a primary approach for large-scale H2 stor-
age, where the wettability of rocks/minerals is crictial to ensuring storage safety and efficiency.
Despite numerous experiments and simulations, reported data on the rocks/minerals wettability
shows significant disparity. In this work, employing molecular dynamics simulations, we systemati-
cally investigate the influence of temperature, pressure, and surface chemistry on quartz wettability
under UHS conditions. We find that surface chemistry is a pivotal factor controlling quartz wetta-
bility, with higher hydroxylation of the quartz surface corresponding to stronger wettability and a
smaller contact angle. In contrast, the temperature and pressure play a secondary role in influencing
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quartz wettability. We also examine the influence of methane (CH4) proportion in H2–CH4 mix-
tures on quartz wettability, and we show that increasing methane proportion leads to significantly
weaker wettability (larger contact angle) of the quartz surfaces with low hydroxylation, while the
impact on those with high hydroxylation is minor. We further unveil the mechanisms hindering
the transition of quartz wettability, namely, the strong water–quartz interactions and the pinning
effect at the three-phase contact line. Our findings and conclusions deepen the understanding of
the rocks/minerals wettability alteration, providing theoretical insights for the safe and efficient H2
storage.
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Hydraulic fracturing in tight oil reservoirs requires injecting large volumes of fracturing fluid into
the formation while only a small proportion of fracturing fluid can flow back during the production
phase. The retained fracturing fluid will affect subsequent production. We implement an integrated
workflow which simulates fracture propagation through a full 3D simulator and seamlessly docks
to an efficient reservoir numerical simulator, then we simulate the injection phase and subsequent
production phase using dilation/compaction curves based on fracturing pump injection data and
actual production data. The workflow has been successfully applied to a field case in the Daqing
Oilfield, China. Our simulations effectively match the oil and water production data and prove
our hypothesis that numerous microscale fractures are generated during hydraulic fracturing which
cause significant leak-off of the fracturing fluid. The closure of microscale fractures during produc-
tion phase results in the retention of the fracturing fluid and stable water cut after several months
of production.
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Huff and Puff is an important means to supplement formation energy in the development of un-
conventional petroleum resources. In this paper, the physical simulation experiments of different
injection media huff and puff are carried out by taking the plunged-sample cores of Qinghai oilfield
as experimental samples. By means of nuclear magnetic resonance(NMR) technology, the character-
istics of oil movability in pore throats of different sizes are quantitatively studied from a microscopic
perspective.The influence of soaking time, permeability and wettability on recovery degree is ana-
lyzed.The results show that the oil displacement efficiency increases exponentially with the increase
of soaking time.The soaking time of water and fracturing fluid huff and puff should not be too long.
On the premise of ensuring economic cost, the soaking time of surfactant huff and puff can be appro-
priately extended. The soaking time of CO2 huff and puff should take into account the pore structure
and permeability characteristics of the reservoir, because gas channelling will occur in the reservoir
with fractures if the soaking time is longer. Reservoir wettability is of great importance to the devel-
opment effect of water and surfactant huff and puff. During water huff and puff, imbibition in small
pores is dominant in hydrophilic reservoirs, while large pores are mainly movable in lipophilic reser-
voirs by displacement pressure difference. The movability of small pores is dominant in the early
stage and that of large pores in the latter stage. If the surfactant is well performed on the reservoir,
the oil film stripping of large pores is faster and predominates. If the surfactant is poor performed
on the reservoir, the imbibition of small pores dominates. CO2 huff and puff mainly moves oil in
large pores. In a comprehensive comparison, CO2 has the best huff and puff effect and water has the
worst huff and puff effect. The oil displacement efficiency of fracturing fluid and surfactant huff and
puff depends on the compatibility of the selected surfactant with the reservoir. This study provides
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a theoretical basis for the selection of injection medium and soaking time for the development of
tight oil reservoirs in Qinghai oilfield.
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Predicting production of tight/shale oil has been attracting people’s discussion. In this paper, a new
method for dynamic analysis and predicting production of multi-fractured horizontal tight/shale oil
wells is provided.
After horizontal well fracturing, the boundary-dominated flow is occurred in the fracture, transient
linear in the pressure sweep area is assumed as a series of pseudo-steady states. The appropriate
method for historical fitting is selected, and the objective function, inversion parameters, initial
values ,adjustable ranges etc is determined. The L-BFGS-B algorithm is used to quickly obtain the
specific values of the inversion parameters and complete the historical fitting. On this basis, the
prediction of production is completed.
The production data of a well in Daqing oilfield, China is selected to validate this method. The his-
torical fitting effect is very well, and the time is short. The result show that this method has the
characteristics of fast calculation speed, high fitting precision and considering multiple inversion
parameters.
The novel feature of this method is that the tight/shale oil production prediction model is established
on the concept of dynamic sweep, which can realize the rapid prediction of reservoir reconstruction
scale and estimated ultimate recovery(EUR). The result of this method can be mutually verified with
the numerical simulation result. This paper provides a newmethod for dynamic analysis and predict-
ing production of multi-fractured horizontal tight/shale oil wells for petroleum engineers.
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CO2 injection is one of the most effective enhanced oil recovery technologies because it also se-
questers CO2 in oil reservoirs to reduce greenhouse gases. In order to improve the rate of oil re-
covery and CO2 sequestration, it is important to study the CO2-oil-water three-phase flow mecha-
nism. Pore structure characteristics are one of the important factors affecting the microscopic flow
patterns of three-phase fluids. Under the same porosity, the difference in pore structure leads to
different core permeability. We have investigated the three-phase displacement process of oil and
water displaced by CO2 in a water-wet medium. The effects of different initial oil-water saturation,
injection flow rate and permeability on characteristics of CO2 displacement were analysed. The ef-
fects of different influencing factors on CO2 residual saturation were studied. CO2 sequestration
rate and oil recovery were evaluated for different initial oil-water saturation, capillary numbers and
pore structures.
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Two-phase seepage behaviour of hydrate-bearing sediments at
pore-scale studied using a CFD approach
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Natural gas hydrates (NGH) are considered as the future clean energy in the era of carbon neutral-
ity 1. Seepage behaviour of gas-water flow in hydrate-bearing sediment (HBS) and its controlling
factors is significant for developing effective production strategies. The flow patterns and relative
permeability are two crucial aspects of the study on two phase flow in HBS, which are influenced
by various factors involving pore structure, wettability, hydrate morphology, and fluid properties.
Currently, most research is focused on macroscopic permeability, with limited exploration of the
flow patterns of gas and water in the presence of hydrates. Additionally, due to the distinct physical
properties of hydrate particles such as wettability and phase change [2, 3], experimental methods
struggle to observe the interactions between multiphase fluids and the skeleton (sediment + hy-
drates). Accurate determination of relative permeability is also challenging [4]. This study aims
at investigating the characteristics of gas-water flow in the presence of hydrates and constructing
an improved method for determining relative permeability based on CFD methods. In microfluidic
chip experiments, the morphology and heterogeneous distribution of hydrates, gas-water flow rates,
and the wettability of the skeleton were observed. Based on the information obtained from exper-
iments, a geometric model of HBS is constructed. Subsequently, Volume of Fluid (VOF) algorithm
using OpenFOAM is applied for simulating two-phase gas-water flow. A steady-state method based
on experimental determination of relative permeability was applied to construct gas-water relative
permeability curves in numerical simulations.

Fig. 1a presents the observation of pore-scale hydrate morphology and spatial distribution on the
microfluidic chip. Hydrate particles with size range of 5- ~500 μm were observed to form within the
pores, indicating a pore-filling type. Fig. 1b is the generated numericalmodel of HBS. Fig. 1c-d shows
the CFD simulation of gas-water flow behaviours in HBS. The influence of hydrate saturation and
contact angles on the dynamic distribution of gas and water in pores were investigated. When the
water-particle contact angle is small, the gas phase displacement exhibits a fingering pattern, forming
distinct preferential flow channels. As the contact angle increases, the gas phase transitions into a
discontinuous state, causing somewater to be retained within the pores. Fig. 2a depicts the variation
of water saturation and inlet-outlet pressure drop over timewith steady-state method. Various water
saturation are achieved by setting different ratios of inlet gas to water flow rates until reaching the
final stable state. The effective permeability of gas and water is then calculated according to Darcy’s
law (as shown in Fig. 2b).

Figure 4:

Fig. 1. (a) CH4 hydrate morphology and spatial distribution on the microfluidic chip. (b) Generated
numerical model of HBS. (c-d) gas-water flow patterns in simulations.
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Figure 5:

Fig. 2. (a) water saturation and (b) inlet-outlet pressure drop over time. (c) gas-water relative per-
meability curve.
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Natural gas hydrates (NGH) are ice-like crystalline substances that consist of water molecules acting
as host and methane guest molecules and formed at low temperature and high pressure 1. Methane
hydrate (MH) has been considered a promising future energy source due to its vast resource vol-
ume and high energy density. Understanding the behavior of MH formation and dissociation at
pore-scale and the effect of MH distribution on the gas-liquid two phase flow is of critical impor-
tance for designing effective production strategies from NGH reservoirs 2. The phase change of
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NGH from a gas-liquid two-phase system, the evolution of NGHmorphology, and the distribution of
NGH at the pore-scale provide critical insights into understanding the underlying thermal-hydraulic-
mechanical-chemical process [3]. Additionally, depressurization method has garnered significant
research attention over the past decades and is widely considered the most promising approach due
to its high energy efficiency [4]. This warrants the development of novel experimental techniques
to provide direct visual evidence for MH formation and depressurization-induced dissociation and
the evolution of gas bubbles in pores.
In this study, we devised a novel high-pressure microfluidic chip apparatus that is capable of direct
observation of MH formation and dissociation behavior at pore scale. Fig. 1a shows the experimen-
tal apparatus for pore-scale investigation on the microfluidic chip. The entire apparatus consists of
four major components: a) a confining pressure holder; b) an etched microfluidic chip, as shown in
Fig. 1b; c) a constant flow-rate syringe pump; d) a high-resolution charge-coupled device camera.
MH nucleation and growth were conducted under same conditions with Shenhu Sea, South China
Sea (P = 15.0 MPa, T = 276.2 K). Depressurization was used to induce MH dissociation at three dif-
ferent BHP of 12.0, 10.0, 8.0 MPa with constant pressure drawdown rates of 7.0 MPa/h at T = 287.7
K.

Figure 6: enter image description here

Fig. 1. (a) picture of the in-house made high-pressure microfluidic; (b) the microfluidic chip used in
this study.

Fig .2 shows the evolution of P and T, and MH morphology and gas bubbles during MH dissociation
under depressurization. Our experimental results reveal that two types MH formation mechanisms
co-exist in pores: (a) porous-typeMH formed fromCH4 gas bubbles; and (b) crystal-typeMH formed
from dissolved CH4 gas. Crystal-type MH is relatively stable and its dissociation pressure is lower
than that of porous-type MH. MH dissociation in the pores produce obvious aggregation and coales-
cence, and converge into a continuous gas phase flowing within the pores under depressurization.
The experimental results from our study aim to provide a direct pore-scale observation of NGH for-
mation and dissociation and provide a fundamental understating of gas-liquid two phase flow.

Figure 7: enter image description here
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Fig .2. (a) Evolution of P of microfluidic chip; and (b) evolution of MH morphology and gas bubbles
during MH dissociation under depressurization.
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During the condensate gas production process, condensate oil will precipitate, the phase state will
change, and the seepage mechanism is complex. There are currently few analytical models for mul-
tiphase flow. Therefore, a semi-analytical method for three-phase flow production in condensate
gas reservoirs is studied. Considering the vaporized oil ratio, solution gas-oil ratio, and solution gas-
water ratio, the differential equations of oil saturation and water saturation are obtained through
the two expressions of each of the production gas-oil ratio and the production water-oil ratio. The
relationship between saturation and pressure can be solved. Given the gas rate, based on the three-
phase material balance equation, the average reservoir pressure at any point in time is obtained,
and then the production gas-oil ratio and production gas-water ratio are obtained, so as to obtain
the changes of oil rate and water rate over time. From the pseudo steady state gas rate formula, the
bottom hole flowing pressure can also be obtained. Compared with the numerical simulation results,
the correctness of this method is verified. This method considers the three phases of oil, gas, and
water, including dissolved gas and volatile oil, and provides an efficient semi-analytical approach
for production dynamic analysis, which facilitates the practical application of petroleum engineers
in condensate gas reservoirs.
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Reduced Order Modelling (ROM) is a widely used method in various engineering such as fluids,
porous media, reservoir modelling and so on. This paper proposes a novel domain decomposition
physics-data combined neural network(DPDCNN) approach to construct a ROM. In this method,
Proper Orthogonal Decomposition (POD) is applied to each sub-domain to reduce dimensionality.
Neural network is then used to predict POD coefficients of each sub-domain. The physical equations
are incorporated into the loss function. In this domain decomposition method, several additional
conditions are enforced at the interferes to ensure the overall continuity of physical solutions such
as averaging solutions at neighbourhood, next time levels’ values and derivative terms of the PDEs.
The performance of this newly domain decomposition method is compared against the model with-
out domain decomposition. The capability of this method is tested using a number of parametric
nonlinear problems such as KDV equation in a regular domain, two-dimensional Kovasznay flow,
and the two-dimensional Incompressible Navier–Stokes equation.
The results indicate that the proposed methods offer an economically effective means of construct-
ing a reduced model for parameterized PDEs through machine learning. Particularly in specific
parameter ranges, especially when distinct physical phenomena regions are prominent, the method
outperforms the model without domain decomposition, demonstrating excellent performance on
several challenging problems.
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The influence of flow regime and soil saturation on solute transport processes is significant, yet the
associated effects have not been adequately addressed. To address this gap, we conducted three sets
of solute transport experiments in a sandy soil, complemented by numerical modeling, under both
steady-state and dynamic drainage conditions. The results from steady-state experiments revealed a
non-monotonic relationship between dispersivity and saturation.Both classical advection-dispersion
and dual-porosity (mobile-immobile) type transport equations were used to simulate the measure-
ments. The fitted well defined dispersivity -saturation function was employed to the simulations of
dynamic experiments. Taking into consideration the dynamic capillarity effect, ourmodel accurately
simulated solute transport processes and flow. Contrary to previous reports, our findings suggest
that the flow regime does not significantly impact the dispersivity of solute transport.
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Coupled free-flow and porous-medium systems have received rising attention in recent years due
to their broad applications in the environment, biology, and industry. A suitable coupling concept
should be applied to characterize fluid behavior between the free flow and porous medium. How-
ever, the majority of coupling conditions are restricted to flows parallel to the fluid-porous inter-
face.

In this talk, we present a hybrid-dimensional model for coupled free-flow and porous-medium sys-
tems which is suitable for arbitrary flow directions. We consider a narrow transition region between
these two flow systems that stores and transports mass, momentum, and energy. The proposed
hybrid-dimensional model incorporates the Stokes equations in the free flow, the averaged Brinkman
equations along the transition region, and Darcy’s law in the porous medium. Appropriate trans-
mission conditions are considered between the three regions. The well-posedness of the developed
hybrid-dimensional model is proven. The model is validated against the pore-scale resolved simu-
lations and compared with other coupling concepts. Numerical simulation results demonstrate the
advantages of the proposed model in comparison to the coupling concepts available in the litera-
ture.
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Modeling of micro-particle transport in supercritical CO2 over
rough fractures
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SC-CO2 (supercritical carbon dioxide) has attracted much attention in subsurface engineering pro-
cess, such as CO2 sequestration, enhanced oil recovery and geothermal development. Using micro-
particle as proppant in SC-CO2 fracturing is a new fracturing technology in unconventional oil and
gas reservoirs. Despite the multiphase flow of SC-CO2 in porous media has been widely studied in
recent years, the transport of micro-particles in SC-CO2 over fractures still need further research.
In this study, a coupled computational fluid dynamics and discrete element method (CFD–DEM) ap-
proach is used to study the transport behavior of micro-particles with SC-CO2 over rough natural
fractures. Rough fracture geometries are generatedwith the geostatistical simulator Synfrac. The dif-
ference in the particle transport characteristics between SC-CO2 and slick-water are demonstrated.
The effects of fluid properties, particle parameters, and fracture morphology on micro-particle car-
rying behaviors in rough fractures were discussed. Results show that particle-carrying performance
depends on fluid viscosity and flow rate. Larger critical settling velocity of particles in low viscosity
SC-CO2 leads to the formation of sand dune at the bottom of fractures. Micro-particles are prone
to form a multi-layer’s sand dune with high particle concentration. Also, the presence of vortices
in SC-CO2 around a rough fracture surface leads to the suspension of micro-particles, particularly
when the flow field is subjected to high injection rate and high Reynolds number. This ultimately
results in a wider distribution of micro-particles in SC-CO2 within the fracture compared to water.
Due to the particle accumulations on the sand bed surface, fracture apertures is reduced and leads
to fast flow velocity. The turbulent flow regions of CO2 fluids are generated. In the vicinity of high
Reynolds flow regime, the flow field enhances the suspension capacity of particles. Turbulent flow
at fracture junctions helps to deliver particles into deeper and farther of natural fractures in low
viscosity SC-CO2 fluids by disturbing the movement of sand dune. The overall findings provide a
greater understanding of transport behaviors of micro-particle with SC-CO2 over rough fractures
underground.
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In this study, a body force driven two-phase fluid flow in porous media is numerically simulated
by weakly compressible smoothed particle hydrodynamics, a Lagrangian mesh free particle method.
The dispersed phase consists of viscoelastic emulsive droplets and is assumed to obey Oldroyd-B
rheological model. The background phase is a Newtonian fluid. The interfacial tension between two
phases and thewettability between fluids and solid boundaries are evaluated by pairwise forcemodel.
Different flow velocity, viscosity ratio andWeissenberg number are investigated. All simulations are
implemented on GPU to achieve high efficiency.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS17 / 351

Advanced 4D Imaging of Shales at Micro- to Nano-scale: Investi-
gating the time-lapse evolution Under Subsurface Thermal, Hy-
drological, Mechanical, and Chemical Conditions
Authors: Lin Ma1; Kevin Taylor1

1 University of Manchester

Corresponding Authors: lin.ma@manchester.ac.uk, kevin.taylor@manchester.ac.uk

Mudstones and shales are the source of unconventional oil and gas reservoirs, as well as the primary
control on the sealing efficiency for subsurface storage applications (e.g. energy, CO2, H2, waste).
However, their fine-grained and heterogeneous nature makes their full characterisation highly chal-
lenging. Here we demonstrate the multi-scale and dynamic imaging approaches that can help meet
these challenges and discuss limitations and future opportunities.
Microstructures can be characterised at scales from sub- nm (<1 nm) to over 1 m, using multi-scale
and multi-model imaging approaches [1-3], including X-ray tomography, Focused Ion Beam Scan-
ning ElectronMicroscope and Transmission electronmicroscopy tomography. Themajority of pores
in mudstones/shales range from 0.2 nm to 3µm, and we have documented 4 major types with 3 dis-
tinct size distributions [4]. Based on the REV analysis, pore sizes, types and distribution can be
upscaled via three stages from sub-nm to cm-scale[5]. The permeability is pressure dependant, rang-
ing from 1.0×10-17 to 1.0×10-22m2 [3, 5]. CO2 adsorption is 3-7 times higher than CH4 and over 10
times higher than H2 [6]. Image based modelling has demonstrated that the non-Darcy effects (e.g.,
slip flow and Knudsen diffusion). Adsorption/desorption and surface diffusion takes major controls
over time after injection [7].
Dynamic imaging of mudstones/shale has provided the opportunity to characterise the thermo-
hydro-mechanical-chemical (THMC) properties and the coupling mechanism in mudstones/shales
to investigate the sealing ability under realistic reservoir conditions. These include high temperature
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(from less than 10 ℃ up to 1000 ℃) [8], high pressure (e.g. confining pressure, indentation, torsion,
deformation and fractures; up to 65 MPa) [9], fluids (e.g. diffusion, adsorption, flowing through,
multi-phase flow) [10] and complex chemistry environment (brine and drilling fluids) [11]. Based
on the dynamic behaviours observation and quantification, It can be concluded that mudstone/shales
with horizontally thin-layered laminations, few fractures and less reactive minerals may act as the
best caprocks.
Whilst the above has led to an improved understanding of shale/mudstone microstructure under
static and dynamic conditions, significant challenges still remain regarding representivity and up-
scaling, experimental analysis at subsurface-realistic temperatures, pressure and chemistry, accurate
estimations of the long-term behaviours and the proper monitoring techniques.
1. Taylor, K. G., & Ma, L. 2021. GeoExpro, Vol. 18, No. 1 - 2021. 2. Ma, L., et al., 2017. International
Journal of Coal Geology, 180, 100-112. 3. Ma, L. et al., 2016. . Marine and Petroleum Geology, 72,
193-205. 4. Ma, L., et., al 2019 . Scientific reports, 8(1), 1-14. 5. Ma, L., et al., 2019. Energy, 181,
1285-1297.6. Ma, L. et al. 2021. Energy & Environmental Science, 14(8), 4481-4498. 7. Guo, B., et al.,
2018. Advances in Water Resources, 122, 70-84. 8. Wang, K., et al., 2021. International Journal of
Coal Geology, 244, 103-116. 9. Figueroa Pilz, F., et al., 2017. Journal of Geophysical Research: Solid
Earth, 122(4), 2553-25, 11. Godinho, J. R., et al., 2019). Minerals, 9(8), 480.
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The search for suitable sites for the safe disposal of radioactive waste, a prerequisite for phasing out
nuclear energy, is a major scientific, technical and political challenge on which intensive work is be-
ing done worldwide. Numerical models for safety investigations for site selection will also play an
important role in the endeavour. The OpenWorkFlow project, which was initiated by the Bundesge-
sellschaft für Endlagerung (BGE), is creating a novel, open synthesis platform for the virtualization
of repository systems. The simulation platform will be used both for the evaluation of far-field and
near-field processes to support the site selection process and later for the geotechnical design of
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repository systems. Continuity and innovation are two basic principles of our development philos-
ophy. Through continuous scientific development, the platform will always be at the cutting edge
of science and technology and help to shape it. In addition, OpenWorkFlow is developed using the
latest IT and digitization methods and the software concept is continuously adapted. As the name
suggests, OpenWorkFlow is an open workflow platform, developed as an open source project based
on the FAIR principles and an invitation to the community to participate.

Source:
Christoph Lehmann, Lars Bilke, Jörg Buchwald, Nico Graebling, Norbert Grunwald, Julian Heinze,
Tobias Meisel, Renchao Lu, Dmitri Naumov, Karsten Rink, Ozan Özgür Sen, Philipp Selzer, Haibing
Shao, Wenqing Wang, Florian Zill, Thomas Nagel, Olaf Kolditz (2024): OpenWorkFlow - Develop-
ment of an open-source synthesis-platform for safety investigations in the site selection process,
Grundwasser, in print
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Problem statement
The droplet penetration plays an essential role in various fields such as inkjet printing, fuel cells,
oil and gas development, new material preparation, and enhanced heat transfer. The functions of
non-wetting droplets are used to be limited due to the capillary resistance to its penetration into mi-
cropores, but the application of magnetic, electric, acoustic and optical forces, has overcome the lim-
itation. However, the dynamics of the penetration and contact line pinning of non-wetting droplets
remain unclear.
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Methods
The contact line pinning mechanisms of a non-wetting droplet penetrating a permeable substrate
are theoretically explained by considering the force balance of volumetric force, capillary force, and
pinning and depinning forces. We propose two dimensionless numbers, Bo∗ - the ratio of the volu-
metric force to the capillary force, and Ct - the ratio of the depinning force to the pinning force, to
establish a phase diagram that quickly determines the droplet penetration patterns. We further per-
form a series of lattice Boltzmann (LB) simulations, and the results match well with our theoretical
analysis.
Results
The time evolutions of the contact area diameter Dc, the droplet height h, the penetrated droplet vol-
ume percentage Sp, and the apparent contact angle θ are derived as illustrated in Figure 1, in which
the contact angle dynamics during contact line pinning and shrinking are further clarified. For Bo∗ �
1, the droplet will not penetrate the substrate; for Bo∗ > 1 and Ct � 1, the droplet will penetrate with
a pinned contact line; for Bo∗ > 1 and Ct > 1, the droplet will penetrate with contact line shrinking.
The phase diagram that quickly determines the droplet penetration patterns is exhibited in Figure 2.
Discussions and Conclusions
The penetration dynamics of a non-wetting droplet into a permeable substrate are studied both the-
oretically and numerically, with a special focus on the contact line pinning mechanisms. The lattice
Boltzmann simulations are performed and show excellent agreements with our theoretical deriva-
tions and intuitively illustrate the dynamic penetration processes.
We propose two dimensionless numbers: a modified Bond number Bo∗ and a new dimensionless
number Ct. These two numbers are applied to establish a phase diagram using that determines the
penetration patterns and pinning conditions of the droplet: if Bo∗�1, the droplet will not penetrate
the substrate; if Bo∗>1 and Ct�1, the droplet will penetrate with a pinned contact line; if Bo∗>1 and
Ct>1, the droplet will penetrate with contact line shrinking. For the droplet penetration mode with
contact line shrinking, we also find the contact angle change can be divided into three patterns: the
constant contact angle, the contact angle rebound, and the contact angle decrease.
This work successfully explains the pinning mechanisms of the penetrating non-wetting droplet
found in experiments, moreover, the phase diagram offers a quick evaluation of the droplet pen-
etration patterns, and provides new guidelines to achieve better performance for many applica-
tions.
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Reactive flows in porous media that results in precipitation of solids are ubiquitous in a wide range
of applications. Laboratory studies focusing on microscopic changes of the porous media have elu-
cidated the complexity of the precipitation patterns due to the highly nonlinear coupling between
advection, diffusion, reaction, and the intrinsic heterogeneity of the pore geometry and mineralogy.
Here, we study the displacement of aqueous solutions of calcium chloride by sodium carbonate in
a Hele–Shaw cell where the two fluids react, upon mixing, to form calcium carbonate precipitates.
We examine the case of equal reactant concentrations in detail via high-resolution imaging, which
reveals a variety of precipitation patterns at different injection rates and reactant concentrations.
We find that reaction along the moving fluid–fluid interface forms a precipitation band in the form
of particle suspensions, whose width and particle concentration are controlled by the injection rate.
This injection rate dependent behavior arises due to particle–particle agglomeration in the precipita-
tion band. Higher injection rates generate larger particles and lower suspension mobility, resulting
in miscible viscous fingering at the precipitation band. Critically, fingering has important control
over the growth of precipitation amount in time, which is diffusive with time in the absence of finger-
ing but is linear with time in the presence of fingering. Furthermore, we show that the precipitates
uniformly deposit onto the top and bottom surfaces of the Hele–Shaw cell as a thin particle layer at
low injection rate, but they form large particle islands at high injection rates. We develop a novel
reaction-diffusion-convection model that not only captures the phenomenology of the precipitation
and deposition process, but also the scaling of the temporal precipitation amount.
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Waterflooding is one of the key technology for oilfield development. Reasonable injection and pro-
duction design is very important for efficient development and enhanced oil recovery. The pore
size, oil and water saturation of reservoirs are different, and the remaining oil saturation occurrence
mode is different. How to effectively start the remaining oil and which pores start the remaining oil
is one of the problems concerned in oilfield development. Core displacement test is used to develop
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water injection in different pressure gradients. The effects of injection and production pressures,
permeability and different pressure gradient on oil recovery factor and water-cut were evaluated by
means of nuclear magnetic resonance test. The results show that oil recovery factor increases first
and then decreases with the increase of injection rate. Oil recovery factor increases first and reaches
a maximum at 8mL/min, and the total recovery factor of high, middle and low permeability cores
decreases in turn. The recovery factor increased to the highest when the pressure was increased to
8mL/ min. The pore structure of the core is dominated by small pores and large pores, while there
are a few medium pores, and large pores are the main contributing areas of oil production. For low
permeability core, the oil in small pores is mainly moved by pressure increasing, while for medium
and high permeability core, the oil in large pores is mainly moved for pressure increasing.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

P. R. China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS11 / 356

Effectiveness of CO2microbubblemethod for enhanced oil recov-
ery in fractured reservoirs
Authors: Baocai Tong1; Donglei Liu1; Lanlan Jiang1; Yongchen Song1

1 Dalian University of Technology

Corresponding Authors: lanlan@dlut.edu.cn, 1720871743@qq.com

Recently, CO2microbubbles (MBs) injection has become an important method to increase oil produc-
tion in fractured reservoirs and reduce greenhouse gas emissions due to its unique physicochemical
properties. The stability and size distribution of MBs as well as their flow behavior at the pore scale
are key to improving the displacement efficiency and regulating the performance. In this study, a
high-speed homogenizer was used to prepare CO2 MBs dispersions, and the effectiveness of this
method for enhanced oil recovery in fractured reservoirs was investigated by microfluidic experi-
ments. The results showed that the microbubbles consisted of a special three-layer structure and
existed independently in the liquid phase without aggregating with each other. Moreover, the pre-
pared MBs had a size range of 9.73-75.53 μm with an average diameter of 38.73 μm. Compared to
the low sweep area resulting from inadequate mobility control of water injection, MBs injection
can significantly increase flow resistance to achieve maximum sweep efficiency and oil recovery of
93.02% and 91.04%, respectively. This study demonstrates that CO2 MBs can be used as a promising
method for enhanced recovery in oil reservoirs.
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Mineral trapping has attracted much attention because it can realize permanent safe and effective
CO2 sequestration, the essence of which is that H+ generated by dissolving CO2 into water reacts
with rocks. There are many factors affecting this reaction, and it is important to accurately character-
ize the dissolution mode and the dissolution law under different combinations of influencing factors.
In this paper, based on the Darcy-Brinkman-Stokes method coupling fluid flow, mass transfer, re-
action, and rock structure changes, core-scale and pore-scale models were established to study the
acid-rock reaction process. Firstly, the effects of pH and chemical reaction constants on the dissolu-
tion process were analyzed, and the dissolution mode and the change rule of pore seepage properties
under different combinations of pH and chemical reaction constants were determined. The core ero-
sion patterns under different combinations of pe number and Da number were also investigated, and
the core erosion patterns were mapped. Subsequently, the simulation was focused on the pore scale,
and the dissolution process in three-dimensional pores was investigated, and different dissolution
patterns and patterns of porosity, permeability and specific surface area were seen in micrometer-
scale pores, and it was found that the pore permeability patterns under different dissolution patterns
were different, and that the decrease of pH could effectively accelerate the dissolution rate, but it
would not change the dissolution pattern of the rock.
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Airports on South Pacific islands are often built on coral sand foundations. The coral sand particles
of the foundations are characterized by high porosity, irregular shapes, and particle fragile. The
hydro-mechanical coupling responses of the coral sand foundation caused by the cyclic aircraft load
are still unknown. This research focuses on the increase in porous pressure and softening of the sand
structure of the foundation, which are the dominant factors affecting the long-term stability of the
airport foundation. To obtain those factors, a hydro-mechanical coupling simulation was conducted
with a typical foundation FEM model composed of the runway, foundation, and base rock. The Biot
dynamic consolidation theory and the viscoelastic plastic constitutive model of the coral sand were
applied in the simulation. The aircraft moving load was calculated via the International Flatness
Index (IRI) method. The response characteristics of the coral island airport foundation under the
long-term aircraft moving loads were simulated, and the evolution of foundation damage and long-
term settlement during airport operationwere obtained. The long-term stability evaluation of typical
coral island airport foundations was obtained through the deformation control theory.
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Haines jump is an interfacial instability characterized by fluid redistribution and sudden pressure
changes. It is a pore-scale phenomenon that occurs during displacement front movement and is
widespread in multiphase flow processes in porous media. It is an essential physical process that af-
fects fluid distribution, flow regimes, and displacement efficiency. Previous studies have shown that
Haines jump is an instability phenomenon taking place in a soft system comprised of entrapped gas
bubbles, deformable porous media, and interacting menisci. This study aims to further investigate
the impact of system softness on Haines jumps in porous media.
We conduct fluid displacement experiments in polydimethylsiloxane (PDMS) microfluidic chips and
analyze the pressure signature and flow phenomena during Haine jumps. A syringe pump (Chemyx
Fusion 200) maintains a constant injection rate, and a microscope (ZEISS) records the displacement
process. A microfluidic pressure sensor (Fluigent) placed at the inlet measures the pressure change.
The system softness is controlled by adjusting the volume of an air bubble entrapped near the inlet.
The PDMS microfluidic chip is fabricated using the standard soft lithography technique. De-ionized
water and ethanol are used as wetting fluids, and air is the nonwetting fluid. The impact of system
softness is investigated in three conditions: single pore throat, pores in series, and pore network.
Results show that system softness affects the position where Haines jumps occur at the pore throat
and the distance of the interface jump. The interface jumps a longer distance when the entrapped air
bubble volume increases. It also takes a longer time for the interface to reach the unstable point. An
analytical model is proposed to explain the pressure change and interfacial jump at the pore throat
and matches well with the experimental observation. In cases of pores in series, the pressure signa-
ture shows a “saw”shape where sudden pressure changes and interface jumps occur at pore throats.
However, the interface can jump across more than one pore as the system softness increases. As the
system softness affects the magnitude of Haines jumps, it also influences the snap-offs, entrapped
fluid saturation, and displacement efficiency in pore networks.
In summary, the influence of system softness on Haines jumps and its impact on fluid displacement
are analyzed in detail in both single pores and pore networks. Our experiments provide insights
into the pore-scale physics of Haines jumps and the impact of Haines jumps on multiphase flow in
porous media.
Keywords: Haines jump, porous media, microfluidics, instability, multiphase flow, interface
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Foam flooding can improve the development effect of chemical flooding by increasing the flow re-
sistance. According to the theory of critical capillary force, the water saturation of stable foam is
the key factor of flow resistance of foam system. The conventional models for calculating flow re-
sistance are mostly based on empirical formulas. The process of foam formation and stabilization
cannot be characterized in empirical formula. Based on the critical capillary force theory, the foam
system is stable when it reaches the critical water saturation, but the current experimental methods
are difficult to accurately measure the critical water saturation, and cannot establish a flow resis-
tance calculation model considering the foam flow theory.
In this paper，the online nuclear magnetic resonance visualization experimental system for oil and
gas displacement from Suzhou Newmai Company (magnetic field strength: 0.3 ± 0.05T) was used.
We conducted experiments on the influence of different gas water ratios, permeability, displace-
ment rates, and other experimental conditions on flow resistance. Determine the saturation of the
displacement phase during each experimental process based on T2 spectral changes, and use a pres-
sure sensor to measure the displacement pressure. Through the analysis of the experimental results,
the rising pressure water saturation and the critical water saturation of the foam are determined in
each experiment. Combined with the fractional flowmodel, a new resistance factor model with mul-
tiple undetermined coefficients is established. By fitting the experimental results, the undetermined
coefficients were determined, and a program for calculating the seepage law of one-dimensional gas
water two-phase foam flooding was developed using C++ programming language.
The experimental results show that in the process of foam flow, with the increase of injected foam in-
jection volume, the water saturation gradually decreases, but the plugging resistance factor remains
almost unchanged. When the water saturation decreases to about 0.6, the resistance factor increases
rapidly, and the water saturation is the rising pressure water saturation of foam; When the liquid
saturation decreases to around 0.38, the resistance factor gradually stabilizes, and effective sealing is
formed in the rock core. At this time, the water saturation is the critical saturation. Obviously, the
flow resistance of foam is directly related to the starting pressure water saturation and critical water
saturation; There is a quantitative relationship between the rising pressure water saturation, critical
water saturation, gas water ratio, permeability, and displacement rate. A new flow resistance model
that can characterize the theory of foam formation and collapse is established, and the parameters
of the new model are determined through the experimental results. The model was used to calculate
the gas and water flow changes in the process of foam flooding. On this basis, the foam flooding flow
calculation program can calculate one-dimensional core pressure, gas andwater saturation and other
parameters change. Compared with the results of online nuclear magnetic resonance experiments,
the fitting accuracy can reach 96%. The new model realizes the accurate calculation of the evolution
mechanism of foam and the plugging effect of foam in the seepage process of foam.
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Network Model for Low-Permeability Fractured Oil Reservoirs
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The pore structure and fluid flow characteristics of low-permeability fractured oil reservoirs are
highly intricate, posing a challenge for establishing full-scale numerical simulation models. Describ-
ing the fracture system is a key difficulty in developing such reservoirs. Currently, commonly used
approaches involve creating equivalent media models, dual-porosity models, and discrete fracture
models, embedding them into full-scale simulators. However, these methods often incur high com-
putational costs during simulation and optimization. Therefore, developing a simplified model that
ensures both accuracy and rapid computation is crucial for reservoir development. In this study, we
introduced a network model where wells are connected by two flow pipes—one representing the
matrix system and the other being the fracture system. The inter-well connection network is initial-
ized based on distance, angle, and maximum connection quantity, with volume and transmissibil-
ity values assigned to each flow pipe. A mathematical model is established using material balance
equations, incorporating fluid flow characteristic equations for both matrix and fracture systems.
Through example testing, the proposed model demonstrates compatibility with full-scale reservoir
models while achieving computational speeds several times faster.
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In the realm of geophysical exploration, predicting the microstructural and fluid distribution in-
formation (e.g., porosity and saturation) of rocks based on electrical conductivity data present a
formidable challenge. Fortunately, the electrical conductivity exhibits a straightforward power-law
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relation with porosity and saturation in logarithmic plotting for reservoir rocks. Nevertheless, its ex-
ponents, respectively called cementation exponent and saturation exponent, are usually explained
to empirical parameters. In order to understand their physical meaning, we present a theoretical
electrical conductivity model with power-law form using fractal geometry and analyze its results
in different water contents. We find that these exponents consist of fractal dimension (defining
as the filled degree of an object in space) and have a similar form. The brief expression of these
exponents shows what controls the variety of electrical conductivity with porosity and saturation.
Because of the form, we also could confirm the relation between the cementation exponent and the
saturation exponent, and present a bounds model to restrict the range of the electrical conductivity
depending on porosity and saturation. It is helpful to reduce the complexity of predicting electrical
conductivity.
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Shale contains abundant multi-component nanopore spaces with different wettability. Water flow
in multi-component nanoporous systems is still unclear due to the effects of complex pore throat
topology and heterogeneous wettability, which limits knowledge of hydraulic fracturing for en-
hanced hydrocarbon recovery. This work reconstructs single-component (i.e. clay, organic, inor-
ganic matter) and multi-component coupled nanoporous media utilizing image fusion technique. A
numerical model for water flow in complex nanoporous systems is developed considering the het-
erogeneous wettability, slip effect, and effective viscosity. The water flow mechanisms in single and
multi-component heterogeneous wetting systems are systematically analyzed. Results show that
the enhancement factor increases exponentially, and the tortuosity increases with increasing con-
tact angle. The flow is weakened under strongly hydrophilic conditions, and the enhancement factor
is linearly negatively correlated with specific surface area. Under hydrophobic conditions, a small
throat aspect ratio corresponds to a large enhancement factor, and quasi-circular pores limit the en-
hancement. Due to the differences in pore throat size and wettability, water flow is weakened in clay
pores and enhanced in organic pores. For the multi-component heterogeneous wetting system, the
global flow is enhanced compared to no slip and uniform wetting systems; the velocity is enhanced
non-uniformly due to the altered pathways in organic pores; the flow is slightly weakened in the
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clay pores. This work provides a numerical perspective for water flow in shale multi-component
nanoporous systems.
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In recent years, there has been a significant increase in the proportion of renewable energy globally,
particularly in China, which has proposed a “dual carbon” strategy. However, the intermittency
of energy generation, such as wind power, has posed challenges to stable energy supply. One po-
tential solution is the conversion of energy to hydrogen as a storage medium. Nevertheless, the
conventional methods of hydrogen storage, such as ground tanks and fuel cells, face limitations,
prompting the exploration of alternative storage methods like underground storage in salt caverns
and depleted unconventional reservoirs, which are considered to have substantial potential. Given
that the adsorption behaviors of methane have been proven to impact the production process, this
study delves into reservoir simulation for hydrogen storage in depleted horizontal wells based on
adsorption properties investigated through molecular simulation. The results underscore the signif-
icant influence of hydrogen adsorption on its distribution and capacity. Moreover, the saturation
of methane is found to affect the purity of hydrogen production, emphasizing the need to consider
it in the life cycle management of shale gas wells. The study proposes the opportunity for conver-
sion of production wells to storage wells, with a cautionary note on the delicate balance required
for methane saturation to prevent hydrogen leakage and avoid compromising storage capacity. The
coupling of adsorption swelling and seepage field is suggested as a strategy to decrease storage ca-
pacity while alleviating channeling and reducing gas loss. With multiple storage cycles, the methane
content changes little and the hydrogen recovery rate exceeds 65%. Furthermore, the study explores
the impact of CO2 saturation on hydrogen storage performance, revealing that the strong adsorption
capacity of CO2 contributes to the stability of the hydrogen storage space. This becomes particularly
relevant in the context of carbon capture, utilization, and storage (CCUS) for enhancing shale gas
recovery. In summary, this study provides a comprehensive investigation into optimizing hydrogen
storage in depleted wells, considering factors such as adsorption properties, methane saturation, and
the influence of CO2.
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Theporousmedia community extensively utilizes digital rock images for core analysis. High-resolution
digital rock images that possess sufficient quality are of great importance, but are sometimes diffi-
cult to obtain and suffer from high cost. Super-resolution (SR) approaches enhance the resolution
of digital rock images, and provide improved visualization of fine features and structures, aiding in
the analysis and interpretation of rock properties, such as pore connectivity and mineral distribu-
tion.

However, the majority of the existing SR methods are trained on fabricated datasets, in which the
low-resolution images are created by applying a basic and consistent degradation, e.g., bicubic down-
sampling, to their high-resolution equivalents. And the actual low-resolution images captured from
real-world scenarios could be different from the fabricated low-resolution images. Consequently, the
SR models trained on fabricated data demonstrate reduced effectiveness when employed in practical
situations.

In this study, we construct a real SR dataset by capturing paired low- and high-resolution images
of the same rock samples using the scanning electron microscope (SEM) and computed tomography
(CT) at multiple resolutions. Additionally, an image registration algorithm is developed to progres-
sively align the image pairs at varying resolutions. Our experiments demonstrate that applying the
bicubic downsampling to the high-resolution images, although widely used, is not always a good
approximation of the real low-resolution images. The reason behind this can be partially explained
by the mechanism in the SEM and CT techniques.
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Forced imbibition, which involves the invasion of a wetting fluid in natural rocks, plays an impor-
tant role in efficient development of hydrocarbon resources and geological storage of carbon diox-
ide. However, the interface dynamics influenced by complex topology lead to non-wetting fluid
trapping, particularly the underlying mechanisms under viscously unfavorable conditions remain
unclear. This work reconstructs digital rocks of sandstone to simulate forced imbibition by direct
numerical simulation methods. The interface dynamics and fluid-fluid interactions are investigated
through transient simulations, while the pore topology metrics are introduced to analyze the impact
on steady-state residual fluid distribution obtained by a pseudo-transient scheme. Results show that
the cooperative pore-filling process promoted by corner flow is dominant at low capillary numbers;
the inlet pressure, mass flow, and interface curvature are unstable, corresponding to complicated
interface dynamics and higher residual fluid saturation. The interface curvature gradually increases
during forced imbibition, with the pore-filling mechanisms involving the cooperation of main ter-
minal meniscus movement and arc menisci filling. Complex topology with small diameter pores
may induce instability of interface curvature. Residual fluid saturation is negatively correlated with
porosity and pore throat radius, and positively correlated with tortuosity and the aspect ratio associ-
ated with pore throat radius. A large mean coordination number characterizing global connectivity
promotes imbibition. While the high connectivity characterized by standardized Euler number cor-
responding to small pores has a high probability of non-wetting fluid trapping.
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Shale reservoirs exhibit complex pore structures with pore size distributions ranging from nanome-
ters to micrometers, coupled with the development of numerous microfractures. Accurate and effi-
cient characterization of the pore structure in shale reservoirs is fundamental and critical for shale oil
and gas development. Digital rock and pore network models (PNM) are effective methods for study-
ing rock properties. In this study, we combined multiscale scanning techniques, specifically, low-
resolution X-ray computed tomography (X-CT) imaging and high-resolution large field of view scan-
ning electron microscopy (SEM-MAPs), constructed a multiscale PNM. Initially, a coarse-resolution
PNMwas extracted based on the X-CT images of real shale samples. However, due to the low resolu-
tion, many micropores in the shale matrix could not be identified. Therefore, high-resolution MAPs
were utilized to obtain images of matrix micropores. Using Markov Chain Monte Carlo (MCMC), a
digital rock core representing matrix micropores was constructed, and its PNM was extracted. Sub-
sequently, by searching the spatial domain of the shale matrix in the physical space of the coarse-
resolution PNM, the PNM of matrix micropores was incorporated. The connectivity information of
the throats was obtained through the statistical information of the added PNM, ensuring that the
radius was smaller than the pore radius at both ends. Finally, a multiscale pore network model
was obtained. By comparing the pore size distribution of the experimental data and the multiscale
PNM, the structural accuracy of the proposed model was evaluated. Furthermore, the permeability
calculation values were compared with direct simulations to assess the flow characteristics of the
proposed model. In conclusion, the multiscale PNM developed in this study comprehensively re-
flects the pore space in shale reservoirs and possesses advantages in accurately characterizing pore
features. This research outcome holds significant theoretical and practical implications for shale oil
and gas exploration and development in the petroleum industry.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS03 / 368

Page 300



InterPore2024 / Book of Abstracts

Visualization and Quantification of micro-particle transport in
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Particle transport in rough natural fractures has seen diversified potentials and applications in envi-
ronmental engineering and resource development engineering.
Despite intensive and outstanding research on their transport phenomena, the impact
of surface attachment and confined space of rough natural fractures on particle
transport remains poorly understood.
In this study, we constructed a 3D-printed rough fracture model to investigate
the transport behavior of micro-particles within the rough fracture. Here, we develop
a particle transport imaging system using silica micro-particles coated with
fluorescence material, in conjunction with a Particle Image Velocimetry (PIV) system.
We investigated the transport and settling behavior of fluorescent micro -particles in
several rough fracture models under different fluid injection rates, and fracture
roughness. The experimental results revealed that as the surface roughness of a
fracture increases, the particles tends to settle more rapidly near the entrance of the
fracture. This phenomenon substantially diminishes the lateral transport of the
particle within the fracture, leading to a swift accumulation and consequent plugging
at the entry of the fracture. Notably, even with a increased fluid injection rate, the
rough fracture are not entirely obstructed by the clogging of particles. The overall
findings will shed light on understanding clogging and deposition characteristics of
particles in subsurface rough natural fractures.
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Spontaneous imbibition (SI) driven by the capillary force is pivotal to diverse earth science applica-
tions. To elucidate the interplay between capillary and viscous forces during spontaneous imbibi-
tion in porous media, the pore-network model proves to be an efficient tool. We initially verify our
dynamic pore-network model against a series of water-air spontaneous imbibition experiments on
three sandstones with distinct pore structures, which can be established under both constant and dis-
tributed contact angles. We then compare spontaneous imbibition with reduced viscosity ratios and
quasi-static imbibition. However, we observe discrepancies in pore-filling events and the associated
average transport properties under these two wettability conditions, leading to disparate imbibition
rates and wetting saturation at lower viscosity ratios. Furthermore, when comparing spontaneous
imbibition experimental data across a spectrum of nonwetting phase viscosities from the literature,
we find superior model fitting with a constant contact angle. Although recent findings suggest that
contact angles in pore spaces tend to follow a lognormal distribution, such a distribution may not be
appropriate for the pore-network model with already simplified geometric pore characteristics. Our
research also indicates that the correspondence in imbibition rate and wetting saturation against
experiments at each viscosity ratio is the definitive validation criterion for the pore-network model
of spontaneous imbibition.
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After polymer injection, the end-point relative permeability of porous medium to other fluids often
drops significantly and is not the same as that prior to polymer injection. To understand the hy-
drodynamic mechanism of this change, we conducted microfluidic experiments. We discovered that
polymer solutions were mostly found in pores that are aligned with the direction of mean flow. At
the end-points, to flow around the polymers, oil / water needed to use channels that are not aligned.
Their flow pathways hence became more tortuous. To quantify the effect of pathway tortuosity, ori-
entation distributions of fluids in the microfluidic porous medium were measured. They were then

Page 302



InterPore2024 / Book of Abstracts

coarsened into four bins consisting of channels 0, 30, 60, and 90 degrees relative to the direction of
mean flow. By treating the microfluidic porous medium as a superposition of two inter-penetrating
honeycombs, we show that the observed distributions of fluids at the end-points could largely ex-
plain the changes in the end-point relative permeabilities, proving the tortuosity of the flow was
indeed a significant contributor to end-point relative permeability damage.
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Gas trapping and escaping in layered geological settings widely occur. We utilized an in-situ gas
injection apparatus based on high-resolution micro-CT to investigate gas invasion behaviors and
deformation patterns of layered porous media systems. The system includes a reservoir and a cap
layer with carefully controlled capillarity and permeability. Results show that all cases experience
cycles of a pressure built up period and a sudden pressure release when a barrier, either capillarity or
effective stress, is overcome. Drainage conditions significantly impact both the trapped gas volume
and deformation patterns. Effective stress analyses show that dominant factors are capillarity Pc,
effective stress σ’and excess pore fluid pressure Δu, affected by gas injection rate, cap layer thickness and
permeability. Five deformation patterns, capillary invasion, fracture opening, integral uplifting, local
heaving and violent liquefaction are identified according to two dimensionless number χC/E = Pc/σ’and
χP/E = Δu /σ’.
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The transport of elastic particles (EP) in porous media occurs extensively in groundwater filtration,
fluidized beds, and oil field development. However, the pore-throat migration rules and the macro-
and micro-matching relationship between EP and porous media require further study. In this work,
four mechanism models were designed to conduct microfluidic injectivity experiments. By analyz-
ing the pore throat flow behavior of EPs, their migration and plugging rules can be clarified. The
microscopic matching characteristics of EPs and pore throats are evaluated based on their entry
and retention status in throats of different sizes. Meanwhile, comparing the results of our previ-
ous macroscopic matching experiments can achieve the unification of macroscopic and microscopic
matching between EPs and pore throats. In addition, microfluidic oil displacement experiments can
be carried out based on the reservoir model, and the enhanced oil recovery (EOR) mechanism can be
elucidated. The results show that EPs exhibit a “Gather-Energized” transport mode in porous media:
as the injection pressure increases, EPs accumulate in the pores, then gradually enter the throat, and
finally migrate away from the model outlet. The “Gather-Energized” transport mode and elastic de-
formation performance of EPs determine that they have the characteristics of pore-throat matching
and preferential plugging of large pore-throats. According to the change in the pressure difference
between the end time of EP injection and subsequent water injection, it can be determined that the
upper limit of the microscopic matching factor is 1.3-1.4, and the optimal matching factor range is
0.8-1.0. The macro and micro matching relationship between EP and pore throats is highly consis-
tent. After water flooding, EP can increase oil recovery by 6.95% compared to polymer flooding.
The EOR mechanism mainly includes activating continuous remaining oil, increasing the injection-
production pressure difference, and increasing the oil washing efficiency in the swept volume. The
experimental results and conclusions of this work support the feasibility of using microfluidic exper-
iments to replace complex core displacement experiments to evaluate the transport and matching
characteristics of EPs.
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The transport of immiscible two-phase in porous media involves many scientific and engineering
fields, such as hydrogeology, reservoir development and electrochemical energy storage. This kind of
flow phenomenon usually occurs in multiscale pores from micro to macro, making direct numerical
simulations suffered from huge computational costs. Considering the demand for simultaneously
mimicking both porous Darcy flow at micro-continuum scale and free Stokes flow at pore scale, the
Darcy-Brinkman-Stokes (DBS) method based on volume-averaged Navier-Stokes (VANS) equation
is established recently and it has made great contributions to study seepage flow and imbibition
phenomenon in multiscale media [1,2].

Lattice Boltzmannmethod (LBM), as amesoscopic numerical technology, has achieved great progress
for complex multiphase flow in porous media. Thus, the combination model of LBM and DBS has sig-
nificant advantages in multiscale flow simulation compared to traditional scheme (FVM, FDM), e.g.,
it is able to capture the discontinuity of velocity gradient at free-porous interface, and does not need
data transmission and special boundary treatment between regions with different scales.

In our work, the improved color-gradient model [3] and a novel volume averaging technique [4]
have been applied, which considers the streaming of effective densities, a forcing term for pressure
correction and a source term for error correction for two-phase’s density ratios. By adding a to-
tal force term in moment space including continuum surface force, drag forces induced by porous
matrix, we have correctly recovered the multiple-relaxation-time (MRT) LB equation to VANS equa-
tion through Chapman-Enskog analysis, and thus a multiphase DBS-LBM model has been newly-
established. Meanwhile, a capillary force containing a numerical interaction parameter is imple-
mented to mimic the apparent wettability in the spatially-distributed porosity field within micro-
continuous porous areas. The standard validations have confirmed the accuracy and robustness of
this new model, such as its flexible adjustability for interfacial tension and relatively low spurious
currents, as well as it has good physical continuity at free-porous interface and stable numerical
performance, especially in terms of simulating fluids with density/viscosity ratios. Besides, through
the static droplet and dynamic capillary effect tests, the proposed interaction force has been demon-
strated to be effective for trans-scale simulation of immiscible two-phase’s transport and sorption
behavior in multiscale pores.

In future study, developing this model to 3D is practical and straightforward, it will allow to simulate
a larger multiscale structure at domain scale actually, where the parameters of micro-continuous
porous areas can be obtained from grayscale CT scanning and experimental correlation. Moreover,
a temporally varying porosity field can be incorporated by coupling the governing equations of solid
components to simulate flow-structure problems in soft matter or particle clusters.
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Shale oil is an abundant unconventional resource in the world. However, due to the highly hetero-
geneous of shale reservoirs, the shale oil is difficult to flow in the porous media, resulting in the
uncertainty efficiency of industrial exploration for shale oil. Threshold pressure gradient is the key
property to characterize the mobility of shale oil. Usually, shale rock has abundance of pores in
nanometer, and the structure is more tight than other reservoirs. It is challenging to study threshold
pressure gradient for shale oil by traditional theoretical and laboratory methods in low-permeability
reservoirs. In view of this, our work will quantify the threshold pressure gradient and reveal the
mechanism of threshold pressure for fluids flow at nanoscale by molecular simulation. In our work,
the threshold pressure of oil flow in silica nanochannel was quantified firstly by “pressure - ve-
locity”method. The “pressure-velocity”shows the oil flow would be divided into three stages, via
vibrate stage, initial stage and flow stage, showing non-Darcy flow. After that, the size of silica
nanopore with 2nm, 4nm, 6nm, 8nm and 10nm, was constructed to study the size effect of thresh-
old pressure. The calculated threshold pressure indicates that the critical pressure for oil to flow in
nanopores would exponential increased with the decrease of height. When the height of nanochan-
nel increases to 10nm, the threshold pressure was very small. Also, the height of silica nanochannel
would influence the fluids properties, such as density, viscosity, etc. Due to the decrease of nanochan-
nel, the proportion of adsorbed oil molecules in nanochannel would increase, thus influencing the
viscosity and critical pressure to flow. Meanwhile, with the decreased nanochannel, the interaction
between shale oil and nanochannel would increase, and more pressure are needed to make the shale
oil flow. There is a highly correlation between threshold pressure and interaction energy. Intrinsi-
cally the critical pressure of oil is the energy needed to disturb or force the adsorbed oil film flow in
nanochannel. Furthermore, the threshold pressure for shale oil is also related with rock types, such
as quartzite, carbonate and kaolinite, etc, especially for oil in very small nanochannel. Our work
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provides a new insight into the shale oil flow in porous media, which is meaning for exploration of
shale oil resources.
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Many studies have been dedicated to examining flow regimes using two key parameters: viscous
ratios and capillary numbers Ca. However, only a few studies have elucidated mechanisms that
govern different flow regimes and how the work of displacement and surface aeras alter within
porous media, as well as their influence on flow behavior is still unknown. In this study, we ex-
perimentally investigate the combined effect of wettability and flow rates on immiscible fluid-fluid
displacement using high-resolution imaging in microfluidic flow cells with two different viscous
ratios. We investigate morphology of oil cluster and displacement front and further calculate the
relative change of energy conversion based on external work and surface energy. The morphology
of invasion patterns in brine-silicone is sharper than that in brine-decane displacement, with the
indication of larger ratios of length and width for fingers. The signature of the transition between
the three regimes manifests itself in the efficiency of conversion of the external work to surface
energy. Efficiency of conversion decreases with the increase of contact angles. With the increase
of Ca, Efficiency of conversion reduces greatly to approximately zero. In high M displacement, ef-
ficiency of conversion is consistently higher than that in low M displacement. The signature of the
transition between the three regimes (viscous flow, capillary dominated flow and capillary -stable
displacement flow regime) manifests itself in the fluctuations of the external work and surface en-
ergy. We propose that it is possible to determine the nature of multiphase-flow displacement from
the energy signal.
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X-ray microtomography (micro-CT) provides a nondestructive way for estimating rock properties
such as relative permeability. Relative permeability is computed on the fluid distributions generated
on three dimensional images of the pore structure of a rock. However, it is difficult to numerically
reproduce actual fluid distributions at the pore scale, particularly for a mixed-wet rock. Recent ad-
vances in imaging technologies have made it possible to directly resolve a large field of view for
arbitrary wetting conditions.
Herein, the objective of this study is to evaluate relative permeability computations on imaged fluid
distributions under water-wet and mixed-wet conditions. By simultaneously injecting oil and brine
on a Bentheimer sandstone before and after wettability alteration, imaged fluid distributions are
obtained under steady state conditions. Then we determine in situ phase saturations and capillary
pressures from interfacial curvature measurements along an entire core, thus achieving the assess-
ment of the capillary pressure gradient and its influence on multiphase flow. We demonstrate how
the pore-scale capillary pressure gradient affects multiphase flow and, in turn, the core-scale relative
permeability measurements. Analysis of imaged fluid distributions and connectivity demonstrates
that under mixed-wet conditions , increased dynamic connectivity and ganglion dynamics result in
non-equilibrium effects at the fluid-fluid interface. These effects result in more energy dissipation
during fractional flow in mixed-wet systems and thus lower effective permeability than water-wet
rock at the same saturation.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Page 308



InterPore2024 / Book of Abstracts

Poster / 379

Pore network modelling to study dynamic permeability evolu-
tion of hydrate-bearing sediments considering media deforma-
tion
Author: Mingqiang Chen1

Co-authors: Qingping Li 1; Weixin Pang 2; Qiang Fu 2; Chaohui Lyu 3; Yang Ge 2; Huiyun Wen 2; Bo Yang 2;
Xiaohan Zhang 1

1 Research Institute of China National Offshore Oil Corporation, Huairou Laboratory
2 Research Institute of China National Offshore Oil Corporation
3 Petroleum Exploration and Production Research Institute

CorrespondingAuthors: fuqiang8@cnooc.com.cn, yangbo49@cnooc.com.cn, liqp@cnooc.com.cn, zhangxh88@cnooc.com.cn,
lvchaohui521@163.com, pangwx@cnooc.com.cn, 549135449@qq.com, wenhy@cnooc.com.cn, geyang2@cnooc.com.cn

Permeability is a key parameter determining fluid flowdynamics and production behavior of hydrate-
bearing sediments. Figuring out the evolution of dynamic permeability during hydrate phase transi-
tion considering media deformation effect is of great significance for the safe and efficient develop-
ment of hydrate-bearing deposits. In this work, an unstructured pore network with the combination
of complex pore-throat morphology and anisotropy is firstly constructed based on the analysis of
microscopic pore structures from the marine sediments in the South China Sea. After the validation,
grain-coating hydrate is assigned to the pore bodies, connected throats and adjacent pore bodies
from large to small elements in the network while considering media deformation effect. Based on
the generated hydrate-bearing networks with different hydrate saturation, the dynamic permeabil-
ity evolution law coupling media deformation effect is calculated. Furthermore, the effect of media
deformation on the effective pore structures and dynamic permeability evolution during hydrate
phase transition is analyzed in detail. Results show that the absolute permeability grows smaller
at the same hydrate saturation due to the compaction of the effective pore body and throat radius
caused by media deformation. However, the dynamic permeability decline rate turns slower with
the increase of hydrate saturation since hydrate just needs to possess less pore bodies and throats
to arrive at the same hydrate saturation when considering media deformation effect. Therefore, the
difference of the dynamic permeability with and without considering media deformation becomes
smaller at the same hydrate saturation. With an increase in effective stress, a decrease in elastic
modulus, and a reduction in Poisson’s ratio, the influence of media deformation on the effective pore
structures in hydrate-bearing sediments intensifies, resulting in a greater decrease in the effective
pore-throat radius and a larger reduction in the dynamic permeability at the same hydrate satura-
tion. In addition, the number of hydrate occupied pore bodies and throats grows much smaller at the
same increase degree of hydrate saturation as media deformation effect becomes more pronounced,
which results in much slower rate of dynamic permeability reduction and smaller difference of the
permeability at different values of parameters relavant to media deformation.
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The factors that impact carbonate dissolution are intricate, making it imperative to have a compre-
hensive understanding of its characteristics for effective CO2 capture and storage (CCS) projects.
While experimental or simulation techniques provide precise results, they can be computationally
intensive and time-consuming. Alternatively, data-driven machine learning methods offer efficient
regression prediction. In this study, we present a multi-scale hierarchical regression model based
on residual neural networks, incorporating prior knowledge. This model incorporates equations for
carbonate rock dissolution and incorporates relevant factors into 3D image data, using Dissolution
Degree (Dd) parameters. These parameters enable image data to represent both pore space structure
and dissolution information with physical significance. We employ pore phase and matrix phase
grayscale thresholds (Pt, Mt) to eliminate noise in the characteristic maps. This ensures predicted
dissolution characteristics align with practical physics knowledge. We tested our model on 5 core
samples, including three from the test set and two samples with strong or weak correlation to the
training set. Evaluation metrics included semantic segmentation evaluation parameters, porosity,
geometric and topological structure parameters, Péclet and Damköhler numbers, porous media flow
field simulations, and absolute permeability. The visual comparisons and quantitative analyses both
indicate a strong alignment between predicted and experimental outcomes. The trained multi-scale
hierarchical regression residual neural network with prior knowledge (MSR-Net) exhibits excellent
accuracy and generalizability. This study’s findings confirm that the model, grounded in MSR-Net,
can effectively predict the dissolution properties of the pore space in the formation where the core
was extracted, as well as adjacent formations.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

Poster / 382

Page 310



InterPore2024 / Book of Abstracts

ARobustVapor-liquid-liquid EquilibriumCalculationAlgorithm
Considering Capillary Pressure and Critical Shift in Nanopores

Authors: Binyao Xiao1; Hai Sun1; Dongyan Fan1; Lei Zhang1; Shuaishi Fu1; Jun Yao1

1 China University of Petroleum (East China)

CorrespondingAuthors: by1902010611@s.upc.edu.cn, sunhai@upc.edu.cn, fushuaishi@upc.edu.cn, fandongyan2010@126.com,
yaojunhdpu@126.com, zhlei84@163.com

Porous media contains a huge amount of nanopores, and the behavior of confined fluid phases in
nanopores will be affected by significant interfacial effects between the fluids and the walls. A large
number of publications have recently investigated the influence of interfacial effects on the phase
behavior of confined fluids in nanopores. Many influences such as adsorption, critical shift, capillary
pressure have been discussed. However, most of these studies have focused only on vapor-liquid
equilibrium (VLE), and few attempts have been made to generalize these influences to vapor-liquid-
liquid equilibrium (VLLE) in nanopores. In this work, a robust and efficient algorithm for the calcu-
lation of VLLE is proposed. The algorithm can simultaneously consider the influences of capillary
pressure and critical shift on VLLE in nanopores. In order to be able to accurately and efficiently
calculate each of the possible phases, the algorithm adjusts some of the steps in the conventional
VLE calculation and improves the solution methodology.

The results of VLLE in this algorithm are obtained from three-phase flash calculations. It is well
known that three-phase flash calculations are extremely dependent on initial guess and have poor
convergence properties. In order to solve this problem, this work couples the successive substitution
iteration with the Newton-Raphson iteration and builds a joint solver. The results show that this
coupled joint solver not only improves the computational efficiency, but also enhances the stability
of the flash calculations.

The robustness of the present algorithm is verified by several computational examples, and influ-
ences of capillary pressure and critical shift on VLLE in nanopores are investigated. In this work,
mixtures of hydrocarbons with water and carbon dioxide were calculated and several possible fluid
distribution scenarios were considered. The computational results show that both capillary pressure
and critical shift can change the phase distribution of the confined fluid in nanopores.

1. The effect of capillary pressure on phase behavior is determined by the wettability between
nanopores and the confined fluids. When the nanopores have a higher affinity for the vapor
phase than the liquid phase, the generation of the bubble point will be advanced and the genera-
tion of the dew point will be lagged. If wettability is reversed, the effect of capillary pressure on
phase behavior of the system is also reversed at the same time.

2. Critical shift affects the phase behavior of confined fluids more than capillary pressure for a cer-
tain range of pore sizes. However, the critical shift is independent of the wettability. Regardless
of the pore size, the effect of critical shift on phase behavior has the same trend.

3. The effect of pore size on the behavior of confined fluids is nonlinear. In other words, there is
an inflection point in the trend of pore size versus the phase behavior, and when the pore size is
higher than this inflection point, the effect of capillary pressure or critical shift can be neglected
when calculating the VLLE. Based on the findings of this work, we believe that this inflection
point lies around 100 nm.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

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

Country:

China

Page 311



InterPore2024 / Book of Abstracts

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS03 / 383

Relative Permeability Cyclic Hysteresis and its Application in
Improving the History Matching Quality and Evaluating Deliver-
ability Capacity in a Fractured Carbonate Gas Reservoir Storage
Field
Author: Junchang SUN1

Co-authors: Chun LI 2; Jieming WANG 2; Lei SHI 2; QingJie ZHANG 1; Runya SHEN 1; Ruotong CHEN 1; Xiaohu
GUO 1

1 Northeast Petroleum University
2 PetroChina Institute of Petroleum Exploration & Development

Corresponding Author: sunjunchang2022@126.com

The SF reservoir in China is a naturally fractured but low permeability carbonate gas reservoir with
average porosity and permeability about 4.3% and 3.7mD, respectively. Macro- and micro-fracture
as well as large vuggy pore all developed in the reservoir making it quite heterogeneous. This reser-
voir has been converted to underground gas storage (UGS) after 25 years depleted production with
the initial gas-water contact (GWC) rise of nearly 200m. Gas injection commenced in 2014.
It has long been observed that history matching of UGS dynamics is much poor even for many
weak water-drive sandstone reservoirs in China. Naturally, simulation prediction will be unreli-
able. To accurately quantify the actual deliverability capacity of the more complex SF UGS, a series
of 5 cycles gas/water successive drainage and imbibition relative permeability and high rate injec-
tion/withdrawal physical simulations under realistic reservoir conditions were performed to better
understand UGS dynamics behavior in the fractured reservoir and improve history matching qual-
ity. Then, a dual porosity simulation model was constructed and modified to determine the actual
capacity of the SF UGS.
The simulation model achieves a good match of the historical reservoir pressure and production of
gas, oil and water during past production through modifications of local matrix and fracture perme-
ability, aquifer strength and well Productivity Indices (PI). However, history matching of the three
years UGS operations is significantly poor. In fact, laboratory tests indicate that gas-water relative
permeability exhibits significant hysteresis in tight matrix and micro-fractured samples. Particu-
larly, irreducible water and residual gas saturation steadily increase, respectively, 2.8% and 25% in
the matrix samples after 5 cycles’successive drainage and imbibition process suggesting the effec-
tive pore volume will significantly decline in the thick transition zone. It was also found that nearly
18% of the gas-filled pore volume cannot be utilized during the high rate withdrawal while it was
effective in the primary depletion. According to the above experiments, hysteresis was considered
by cycle-dependent relative permeabilities and repeated model restart. Deterioration of the effec-
tive pore volume was implemented through introducing heterogeneous matrix-fracture interaction
coefficients based on integrated studies of fractures distribution and heterogeneous permeability. A
better well static pressure and water production were then obtained while keeping the good history
matching of the previous depletion.
Simulation prediction suggests that the maximumworking gas volumemay slightly less than 1.2bcm
previously designed using reservoir engineering method and the deliverability is about 12 million
cubic meters per day. Pressure sink and water coning are the two key factors limiting the UGS
performance. This study reveals that reservoir simulation combined with physical simulations can
better understanding reservoir dynamics and then give a more accurate prediction.
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Fractures can facilitate or alter fluid flow and transport in subsurface reservoirs. Consequently,
their accurate characterisation is crucial for various applications, including geothermal heat extrac-
tion and carbon sequestration. Yet, direct measurement of relevant fracture parameters is difficult.
Access is limited to wells, leading to significant uncertainties, particularly in estimating fracture
aperture and length –key factors influencing flow and transport. The application of indirect meth-
ods, including outcrop analogue studies, geophysical imaging, tracer tests and production logging, is
vital to mitigate these limitations. It is particularly effective when combined with data assimilation
techniques like ensemble Kalman filters.

This study uses a fracture pattern with more than 3500 individual fractures mapped on aerial pho-
tographs (Odling, 1997). We assume that the fracture geometry is known a priori and focus on frac-
ture aperture as the uncertain parameter. The fractures are subjected to a constant far-field stresses,
causing critically stressed ones to shear and dilate. We represent this behaviour with the empirical
joint constitutive model of Barton & Bandis (Barton et al., 1985). However, the exact aperture val-
ues remain unknown, as they depend on uncertain model parameters like fracture roughness and
rock properties. Our goal is to reduce these uncertainties using an ensemble smoother with mul-
tiple data assimilation (ES-MDA) (Emerick & Reynolds, 2013) that will be informed with synthetic
flow and transport data. Particular attention is given to the influence of the prior ensemble on the
performance of the data assimilation framework.

Calculating individual realisations of the prior ensemble with a geomechanical simulator can be-
come prohibitively expensive, especially when a large ensemble size is required. A cheaper, purely
stochastic approach on the other hand does not incorporate all geological knowledge. As a compro-
mise between these two methods, we generate the prior ensemble based on the far-field stress ap-
proximation (FFSA), a proxy model which projects the far-field stresses onto the fracture planes and
approximates shear displacement with linear elastic theory. The FFSA is computationally efficient
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as it does not rely on geomechanical simulations, while still incorporating geological knowledge to
some degree.

Our results demonstrate that FFSA-based prior ensembles significantly outperform stochastic ones,
leading to more accurate estimations of fracture aperture and an improved alignment with synthetic
reference data. Further, the FFSA requires smaller ensemble sizes than the stochastic approaches as it
models aperture more accurately. We expect that these results can be generalised to other ensemble-
based DA methods, for example particle filters.
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Li-ion battery is a complex physicochemical system that generally takes observable current and
terminal voltage as input and output, while leaving some unobservable quantities, e.g., Li-ion con-
centration, for serving as internal variables (states) of the system. On-line estimation for the unob-
servable states plays a key role in battery management system since they reflect battery safety and
degradation conditions. Several kinds of models that map from current to voltage have been estab-
lished for state estimation, such as accurate but inefficient physics-based models, and efficient but
sometimes inaccurate equivalent circuit and black-box models. To realize accuracy and efficiency
simultaneously in battery modeling, we propose to build a data-driven surrogate for a battery sys-
tem while incorporating the underlying physics as constraints. In this work, we innovatively treat
the functional mapping from current curve to terminal voltage as a composite of operators, which is
approximated by the powerful deep operator network (DeepONet). Its learning capability is firstly
verified through a predictive test for Li-ion concentration at two electrodes. In this experiment,
the physics-informed DeepONet is found to be more robust than the purely data-driven DeepONet,
especially in temporal extrapolation scenarios. A composite surrogate is then constructed for map-
ping current curve and solid diffusivity to terminal voltage with three operator networks, in which
two parallel physics-informed DeepONets are firstly used to predict Li-ion concentration at two
electrodes, and then based on their surface values, a DeepONet is built to give terminal voltage
predictions. Since the surrogate is differentiable anywhere, it is endowed with the ability to learn
from data directly, which was validated by using terminal voltage measurements to estimate input
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parameters. The proposed surrogate built upon operator networks possesses great potential to be
applied in on-board scenarios, since it integrates efficiency and accuracy by incorporating underly-
ing physics, and also leaves an interface for model refinement through a totally differentiable model
structure.
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Recent breakthroughs in deep neural networks have brought about transformative insights into the
realms of physics, engineering, and scientific computing. Addressing the integration of neural net-
works with physical simulation remains a paramount research focus, where the physics-informed
neural network (PINN) stands out as a widely adopted framework due to its versatility in construct-
ing neural networks and exceptional generalization capabilities. However, challenges arise in enforc-
ing flux continuity across boundaries between cells with varying physical properties, particularly in
scenarios involving spatial heterogeneity. This work introduces a novel paradigm, the criss-cross
physics-informed convolutional neural network (CC-PICNN) learning architecture, specifically de-
signed to address the solution of parametric partial differential equations (PDEs) in the presence
of spatial heterogeneity in physical properties. The central objective is to seamlessly enforce flux
continuity while imbuing convolutional neural networks (CNNs) with meaningful physical inter-
pretations. A key innovation is the introduction of a predefined 2D convolutional layer to accu-
rately express transmissibility between adjacent cells. To assess the effectiveness of the proposed
CC-PICNN method, a comprehensive evaluation is undertaken using petroleum reservoir problems
characterized by spatial heterogeneity. The performance of CC-PICNN is benchmarked against the
state-of-the-art PINN through meticulous numerical analyses, revealing the superior efficacy of the
proposed method. This research not only contributes to advancing our understanding of address-
ing spatially heterogeneous scientific challenges but also provides a more robust and effective solu-
tion compared to existing approaches, particularly PINN.The proposed CC-PICNN framework holds
promise for applications demanding accurate modeling of physical properties in diverse scientific
domains.
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The southwest TarimDepression is an important exploration area in the Tarim Basin. In recent years,
an major breakthrough has been made in the substantial increase of exploration reserves, indicat-
ing that this area has great exploration and research potential. Collect the Carboniferous-Jurassic
reservoir samples from five profiles in the front of Kunlun Mountain in the southwest of Tarim were,
combined with the casting thin sections and scanning electron microscopy to analyze their physi-
cal properties. The results show that: The sedimentary environment of the Carboniferous reservoir
in the study area is mainly carbonate platform, the Permian reservoir mainly develops delta dis-
tributary channel, underwater distributary channel and fluvial sand conglomerate, and the Jurassic
reservoir is the sandstone reservoir of delta and lake deposits. On the whole, the average porosity
of the sandstone reservoir is about 2.24%, the highest permeability is only 3.34×10-3μm2, and the
average is about 1.19×10-3μm2. The porosity and permeability are low, and the reservoir physical
properties are poor. The reservoir space is the dissolving pore - intergranular pore - dissolving pore
and fissure-pore. The porosity and permeability of carbonate reservoirs are relatively good, with an
average porosity of about 1.54% and an average permeability of about 8.93×10-3μm2, but it is still
dominated by Class II and Class III reservoirs, and the reservoir space is the assemblage of pore -
fracture, and fracture.
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Shale oil and gas resources are widely distributed and have abundant reserves in China, with broad
development prospects and potential. Due to the inherent characteristics of shale oil, such as the
large number of nanometer-sized pores with complex pore structures, significant fluid-wall effects,
complex mineral compositions, abundant organic matter, and complex and diverse wettability, the
flow law of multiphase flow under shale reservoir conditions differs significantly from conventional
reservoirs. Therefore, it is essential to characterize the flow of multiphase flow under shale pore
scales, considering TOC content, complex wettability, and adsorption conditions. In this work, a
new method for simulating the pore scale of shale oil-water two-phase flow based on mixed multi-
mineral phase digital cores is proposed. This method is based on identifying the pore wall surfaces of
each mineral and considering the corresponding adsorption and wettability conditions. Firstly, the
multi-mineral phase shale digital core is reconstructed from the two-dimensional scanning electron
microscope image of the shale sample, and the pore space of the corresponding minerals is divided
by grids. Secondly, based on the Navier-Stokes equation, considering the TOC content, complex
wettability conditions, and adsorption layer, the VOF method is used to simulate the shale oil-water
two-phase flow process at the pore scale. Finally, the influence of TOC content, complex wettability,
and adsorption on the shale oil-water two-phase flow is analyzed. The results have shown that
the effects of TOC content, complex wettability, and adsorption on shale oil-water two-phase flow
cannot be ignored. As the TOC content increases, the contact area between the organic pore walls
and oil and water also expands. The flow of the water phase is hindered by the oil-wet organic
pore walls, which significantly reduces the movable degree of oil. The movable degree of oil is also
influenced by the organic matter distribution. In addition, the change in wettability of shale pore
walls can also affect the flow of oil and water phases in shale. With the stronger oil-wetness of shale
pore walls, especially organic pore walls, the movable degree of oil decreases. Due to the narrow
pore radius and strong fluid-wall interaction, the adsorption phenomenon is significant, causing oil
to remain on the pore surface, thus, greatly reducing the movable degree of oil. Our findings are
critical for enhancing the efficiency of shale oil recovery, carbon dioxide geological sequestration,
and other related areas.
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Based on years of investigation, assessment, and practical pollution control, this study establishes a
model suitable for pollution remediation and control in karst underground rivers—the Three Source
Model. This model primarily includes dual-source investigation, source-to-sink tracking, and source
control. Taking the Pingqiao Underground River system in Zunyi City, with a pollution history of
nearly 20 years, as an example, the Three Source Model is applied to the practical pollution remedi-
ation and control of this underground river.
The results of the dual-source investigation indicate that various types of water points are distributed
in the study area, mainly boreholes, karst springs, and underground river outlets. The characteris-
tic pollutants are primarily NH4+, NO3-, SO42-, Mn2+, and Se2+. Additionally, various pollution
source points are distributed, mainly industrial waste disposal sites, predominantly located down-
stream in the Pingqiao Industrial Park area. The characteristic pollutants are also primarily NH4+,
NO3-, SO42-, Mn2+, and Se2+.
Results from source-to-sink tracking reveal three groundwater pollution channels within the scope
of the underground river system: 1) PQE019 (stilling tunnel) - PQG025 (skylight) - PQS009 (under-
ground river outlet) pollution channel; 2) 2# waste residue disposal site flood discharge shaft - CK8
(borehole) - J02 (monitoring well) - CK6, CK11 (borehole) - JC04 (monitoring well), ZK2 (borehole) -
PQG025 (skylight) - PQS009 (underground river outlet) pollution channel; 3) 1# waste disposal site -
PQG025 (skylight) - PQS009 (underground river outlet) pollution channel. These pollution channels
are distributed between the outlet of the underground river and the Z1（1#、2#）waste disposal site
in Pingqiao Industrial Park.
Results from source control indicate that after repairing the upstream section of the polluted chan-
nel from the flood discharge shaft of the 2# waste disposal site to the outlet of the underground
river through curtain engineering, the groundwater level upstream of the curtain steadily increased
(from 815.68m to 823.35m). There was no significant change in the groundwater level downstream
of the curtain. During the non-pumping stage of the pumping wells PWZK1 and PWZK2, the NH4+
content at the outlet of the underground river was 76-143.6mg/L, the Mn2+ content was 14.206-
21.31mg/L, and the outlet flow rate was 5.0-295.349L/s. However, During the intermittent pumping
stage of pumping wells PWZK1 and PWZK2, the concentrations of NH4+ and Mn2+ at the outlet
of the underground river show a downward trend during the pumping period, while the concen-
trations show a significant upward trend during the cessation of pumping. During the continuous
pumping stage of pumping wells PWZK1 and PWZK2, the concentrations of NH4+ and Mn2+ at the
outlet of the underground river remain relatively low, with NH4+ content generally ranging from
14.4 to 58.6mg/L and Mn2+ content generally ranging from 2.38 to 6.39mg/L. The concentrations of
NH4+ and Mn2+ decrease by 66% -78% compared to the non-pumping stage. The calculation results
of reducing pollutant emissions in the treatment project show that the underground river outlet can
reduce wastewater emissions by 47244m3/a, with a minimum reduction of 16250kg/a for NH4+ and
10960kg/a for Mn2+.
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Simulation of salinization of coastal aquifers plays an important role in prediction of availability of
pure water resources. In these geological formations, fractures introduce strong heterogeneities and
their influence on the groundwater flow and the transport of the salt is significantly (cf. 1). However
uncertain variations in hydrogeological parameters such as porosity, permeability, fracture aperture
etc. may essentially reduce accuracy of the prediction of the transport phenomena. In this talk, we
present an application of the multilevel Monte Carlo method for estimation of propagation of the
uncertainty from the parameters of the fractured porous medium to the solution in the subsurface
density-driven flow model represented by a system of non-linear PDEs. This research is a continu-
ation of our recent work on the uncertainty quantification for this type of models (cf. e.g. 2). We
test this approach on a model problem with the random porosity field, recharge and fracture aper-
ture that represent the limited knowledge of the data. Parallelization is applied to the Monte Carlo
method. We present results of numerical experiments on the supercomputer Shaheen II.
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In chemical oil drive technology, injecting polymers and surfactants is considered an effectivemethod
for adjusting the permeability of reservoir rocks, thereby influencing the flow characteristics of oil
and water phases. While the effects of polymers and surfactants on the relative permeability of
oil and water have been extensively studied, the impact of gel particles on the oil-water phase per-
meability curve remains under-researched. In this study, we intend to conduct a series of oil-water
two-phase flow experiments under laboratory conditions, aiming to explore how different types, par-
ticle sizes, and concentrations of gel particles affect the phase permeability curves. Through these
experiments, we aim to achieve an in-depth understanding of how the physicochemical properties
of gel particles specifically influence the oil-water two-phase flow characteristics. We anticipate that
the concentration and particle size of the gel particles will be key factors in determining the shape
and location of the phase penetration curves. Additionally, numerical simulations will be utilized
to model the reservoir-scale flow characteristics of gel particles and their potential impact on the
oil-water phase infiltration curves, aiming to attain a more comprehensive understanding of how
gel particles can enhance oil-water phase infiltration performance. The findings of this study hold
significant importance in optimizing oilfield displacement. By rationally selecting the type, concen-
tration, and particle size of gel particles, an effective enhancement in oilfield recovery is expected,
thereby offering new perspectives for oilfield development.
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pH-induced reactive transport in porous environments is a critical factor in Earth sciences, influ-
encing a range of natural and anthropogenic processes such as mineral dissolution/precipitation,
adsorption/desorption, microbial reactions, and redox transformations. These processes, pivotal in
carbon capture and storage (CCS) applications to groundwater remediation, are determined by pH
transport and biogeochemical reactions. However, the uncertainty in these macroscopic processes’
stems from pore-scale heterogeneities and Peclet. While practical for field-scale applications, tradi-
tional macroscopic models often fail to accurately predict experimental and field results in reactive
systems due to their inability to capture the intricate details of pore-scale transport and reaction.
This study investigates the interplay between transverse mixing and pH-driven reaction in porous
media. It focuses on how porous structure and flow rate affect mixing and chemical reaction dy-
namics. Utilizing confocal microscopy, the research visualizes fluorescently labeled fluids, revealing
variations in mixing patterns from diffusive in homogenous to shear-driven in heterogeneous me-
dia. However, pH-driven reactions show a different pattern, with a faster reaction rate, suggesting
quicker pH equilibration between co-flowing fluids than predicted by transverse dispersion or diffu-
sion. The study highlights the unique characteristics of proton transfer in water, which significantly
influences reactive transport in porous media.
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Abstract:

Fractured media can be found in various natural and engineering systems, and the presence of frac-
tures and fracture networks has a significant impact on the flow and transport processes at different
scales. However, the complex nature of fractures poses challenges for theoretical modeling and nu-
merical analysis. In this study, we propose a new hybrid upscaling workflow that combines analyti-
cal solutions at the continuum scale with fracture network methods. This method aims to preserve
the connectivity of the fracture network and account for the interactions between fractures and the
surrounding matrix. To validate the effectiveness of the new method, we compared its results with
pore-scale simulations. Additionally, we investigated the influence of factors such as permeability,
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fracture aperture, porosity, and pore structure on the media. Through rigorous accuracy analysis
and parameter studies, we assessed the applicability and computational efficiency of the proposed
upscaling method.

Key words: fracture network; flow and transport in fractured media; Hybrid upscaling method
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In the construction and operation of depleted gas reservoirs underground gas storage, the block
pressure, effective storage capacity, injection and production capacity, and operating cycle are key
issues that reflect the storage efficiency of gas storage facilities. This article is based on the geolog-
ical and structural characteristics, geometric characteristics, and physical properties of a sandstone
reservoir in a gas storage facility in Liaohe Oilfield. Combining logging data and production per-
formance data, a joint back analysis method for storage performance parameters is proposed to
establish a three-dimensional fine geological model that can comprehensively reflect the construc-
tion and operation characteristics of the gas storage. By fitting the production dynamic history, the
block pressure and single well pressure variation characteristics were simulated, and the model can
effectively invert the changes in block pressure and single well pressure of the reservoir during 30
years of oil and gas production and 9 years of operation as a gas storage facility. On this basis, the
model was used to predict the production dynamic operation of the gas storage, simulate the effects
of injection and production rate, well network deployment, and injection and production cycle on
the block operating pressure and oil-gas-water interface migration characteristics, and the upper
limit of the effective storage capacity of the gas storage was predicted. This research achievement
has guiding significance for exploring the operating rules of gas storage, analyzing storage capacity
parameters and operational dynamics, and formulating reasonable working systems for injection
and production wells.
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The experimental and numerical study of drainage and primary/secondary imbibition cycles of im-
miscible displacement are crucial for several practical applications such as the spreading of oil pol-
lutants in soils and groundwater, the in-situ remediation by water flushing, and the enhanced oil
recovery (EOR) from reservoir rocks. In order to simulate two-phase flow in pore networks, by now,
most attention has been paid on mechanistic pore network models (PNM) and Lattice Boltzman (LB)
approaches. The prediction of the two-phase flow pattern with direct numerical simulation, though
computationally cumbersome, is a challenge. To address such a challenge, several numerical ap-
proaches are available, like the level set method, where issues such as maintaining a zero net mass
balance equation remain unresolved 1. In this context, a phase field approach 2 is used to model the
immiscible displacement of two fluids within the pore network of a specific micromodel [3]. Cen-
tral to this approach is the Cahn-Hilliard fourth-order partial differential equation, governing the
dynamics of the chemical potential (G) and mobility (γ). These parameters are intrinsically linked to
key physical factors such as interphase thickness (ε), capillary width, mixing energy (λ), and surface
tension coefficient (σ), Eqs. (1)-(3)

(1)∂φ/∂t+u∇φ=∇γ∇G

(2)G=-λ[∇^2 φ+(φ(φ^2-1))/ε^2 ]

(3)σ=(2√2)/3 λ/ε
The pore network is reconstructed from an actual glass-etched micromodel, for which extensive ex-
perimental data are available for validation and comparative analysis. This reconstruction is based
on the software developed by the OpenPNM team [4], and the resulting geometry is then integrated
into the Comsol Multiphysics® commercial software for simulation. In the numerical model, the
Cahn-Hilliard equation is utilized to predict phase distribution under varying values of viscosity ra-
tio, κ (=μinjected/μdisplaced), Reynolds number, and Capillary number. For mesh generation within
the micromodel, approximately 2 million are used for network width W=10.1 cm and length L=15.3
cm. Depending on the initial conditions set, each simulation in this time-dependent model runs for
a duration of 7 to 12 hrs.
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To evaluate the model validation, the numerical results are compared with corresponding experi-
ments of drainage/imbibition cycles, performed under varying fluid properties and flow conditions
[5]. Special attention is paid on the potential to predict numerically the visualized flow pattern and
the measured transient response of the pressure drop, when the oil phase in drainage or the aqueous
phase in secondary imbibition are non-Newtonian shear-thinning fluids, by accounting for the actual
fluid rheology. During the drainage stage, there is a notable agreement between the experiment and
the numerical model. Discrepancies, minor in nature and within a 20% deviation, can be attributed
to the idealized structure inherent in numerical simulations. Additionally, the consistency between
3D and 2D model outcomes suggests that a two-dimensional representation adequately captures the
complexities of the problem without significant loss of information.
Acknowledgments
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Wettability is one of the critical parameters affecting multiphase flow in porous media. The wetta-
bility is determined by the affinity of fluids to the rock surface, which varies due to factors such as
mineral heterogeneity, roughness, ageing, pore-space geometry, etc. It is well known that wettabil-
ity varies spatially in natural rocks, it is still generally considered a constant parameter in pore-scale
simulation studies. The accuracy of pore-scale simulation of multiphase flow in porous media is
undermined by such inadequate wettability models.
The advent of in-situ visualization techniques, e.g., X-ray imaging and microtomography, enables us
to characterize the spatial distribution of wetting more accurately. There are several approaches for
such characterization. Most include the construction of a meshed surface of the interface surfaces
in a segmented X-ray image and are known to have significant errors arising from insufficient reso-
lution and surface-smoothing algorithms.
This work presents a novel approach for spatial determination of wetting properties using local
lattice-Boltzmann simulations. The scheme is computationally efficient as the segmented X-ray im-
age is divided into subdomains before conducting the lattice-Boltzmann simulations, enabling fast
simulations. To test the proposed method, it was applied to two synthetic cases with known wet-
tability and three datasets of imaged fluid distributions. The wettability map was obtained for all
samples using local lattice-Boltzmann calculations on trapped ganglia and optimization on surface
affinity parameters. The results were quantitatively compared with a previously developed geomet-
rical contact angle determination method.
The two synthetic cases were used to validate the results of the developed workflow, as well as to
compare the wettability results with the geometrical analysis method. It is shown that the developed
workflow accurately characterizes thewetting state in the synthetic porousmedia with an acceptable
uncertainty, and is better to capture extreme wetting conditions. For the three datasets of imaged
fluid distributions, our results show that the obtained contact angle distributions are consistent with
the geometrical method. However, the obtained contact angle distributions tend to have a narrower
span and are considered more realistic compared to the geometrical method.
Finally, our results show the potential of the proposed scheme to efficiently obtain wettability maps
of porous media using X-ray images of multiphase fluid distributions. The developed workflow can
help for more accurate characterization of the wettability map in the porous media using limited
experimental data, and hence more accurate digital rock analysis of multiphase flow in porous me-
dia.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into both awards

Country:

Norway

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

Poster / 398

Mathematicalmodel andnumerical simulation ofmulti-scale cou-
pled flow in ultra-deep fractured tight sandstone gas reservoirs
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The cretaceous gas reservoir in Kelasu Gas Field of the Tarim Basin is a rare ultra-deep fractured
tight sandstone gas reservoir. Development practices have shown that the storage and permeability
spaces of this type of reservoir exhibit significant multi-scale characteristics. The range of permeabil-
ity between the matrix andmulti-scale fractures and fault media differs by 5 to 6 orders of magnitude.
The flow behavior is complex, characterized by the stepwise utilization, coupling superposition of
faults, fractures, and pores. Conventional fluid flow theory cannot accurately describe its flow behav-
ior and development mechanism. Therefore, this study first divides the multi-scale media into five
flow systems: faults (~kilometer scale), coarse-scale fractures (~hundred meters), meso-scale frac-
tures (~meter scale), fine-scale fractures (~centimeter scale), and matrix pores (~micro-nanometer
scale) based on the experimental results of single-fracture flow and the geometric information of
multi-scale fractures. Based on fluid mechanics theory and using homogenization theory and vol-
ume average method, flow mathematical models are established for each of the five flow systems.
The flow in faults and coarse -scale fractures is described by the Navier-Stokes-Brinkman equation,
the flow in meso-scale fractures is described by the high-speed non-Darcy equation, and the flow
in fine-scale fractures and matrix is described by the modified Darcy equation. The multi-scale cou-
pled flowmathematical model considering non-steady fluid channeling betweenmedia is established.
The coupled flow model is numerically solved using the finite element method, and numerical well
testing analysis is conducted. The research results show that the new model and method reveal
the development mechanism of stepwise utilization and coordinated gas supply among different
scale media. It explains the significant differences in well productivity and rapid inter-well pres-
sure response observed in the development of this type of reservoir and provides references for the
development of similar gas reservoirs.
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In recent years, the extensive using of fossil fuels has led to a substantial release of greenhouse gases,
resulting in a pronounced warming trend in the Earth’s climate. To mitigate the process of global cli-
mate warming, Carbon Capture, Utilization, and Storage (CCUS) projects have gained prominence,
with the efficient sequestration of CO2 into geological formations becoming a focal concern. In
the process of CO2 sequestration, the permeation behavior of CO2 in water crucially determines its
storage capacity and rate. On the one hand, the dissolution of CO2 in water increases the storage
capacity. On the other hand, some rocks in the formation, such as glauberite, will dissolve under the
combined action of carbon dioxide and water, thereby increasing the storage space of carbon diox-
ide. To comprehensively investigate the various influencing mechanisms in the CO2 sequestration
process, pore-scale simulations offer an effective approach, allowing for a microscopic examination
of mechanisms and a systematic analysis of influencing factors to further guide the sequestration of
CO2. The lattice Boltzmann method, as a mesoscale approach, efficiently facilitates multiphase and
multiscale coupling, enabling the treatment of complex solid-liquid/gas-solid boundary conditions.
Thus, in this study, the lattice Boltzmann method was adopted for research purposes.
In this study, a new LB model was built to consider the effect of both CO2 dissolution in water
and salt dissolution mechanisms on the CO2 storage process. What’s more, the CST-LB model was
adopted to describe the interfacial mass transfer, and the VOP method was used to update the struc-
ture of porous media. The impacts of factors such as wettability, salt concentration, and porosity
on the CO2 sequestration process were comprehensively explored. The results indicate that, during
the displacement and dissolution processes of CO2 in the aqueous phase, an increase in CO2 con-
centration in water leads to the gradual dissolution of some soluble salts in the solid phase. But
there are some risks. While this expands the storage space for CO2, the dissolution of soluble salts
results in the phenomenon of breakthrough points between CO2 and water, forming preferential
channels that cause a substantial outflow of CO2. Additionally, when the wettability angle of the
rock phase is greater, after CO2 displacement, some water remains in the porous medium, reducing
the CO2 storage space and consequently diminishing sequestration capacity. This study provides
crucial guidance for the sequestration of CO2.
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The depleted gas reservoir is considered as one of attractive ways for underground hydrogen storage
(UHS). However, due to the chemical reaction during UHS, the diffusion coefficient of the H2-CH4
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binary system is more difficult to evaluate. The objective of this paper is to establish a novel pore
network model merging H2 reactive transport to evaluate the relative diffusivity of the H2-CH4 sys-
tem for UHS in depleted gas reservoirs.
Firstly, a stochastic pore network model was constructed based on the pore-throat diameter distri-
bution of a depleted gas reservoir. Then, the concentration and rate functions were defined in the
pore network model, in which the diffusion transport through porous media was expressed by the
Fick’s law. And a power-law chemical reaction equation for H2-rock was added as the source term.
Finally, the curve of the relative diffusion coefficient vs. hydrogen concentration of the H2-CH4
binary system was obtained by solving the governing equations, which could be used to determine
the impacts of diffusion during UHS in depleted gas reservoirs.
The results show that the diffusion coefficient of the H2-CH4 system is related to H2 concentration,
porosity, pressure, etc. The H2 diffusion coefficient is proportional to H2 concentration and pore-
throat size but inversely proportional to pressure. The diffusion coefficient under low pressure is
about 20 times that under high pressure. Under the temperature of 40℃ and the porosity of 0.247,
the effective diffusion coefficient decreases from 2.4×10-7m2/s to 6.03×10-8m2/s when the pressure
increases from 5MPa to 20MPa. Under the temperature of 40 ℃ and the pressure of 10MPa, the effec-
tive diffusion coefficient increases from 3.7×10-8m2/s to 1.21×10-7m2/s when the porosity increases
from 0.2 to 0.32. Furthermore, under the temperature of 40℃, the porosity of 0.247 and the pressure
of 10MPa, the H2 effective diffusion coefficient is about 5×10-9m2/s when the H2 concentration is
0.4, while the effective diffusion coefficient increases to 4×10-8m2/s when the H2 concentration is
0.6. In addition, considering the CH4 creation by the chemical reaction of H2, the H2 effective dif-
fusion coefficient decreased due to the decreasing of H2 concentration and the increasing of CH4
concentration.
A novel pore network model merging H2 reactive transport was proposed in this paper to evaluate
the relative diffusion coefficient of the H2-CH4 system during UHS in depleted gas reservoirs. The
methodology could provide a reference for UHS in depleted gas reservoirs.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

401

Thedistribution characteristics of hydrocarbons innanopores
Author: yifan li1

1 China University of Petroleum (East China)

Corresponding Author: 469106327@qq.com

Shale rocks are associated with nanopores as small as 2 to 10 nanometers. Within nanopores, the
heterogeneous distribution of fluid molecules is caused by the pore wall-fluid interactions and the
fluid-fluid interactions, which leads to the alteration of fluid densities compared to bulk conditions.
As we know, pure fluids can exhibit as gas, liquid, or supercritical phases under bulk conditions. Our
aim is to understand whether the phases in nanopores remian as the same as the phase in the bulk
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condition. In this study, the density variation of fluids in nanoporeswas investigated usingmolecular
dynamics simulation (MDs). Results show that bulk fluids in the liquid phases could act as the gas-
like phases in nanopores, thus leading to over-estimation of hydrocarbons in place in shale reservoirs.
The findings in this paper provide deep insights into the distribution of hydrocarbons in nanopores
from the perspective of nanoscale, and recommend a new method for HIP calculations.
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The cerebral vasculature plays a vital role in nutrients delivery and metabolic waste removal in the
brain, yet in which transport mechanisms are not fully understood. Numerical simulation is an effec-
tive approach for analyzing transport in the cerebral vasculature, depending on accurate acquisition
of the cerebrovascular structure. However, the complex cerebrovascular structure poses a serious
challenge for reconstruction of the entire vasculature.
Traditional methods for the reconstruction of cerebral vasculature include medical imaging and com-
putational generation. Medical imaging relies on the scanning technology (such as DSA 1 and MRA
2). Despite its effectiveness in clinical research, it’s limited by their inability to capture small vessels
in vivo due to resolution constraints. Alternatively, computational generation including simulated
annealing algorithm [3], can overcome resolution limitations but often fall short in providing struc-
tures morphologically compatible with the real cerebrovascular structure.
In this study, we present a novel method for reconstructing the multiscale cerebral vascular system,
which integrates anatomical findings with medical imaging. The proposed model merges macrovas-
culature derived from medical imaging which reflects real morphology, with microvasculature from
random generation which could reach the resolution of capillary network. This integration allows
a more accurate representation of the entire cerebral vasculature. Consequently, the flow simula-
tions based on this model are in good agreement with medical experiments. This model provides an
effective tool for simulating and understanding transport in the cerebral vasculature.
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Digital rock analysis has shown promise in visualizing geological microstructures and elucidating
transport mechanisms in subsurface rocks, particularly in unconventional reservoirs such as tight
sandstone and shale. Accurate image reconstruction techniques, which provide valuable insights
into the pore network, grain distribution and connectivity, are essential to capture the intricate
features and heterogeneity present in digital rock samples.

Stable diffusion (SD), a new hotspot in the field of artificial intelligence-generated content (AIGC),
holds promising potential for the production of high-quality digital rock images. The SD is a deep
learning model based on diffusion techniques, and has revolutionized the field of computer vision by
generating highly realistic images from textual prompts, since its first release in 2022. While it is al-
ready being used in fields such as illustration, game design and electronic-commerce, its application
in the digital core field is still in its early stages.

In this study, we examine the primary applications of SD in the field of digital rock analysis. Specif-
ically, we explore its potential in enhancing image resolution, improving image quality through
denoising and deblurring techniques, segmenting images into multiple regions, filling in missing
sections, extending images in any direction using outpainting, and reconstructing 3D digital rocks
based 2D images. Furthermore, this research highlights certain limitations of existing pre-trained
models such as WebUI, Midjourney, and DALL-E. These limitations come from the fact that their
databases do not encompass digital rock images obtained from scanning electron microscopes (SEM)
or computed tomography (CT).Therefore, it is imperative to fine-tune the existingmodels or develop
new ones specifically tailored to the realm of digital rock analysis, which deserves further attention
and investigation.
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Microbially induced calcium carbonate precipitation (MICP) is an eco-friendly solution in geotech-
nical engineering, particularly for applications in bioremediation and CO2 sequestration. Mathe-
matical models have been developed to describe coupled biochemical processes in geological media.
However, there is a lack of numerical methods capable of modeling MICP directly from a single set
of equations, which poses challenges on practical engineering applications. In this paper, we de-
veloped a pore-scale numerical solver, MICPFOAM, using a unified framework based on the Darcy-
Brinkman-Stokes equation for simulating MICP in both porous and fractured media. The solver is
implemented based on the OpenFOAM environment. We then validated our model in two systems,
i.e., a flow system and a reaction system. Results demonstrated that MICP was significantly slower
in fractured media than in porous media because of the preferential flow. In the reaction-diffusion
system, strong diffusion (D = 10−6) drove MICP far from equilibrium, while fast precipitation
(Kp = 10−2) combined with low ureolysis (Ku = 10−5) promoted MICP to reach equilibrium. The
initial biomass distribution is able to determine the occurrence of MICP, while biomass density only
affects the amount of CaCO3 after reaching equilibrium. Our model facilitates the coupling of bio-
geochemical properties in typical porous and fractured media, offering an applicable framework to
model versatile processes and providing optimal conditions for potential MICP applications.
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Mercury intrusion porosimetry（MIP）is a common but indirect technique for characterizing and ana-
lyzing pore structures. It provides pore/throat size distribution and capillary breakthrough pressure
by measuring the injected mercury volume along with increasing injection pressures. However, our
Micro-CT comparison results substantiated that MIP results deviate from real pore structure char-
acterization by reason of incomplete mercury intrusion, which is mainly due to microscopic hetero-
geneity and fracture compressibility of pore spaces in shale cores. Particularly, random micro- and
nano-cracks, which couldmanifest as continuous accumulation space and inhomogeneous, distorted,
compressible stress field, are major contributors to data deviation. The complex mineral composition
and uncertain connectivity of nanopores also affect the accuracy of capillary breakthrough pressure
in MIP results under high-stress conditions. The stress deformation of pore structure of three typi-
cal types of Gulong shale cores are studied by using Wood’s metal injection at 30MPa, 50MPa and
200MPa respectively. Micro-CT and FE-SEM images of core samples before and after injection were
compared to evaluateWood’s metal intrusion in pore/crack structures at micrometer and nanometer
scales. Through the estimation and analysis of the Wood’s metal filling amount in cracks and intru-
sion distance in thematrix under three different pressure conditions, the post-stress deformation and
excess cumulative injected volume are calculated. Applying this calculation of stress deformation
and excess volume, this paper presents a method for modifying high pressure mercury porosimetry
results based on the crack initiation and cumulative injection volume correction. By comparing the
pore size analysis results obtained by the nitrogen adsorption method, we verify the feasibility of
the proposed method and the reliability of the improved analytic results.
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In this paper, a felsic shale oil reservoir in China is chosen as the topic of research. The objective of
this study is to understand how the pore structure of the formation would get altered as a result of
injected fluid injections since the formation undergoes fracturing.
To achieve the goals of this study, a combination of laboratory methods were employed. A few sam-
ples are retrieved from several depths and locations of the formation for a better representation. CT
scanning, electron microscopy, MICP and NMR tests were carried out to determine the best tech-
nical means of reservoir pore structure characterization. Samples were examined before exposure
to injected solutions and following the exposure in reservoir conditions to delineate pore structure
sensitivity and alterations.
By comparing the results of various pore structure characterization methods, a detailed understand-
ing of pore structure variations with different perspectives was achieved. For instance, CT scanning
visually delineated pore structure alterations through 3D images, and when combined with electron
microscopy (FE-SEM) with higher resolution more detailed changes were observed. Furthermore,
NMRmethod was found the most ideal approach to characterize the pore structure of shale oil reser-
voirs because of its wide range of pore accessibility since it is hydrogen sensitive, relatively low cost,
and being non-destruction to the samples which requires least sample preparation. The results of
core immersion experiments showed that strong acid solution (15%HCL+3%HF) should have a mod-
erate to strong improvement impact on the pore structure of felsic shale oil reservoir in the target
block, while strong alkali solution (pH=13 NaOH) might damage the pore structures, and finally
slippery water (neutral) will have a weak improvement of the samples’pore structure.
Considering the importance of fracturing to enhance production from shale plays around the globe,
results from this study provide insights to the best approach in terms of the most suitable solution
to inject as well as alterations that should be expected as the result of injection for optimum results
in the field.
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Geological CO2 sequestration emerges as a pivotal strategy for reducing greenhouse gas emissions
and alleviating the impacts of climate change. The wettability of shale plays a crucial role in CO2
sequestration and in enhancing the recovery of oil and gas. However, the water contact angle of
organic shale minerals in CO2 and N2 environments under reservoir conditions remains ambiguous.
This study employs molecular dynamics simulations to analyze the contact angles in CO2-H2O-
Kerogen and N2-H2O-Kerogen systems, investigating the changes in contact angles under varying
temperatures (298.15K-378.15K) and pressures (5-65MPa), as well as the influence of different types
and concentrations of salts. Additionally, it examines the effect of CO2-N2 mixed gases on contact
angles. The findings indicate that at a fixed pressure in a CO2 environment, an increase in temper-
ature leads to a decrease in the water droplet contact angle, suggesting an enhancement in water
wettability with rising temperature. In contrast, in an N2 environment, temperature exerts a min-
imal impact on the contact angle. At any given temperature, as the CO2 pressure increases, the
contact angle of water droplets on kerogen surfaces enlarges, indicating reduced water wettability;
a slight increase in the contact angle is also observed with rising N2 pressure. Moreover, in the
CO2-brine-kerogen system, the contact angle initially increases and then stabilizes with the rise in
the concentration of three types of salts; the impact of Mg2+ and Ca2+ on the contact angle is more
pronounced than that of Na+ at the same concentration. Furthermore, under constant temperature
and pressure, an increase in the N2 component in the CO2-N2 mixture reduces the water contact
angle, demonstrating that the adsorption affinity of shale organic matter for CO2 is stronger than
that for N2.
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Numerical study on the enhanced oil recovery by CO2 injection
and CO2 storage in shale oil formations
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A larger part of oil in shale formations in Sichuan Basin, China, is volatile oil, which has greater
movability compared with other types of oil. However, the production practice showed that the
oil production rate declined significantly at the primary production stage (produced by depletion).
Therefore, measures of enhanced oil recovery (EOR) should be implemented to acheive effective
shale oil production. Carbon dioxide (CO2) huff ‘n’puff has been widely used to improve the recov-
ery efficiency of shale oil. Meanwhile, CO2 storage can be acheived by injecting CO2 in shale oil
formations. In this study, a field-scale numerical model was established based on the real geological
conditions and formation properties of the Sichuan Basin, China, and the model was validated by
history match of shale oil production data. Molecular diffusion of CO2, confinement of nanopores,
adsorption of CO2, and solubility of CO2 in water were considered in the numerical model. Effects
of injection rate and time, time span of soaking, number of huff ‘n’puff cycles on the shale oil produc-
tion were investigated by sensitivity analysis. Results showed that the molecular diffusion of CO2
and confinement of nanopores helps to increase the efficiency of huff ‘n’puff of CO2, The adsorption
of CO2 on the surface of nanopores and the dissolution of CO2 in water and oil contribute to increase
the amount of CO2 storage in shale oil formations. In addition, the earlier injection of CO2 leads to
higher oil recovery, and five cycle CO2 huff ‘n’puff can enhance the oil recovery by 11.67%, with 40%
of the injected CO2 stored in shale oil formations .When the time span of CO2 soaking time exceeds
30 days, the increase oil producution is not significant. This work provides an important guidence
for the effective EOR of volatile oil by CO2 huff ‘n’puff in shale oil formations..
Keywords : Shale oil formations, CO2 huff ‘n’Puff, EOR of volatile oil, CO2 storage, numerical sim-
ulations.
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Microfluidics provides an excellent technology for studying fluid flow and solute transport in porous
media with high temporal-spatial resolution, making it possible to observe fluid movement in the
pore network. However, microfluidic chips are typically composed of artificial materials such as
polymer, silicon, and glass, with limited research incorporating natural samples. This has hindered
the progress of microfluidics. This study introduces a new microfluidic platform that encapsulates
natural soil samples of weathering crust. By utilizing an inverted microscope, flow and transport
dynamics in the natural soil were observed at the pore-scale with varying levels of saturation. As
saturation increased, the fluidmovedmore easily through the pore network, and the solution diffused
more rapidly. This newly developed microfluidic platform enables researchers to reveal complex
transport dynamics in natural media.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS10 / 413

Pore fluid identification with innovative non-electrical method-
ology for Ultradeep tight reservoirs
Authors: Liang CaiNone; Shengquan GeNone; Shichen ShuaiNone; Wei ZhangNone

Corresponding Author: lcai@slb.com

The Tarim Basin is well known for its high-gas production as observed in the remarkable West-to-
East Gas Transmission Project. The reservoirs are mainly located deep at approximately 8000-m
vertically in different types of lithologies, with tight petrophysical properties. Fluid identification
is a key tool used to locate the sweet spot with high producibility for further development. Resis-
tivity is the most common and straight-forward method for identifying the sweet spot. However,
because of the mixed effects from pore structure, formation sedimentary dips, far-end fractures, and
the influence of the surrounding rocks etc., hydrocarbon and water cannot be easily distinguished
based on the resistivity difference. In tight carbonates, the Archie equation is not always a good
solution while the reservoir shows strong heterogeneity in mineralogy and pore structure. There
is no obvious cross-over effect for sonic based analysis as well. This paper presents how a novel
methodology based on nonelectric openhole logs reveals the fluid types in the tight sandstone and
carbonate reservoirs in this ultradeep environment.
The workflow presented in this paper is based on wireline logging techniques, including advanced
spectroscopy and nuclear magnetic resonance (NMR) T1-T2 measurements. Advanced spectroscopy
uses both capture and inelastic gamma ray spectroscopymeasurements, providing precise dryweights
for elements and minerals, together with total organic carbon (TOC). The spectroscopy measure-
ments also provide the thermal neutron cross section (sigma) and chlorine concentration measure-
ments, which are sensitive to different fluids while the formation is saline. T1-T2-based 2D NMR
measurements provide porosity and permeability information for T2-based analysis. When used in
conjunction with T1 -based measurements, the fluid identification through different T1-T2 response
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provides an advantage for distinguishing hydrocarbons and water. Relaxation due to diffusion only
applies to T2 and never to T1. Given the typical magnetic field gradients of the logging tool, the
oil and gas signal can be easily distinguished from the T1/ T2 ratio. The continuous measurement
enables separation and quantitation of different fluids that exist in the pore system for the entire
interval of the targeted reservoir.
This paper presents case studies from this ultradeep reservoir in China for both clastics and carbon-
ates formations that solved the fluid identification issue when resistivity cannot directly distinguish
fluid types. For hydrocarbon zones, borehole and formation chlorine concentration without obvious
difference, and for T1/T2 ratio is normally over three summarized from different formation types.
The results matched well with the test results, which provided a novel solution to f the sweet spot
interval identification for the targeted reservoir. The results show the compatibility of this workflow
in different formation types and reservoirs.
This paper presents a successful and novel integrated workflow that combines multiple wireline mea-
surements for fluid identification in tight carbonate reservoirs when the uncertainty of the resistivity
method is high due to multiple factors. Also, the nonelectrical methodology significantly lowers the
uncertainty for water saturation estimation. This result has helped to enhance the methodology for
fluid identification and earn considerable economic value by escaping the water zones in the further
development of the reservoir.
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The subsurface sequestration of CO2 in saline aquifers has garnered significant attention as a pivotal
technology for mitigating climate change. This study focuses on employing microfluidic technology
to investigate the dissolution and storage mechanisms of CO2 below the Earth’s surface, with a
specific emphasis on understanding the effects under diverse salinity, temperature, and pressure
conditions. The research aims to utilize microfluidic technology and mathematical methodologies
to elucidate the mechanisms governing CO2 dissolution and storage at various salinity levels.
To achieve this objective, a microfluidic experimental system was designed to replicate subsurface
saline aquifer conditions, incorporating variations in salinity, temperature, and pressure. By apply-
ing Eyring theory, a comprehensive mathematical model was formulated to consider the influences
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of temperature, pressure, and salinity on CO2 dissolution. Furthermore, mathematical parameters
were introduced to characterize diffusion and chemical reaction processes under different pore diam-
eters. Finally, employing a porous media model, the study quantifies the range of CO2 dissolution
diffusion and storage mechanisms under distinct conditions.
The experimental outcomes reveal a mere 5% average absolute error between the diffusion coeffi-
cients calculated by the mathematical model and the experimental data. The diffusion coefficient of
CO2 in saline water increases with temperature elevation and decreases with rising salinity, indi-
cating that pore space constrains the dissolution diffusion. Non-uniform pore distribution may lead
to uneven CO2 diffusion, with the maximum diffusion range observed under the study conditions
(50℃, 20MPa) being 15.6μm. Elevated temperature and pressure amplify CO2 diffusion, while higher
salinity promotes a more uniform diffusion.
This study systematically investigates the subsurface dissolution and storage of CO2 in saline aquifers
using microfluidic technology and mathematical modeling. With a focus on the impact of salinity,
temperature, and pressure, experimental validation affirms the accuracy of the established mathe-
matical model, demonstrating that higher temperature and pressure expand the CO2 diffusion range,
and increased salinity results in a more uniform diffusion. The research provides crucial experimen-
tal and simulation support for a deeper understanding of the mechanisms behind subsurface CO2
dissolution and storage, with significant implications for environmental science and climate change
regulation.

Keyword: CO2 sequestration in saline aquifers, CO2 dissolution storage, diffusion coefficient, mi-
crofluidic technology, mathematical characterization
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In order to increase the gas production efficiency during methane hydrate exploitation, the research
focus should be on the methane hydrate formation and decomposition mechanism nowadays. As
methane hydrate reformation and the hydrate heterogeneity in the pore of sediments show great
influence on gas production during hydrate decomposition, new insights need to be supplemented
to reveal the mechanism of hydrate phase transition. In this work, a new microfluidic chip “simple
straight pipe chip”was designed based on the microfluidic device. By comparing with the former
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chip “cylindrical structure chip”, a series of experiments was conducted to investigate the morphol-
ogy of hydrate phase transition. The “water perturbation under gas-filled situation”method and the
“gas perturbation under water-filled situation”method were applied for hydrate formation. The re-
sults connect different methane hydrate growth patterns to different occurrence patterns in hydrate-
bearing sediments. In the gas-filled situation, with the water migration rate rising, the hydrate stable
state varies from grain-coating hydrate to load-bearing hydrate. In the water-filled situation, with
the gas migration rate rising, the hydrate stable state becomes narrower. These results also gave
explanations for hydrate reformation and heterogeneity in hydrate-bearing sediments. The depres-
surization in gas production will create water and gas flow to varying degrees, which will lead to
hydrate reformation and the heterogeneity situation. Finally, these findings also provided valuable
information and data for gas production and further research into gas hydrate.
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CO2 flooding afterwater flooding can effectively improve the recovery efficiency of low-permeability
reservoirs. At present, the seepage law of CO2 flooding after water flooding is generally determined
through indoor core experiments and macroscopic numerical simulation methods, and simulations
of the seepage process at the microscopic pore scale are lacking. Among the existing microscopic
numerical simulation methods, two-phase flow simulation is generally the main focus, and mul-
tiphase flow simulation under the conditions of three-phase coexistence of oil, gas, and water is
lacking. In view of the above problems, this paper conducts a microscopic numerical simulation of
the CO2 flooding seepage process after water flooding based on a two-dimensional heterogeneous
pore model of circular media and studies the effects of interface tension and injection velocity on the
three-phase seepage process, gas breakthrough time, and gas recovery degree during the multistage
miscible process. The research shows that when the interfacial tension between CO2 and oil is high,
CO2 pushes water and oil forward in a piston-like manner and penetrates the water layer to contact
the oil, which ultimately causes the continuous water phase to separate from the gas phase and form
the main flow line of the continuous gas phase. With decreasing interfacial tension between CO2
and oil, i.e., closer to the miscible state, the gas diffuses into the water after injection and accumu-
lates at the water-oil interface, the crude oil is displaced toward the production end, and the flow
speed of CO2 is faster than that of the water phase. The lower the interfacial tension is, the shorter
the gas breakthrough time at the outlet after CO2 injection. Before the miscible state of CO2 and oil,
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the lower the interfacial tension is, the earlier the gas channeling time, and the lower the recovery
degree. After mixing, a turning point occurs. An increase in the injection velocity will advance the
gas breakthrough time and gas channeling time at the outlet, leading to an increase in the gas re-
covery degree. This study has reference and guiding significance for understanding the three-phase
flow characteristics of oil, water, and gas during CO2 miscible flooding in mines.
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Biochar is used as an additive in green roof soil substrates to aid in the regulation of fertilizer storage
and dispersal, preventing unwanted runoff of the chemicals. The evolution of contaminant transport
and adsorption by biochar added to a packed bed is analyzed using experiments and simulations. Ex-
periment 1 is used to determine the equilibrium capacity and adsorption rate of two types of biochar
when immersed in a methylene blue solution. Experiment 2 determines the breakthrough curves
of a packed bed of glass beads with randomly interspersed biochar as a methylene blue solution is
circulated. Simulations are run using the properties extracted from experiment 1 and the results are
compared with experiment 2. An analytical model is proposed and utilized to mimic the behavior of
biochar reaching equilibrium, unable to remove additional solute. Monodisperse beds are superior
in the removal of solute but removal efficiency is heavily related to the surface area of the reactive
particles and the rate at which they become unable to remove additional solute. The cases using
the analytical model display a tight distribution of particle surface concentration at times after the
solution front passing, indicating full immersion in the solution and therefore maximum removal
efficiency. In comparison, the cases with constant reactivity display a much wider distribution of
surface concentrations, indicating uneven exposure. The polydisperse beds create more channeling
effects which reduce reactive particle efficiency and lead to higher breakthrough concentration pro-
files. Comparison between experiments and simulations show good agreement with breakthrough
curves.
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Abstract: CO2 storage in deep saline aquifers is considered an effective means of mitigating climate
change induced by increased CO2 levels in the atmosphere. Additionally, CO2 has a significant im-
pact on enhancing gas recovery (CO2-EGR). Therefore, injecting CO2 into water-bearing gas reser-
voirs is a win-win way for both CO2 storage and utilization. However, CO2 injection into saline
aquifers leads to salt precipitation, resulting in decreased permeability. Hence, under conditions
of 20MPa and 80℃, this study conducted laboratory-scale microscopic visualization experiments to
investigate the growth, distribution，and migration patterns of salt precipitation, and its impact on
permeability at the pore scale.
The experimental results indicate: (1) DuringCO2 injection, salt precipitation grows fasterwithin the
mainstream channels while exhibiting slower growth on the sides, primarily distributing along the
CO2 mainstream paths. (2) As CO2 is injected, pressure differentials rise at the inlet and outlet, and
decrease after CO2 breakthrough. Pressure differentials increase after salt crystallization. Finally,
and increases by a factor of 12.6 due to salt precipitation, leading to a reduction in permeability. (3)
Salt precipitation in the mainstream area increases the CO2 sweep area and reduces gas channeling.
Salt precipitation at the boundary between swept and unswept areas limits the growth of the CO2
sweep area. (4) Salt precipitation mainly occurs in narrow pore throats and at crossed channels. Salt
precipitation at narrow throats is formed, due to the limited liquid by capillary pressure is evapo-
rated. At a crossed channel, salt precipitation primarily is formed by the evaporation of liquid film
attached to the grain and aggregation of salt particles during movement. (5) Salt precipitation at
narrow pore throats occurs mainly on the sides of channels with higher CO2 velocity, while at a
crossed channel, it predominantly grows facing the direction of the CO2 flow, being ‘cone-shaped’
and growing. (6) In enclosed brine, a little salt precipitation is formed as CO2 is injected. Through
these experiments, the mechanisms of salt precipitation during CO2 injection are elucidated, and
providing a reliable basis for enhancing water-bearing gas recovery and storage.
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The prediction of the permeability enhancement that can be achieved in a geothermal system (EGS)
is challenging and computationally expensive because it requires the quantification of distributed
frictional sliding and tensile opening in fracture networks with a practically relevant level of com-
plexity. Yet, modelling these processes is indispensable for determining dynamic fracture aperture
that is paramount for the predictive simulation of coupled flow, transport, and geomechanical pro-
cesses in EGS.
Here we model this deformation assuming that the rock matrix is homogeneous and has a linear
elasticity behaviour. Single isolated fractures sheared under a compressive stress are assumed to
develop an elliptic slip profile, assuming a linear relationship between maximum slip and induced
stress. We employ such simplified single-fracture solutions as basis functions in a framework that
attempts to predict complex stresses by superposition. To deal with the stress singularities at the
fracture tips, a modification of tip stresses is applied, facilitating correct resolution of the traction
forces. Since the basis functions are generated numerically, our model is readily extended to include
different slip profile shapes and basis functions; for instance, to model the stresses at fracture inter-
sections. Overall stresses are obtained by mapping the set of basis functions to the discrete fracture
domain of interest. This stress field reflects the superposition of the far field- and all slip-induced
stress fields. It allows to determine the maximum slip and tensile opening value along each fracture
based on local force balance constraints and therefore the fracture aperture distribution.
Importantly, our approach allows to dramatically reduce the number of degrees of freedom as com-
pared to the discrete contact mechanics-based simulation of the same fracture geometry. This opens
the door to realistically complex coupled flow and transport computations for the performance pre-
diction of EGS.
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The capillary pressure curve is essential for predicting multiphase flow processes in geological sys-
tems. At low saturations, wetting films form and become important, but how wetting films control
this curve remains inadequately understood. In this study, we combine microfluidic experiments
with pore-network modeling to investigate the impact of corner-bridge flow on the capillary pres-
sure curve in porous media. Using a CMOS camera and a confocal laser scanning microscopy, we
directly observe the corner-bridge flow under quasi-static drainage displacement, revealing that
corner-bridge flow serves as an additional flow path to drain trapped water. Consequently, the
capillary pressure curve shifts towards lower saturations, resulting in a reduced water residual sat-
uration. We establish a theoretical criterion for the occurrence of corner-bridge flow and develop a
pore-network model to simulate quasi-static drainage, taking into account this additional flow path.
Pore-network modeling results agree well with our experimental observation. On this basis, we em-
ploy our pore-networkmodel to systematically analyze the impact of corner-bridge flow on capillary
pressure curve across varying porosity, pore-scale disorder, and system size. Results indicate that
the impact of corner-bridge flow becomes more pronounced as porosity decreases and shape factor
increases. Our findings demonstrate that the maximum decrease of water residual saturation is 0.19
when porosity is at its minimum, and the shape factor is at its maximum. This work bridges the gap
between the pore-scale mechanism and capillary pressure behavior and has significant implications
for estimating the amount of extractable water and the CO2 storage capacity.
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Due to the essential differences in mass and heat transfer in supercritical water pyrolysis of lump
coal, this study focuses on low coalification degree lignite. Employing an organic rock supercritical
water reaction apparatus in conjunction with nuclear magnetic resonance and differential scanning
calorimetry, we investigated the reaction characteristics of chunk coal supercritical water gasifi-
cation under continuous water injection conditions. The study explored the influence of different
temperatures, pressures, and gasification reaction times on mass and heat transfer, gas yield, and
composition of chunk coal. The research outcomes reveal: 1) With increasing temperature and pres-
sure, the specific heat capacity exhibits an initial rise followed by a decline; 2) Carbon gasification
efficiency improves with prolonged reaction time, while H2 yield shows an initial increase followed
by a decrease; 3) Combining nuclear magnetic resonance images with DSC curves, it is observed that
with the extension of temperature and reaction time, the fractures in chunk coal increase, leading
to enhanced mass and heat transfer efficiency.
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Interparticle pore space and vugs are two different scales of pore space in vuggy porous media.
Vuggy porous media widely exists in carbonate reservoirs, and the permeability of this porous me-
dia plays an important role inmany engineering fields. It has been shown that the change of effective
stress has important effects on the permeability of vuggy porous media. In this work a fractal perme-
ability model for vuggy porous media is developed based on the fractal theory and elastic mechanics.
Besides, a Monte Carlo simulation is also implemented to obtain feasible values of permeability. The
proposed model can predict the elastic deformation of the fractal vuggy porous media under load-
ing–unloading stress cycles, which plays a crucial role on the variations of the permeability. The
predicted permeability data based on the present fractal model are compared with experimental data,
which verifies the validity of the present fractal permeability model for vuggy porous media. The
parameter sensitivity analysis indicates that that the permeability of stress-sensitivity vuggy porous
media is related to the capillary fractal dimension, capillary fractal tortuosity dimension, vug fractal
dimension, Young’s modulus and Poisson’s ratio.
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Abstract: The low viscosity of CO2 and the non-homogeneity of the reservoir can easily cause early
gas channeling in the reservoir, which greatly reduces the sequestration and utilization of CO2,
so it is important to study the technology of CO2 -WAG flood to expand the wave and volume
in the onshore non-homogeneous reservoir. Therefore, we synthesized a chemical agent for CO2
responsive thickening, which is used to expand thewave and volume of CO2-WAGflood and improve
oil recovery. This paper focuses on the fluid and reservoir characteristics of strongly inhomogeneous
reservoir in DaqingAonan. Under the temperature and pressure of the target block, long core driving
experiment and two-dimensional non-homogeneous microscopic visualization flooding experiment
were carried out, and the effect of CO2 flooding and wave reach efficiency under different flooding
methods were obtained, and the laws of CO2 flooding and wave reach and the optimal injection
scheme under different injection methods in non-homogeneous reservoirs were summarized. The
study shows that: ① the enhanced CO2-WAG flood in non-homogeneous reservoirs can significantly
inhibit gas flushing and viscous fingering compared with the ordinary CO2-WAG flood and CO2
flood, and form a piston type stable displacement leading edge, which can significantly improve
the oil/gas flow rate ratio. ② Enhanced CO2-WAG flood can improve the recovery rate of more
than 8% on the basis of CO2 flood and water flood, and the foam emulsion formed can significantly
increase the pressure difference between injection and extraction, and can block the advantageous
channels and cracks of gas flood. ③ The enhanced WAG flood can have good utilization effect on
the microscopic residual oil in the small and large orifice throats and blind ends, so the enhanced
CO2-WAG flood has the highest microscopic sweep efficiency and recovery degree under the other
three types of drive replacement (chemical flood, CO2-WAG flood, CO2 flood).
Keywords: enhanced CO2-WAG; non-homogeneous reservoir; different injection methods;
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Shale oil and gas primarily exist in nanoscale pore-fracture networks. Despite of the large resources
of the oil shale and low-medium mature shale, limited removable hydrocarbon and extremely low
permeability due to limited pores restrict in the development of those unconventional resources.
Therefore, different pyrolysis technologies, such as in situ conversion pyrolysis, superheated steam,
nitrogen, electrofrac and etc., were emerged to accomplish the recovery. With the pyrolysis and
maturing process, the kerogen was transformed into oil and gas, and more fractures and pores were
generated, which increases both the permeability and hydrocarbon in the shale.
In order to study this dynamic process, a real-time in-situ imaging via environmental scanning elec-
tron microscope was applied to characterize and analyze the nano to micro scale changes of the
shale quantitatively. Afterwards, Energy Dispersive Spectrometer (EDS), Rock Evaluation, andTher-
mal Gravity Analysis-Fourier Transform Infrared Spectroscopy (TGA-FTIR) were conducted for the
physical and chemical alternation of the shale components and expulsed fluid. The real-time in situ
SEM showed that 1) nano-fractures started to appear below 100 ℃; 2) inorganic nano-fracture width
demonstrated a non-monotonous relationship with temperature; and 3) kerogens amount decreased
monotonously as temperature increased, especially during 400-500oC. TGA-FTIR indicated 4 pyrol-
ysis stages with different characteristic changes, in which main expulsed products were CO2, H2O,
and light hydrocarbons C1-C5. SEM images alongwith EDS characterized the inorganic components
and their changes after pyrolysis.
These findings will promote fundamental understanding of oil shale pyrolysis dynamics at nanoscale
and provide key guidance on oil shale extraction at reservoir scale.
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Numerical simulation is a vital tool for analyzing and predicting fluid flow in porous media. Physics-
Informed Neural Networks (PINNs) can work out systems of partial differential equations (PDEs)
by leveraging the universal approximation ability of Neural Network (NN), offering a novel ap-
proach for numerical model solving. However, current PINN-based methods are rarely used to
simulate heterogeneous problems, especially in the coordinate-to-pressuremapping, where the train-
ing is challenging and the output accuracy is insufficient. In this work, we propose an Anchored
Physics-Informed Neural Network (A-PINN) to tackle these problems involving complex physical
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backgrounds. Specifically, heterogeneous permeability fields are generated by Stanford Geostatis-
tical Modeling Software (SGeMS). Boundary conditions are incorporated into the training process
as hard constraints. The loss function is constructed by Finite Volume Method (FVM), which fixes
the sampling points and eliminates the need for labeled data. We innovatively design an Adjacency-
Location Anchoring(ALA) structure, which enhances the network interpretability by incorporating
physical significance into the NN. Additionally, the ALA possess regularization ability during the
updating of network parameters. Finally, we simulate multiple heterogeneous reservoirs to verify
the superiority of A-PINN in solving complex problems. The new method can achieve sufficient
accuracy and significantly improve the training speed.
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In this research, the effect of the pore size of the electrospun membrane in the preparation of a
three-layer thin film nanofiber composite membrane (TFNC) was investigated. Due to its special
properties, such as high porosity and the ability to produce pore sizes ranging from tens of nanome-
ters to several micrometers, along with different mechanical properties, it finds wide applications
in various fields, including medicine and health (i.e., tissue engineering, drug delivery, protective
clothing, and biosensors), environment (air and water filtration membranes), energy (solar cell, bat-
tery fuel) and makes the use of electrospun membranes highly promising in separation technology.
The three-layer membrane comprised a first layer of mesh-shaped polyester and a middle layer of a
substrate consisting of hydrophobic polysulfone with a concentration of 20% by weight. The middle
layer was produced by electrospinning with varying pore sizes. The third layer was a polyamide
layer formed through interfacial polymerization between piperazine monomers (2wt.%) and trime-
soyl chloride monomers (0.2wt.%). The polyamide layer and polysulfone fibers were characterized
using infrared spectroscopy (FTIR), scanning electron microscope (SEM), bubble point, and MgSO4
divalent ion separation.
Based on the FTIR test, peaks of 1618 and 2990were observed, indicating the presence of the polyamide
layer and polysulfone substrate, respectively. The electrospinning was conducted under constant
conditions, including a voltage of 17 kV, a needle-to-collector distance of 120 mm, and a variable
polymer injection rate set at 2, 1.2, 0.8, and 0.5 ml/h. The diameter of the fibers was measured using
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SEM images (0.11 ± 1.25, 0.45 ± 0.9, 0.37 ± 0.58, and 0.12 ± 0.3 micrometers), and the pore sizes of each
substrate were measured as 9.3, 7.1, 3.5, and 1.1 microns by bubble point. The MgSO4 salt separa-
tion test was conducted on membranes with various pore sizes and fiber diameters after the coating
process. In this experiment, the separation percentage for MgSO4 divalent salt was measured as 0%,
23%, 51%, and 83%, respectively. The separation of MgSO4 ions increased with the reduction of the
pore size.
Nanofiltration is a relatively recent separation process that has found widespread applications in the
chemical and environmental industries due to its lower energy consumption and higher flux. In this
study, we investigated the effect of the pore size of the electrospun layer. It was observed that the
average diameter of the electrospun membrane fibers has a direct relationship with the pore size. As
the diameter of the fibers decreases, the pore space also becomes smaller. Subsequently, the layer
uniformity of polyamide is enhanced on the electrospun membrane, leading to a higher separation
rate of bivalent ions.
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The changing dynamics of global energy resources demand a thorough comprehension of uncon-
ventional shale reservoirs that are contributing more and more to oil and gas production. A crucial
characteristic of these reservoirs is their intricate nanoscale porous structures, which conventional
imaging techniques, such as Scanning Electron Microscopy (SEM) and Micro-CT, struggle to ac-
curately characterize. This study presents the utilization of Focused Ion Beam Scanning Electron
Microscopy (FIB-SEM) as an advanced method to elucidate the three-dimensional pore networks
within shale with nanometer resolution.
FIB-SEM employs a gallium ion beam to precisely slice through shale samples while simultaneously
imaging the exposed surfaces with an electron beam. This sophisticated technique improves the
characterization of porous structures by preventing artificial pore introduction during sample prepa-
ration, thereby preserving the authentic spatial distribution of pores for further analysis.
Utilizing Avizo and PerGeos software to reconstruct three-dimensional images, we segmented the
FIB-SEM images based on grayscale values corresponding to the atomic composition of the shale
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constituents. Subsequent analysis involved constructing a Pore Network Model (PNM), which en-
abled the quantification of key features within the pore structure, including measuring pore and
throat dimensions, such as radius and length, as well as calculating the coordination number. This
step is essential for understanding the connectivity and flow characteristics within the shale sam-
ples’ porous network.
Our investigation encompassed three distinct shale samples, revealing diverse pore network char-
acteristics: felsic shale displayed an extensive interconnected pore network with widespread per-
colation channels; dolomitic shale showed moderate connectivity with some isolated pores; and
hybrid shale demonstrated minimal connectivity with “trigonal cone-shaped” pores interconnected
by “curved sheet” throats. The findings highlight the potential of FIB-SEM to provide a detailed quan-
titative assessment of shale porosity and pore structure, offering critical insights into the microstruc-
tural intricacies of shale reservoirs. Consequently, FIB-SEM serves as a pivotal tool in advancing our
understanding of shale microstructure, which is vital for optimizing hydrocarbon extraction from
these unconventional resources.
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Nowadays, due to the substantial oil consumption and a significant reduction in the natural oil
reservoir production capacity, the demand for methods to enhance and optimize production life,
especially in mature reservoirs, has grown. Enhancing oil recovery (EOR) from mature reservoirs
is a well-known technique that can meet growing energy demands. Among various EOR methods,
gas-based techniques stand out as the most effective. This could be attributed to some advantages,
including easier injection, higher efficiency, and reduced costs in comparison to alternative methods.
In gas-based injection techniques, the minimum miscibility pressure (MMP) and enrichment (MME)
are among the two determining factors for operational optimization. The impact of porous media
on MMP is a key question from the scientific and operational point of view because due to the
confinement of a porous media, the phase behavior of both oil and gas can vary according to the
porous media characteristics, such as porosity and permeability.
The primary objective of this study is to present the Vanishing Interfacial Tension (VIT) test as
an easy and fast experimental approach compared to the slim tube technique for the analysis and
determination of optimal conditions in gas injection processes. This research covers the introduction
of both laboratory experiments and mathematical modeling of the VIT test for a live oil sample and
an injected hydrocarbon gas. This method aids in assessing the sensitivity of active mechanisms
within gas injection processes to the composition of the injection gas. Furthermore, the VIT model
in this study has been modified based on porous media porosity and permeability, which the results
show the reduction of MMP by permeability/porosity ratio decrease, for example in one case the
MMP varied from 3600 to 3200 psi by decreasing the permeability/porosity ratio from 2 to 0.1. Also,
the interfacial tension of oil and gas varies from 8 to 6 mN/m. Hence, the miscibility can happen
more easily by permeability/porosity ratio reduction.
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Polymer flooding is a widely used chemical Enhanced Oil Recovery (EOR) technique in carbonate
reservoirs that can decrease water-oil mobility ratio and thereby enhance sweep efficiency. However,
the accuracy of simulating polymer flooding in porous media relies on integrated characterization
on polymer properties, especially rheological behavior of polymer. The objective of this study is
to accurately model and predict shear-thickening and shear-thinning behavior of polymer injection
of heterogeneous porous media by incorporating Special Core Analysis (SCAL), bulk rheology test,
injectivity test and coreflooding experiments.
This study startedwith integrated fluid and reservoir rock characterization. Injectivity tests and core-
flooding experiments were then conducted, including sea water flooding and polymer flooding in
low-permeability (20 mD) and high-permeability (200 mD) outcrops. The pre-constructed polymer
coreflooding simulation model was history matched with experimental results and uncertain param-
eters were calibrated by optimizing key indicators reflecting polymer non-Newtonian behavior in
porous media. The calibrated model was then used to model the polymer in-situ rheology and EOR
performance in a heterogeneous core sample combining high-permeability and low-permeability
layers. Nuclear Magnetic Resonance (NMR) technology was used before and after polymer flooding
to confirm the pore size distribution affected by polymer injection.
Following the rock characterization study, the base simulation model M1 was incorporated with
data on porosity, end-point water and oil permeabilities, and fluid viscosity. After polymer rheol-
ogy and adsorption studies, the model was upgraded to M2, which displayed increased accuracy in
polymer in-situ rheology and integrity affected by adsorption. Model M2 was utilized to history
match base water and polymer oil displacement efficiency experiments, and the initial match degree
was evaluated. Uncertain parameters, including apparent viscosity, Inaccessible pore volume, and
relative permeability curve, were then adjusted by optimizing an objective function that included
pressure drop, water breakthrough time, and cumulative oil production. After multiple iterations of
history match, significant improvements in accuracy were observed in the calibrated model, which
was then utilized to forecast polymer coreflooding performance in the heterogeneous carbonate core
sample. However, the initial match was insufficient due to the complex crossflow of polymer solu-
tion between the high permeability layer and low permeability layer. Adjustments to the vertical
permeability resulted in the final model M3, which achieved a high history match degree with ex-
perimental results.
In this investigation, A polymer that has both shear-thickening and shear-thinning features was
modeled and calibrated step by step based on experimental results. The outcome was the creation of
highly precise simulation models with the capability of providing forecasts for polymer in-situ rheo-
logical behavior, viscous fingering phenomenon, and EOR performance in heterogeneous carbonate
rock. This methodology is instrumental in advancing our understanding of the mechanisms behind
the non-Newtonian flow behavior of polymers in Darcy-scale porous media through integrated ex-
perimental and simulation investigations.
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Chemical flooding by emulsification has been proved as an effective EOR method for heavy oil reser-
voirs. Generally, the viscosity reducer emulsifies with heavy oil and thus generates thermodynami-
cally unstable emulsion. The rheological properties and non-linear seepage mechanism of emulsion
are not clear. In addition, the synergistic displacement mechanism between chemical agents is not
well known. Therefore, the paper carried out studies on non-linear seepage characteristics and syn-
ergistic displacement mechanisms of emulsion by using a combination of high-pressure rheometer
and multi-scale displacement experiments.
The results of the high-pressure rheometer show that the morphology and arrangement of dispersed
droplets change with the shear rate. The apparent viscosity of emulsion increases exponentially with
the concentration of dispersed droplets, decreases with the median droplet size, and increases lin-
early with the viscosity of continuous phase. On the basis, the paper established a newmodel for the
apparent viscosity of emulsion, which reduces the prediction error by 13% compared with that of the
classical Sibree model. The results of multi-sampling point sand-packed displacement experiments
show that the injection pressure increases and the droplet size becomesmuch smaller under shearing
when the permeability is too small. The injection pressure decreases and the droplet size becomes
slightly larger when the permeability is too large. In contrast, the droplet size is basically unchanged
when the permeability is suitable. On the basis, a power function model is created to characterize
the relationship between the droplet size in the porous medium and the permeability as well as the
concentration of dispersed phase. The core displacement experiments show that the injection pres-
sure of the emulsion increases with the seepage velocity and they conform to a power function. The
shapes of the relationship curves are affected by the concentration and droplet size of the dispersed
phase, as well as the continuous phase viscosity and reservoir permeability. On the basis, the paper
established a new nonlinear seepagemodel for emulsionwhich reflects the pseudo-plasticity seepage
characteristics and its prediction accuracy is higher than 93%. The results of large-size visualization
model displacement experiments show that the chemical composite flooding can increase sweeping
efficiency, promote emulsification, reduce oil viscosity and seepage resistance compared with the
single viscosity reducer flooding.
The research results can help to promote the development of non-linear seepage model of emul-
sion in porous media and provide useful reference for future implementation and popularization of
chemical flooding by emulsification in heavy oil reservoirs.
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Polymer flooding is one of the important means to improve oil recovery during oilfield development.
However, the performance of polymers is limited by temperature and salinity, which affects their
oil displacement effect in reservoirs. Recently, studies have found that a mixed solution of poly-
mers and nanoparticles can enhance the rheological properties of polymers and improve their oil
displacement efficiency, especially in harsh geological environments where this promotion effect is
more pronounced. However, research on polymer nanoparticle mixed solutions is still in its early
stages, and there are few articles on the rheological properties, flow field distribution, and perme-
ation mechanism of polymer nanoparticle mixed solutions. The aim of this experiment is to investi-
gate the rheological properties of polymer nanoparticle mixed solutions and their promoting effect
on reservoir recovery. By using a high-temperature and high-pressure rheometer, the rheological
properties of a mixed solution of silica nanoparticles and partially hydrolyzed polyacrylamide were
analyzed. Based on the viscosity temperature relationship, creep and creep recovery, and amplitude
oscillation shear response, the viscoelastic properties and shear resistance of themixed solutionwere
evaluated, and the influence of silica nanoparticles on the polymer network structure was studied.
Due to the unique rheological properties of mixed solutions, studying the flow state of mixed solu-
tions in the flow channel is also crucial. In this study, a microchannel particle image velocimetry
system was used to study the flow field of mixed solutions in contraction channels and porous me-
dia, and combined with a micro displacement device, the basic properties of the mixed solution were
linked to actual seepage. The results indicate that silica nanoparticles can form hydrogen bonds with
polymer molecular chains, and through physical crosslinking, form more complex macromolecular
network structures, which can improve the rheological properties of polymers under high tempera-
ture and high salt conditions; The flow field experiment shows that as the rheological properties of
the mixed solution increase, a symmetric vortex will form in the contraction channel of the mixed
solution, and it can exist stably. The displacement effect of the mixed solution at the blind end po-
sition in porous media is better, and the stronger the rheological properties of the mixed solution,
the better the displacement effect at the blind end position; Microscopic oil displacement experi-
ments have shown that the better the rheological properties of the mixed solution, the better the oil
displacement effect in porous media, and the more obvious the equilibrium displacement effect on
non-mean porous media.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into the InterPore Journal Student Paper Award.

Country:

China

Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Page 354



InterPore2024 / Book of Abstracts

MS15 / 434

3D Pore Segmentation and Pore-Scale Simulation by Deep Learn-
ing

Author: Haotian LiNone

Co-authors: Bicheng Yan 1; Billal Aslam 1; Mahmoud Mowafi 1; Shuyu Sun 1

1 King Abdullah University of Science and Technology

Corresponding Authors: haotian.li@kaust.edu.sa, billal.aslam@kaust.edu.sa, mahmoud.mowafi@kaust.edu.sa,
yan.bicheng@gmail.com, shuyu.sun@kaust.edu.sa

Objectives
This study aims to optimize the characterization and prediction of permeability and relative perme-
ability in porous media through a multi-faceted approach. The primary objectives include achiev-
ing accurate 3D reconstruction of rock core images, implementing advanced deep learning models
for segmentation, and addressing computational challenges associated with the Lattice Boltzmann
Method (LBM) for permeability calculations. Furthermore, the goal is to enhance scalability by train-
ing models on relatively small representative elementary volumes (REVs).
Methodology
In this work, we perform the data acquisition of rock core images through CT scanning, followed by
the 3D reconstruction of multiple 2D slices. We develop deep learning-based segmentation models
to enhance pore segmentation, including 3D UNet, Attention-3D UNet, and 3D UNet-transformer.
To resolve the computational bottleneck of LBM for large REV, we develop 3D-CNN models to take
3D segmented pore images offered by the segmentation network as input and learn to predict labels
of permeability and relative permeability curves generated by LBM solver at relatively small REVs.
Once trained, these 3D-CNN models can predict rock properties on a larger REV without computa-
tional limitations.
Results
The 3D reconstruction using the 2D slices yields highly accurate representations of rock core im-
ages. Subsequent segmentation employing 3D UNet, Attention-3D UNet, and 3D UNet-transformer
identify the most accurate and effective porous network, providing valuable insights into the rock
structure. The segmentation model achieves scalability by efficiently predicting permeability for
larger REVs by addressing the computational challenges associated with LBM.The permeability and
relative permeability values determined through up-scaled predictions of the trained model closely
align with LBM data, affirming the reliability and utility of the integrated approach. This research
contributes a comprehensive and efficient workflow for permeability prediction in porous media,
combining advanced imaging, deep learning segmentation, and permeability prediction.
Additive Information
The deep learning-based workflow developed in this work can efficiently solve the scalability limi-
tation of physics-based solvers, such as the Lattice Boltzmann Method, as it can accelerate the com-
putation and extend to predicting permeability in larger REVs, which is about scalability. This dual
advantage of efficiency and scalability represents a notable breakthrough, highlighting the efficiency
and effectiveness of ourmethodology in overcoming the limitations occurring in digital rock.
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Hydraulic fracturing is an important technique used to stimulate the productivity of shale reservoirs.
During the fracturing process, mineral dissolution and precipitation usually occur due to the reuse
of the hydraulic fracturing fluid (HFF) in the shale reservoirs. However, the consequences of interac-
tions between the shale matrix and the flow-back HFFs on shale matrix remain unclear. A microflu-
idic chip fabricated with fractured shale was used to investigate the dynamic acidification process by
injecting hydrochloric acid (HCl) under pH=2, and the subsequent precipitation processes by simulta-
neously injecting barium chloride (BaCl<sub>2</sub>) and sodium sulfate (Na<sub>2</sub>SO<sub>4</sub>)
solutions under different flow rates and pH conditions. The depth of the altered zone in the shale
matrix caused by acidification and the distribution of barite precipitation due to fluid mixing were
observed and characterized by an optical microscope and SEM-EDS.
With the injection of HCl, the thickness of the alteration zone gradually increased, and the increase
rate decreases gradually due to the increase of diffusion path . Under the condition that the total
injected solution volume is fixed, the higher the injection flow rate is, the slower the increase rate of
alteration zone is. When BaCl<sub>2</sub> and Na<sub>2</sub>SO<sub>4</sub> solutions were
injected under different pH conditions (pH = 2,8,11) and flow rates(q=1.2, 4, 12, 24μl/min), as the
pH increases and the flow rate decreases, the precipitation rate gradually increases, and the main
distribution of precipitation shifts from the acid-etched shale matrix to the shale-fluid interface near
the fracture channels.
Results demonstrate that the precipitation pattern is controlled by the localized concentration of
reactants and geometry of the shale matrix, depending on the injected fluid chemistry and flow con-
dition. This study provides valuable insights into the stimulation efficiency of shale reservoirs under
the coupled effects of dissolution and precipitation with different operational conditions.

Keywords: shale matrix, hydraulic fracturing fluids, acidification, barite precipitation
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Fractured rock is widely present in the crust of the Earth and provides main permeable pathways.
Mineral dissolution due to reactive fluid flows would enlarge the fracture aperture, and lead to dif-
ferent dissolution patterns and increase the permeability. However, normal stresses would cause
mechanical deformation of the fracture and pressure dissolution of contacting asperities, which can
further lead to fracture closure and reduced permeability. Here, we systematically study fracture
dissolution processes at different normal stresses to reveal the conditions under which fracture per-
meability increases or decreases. First, we develop a computational model incorporating mechanical
deformation, chemical reaction at the free-fracture surfaces and pressure dissolution at contacting as-
perities, subsequently validating it through experiments. Comparison to existing experiment demon-
strate the ability of the computational model to simulate fracture dissolution under normal stress σ.
Then we use the computational model to simulate more than 300 fracture dissolution processes with
a wide range of Peclet number Pe, second Damkohler number Da�, normal stress σ and fracture
length L. We elucidate the underlying mechanisms of different dissolution modes and their perme-
ability evolution. We establish theoretical predictions for transitions of dissolution patterns: Daeff
(effective Damkohler number) predicts the transition from wormhole to uniform dissolution; Λ−1

(thickness ratio of reaction front) predicts the transition from compact to wormhole dissolution. We
further develop theoretical predictions for the increase or decrease in fracture permeability under
normal stress. There are two conditions under which decrease in fracture permeability occurs: (a)
1/Daeff>2 and aeff>1; (b) Λ−1<32 and aeff>1, where aeff is effective activity of solid. In all other
cases, fracture permeability will increase. This work improves our understanding of fracture dissolu-
tion under mechanical deformation and pressure dissolution and is important for many subsurface
engineering applications.
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Nanoparticles are widely used in biomedicine, nanoelectronics, energy devices, and Enhancing Oil
Recovery (EOR) due to their unique thermodynamic properties and large specific surface area. Re-
cent research highlights the significant impact of the adsorption and diffusion behavior of nanoparti-
cles at the oil-water interface on interfacial properties, particularly interfacial tension. This suggests
that nanoparticles hold the potential to become pivotal materials for altering the permeability char-
acteristics of oil-water flow within porous media. The lattice Boltzmann (LB) method emerges as a
powerful mesoscale simulation technique for accurately modeling multiphase flows. In this method,
the color gradient model, precisely characterizing parameters such as contact angles and interfa-
cial tension, enables the accurate simulation of oil-water biphasic systems. The Langevin-Dynamics
(LD) method excels in providing a detailed force-based characterization of nanoparticles in fluids,
encompassing electrostatic forces, van der Waals forces, stochastic forces, and frictional forces. This
methodology facilitates the microscale simulation of particle dynamics with a comprehensive under-
standing of the forces acting on nanoparticles in fluid environments.

A pioneering hybrid pore-scale simulation methodology was firstly introduced for the simulation
of movement of nanoparticles and oil-water, employing the integration of Lattice-Boltzmann (LB)
with Langevin-Dynamics (LD) for an in-depth exploration of the interactions involving nanoparti-
cles at the oil-water interface. Leveraging the LB method, a high-resolution portrayal of the oil-
water interface is established. Subsequently, through a discrete distribution of LB forcing sources,
the LD method is incorporated to capture the influences of Brownian motion, thermal fluctuation-
dissipation, multi-body hydrodynamics, and particle-particle interactions.

The simulation results indicate that the diffusion and adsorption behavior of nanoparticles at the
oil-water interface significantly influences the interfacial tension. The results indicate that the diffu-
sion rate of nanoparticles in a single phase (aqueous phase) is 4 to 6 times higher than the diffusion
efficiency at the interface. As the particle size decreases according to a power-law, the diffusion co-
efficient of nanoparticles increases according to a power-law. This implies that nanoparticles with
smaller particle diameters exhibit higher mobility and are more prone to move and adsorb at the
oil-water interface. Based on these findings, we firstly propose a modified Langmuir adsorption
equation, adjusted for particle non-equilibrium adsorption times (τe), to characterize the impact of
nanoparticles on the interfacial tension at the oil-water interface. The equation can depict the real-
time variation of the oil-water interfacial tension with increasing adsorption time. Compared to the
conventional Langmuir adsorption equation, the computational accuracy is improved by approxi-
mately 15%. Finally, we observed the influence of SiO2 nanoparticles and NM4 (with four dodecyl
chains uniformly modified on one side) nanoparticles on the oil-water interfacial tension under dif-
ferent particle sizes and injection concentrations. It was found that NM4 exhibited a 1.45 times
greater reduction in interfacial tension compared to SiO2 nanoparticles. Meanwhile, small-sized
(15 nm) and high concentration (0.08 wt%) of SiO2 nanoparticles have a more pronounced effect in
reducing interfacial tension from 24.0 mn/m to 14.1 mn/m.
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The type of free gas transport in shale gas formations includes viscous flow, slip flow, and Knudsen
diffusion. These three types of transport are categorized based on Knudsen number (Kn), which is
defined as the ratio between the mean free path (MFP) of gas and the pore width. The MFP of gas in
nanopores is usually estimated based on the ideal gas model. However, the gas in the nanopores is
not evenly distributed due to the interactions between gas and walls, and thus the gas in nanopores
cannot be viewed as ideal gas, meaning the real value of Kn may deviate from the value obtained by
ideal gas model. In this study, we calculated the Kn of methane (CH4) in nanopores by molecular
dynamics simulations. The values of MFP in nanopores were obtained based on the trajectories
of CH4. We investigated the proportions of viscous collision, slip collision and Knudsen collision,
which determine the type of gas transport. By analyzing the proportions of forementioned three
types of collision for different values of Kn in nanopores, a real criterion for determining the type
of free gas transport was established. Results show that, at 353.15 K with the pressure lower than 50
MPa, the value of Kn of CH4 is smaller than 0.1 in the pore with the width less than 5 nm. The major
type of CH4 flow is the viscous flow when Kn < 0.07, and the slip flow should be considered when
Kn > 0.07. The Knudsen diffusion cannot be ignored when Kn > 0.08. The results obtained in this
study are crucial for correctly determining the type of gas transport in shale formations.
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The dissolution of minerals within rock fractures is fundamental to many geological processes. Pre-
vious research on fracture dissolution has highlighted the significant role of buoyancy-driven con-
vection leading to dissolution instability. Yet, the pore-scale mechanisms underlying this instability
are poorly understood, primarily due to the challenges in experimentally determining flow veloc-
ity and concentration fields. Here, we integrate pore-scale simulations with theoretical analysis to
delve into the dissolution instability prompted by buoyancy-driven convection in a radial horizontal
geometry. Initially, we develop a pore-scale modeling approach incorporating gravitational effects,
subsequently validating it through experiments. We then employ pore-scale numerical simulations
to elucidate the 3D intricacies of flow-dissolution dynamics. Our findings reveal that a simple cri-
terion can delineate the condition for the onset of buoyancy-driven dissolution instability. If the
characteristic length falls below a critical threshold, dissolution remains stable. Conversely, exceed-
ing this threshold leads to two distinct regimes: the unstable regime of the confined domain affected
by the initial aperture, and the unstable regime of the semi-infinite domain independent of the ini-
tial aperture where the instability is no longer influenced by the lower boundary. We demonstrate
that the pore-scale mechanism for this instability is due to the concentration boundary layer attain-
ing a gravitationally unstable critical thickness. Through theoretical analysis of this layer and the
timescales of diffusion and advection, we establish a theoretical model to predict where the dissolu-
tion instability occurs. This model aligns closely with our numerical simulations and experimental
data across diverse conditions. Our work improves the understanding of buoyancy-driven dissolu-
tion instability in radial horizontal geometry. It is also of practical significance in understanding
cavity formation in karst hydrology and preventing leaks in geological CO2 storage.
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Multiphase flow coupled with rock dissolution is prevalent in subsurface energy applications and
natural phenomena, such as karst formation, acid stimulation, and CO<sub>2</sub> sequestration.
The interplay between multiphase flow and rock dissolution will profoundly influence the geochem-
ical and geophysical properties of reservoir formation. Despite its importance, we still lack a thor-
ough understanding of the coupling of multiphase flow and rock dissolution. Here, microfluidics
fabricated with the geo-materials are used to study the pore-scale mechanism of rock dissolution in
a multiphase flow environment. Experimental findings reveal dissolution regimes contingent upon
injection rates and the channel geometries. At lower injection rates and in more homogeneous ge-
ometries, the dissolution exhibits a uniform regime. In this regime, the evolution of the rock surface
aligns with classical assumptions, facilitating the prediction of long-term dissolution rates. While
under stronger flow and heterogeneous conditions, the dissolution exhibits a localized regime, and
the dissolution rate deviates significantly from the classical assumptions. Experimental observations
identify a pore-scale barrier mechanism that suppresses the overall dissolution rate and leads to this
deviation. We also proposed a theoretical model for the regime transition, which offers guidance on
the prediction of dissolution rate across various dissolution scenarios.
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Fractures commonly compromise rock integrity, emerging as a primary factor in leakage within
CO<sub>2</sub> geological storage. Injecting CO<sub>2</sub> into deep saline formations often
induces salt precipitation (Evaporation-induced) and mineral precipitation (Chemically-induced),
leading to the obstruction of fractures and impairment of reservoir permeability. To assess these
effects, we devised a novel microfluidic fracture model using PMMA and rough glass. Two distinct
precipitation experiments were conducted: 1) Dry CO<sub>2</sub> is injected at different flow
rates into a brine-filled microfluidic model to address the progression of salt precipitation induced by
evaporation. 2)Na<sub>2</sub>CO<sub>3</sub> and CaCl<sub>2</sub> are concurrently injected
at different flow rates into the microfluidic fracture model to prompt mineral precipitation. Utiliz-
ing confocal laser scanning microscopy, we identified two salt precipitation modes: large bulk salt
crystals and polycrystalline structures. Large bulk salt crystals lead to complete clogging, markedly
diminishing fracture permeability. Flow velocity significantly influences the precipitation pattern of
mineral precipitation. At high velocity, a more constricted barrier is observed, restrictingmixing and
reactive transport. Conversely, at low velocity, a broader precipitation zone formed, significantly
reducing fracture permeability. This study enhances our comprehension of the blocking behavior of
two distinct precipitation in fractures during the CO<sub>2</sub> geological storage.
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In the process of geothermal exploitation, the high flow velocity within rock fractures wouldlead to
inertial effects flow characteristics, which affects the convective heat transfer behaviors, especially
under variable applied stress. Through establishing a series of three-dimensional rough fracturemod-
els with varying heterogeneous apertures, to represent different stress conditions, the inertial effects
convection heat transfer in deformable rough-walled fracture,considering the various flow velocities
and temperature conditions, was investigated. The findings indicate: 1）inertial effectsinduced flow
enhances heat convective, and larger apertures result in higher fluid temperatures and lead to more
pronounced inertial effects induced heat convective; 2）smaller apertures exhibit more pronounced
non-uniform temperature distribution, thereby increasing the sensitivity of inertial effects induced
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flow to rock temperature; 3）Establishing a quantitative relationship between the coefficients A and
B of the Forchheimer equation describing inertial effectsflow behavior and temperature, a critical cri-
terion for inertial effects seepage in fractures under different temperature conditions was proposed.
These research contribute to a better understanding of heat transfer mechanism in geothermal ex-
ploitation.
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Groundwater remediation is a pressing issue in the modern world. In Brazil, almost 37% of the cities
are supplied exclusively with groundwater. In Pakistan, 73% of agricultural irrigation is done with
groundwater (Qureshi, 2020). According to Lunardi et al., (2021) groundwater is susceptible to con-
tamination in regions, where pollutant source, such as industry, is present.
In this work, a dataset on nZVI nanoparticle reaction with TCE (trichloroethane) is studied. TCE
is a DNAPL –Dense non-aqueous phase liquid. These compounds are challenging to be removed
from groundwater aquifers via conventional means, as they are almost immiscible in water, and are
difficult to remove from the porous medium. Therefore, nanoparticles used for remediation of such
reservoirs must be mobile, to able to reach the contaminant and react with the source of contamina-
tion. The dataset was obtained via X-ray microtomographic scanning (X-ray micro-CT) on Diamond
Light Source, and allows for 4D (3D + time) study of the processes, happening on the pore-scale. For
this experiment, Sibelco sand was used, along with Nanofer 25S and 25DS nanoparticle suspensions.
The studies performed onmethods like ones studied in this work usually do not studywhat is happen-
ing on pore-scale. Such study is performed by Pandey, Sharma and Saha (2022) on nZVI nanoparticle
production techniques, or by Chen et al., (2021) on slow-release potassium permanganate. This high-
lights a knowledge gap in the modern understanding of these remediation techniques.
Segmentation process proved to be difficult due to the contrast of resulting images. This was caused
by the 4D nature of the study. While this allows us to observe the processes with great precision, it
was necessary to make the measurements fast. This, in turn, reduced the contrast of the resulting
images. The segmentation was performed using deep learning algorithms in Dragonfly and Anno-
tat3D, and then visualised and analysed in Avizo. Phases, identified during segmentation, included
sand grains, water, TCE, nZVI clusters and gas. This is in line with the previous work on the subject
by Pak et al., (2020), performed on glass beads.
In addition to this, a new setup has been developed for column experiments. This setup gave us the

Page 363



InterPore2024 / Book of Abstracts

possibility to investigate liquid and particle dynamics on a larger scale, across a column of approxi-
mately 36 cm long 3.5 cm in diameter. With this setup we were able to measure particle distribution
through the column after several nZVI injections on different porosities. The novelty of this setup
is a magnetic susceptibility sensor, which allows to assess distribution of nanoparticles along the
column, as well as to measure the amount of nanoparticles produced from the tube. This method is
non-invasive, which allows to re-measure the samples in case of an error, or to obtain greater pre-
cision. The objective of these experiments is to perform a series of column experiments on Sibelco
sand, using the same nanoparticle suspension as in the 4D micro-CT experiment.
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Long-distance propagation of foam is one key to deep gas mobility control for CO2 sequestration
(Rossen et al., 2022). It depends on two processes: convection of bubbles and foam generation at the
displacement front. Prior studies with N2 foam show the existence of a critical threshold for foam
generation in terms of a minimum pressure gradient (∇pmin) or minimum velocity (vt,min), beyond
which strong-foam generation is triggered. Yu et al. (2020) show that the same mechanism controls
foam propagation. There are few data for ∇pmin or vt,min for CO2 foam.
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We conduct extensive experiments to quantify ∇pmin and vt,min for CO2 foam generation, and quan-
tify the correlations of ∇pmin and vt,min with factors including injected foam quality (gas fraction)–
fg, surfactant concentration–Cs, and permeability–K. In each experiment, steady-state pressure gra-
dient is measured at fixed injection rate and quality, with velocity increasing in a series of steps. The
abrupt jump in ∇p against vt marks the trigger of strong foam generation (see graphical abstract: N2
data on top, schematic in middle, data for ∇pmin on bottom).

In most cases, the experimental results for ∇p as a function of vt identify three regimes: coarse foam
at low ∇p, an abrupt jump in ∇p (point B in graphical abstract) and strong foam at high ∇p. The
abrupt jump in ∇p upon foam generation demonstrates the existence of ∇pmin and vt,min for CO2
foam. We further show how ∇pmin and vt,min scale with fg, Cs and K. The effect of K is dominant
over the effects of fg and Cs. Specifically, both ∇pmin and vt,min increase with foam quality: e.g. for
fg over a range 0.5 –0.9, ∇pmin rises by a factor ~ 2 –4 and vt,min by a factor ~ 4. Increasing Cs leads
to decrease in both ∇pmin and vt,min by factors of less than three. ∇pmin changes considerably with
permeability. Our results in consolidated sandpacks show that ∇pmin for CO2 foam scales with K
as K-2, in comparison to N2 foam, where ∇pmin scales as K-1 in unconsolidated homogeneous sand
or bead packs. However, the data of Gauglitz et al. (2002) for CO2 foam in Boise sandstone do not
show a dependence of ∇pmin on K. The difference may be a result of the impact of heterogeneity of
the Boise sandstone, since foam generation is easier in heterogeneous media.

∇pmin is about 0.17 bar/m (~ 0.75 psi/ft) for K ~ 270 mD, 2 to 3 orders of magnitude less than for N2
foam. This pressure gradient is easily attainable deep in formations. This suggests that generation
is much less of a restriction for long-distance CO2 foam propagation than with N2. Foam propa-
gation could still be challenging in low-permeability reservoirs (∇pmin ~ 10 bar/m for K = 27 mD).
Nevertheless, realistic formations are heterogeneous and field application deploys alternating-slug
injection. Both factors help foam generation and thus reduce the value of ∇pmin. More research is
needed to determine conditions for CO2 foam propagation under those conditions.
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Pore-scale hydrodynamics influence the spatial evolution of pref-
erential flow paths in porous media bioclogging system
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Biofilm is a universal form of microbial existence, which is formed by microbial cells and their extra-
cellular polymers bonded to each other. It’s ubiquitous in rivers, human organs and drinking water
distribution systems, where microorganisms attach to the surface of particles and cause bioclogging,
which often results in negative impacts. In this paper, we developed a visualization experimental
system, to realize the real-time dynamic and multi-scale observation of microbial growth under dif-
ferent pore structure, flow rate and nutrient concentration conditions. Visualization experimental
results show that microbial growth was spatially obviously non-homogeneous due to the random-
ness of microbial attachment sites and preferential seepage of nutrients. In the early stage of the
experiment, microorganisms mainly existed in the form of suspended cells, clusters and streams,
and with the growth of microorganisms, clusters gradually coalesced to form individual biofilm
clusters connecting the inlet to the outlet. In the late stage of the experiment, the biofilm formed a
relatively fixed structure, and the nutrient solution mainly flowed along the preferential flow paths.
Under constant flow conditions, the microbial growth led to the narrowing of the preferential flow
paths, and the shear stress of the fluid would cause the preferential flow paths to become wider, the
competition between microbial growth and fluid shear leads to the intermittent opening and closing
of the preferential flow paths.
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The underground reservoir is a typical porous system, and the oil is stored as fluid in the pores of
the reservoir. The efficient extraction of oil, which is primarily dependent on the reservoir develop-
ment scheme, is a significant challenge. However, traditional reservoir development optimization
methods mainly rely on manual experience or limited numerical simulation-based comparisons of
development schemes. Typically, the issue of a reservoir development scheme optimization is high-
dimensional when the reservoir is complicated. The proposed surrogate-assisted and autoencoder-
based evolutionary optimization framework is ideally suited for addressing this challenging problem
in reservoir development scheme optimization. This work intends to improve the cooperative op-
timization capability balancing exploration and exploitation. The autoencoder is used to map the
decision space to the low-dimensional space for evolutionary optimization, thereby maximizing the
value of the solutions with relatively poor performance. Surrogate model is utilized in the original
high-dimensional space to pre-screening for quickly recommending new promising solutions, which
further boosts the searching performance. Through the cooperation of autoencoder and surrogate
model, the optimization performance for the reservoir development scheme is strengthened. This
approach is tested in the reservoir cases, and the experimental results show the obtained develop-
ment scheme can get more oil from the reservoir porous system. Therefore, the approach has a lot
of potential for dealing with reservoir development scheme optimization design issues.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into both awards

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS06-B / 448

Enhanced CO2 Storage in Saline Aquifer by Electric Field Consid-
ering Formation Wettability
Authors: Liangyu Zhao1; Zheng Li1

Co-authors: Jianlong Kou 2; Xiaoguang Wang 1

1 Chengdu University of Technology
2 Zhejiang Normal University

CorrespondingAuthors: lizheng@cdut.edu.cn, 15502818698@163.com, wangxiaoguang@cdut.edu.cn, kjl@zjnu.cn

Geological CO2 storage involves injecting captured CO2 into various geological formations, inwhich
saline aquifers have the largest storage potential around the world. In the context of carbon neutral-
ity, one of the key issues is to store CO2 as much as possible on the premise of formation stability.
In this paper, we find that external electric field can enhance CO2 storage in saline aquifers. The
different mechanisms of CO2 storage enhancement in hydrophobic and hydrophilic formations are
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revealed by molecular dynamics simulations. The following conclusions can be drawn. (1) In or-
der to consider formation wettabilities, a carbon-based pore wall, a hydroxylated quartz pore wall
and a calcite wall are constructed. CO2 tends to accumulate more readily on carbon-based wall,
while H2O exhibits a higher tendency to accumulate near hydroxylated quartz wall and carbonate
wall, indicating different wettabilities of the three walls. (2) On a short time-scale, CO2 is stored
in adsorbed and dissolved states in saline aquifers of hydrophobic and hydrophilic formations. (3)
In the absence of an electric field, the dissolved CO2 accounts for 42.50% in the hydrophobic forma-
tions; the adsorbed CO2 accounts for 12.4% in the hydrophilic quartz formations. When an external
electric field is applied vertically to the wall, the proportion of dissolved CO2 in the hydrophobic for-
mations increases to 63.23%; the proportion of adsorbed CO2 in the hydrophilic quartz formations
increases to 21.76%. However, the external electric field has negligible effects in the hydrophilic
carbonate formations. (4) The orientation of H2O molecules and the hydrogen bonds are further an-
alyzed to reveal the different enhancement mechanism. In the hydrophobic formations, the external
electric field induces oriented H2O molecules, leading to their preferential accumulation near the
wall, rendering the initially hydrophobic wall hydrophilic, thereby reducing the available space for
adsorbed CO2 and promoting its dissolution in the H2O phase. In the hydrophilic quartz formations,
the external electric field drives H2O away from the surface, concurrently reducing the number of
hydrogen bonds formed between H2O and the hydrophilic wall by approximately 24.22%. This re-
duction diminishes the hydrophilicity of the wall. In the hydrophilic carbonate formations, there
are no hydrogen bonds between H2O molecules and the wall. Therefore, the electric field has negli-
gible effects on the wettability of the wall and CO2 storage. This study proposes a novel technique
to enhance CO2 storage in saline aquifers of different wettabilities by electric field. The molecular
perspective revealing the enhancement mechanism is expected to provide theoretical guidance in
the future practical application.
Keywords: Geological CO2 storage; electric field; molecular dynamics simulation;
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Foam is appealing for carbon sequestration due to its remarkable effectiveness in gas-mobility re-
duction and thus gas sweep improvement (Rossen et al., 2020). Nevertheless, the considerable gas-
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mobility reduction by foam in the near-well region imposes a concern over foam injectivity. Shear-
thinning rheology helps injectivity. Kim et al. (2005) and others show that CO2 foam is strongly
shear thinning, with respect to both gas (Ug) and water (Uw) superficial velocities at low foam
quality (fg, volumetric gas fraction in foam), as seen from the lower left figure of the graphical ab-
stract. The shear-thinning behavior with respect to Ug has been represented in the widely used foam
model, STARS (Computer Modeling Group, 2015). However, no currently applied foam models have
yet accounted for the shear-thinning rheology of foam with respect to Uw. Such behavior features
upward-tilting pressure-gradient contours with increasing Uw (see the graphical abstract, lower-left
figure). Effective modeling of foam rheology is in particular crucial to accurate prediction of foam
injectivity. Otherwise, the injectivity would be underestimated, misleading feasibility evaluation of
a foam injection process.

Kim et al. (2005) identify a cause for the non-Newtonian foam rheology at wet conditions based
on drag force on foam films (Hirasaki and Lawson, 1985): wet conditions create thicker water films
along porewalls, leading to a reduction in drag force. In this study, we investigate how to incorporate
this effect into the widely used STARS model. Specifically, a simple, semi-empirical equation is
developed as a function of water saturation, to relate the effect of drag force to water saturation.
The parameters involved in the equation can be easily estimated by fitting to steady-state foam data.
The procedure for fitting model parameters is given and illustrated with examples (see fit to data in
graphical abstract, left figure, in right figure). We also show how to couple this equation with the
STARS foam model. The modified STARS model, incorporating the drag-force mechanism, is tested
by fitting to steady-state data for both N2 and CO2 foam. The improved fit to the data verifies the
validity of the new algorithm in representing foam rheology at low qualities (wet conditions).

In field applications, foam is usually injected through a surfactant-alternating-gas (SAG) slug mode.
The injectivity of the process is primarily dominated by the injectivity of liquid slugs. Gong et al.
(2020) using X-ray CT imaging of corefloods reveal that liquid injection forms fingers through in-situ
foam and dissolves CO2 nearby, improving its injectivity. In addition to that, the shear-thinning rhe-
ology of foam further improves the injectivity. Therefore, considering these mechanisms improves
the prediction accuracy of the injectivity of SAG foam processes. Further research is needed regard-
ing the effect of foam rheology on liquid injectivity on the field scale.
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The estimation of pore-scale multiphase flow fields in complex geometries using deep learning has
proven challenging. This is partly because researchers have historically focused on model architec-
ture and data quality, while the volume and variety of data may have been inadequate to capture
the intricacies of multiphase flow. In this work, we introduce a novel deep learning methodology
to predict phase distributions within realistic porous rocks during two-phase capillary-dominated
drainage. We use Computerised Tomography (CT) images and incorporate pressure gradient, reso-
lution, wettability (contact angle), and interfacial tension as inputs without relying on complicated
expert-crafted features.
To create ground-truth datasets, we extract subsamples from CT scans of both synthetic and real
rocks, including sandstones and carbonates. Primary drainage is then simulated in these sub-images
by an in-house Pore Morphology-based Simulator (PMS), yielding millions of fluid occupancy in-
stances. To maintain both pixel-wise accuracy and physical fluid connectivity, we devise a Higher-
Dimensional Vision Transformer (HD-ViT). We train the model on phase distributions where the
wetting phase is drained from pores solely based on their sizes, regardless of their relation to other
pores and the inlet, allowing the network to focus on subtle details such as generating valid fluid-
fluid interfaces. Fluid continuity is then enforced as a post-processing step by removing patches of
the invading phase that are not connected to any desired inlet(s). This approach facilitates efficient
inference for images of varying sizes and resolutions with any inlet-outlet setup. After training on a
massive dataset of images and rock-fluid data, the model achieves outstanding results with a testing
F1 score and saturation correlation coefficient above 0.95.
We confirm the model’s validity by demonstrating consistently high performance on larger images
of unseen sandstone and carbonate rocks through an effective patch-and-stitch strategy. The model
maintains accuracy across a wide range of scales, from microns to centimetres, within the range of
properties used in this study. Such scalability enables distributed computing, facilitating the process-
ing of extremely large images. Therefore, the reported methodology can be considered a solution to
the computational constraints encountered for large images. Interestingly, the HD-ViT proves even
faster than the PMS, itself considered one of the most efficient simulators of drainage. This under-
lines the immense potential of models trained at scale, like ours, to be fine-tuned for computationally
intensive simulations using smaller datasets, where the speed advantage becomes increasingly sig-
nificant.
Our final model introduces multiple innovative aspects. Firstly, setting it apart from similar models,
ours incorporates all factors influencing capillary drainage as inputs, offering a comprehensive ap-
proach. Secondly, the model is trained on a dataset of unprecedented size and diversity, comprising
millions of highly heterogeneous and realistic images. Thirdly, by avoiding complex feature engi-
neering, we ensure an end-to-end, easy-to-use model. Fourthly, we implement a simple and effective
strategy to enforce phase connectivity in fluid distributions and to also allow for size-agnostic predic-
tions on any inlet-outlet configuration. As such, the HD-ViT is a multiscale, practical, and efficient
model for pore-scale drainage.
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The classical advection-dispersion equation has been a cornerstone in aquifer solute migration stud-
ies for decades. However, prevailing misunderstandings regarding advection-dispersion dynamics,
their interplay with heterogeneity scales, the nature of ensemble averages, and their observational
implications have sparked intense debate concerning the equation’s conceptual validity. Address-
ing these controversies is critical for demystifying phenomena such as macrodispersion, anomalous
dispersion, and scale-dependent transport, as well as for evaluating contemporary models like the
dual-domain dispersion model for solute movement in aquifers. This investigation employs the Lat-
tice Boltzmann Method (LBM) for simulating solute transport within heterogeneous porous media.
Our study delineates the evolution of the dispersion concept from molecular diffusion to encompass
fluid dynamic effects caused by variations in scale-specific velocities and discusses the limitations
of extending Fick’s law for molecular-scale velocity variations to describe the effects of large-scale
velocity variations.
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The mechanical analysis and stability assessment of reservoir-caprock systems are critical consider-
ations for the successful industrial implementation of CO2 geological storage. Injecting CO2 into
the formation can cause fluid pressure accumulation, altering the effective stress field and subse-
quently leading to potential geological risks. Stress changes due to CO2 injection can activate faults,
induce seismicity, and ground motion. However, the influence of stress change is not limited to the
reservoir alone but extends to the broader subsurface formations including the overlying caprock,
underlying basement, and the surrounding strata.
In this study, a full synthetic field model incorporating the reservoir, caprock, basement, and sur-
rounding formation was established. A finite element grid was generated based on the existing
corner point grid of the target reservoir. Using parallel computing, numerical simulations of cou-
pled flow and geomechanics were conducted on a million-grid scale model to analyze the variations
in effective stress during CO2 injection and storage. The simulation results indicate that during the
injection stage, fluid pressure and shear stress gradually increase with time, while the average effec-
tive stress decreases, indicating a shift towards the failure envelope. After the cessation of injection,
the stress state reverses but remains on the left side of the initial stress state. Fluid pressure and
shear stress are higher than the pre-injection equilibrium values, while the average effective stress
is lower. Increasing the number of CPU cores significantly reduces the computation time of the nu-
merical simulations. However, beyond a certain number of cores, the overall parallel computation
time increases due to increased communication burden among processors. As the size of the solving
model increases, the acceleration ratio and parallel efficiency increase under the same number of
processors.
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Impact of wettability on supercritical CO2 transport and local
capillary trapping in deep saline aquifers
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Given its immense storage capacity, geological CO2 storage in saline aquifers is regarded as a promis-
ing and practical strategy for mitigating anthropogenic CO2 emissions into the atmosphere. During
the post-injection phase, where CO2 migration is primarily influenced by buoyant force, local cap-
illary trapping emerges as a crucial mechanism for effective storage. In practical scenarios, saline
aquifers may exhibit varying degree of wettability, leading to variation in two-phase flow of CO2
and brine, as well as capillary pressure. However, the previse understanding of howwettability influ-
ences the local capillary trapping of CO2 during buoyancy dominated flow in saline aquifer remains
unclear. In this study, we firstly construct typical heterogeneous aquifer models using geostatistical
modeling. Subsequently, we develop relative permeability curves and capillary pressure curves for
CO2-brine in rocks with different wettability characteristics, such as water-wet, intermediate-wet,
and CO2-wet. The transport and local capillary trapping of supercritical CO2 in aquifers featuring
various wettability are then investigated through high-resolution two-phase flow simulations. The
spatial and temporal evolution of CO2 plume is analyzed and the contribution of different trapping
mechanisms, namely local capillary trapping, residual trapping, and dissolution trapping, are com-
pared. The advantageous wettability characteristics conducive to local capillary trapping of CO2 in
saline aquifers are unveiled. The findings of this study offer valuable insights into the transport and
trapping mechanism of supercritical CO2 in deep saline aquifers with different wettability charac-
teristics.
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Underground hydrogen storage (UHS) presents a viable solution for storing excess energy in suit-
able geological sites, ensuring a stable and scalable energy supply 1. While extensive experience
exists in underground natural gas storage 2, the significant differences in the properties of hydrogen
pose unique challenges [3]. To deepen insights into the hydrogen recovery in UHS projects, con-
ducting reservoir simulation and optimization to pinpoint optimal operating parameters becomes
essential. However, this process is typically time-consuming. The integration of a surrogate model
proves invaluable in expediting the optimization process, addressing the significant time constraints
associated with traditional methods.

We develop a base UHS simulation model with a 3D heterogeneous depleted natural gas reservoir
featuring an anticline structure. The model integrates various physics, encompassing compositional
fluid flow, hydrogen methanation reaction, gravity segregation, hysteresis, and capillary effects. The
cycling schedule starts with an initial phase of cushion gas injection and idle periods, followed by
five distinct hydrogen injection-idle-production cycles spanning five consecutive years. Notably, in-
jection rates and bottomhole pressure (BHP) of the production well vary across these cycles. The
base model incorporates diverse cushion gas types and layers of perforation. Upon parameterizing
these decision variables and employing the Latin-Hypercube method for sampling, we generate a
comprehensive database comprising approximately 1000 simulation cases, executed in parallel. To
predict cumulative productions of hydrogen and other components, we train a surrogate model uti-
lizing a CNN-LSTM-Attention network, leveraging the NVIDIA RTX A6000. The CNN component
transforms 3D heterogeneous permeability and porosity fields into 1D datasets. This well-tailored
surrogate model seamlessly integrates into the optimization workflow based on the stochastic sim-
plex approximate gradient (StoSAG) [4] method. The primary optimization objective is to maximize
hydrogen recovery while concurrently minimizing losses attributed to micro-bio reactions within a
predefined timeframe.

Due to gravitational segregation in the base model, hydrogen, cushion gas, methane, and water ex-
hibit a vertical distribution from top to bottom. Additionally, we note a progressive enhancement
in hydrogen recovery efficiency with consistent injection rates during production. Our numerical
experiments highlight nitrogen’s superior effectiveness as a cushion gas for augmenting hydrogen
recovery compared to carbon dioxide and identify a specific percentage of micro-bio-induced hydro-
gen loss. Regarding the performance of the surrogate model, the R2 scores for both training and
testing datasets mostly exceed 0.95, affirming its robustness and feasibility. To demonstrate the ac-
celeration achieved through the proxy model in optimization, we compare CPU times between the
reservoir simulation and surrogate models. The former averages 210-300 seconds per case, while the
latter ranges from 0.01 to 0.1 seconds. This translates to a remarkable speedup of approximately 1000
times compared to optimization conducted solely with reservoir simulation, all while maintaining
equivalent accuracy.

This research introduces a comprehensive framework designed for reservoir simulation and opti-
mization in UHS, integrating a CNN-LSTM-Attention network and StoSAG. Important mechanisms,
including compositional flow, cushion gas dynamics, and micro-bio reactions, are thoroughly incor-
porated in the UHS simulation. This framework serves as an important guideline, offering crucial
insights into accelerating the optimization of the UHS process and related projects.
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As a novel type of profile control material, polymer microspheres have the characteristics of easy for
injection, able to blockage and movable, which make the application in oil production has gradually
expanded. This article is based on microfluidic experiment, combined with fluorescence component
tracer technology, to clarify the oil displacement mechanism of polymer microspheres from a micro-
scopic perspective.
Polymer microspheres with fluorescence properties are selected as experimental materials, and ideal
microscopic models with simple channel pattern are used to conduct experiments under fluorescent
and non-fluorescent conditions respectively. The mechanism of polymer microspheres is studied
from three aspects: aggregation rules, migration characteristics, and morphological changes. The
typical reservoir channel models are designed and made based on casting thin sections. And the ef-
fect of polymer microspheres flooding is evaluated through displacement experiments. Then using
the previous conclusions to explain experimental phenomena, and the accuracy of the oil displace-
ment mechanism is further demonstrated.
It is found that the polymer microspheres tend to act as emulsion aggregates during the displace-
ment process. Part of microspheres injected tend to accumulate at the inlet end, and the other micro-
spheres successfully injected into the model will enter the relatively high-permeability region along
the dominant water channeling channel. After the hydration and expansion of microspheres, the
particles are interconnected, forming a “microsphere partition” to block the subsequent water flow,
and changing the direction of fluid flow, thereby expanding the sweep area to enhance oil recovery.
With the increase of injection time, the effect is affected by the degradation failure or the desorp-
tion movement of the microspheres. Polymer microspheres exhibit varying degrees of stimulation
effects in different types of reservoirs, but they are more suitable for blocking channels with high
permeability in relatively homogeneous reservoirs. Therefore, the matching between the blocking
agent and the channel should be fully considered when selecting the blocking adjustment measures
to further improve the effectiveness of the scheme design and parameter setting.
In this paper, the oil displacement mechanism of polymer microspheres is clarified and its accuracy
is verified. This understanding is of great significance for the interpretation of experimental phe-
nomena, the improvement of numerical simulation methods and the explanation of field application
effects. It also provides reference value for the optimization of microspheres application scheme
design and the adjustment of on-site implementation measures.
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Polymer fluids, a blend of polymers in water, offer a cost-effective and environmentally friendly so-
lution for supporting deep underground excavations. However, being non-Newtonian fluids, their
full potential in construction projects is hindered by a limited understanding of their behaviors. In
this study, we will employ a combined approach of DEM-based and micro-CT imaging techniques
to explore the pore-space topology in sands. Utilizing this data and considering the fluid-solid in-
teraction, we will then develop a fully-resolved numerical model to comprehensively investigate
the distribution pattern of strain and stress within the fluid phase, as well as drag forces on sand
particles. Our numerical results will be validated against large-scale experimental observations, and
provide insights for the development of upscaling modelling techniques.
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The utilization of saline aquifer for solar energy storage is recognized as a promising solution to ad-
dress the spatial and temporal mismatch between energy demand and supply. This approach holds
significant potential for future renewable energy storage and conversion. Thermal energy storage
in saline aquifer can effectively transform intermittent solar energy into stable geothermal energy
at high temperatures. In this study, we examine a previously proposed solar energy storage and con-
version system. This system entails the initial conversion of solar energy into heat through parabolic
troughs, followed by the storage of thermal energy in a saline aquifer facilitated by high-temperature
hot water circulation. Currently, the impact of poroelasticity and thermal stress induced by high-
temperature hot water injection on injectivity and heat storage efficiency remains unclear. In this
study, three-dimensional porosity and permeability fields for typical saline aquifers are generated by
geostatistical modelling. The circulation of high-temperature hot water in the aquifer by doublet ver-
tical well system is explored through coupled hydro-thermo-mechanical modeling. We analyze the
effects of poroelasticity and thermal stress on the injectivity of hot water. The influences of in-situ
stress and permeability heterogeneity on spatial and temporal evolution of hot water zone are then
explored. In addition, the efficiency of solar energy storage in various heterogeneous saline aquifer is
evaluated and compared. Considering the hydro-thermo-mechanical coupling effects, saline aquifers
conducive to solar energy storage are identified. This study enhances our understanding of themech-
anisms involved in solar energy storage in saline aquifers, providing crucial insights for its practical
implementation.
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The description of fluid flow in tight porous media presents a formidable challenge with wide-
ranging applications in science and technology. A fundamental problem is the correct prediction
of the mass flux when the fluid is subjected to an external driving force. Experimental studies of
pressure-driven fluid flow on porous samples reveal the existence of a non-linear relationship be-
tween the observed fluid velocity and the imposed pressure gradient in the low gradient region.
As shown in a recent work, this sample-scale non-Darcy flow regime could arise collectively from
nonlinear flows in individual pores due to the motion of fluid particles being influenced by the lon-
gitudinal geometric variations of each pore. This is equivalent to the particles undergoing biased
Brownian motion, subject to a pore geometry-dependent entropic potential and an applied driving
force. In this presentation, we highlight key theories in which the geometric effect is considered
in modelling the biased particle diffusion and several results that relate pore-scale and sample-scale
nonlinear flow. Moreover, we focus on the evaluation of the Stratonovich formula for determining
the average particle velocity for a cylindrical pore with non-smooth periodic pore-wall profiles. We
believe that such cases have been reported erroneously in the literature and show that the errors
can be significant in comparison with those obtained by our correct evaluations. The entropic par-
ticle diffusion perspective and related techniques shown here opens an avenue for accounting for
the impact of the pore geometry on the manifestation of nonlinear flow from pore to sample-scales
within the pore scale modelling of realistic porous media.
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Particle tracking schemes, including random walk (RW)-based methods, are attractive for modeling
advective transport, since they do not suffer from numerical diffusion [Salamon et al. (2006)]1. In
scenarios involvingmulti-species transport, these schemesmeticulously capture the degree of spatial
mixing across all scales. With such schemes, one can leverage thermodynamic rate laws which when
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applied to particles in close proximity result in realistic reaction rates. This stands in contrast to
classical upscaling-based approaches which assume complete mixing and may not accurately model
small-scale variations in reaction rates [Ding et al. (2013)]2.

We present an improved stochastic particle method in the context of multiphase transport in frac-
tured porous media. Our study focuses on limit case scenarios where the microscopic processes,
such as capillary diffusion and pore-scale dispersion, do not exert significant influence at the macro-
scopic levels. For a time-varying system that exhibits a potential solution discontinuity, such as
the aforementioned one developing saturation jumps, Lagrangian models may face challenges in
producing physically meaningful solutions. Here, we choose a regularization approach based on
artificial diffusion/dissipation, and incorporate an adaptive diffusion coefficient. This coefficient is
active only in the vicinity of saturation fronts, as is dictated by its saturation-gradient-dependent
scaling, which has been conceptualized in Monga et al. (2022)3. Moreover, guided by the vanishing
viscosity solution of the 1-D Buckley-Leverett problem, the diffusion coefficient was found to scale
with the characteristic speeds of the original hyperbolic system.

We demonstrate that the particle tracking scheme accurately captures sharp saturation profiles in
a 1-D Buckley-Leverett reference problem. Subsequently, we analyse the particle-based results in
the context of a realistic 2-D fracture network embedded in a permeable matrix. In order to extend
the applicability of the proposed regularization approach, isotropic and anisotropic variants of the
diffusion coefficient tensor, respectively, are assessed for flow scenarios involving, e.g., gravitational
effects and heterogeneity in the matrix. Further application areas include the modeling of physical
sub-grid effects, such as dissolution of one phase into the other [Tyagi (2011)]4 and precipitation-
dissolution type reactions.
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Water transport under dynamic vehicle load is the primary causation of asphalt pavementwater dam-
age. The dynamic water breaks through the inner voids and destroys the micro-structure of asphalt
mixture, and consequently degrades asphalt pavement durability. Understanding the microstructure
evolution and void connecting during dynamic water load contributes to the water damage mecha-
nism of asphalt pavement.
This study developed a water seepage device for asphalt mixture and used pulse water pressure to
simulate the dynamic water load caused by tire crimping. The pulse sinusoidal water pressure with
a frequency of 10Hz and a range from 0 to 0.7 MPa was served. X-ray CT scanning was performed
on the dry asphalt mixture and also in-situ seepage asphalt mixture after 3, 8, 15, and 20h water
load. A 3D digital void model was developed to analyze the void structure evolution. The trans-
lation, volume changing, and connecting in void structure were recognized and analyzed. The 3D
water-activated void and water passageway were reconstructed.
The result explained the variation of dynamic flow rate curves by analyzing the microstructure evo-
lution during dynamic water pressure load. The deformation characteristics of voids were addressed
and its contribution to water extension was analyzed. The 3D visible water passageway and satu-
ration showed the dynamic water transport process and gave direct evidence of the macro seepage
behavior variation.
This study proposes a method to quantify the void deformation in asphalt mixture and explains the
macro seepage behavior from the micro aspect. It contributes to understanding the water transport
in asphalt pavement and improving its durability.
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Stability, deformation and rupture of Janus oligomer enabled self-
emulsifying water-in-oil microemulsion droplets
Author: Yuequn Fu1

1 University of Oslo

Corresponding Author: yuequn.fu@fys.uio.no

Microemulsions exist widely in nature, daily life and industrial manufacturing processes, including
petroleum production, food processing, drug delivery, new material fabrication, sewage treatment,
etc. The mechanical properties of microemulsion droplets and a correlation to their molecular struc-
tures are of vital importance to those applications. Despite studies on their physicochemical deter-
minants, there are lots of challenges of exploring the mechanical properties of microemulsions by
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experimental studies. Herein, atomistic modelling was utilized to study the stability, deformation,
and rupture of Janus oligomer enabledwater-in-oil microemulsion droplets, aiming at revealing their
intrinsic relationship with Janus oligomer based surfactants and oil structures. The self-emulsifying
process from a water, oil and surfactant mixture to a single microemulsion droplet was modulated by
the amphiphilicity and structure of the surfactants. Four microemulsion systems with an interfacial
thickness in the range of 7.4–17.3 Å were self-assembled to explore the effect of the surfactant on
the droplet morphology. By applying counter forces on the water core and the surfactant shell, the
mechanical stability of the microemulsion droplets was probed at different ambient temperatures.
A strengthening response and a softening regime before and after a temperature-dependent peak
force were identified followed by the final rupture. This work demonstrates a practical strategy to
precisely tune the mechanical properties of a single microemulsion droplet, which can be applied in
the formation, de-emulsification, and design of microemulsions in oil recovery and production, drug
delivery and many other applications.
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Ferrofluid, a stable suspension of superparamagnetic nanoparticles in a liquid carrier, can be manipu-
lated. In an external magnetic field, either constant or evolving, magnetic forces drives the ferrofluid
to deform and move, leading to the deformation of the fluid-ferrofluid interface. This has been ex-
tensively used in micro-electromechanical systems (MEMS) and here we are motivated to extended
these studies to subsurface porous media application, including enhanced oil recovery and environ-
mental remediation. Unlike MEMS devices where non-wetting or non-aqueous phase liquid (NAPL)
droplets are typically the ferrofluid to be deformed and manipulated, this is not possible for subsur-
face applications: oil or NAPL are to be recovered and only aqueous phase could be the ferrofluid.
Incidentally, the high-resolution imaging of wetting ferrofluid / non-wetting fluid displacement are
very limited.

A converging-diverging single channel glass micromodel with varying depth was fabricated using
a standard lithography procedure. The single channel was initially saturated with brine, and then
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saturated with a mixture of decane and mineral oil. The micromodel was then flooded using a water-
based ferrofluid under a microscope for 47 hours until no noticeable movement of remaining oil
droplet was observed and the system was assumed a steady-state. Then, a magnetic field a) trans-
verse to the flow direction and b) rotating magnetic field were applied to the system in separate
experiments.

The magnetic field caused oil droplet deformation (specifically, elongation along the magnetic field
direction), and dynamic breakup into smaller droplets and subsequent residual oil saturation re-
duction in a rotating magnetic field. In addition to studying saturation differences, we quantify the
curvature of several oil droplets where the resolutions allows before and after the magnetic field ap-
plication. We finally focus on experiments in a Hele-Shaw cell without flooding, where we observe
self-assembly of oil droplets, the formation of the hydrophilic magnetic nanoparticle microstructures
(chains under the magnetic field) and their interaction with the oil blobs.

The experimental results show that, during a ferrofluid flooding, in the case of multiple residual
fluid droplets within a pore, the fluid droplets can be deformed and potentially controlled using an
external magnetic field. Such deformation by the magnetic force can aid or obscure the mobilization
of the fluid droplets and has a potential to control the trapped oil saturation near the wellbore in
enhanced oil recovery, and to control fluids in MEMS.
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Wood is extensively applied in various fields such as construction, tooling, sculpture, boat building.
The water content within wood plays a crucial role in influencing its performance across different
contexts. For example, a large portion of water must be removed from wet or green (fresh cut) wood
to mitigate further dimensional variations under varying humidity conditions. In this context, the
transport of bound water (absorbed between cellulose microfibrils, up to 30% of the dry mass, and at
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the origin of swelling) plays a fundamental role. However, measuring these transport properties is
challenging as this bound water is contained in nanopore inclusions. Moreover, it was shown that
during standard imbibition there is a strong coupling between bound water and free water [1-2].
Here, for the first time, we develop experimental conditions allowing to prevent most free water (in
vessels or fibers) imbibition in hardwood (oak and poplar). We then follow the progression of bound
water by NMR relaxometry. This allows to determine in a straightforward way the diffusion coef-
ficient of bound water. The results reveal that the transport diffusion coefficient of bound water in
hardwood is rather large, typically in the order of 10-9 m2/s. More precisely, the diffusion in poplar
occurs at a faster rate compared to oak samples. Additionally, we show that the fastest rates of
diffusion are observed in the longitudinal direction, followed by the radial and the tangential direc-
tions. This research underscores the mechanisms and complexity of bound and free water transfer
in bio-based materials and provides an insight into the processing and protection of wood.
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Soil salinization influences vegetation, biodiversity, crop production, land-atmosphere interactions,
soil health and ecosystem functioning. Quantifying soil salinity is essential to mitigate its determi-
nantal effects (Hassani et al., 2020; 2021). This study utilizes an AI-driven approach for the quantifi-
cation of soil salinity in EU using a wide range of environmental covariates including soil properties,
terrain attributes, climate, and remotely sensed variables. Soil salinity point data from the LUCAS
survey (2015 and 2018) were used for the training and validation of the models. Different algorithms
were employed in our analysis including Random Forest, LightGBM, and XGBoost, with XGBoost
demonstrating superior accuracy in predicting soil salinity across EU.The predictive model output is
a gridded dataset illustrating the spatial and temporal variations of soil salinity, with corresponding
uncertainty maps. This work represents one of the first attempts to integrate LUCAS data with AI
models, aiming to generate soil salinization maps specifically designed for EU soils. The outcome
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will contribute substantially toward devising necessary action plans for protection of EU soils against
salinization and degradation which is at the heart of the European Green Deal, Paris Agreement, and
the United Nations Sustainable Development Goals especially UN SDG15.
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Immiscible two-phase flow in porous media is a universal phenomenon in various natural and in-
dustrial processes. Its invasion pattern is determined by the interplay between viscous and capillary
forces, neglecting the influence of buoyancy at a small scale. In numerous scenarios in porous media,
the capillary forces in drainage process are dominant, which emphasize the importance of precisely
computing entry capillary pressure. Existing equations for the calculation of entry capillary pressure,
based on the Young-Laplace equation and MS-P method, rely exclusively on cross-sectional geomet-
rical details, and utilize wettability values obtained from flat surfaces to intricate three-dimensional
pore structures. However, the effects of three-dimensional pore structures on the curvature of fluid-
fluid interface along the flow direction are neglected in these equations.
This work underscores the significance of three-dimensional pore geometry in influencing interface
movement and entry capillary pressure, particularly in situations involving intermediate wettability
that can introduce complexity to interface behavior. The dynamic evolution of capillary pressure
and fluid-fluid interface morphology during two-phase drainage capillary-dominated displacement
in both regular capillary tubes and irregular pores extracted from X-ray microtomography images
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of real porous media were investigated using the volume-of-fluid (VOF) method. The results indi-
cated that the capillary pressure experiences a temporary decrease, or even becomes negative under
intermediate wettability when the interface enters the converging segment as the specified contact
angles in a three-dimensional space force the interface to decrease its curvature or even inverse
the curvature. This phenomenon is the result of the complex interaction of the solid wall in flow
direction, cross sectional geometry normal to the flow and the contact angle. This interesting find-
ing challenges conventional expectations and emphasizes the importance of considering dynamic
conditions and wettability effects. The statistical analysis of the interface curvature at the point of
maximum capillary pressure revealed the effect of three-dimensional structure on local interface
curvature under different wettability conditions. Additionally, the numerical results show that the
corner flow becomes unstable under intermediate wettability which leads to less remaining satura-
tion. This study raises doubt on the reliability of existing analytical methods for predicting entry
capillary pressure as they overlook the geometrical details along flow direction and lack geometric
validity across all range of contact angles. Considering the importance of entry capillary pressure
in drainage invasion pattern, it is important to develop models that can improve prediction of entry
capillary pressure.
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The structures we obtain with, for example, X-ray tomography imaging and then use for pore-scale
imaging actually says a lot about the applicability of obtained simulated results. For example, to
utilize classical homogenization scheme and obtain continuum scale properties such as permeabil-
ity, relative permeabilities and numerous others, one needs to establish representativity, which is
equal to structural homogeneity of the sample 1. While no natural sample is strictly stationary 2, we
shall show that weak stationarity can be effectively established for the purpose of representativity
through the analysis of images produced by stationary random processes. But where is that thresh-
old between homogeneous and inhomogeneous structures and why is it important for pore-scale
simulations?
The first question highlights the central problem of the blurred interface between heterogeneous and
homogeneous, which also depends on the metrics used for its identification. Our results uncover the
physics of structural stationarity quantification, based on correlation functions and clustering based
on these functions different between image subregions [3]. By applying the methodology to a wide
variety of synthetic and real images of binary porous media, we confirmed computationally that
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only periodically unit-celled structures and images produced by stationary processes with resolu-
tions close to infinity are strictly stationary. Natural structures without recurring unit cells are only
weakly stationary. We established a physically meaningful definition for these stationarity types
and their distinction from nonstationarity. In addition, the importance of information content of
the chosen metrics is highlighted and discussed [4].
In this presentation we shall focus on:
- Methodology to analyze the porous media images to establish their homogeneity;
- The importance of stationarity to establish REV;
- The crucial role of image analysis with structural metrics prior to any pore-scale simulations.
As we argue, the image analysis based on structural metrics is necessary prior pore-scale simulations.
We discuss all the details to establish such an analysis protocol and lay down major methodological
procedures.
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The structure of the sample defines its physical properties. The homogenization based on different
fields (e.g., pressure and velocity for permeability property) produces general property of the sam-
ple. For this property to be useful for continuum-scale modelling it has to be representative for the
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volume it will be substituted for in the next level model. This explains the importance of conven-
tional REV concept. To be a REV, the structure has to be statistically homogeneous 1, but this is
not necessarily achieved in real porous media samples such as rocks and soils 2. This is where pore-
scale modelling gets really handy –we can still perform homogenization and substitute the averaged
property. In this contribution we discuss the influence of spatial non-stationarity on flow properties
using full permeability tensor [3,4] as an example. To establish interrelationships, we create artificial
porous media structures with different degrees of non-stationarity using stochastic reconstruction
methodology [5,6].
In this presentation we shall focus on:
- Methodology to produce porous media structures with different degree of anisotropy;
- Tensorial property assessment for such structures;
- Applications for real homogenization and upscaling cases.
The degree of stationarity of the stochastic reconstructions had a significant influence on the phys-
ical properties of the reconstructed binary structures—computed full permeability tensors showed
different degree of anisotropy and off-diagonal terms values. The proposed approach to produce non-
stationary structures from ensemble averaged set of correlation functions opens numerous ways to
attack theoretical and practical problems with natural and artificial porous materials with statis-
tically inhomogeneous structure. Moreover, it is possible to produce large scale inhomogeneous
porous structures to parameterize, test and verify different upscaling schemes starting from pore-
scale.
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It is now well recognized that soil structure is dynamic and changes due to numerous reasons, most
notably due to saturation changes. In or study, we have sampled 15 soil samples and performed a
detailed X-ray microtomography (XCT) imaging study of the full wetting-drying curve 1. By ana-
lyzing the XCT images, we revealed the dynamics of soil pore structure under slow water changes.
In total, our analysis is based on 135 3D tomography scans (9 soil moisture points for each sample).
We were able not only to visualize structural dynamics (which showed significant changes within
the soil at ~10 µm –3 mm pore sizes range) but also computed major classical morphological met-
rics. The analysis of these parameters and conceptual model of structural behavior revealed that
after the wetting-drying cycle the studied soil degraded in general. This is contrary to the prevailing
previous findings for mainly compacted soils where wetting-drying cycles led to structural improve-
ments. We also found that classical metrics are not able to describe structural changes due to their
low information content 2.
Now, we need something reliable to describe all structural changes and create model to describe the
changes we observe din the experiments. Such a descriptor to create a digital structural model has to
fully describe both geometry and topology of the soil sample and possess high information content.
We shall argue that a set of directional correlation functions [3] is enough for this purpose. Com-
pared to classical metrics they 1) contain all classical metrics within them and can also be extended
to include topological measures such as persistent diagrams [4]; 2) allow to describe anisotropic
structures [5]; 3), have measurable information content 2; 4) if needed, the information content can
be augmented with higher number of functions in the set and with higher-order functions [6,7]; 5)
allow to establish stationarity and representativity of the structure itself [8,9]; 6) can collect dynamic
structural information from different scales [10] –the very aim of the research in this area.
In this presentation we shall focus on:
- Experimental studies of soil structure dynamics by imaging with XCT;
- Description of dynamic soil structure without the use of classical approaches in the form of scalar
characteristics;
- Creation of digital model of soil structure dynamics with high information content vector descrip-
tors in the form of correlation functions.
In addition to experimental results and their interpretation, we discuss the major implications of
our findings and outline a possibility to deepen our understanding of soil structure-function rela-
tionships, including dynamic hydraulic soil properties and 3D soil structure digital model based on
correlation functions.
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OBJECTIVES/SCOPE
Gas and water transport, which is controlled by the pore characteristics and capillarity in hydrate-
bearing sediments (HBS), is one of key factors affecting the gas production. Hydrate production
approaches (HPA) can significantly influence the dissociation pattern, affecting the pore structures
and the transport of fluids. To elucidate the impacts of HPA, a reactive-transport lattice-Boltzmann
(LB) model is applied to describe dissociation evolutions. Then, a phase-field LB model is developed
to describe the fluids transport.
Methods
To simulate the dissociation evolutions under different HPA, a reactive-transport LB model, which
can describe the hydrodynamic process, conjugate heat transfer and chemical reactions, is applied.
To simulate the transport of immiscible fluids, which exist obvious density contrasts, a phase-field
LB model with the conservative form of interface-tracking equation is developed to suppress the
spurious currents at phase interfaces. To describe the fluid-solid interactions, the bounce-back con-
dition is applied for both solid phases (hydrate and grains) to achieve the non-slip condition and the
wettability condition is applied for grains and hydrate to describe the wettability behavior.
Results
After the validations for the LB models, the synthetic structures of HBS were applied in our simula-
tions. Two most common HPA, which are called as depressurization (DP) and thermal stimulation
(TS) approaches, were respectively considered to stimulate the hydrate dissociation. The dissocia-
tion processes were simulated by the reactive-transport LB model to capture the geometric structure
evolutions. Then the steady-state relative permeability measurement processes were simulated by
the phase-field LB model for two HPA cases under several hydrate saturations (Shyd). The results
showed that because of different dissociation patterns under two HPA, the relative permeability of
gas in the TS case is obviously larger than that in the DP case at the same Shyd. This indicates that
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the TS approach is more conducive to gas production. The reason for this phenomenon is that the
void spaces formed in the DP case were dominated by small pores, whereas wide connected paths
can be formed in the TS case. In the hydrophilic HBS, water is prone to occupy small pores under
capillary pressure, separating the gas and suppressing its transport in the DP case. In the TS case,
gas is easily accumulated in connected paths, resulting in higher gas permeability.
Novelty
The phase-filed LB model applied in this study is capable to handle and suppress the spurious cur-
rents at phase interfaces, ensuring a satisfactory numerical stability and accuracy. Thus, the real
density contrasts between the water and gas under the in-situ thermodynamic conditions can be
considered in the simulation. The impacts of HPA on the gas and water transport were quantitively
analyzed by simulating multiphase flow processes in HBS.
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pH-induced reactive transport among miscible phases in porous environments is pivotal in carbon
capture and storage (CCS) applications, especially in the carbon sequestration process, where the
mixing process among the miscible phases affects the pH transport. However, separating the mixing
from the pH migration is challenging due to the pore-scale heterogeneities and limited understand-
ing of the role of pH in the mixing and displacement processes within porous media.. In this study,
we use two sets of basic water solution to displace weak acidic water glycerol mixed solution, one
set with certain concentration of pH-sensitive fluorescent dye Pyranine as the pH indicator in both
phases to examine the influence of pH on miscible phase flow and displacement in porous media, the
other set with fluorescent dye Rhodamine 6G as the mixing process indicator, explicitly visualizing
how heterogeneity affect the mixing and displacement patterns and comparing this theoretical pH
pattern obtained from the mixing process with the actual visualized pH migration pattern. The re-
search employs confocal microscopy to visualize these processes, revealing diverse patterns across
different heterogeneity porous media types, and mainly illustrates the significant role of pH in shap-
ing fluid dynamics and reactive transport by leading to enhanced fluid migration and mixing. An
initial outcome has showed that the migration of pH follows a different mechanism from the mixing
process. Thus, it offers new insights for modeling such complex systems in natural and industrial
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settings, which may be practical for field-scale applications by outlining the details of pore-scale
transport and reaction
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The capillary state of water in porous media is of paramount importance at the caprock-aquifer
interface to prevent any CO2 leakage. But it also significantly influences gas dissolution and solid
mineralization reactions, crucial for CO2 trapping and earth science engineering. Capillarity-based
geochemistry has been experimentally documented and quantified at the one-pore sale. Yet, capillary
water exerts super-solubilizing effects on solids and gases 1, induces cold boiling, and modifies the
stress field within the host matrix 2. These effects must now be established experimentally at the
upper core scale. At this thousands of pores scale, the effect(s) of capillarity competes with the dry
conditions intrinsic to unsaturated media that limits the water availability, and with the evolution
of the reactive surface area which depends on the liquid/air distribution and the passivation of solid
surfaces through secondary phase precipitation. We are discussing the experimental design and first
results to help unravel this interwoven sketch, which is much needed for accurate predictions in any
long-term scenarios of aquifer-air ‘tandem’technique (CO2 storage, nuclear wastes tunnels, energy
storage, ⋯).

In this study, we examine the brucite (Mg(OH)2) carbonation in unsaturated columns flushed with a
CO2 gas flow. The design varied from one experiment to the others by the initial water content, the
gas flushing composition, the gas flow rate, and the granulometry of the column materials. These
experiments provide simplified models for comprehending carbon mineralization reactions in par-
tially water-saturated porous media, resembling conditions in unsaturated zones of natural systems
or disturbed and industrial settings. The main goal of our investigation is to evaluate how capillary
water impacts the precipitation of hydrous Mg-carbonates.
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Experiments are performed in decimetric unsaturated columns filled with brucite grains and quartz
sand (Figure 1). Capillary conditions are established by flushing the column with N2 air at low rela-
tive humidity (RH) illustrated below for one dataset (Stage 0, RH 50%, Figure 2). After stabilization,
the gas composition is turned to CO2-H2O, initiating carbonation (hydromagnesite formation) by
pore-scale interaction between CO2, liquid water, and brucite. The column mass variation shows a
first decreasing stage linked to the evaporation of 15% of the initial water, before reaching a plateau,
and then displaying an increasing stage related to the carbonation reaction. The CO2 breakthrough
curve reveals three distinct stages (Figure 2). Stage 1 exhibits minimal CO2 at the column outlet,
primarily due to bulk brucite carbonation. In Stage 2, a decline in reactive brucite abundance slow-
downs the carbonation rate, leading to an increase in CO2 content in the effluent gas. Finally, Stage
3 demonstrates a CO2 concentration aligning with the supplied gas composition, signifying the ces-
sation of the carbonation reaction. This is also evident by the stability of the column weight at this
stage.

In summary, the evaporation process and the carbonation reaction occurring in an extended pore
network at the column scale both appear sensitive to the capillary conditions in porous media which
can grow and express oneself depending on various factors that will be discussed in this contribu-
tion.
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The stability of two-phase flow in porous media is known to depend on the viscosity ratio and on
the capillary number. The transition from a stable regime, to viscous or capillary fingering is not
always clear. In this work, we investigate the role of wetting films on the stability of two-phase
flow during a drainage. Such films are ubiquitous in porous media and appear when the solid is
strongly wetted by one of the fluid. We develop a new dynamic pore-doublet approach combined
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with microfluidic experiments to highlight the role of the wetting films on the stability diagrams.
We demonstrate that the layers of wetting fluid along the solid walls significantly alter the stability
of the invasion.
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Under increasing compressive stress, intrinsic micro cracks and pores in rock samples close, leading
to non-linear deformation at low-stress ranges. This intrinsic non-linearity significantly affects rock
geophysical properties under confinement, such as rock stiffness and transport properties. Many
studies have reported this low-stress inelastic behaviour in experiments, and some analytical mod-
els have been established to predict this phenomenon. However, in the perspective of pore-scale
numerical modelling, this non-linear deformation was completely ignored, and the rock was treated
as elastic in simulations until rock failure. As a result, the modelled rock geophysical properties
in the non-linear part are quite different from the experimental results. To address this issue, we
proposed a method to predict the rock geophysical properties at the low-stress non-linear range
through numerical simulations. A crucial aspect of this approach involves dividing the transition
phase between macro pores and the solid phase into several sub-phases with varying porosities, all
treated with zero elastic moduli. These sub-phases deform and transition to other phases based on
the extent of deformation under the applied strain conditions in the Finite-Element method. The abil-
ity to interchange between different phases in the rock model enables the modelling of non-linear
behaviour within the low-stress range. We validated this method on various rock samples, and the
results align well with experimental measurements.
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In view of the advantages of paramagnetic particles, such as environmental properties, filling per-
fectly the effective fracture space and unlimited detection time, it is expected to be an important
method of fracturing real-time dynamic monitoring that the magnetic fracture monitoring using
paramagnetic particles. Rapid and accurate inversion of fracture geometry is the core and key of
real-time dynamic monitoring, which directly affects the implementation time and fracturing qual-
ity. Inversion of fracture geometry based on magnetic anomalies is a typical inverse problem. In
this paper, a data-driven deep learning method is adopted to establish the nonlinear relationship
between spatial magnetic anomalies (magnetic anomalies caused by paramagnetic particles under
the action of external magnetic fields) and magnetic objects (fractured fractures filled with param-
agnetic particles) through the training and learning of UNet models. To realize the rapid inversion
imaging of fractures by magnetic method in the process of artificial fracturing.
The development of computer hardware and various open source frameworks have enabled the rapid
application of Deep Learning methods in various fields which have achieved great progress. In this
paper, we predict the location and shape of the fractures according to the magnetic susceptibility
based on UNet model. It contains training and testing procedure. At first, we acquire the correspon-
dence between the spatial magnetic anomalies and the magnetic objects during training, and then
using the trained UNet model, take the magnetic anomalies data as input and magnetic susceptibility
as output. Compared with the other methods, such as microseismic, geostress analysis and so on,
using the Deep Learning Method to predict the fractures has the following advantages: predicting
rapidly and saving a lot of time, driven by the data and no human influence, testing time no limit,
obtaining the better imaging results. This method applies deep learning to real-time dynamic mon-
itoring of fracturing fractures, improves the speed and accuracy of fracture inversion imaging, and
enhances the practicability of magnetic dynamic monitoring method.
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The efficiency of nano- and micro-porous materials in absorbing and releasing fluids, like CO2 in
geo-storage or water and gas in fuel cells and electrolyzers, depends on their surface wettability.
Measuring wettability accurately is complex due to varying dynamic forces, chemical diversity, and
surface texture. In situ measurements, which could assess wettability as a local contact angle (the an-
gle at which a denser phase like water meets a solid in the presence of another phase like hydrogen,
air, or CO2), face challenges in precisely determining fluid curvatures, contact points, and the loops
formed by multiphase fluids. We introduce a new, advanced topological method for in situ contact
angle measurement and conduct a comparative analysis of existing geometric and topological tech-
niques, evaluating their precision on ideal surfaces, CO2-containing porous rocks, and water in gas
diffusion layers. This novel approach offers more accurate and reliable in situ measurements for uni-
formly wetting environments compared to past topological methods, whereas geometric methods
excel in mixed-wetting areas. Additionally, this research includes a detailed open-source platform
for in situ wettability assessment in porous materials, which has significant implications for gas
geo-storage, fuel cells, electrolyzers, filtration, and catalysis.
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Chemical flooding is a very important method to the efficient development of heavy oil reservoir.
A clear understanding of the relationship between emulsification characteristics of heavy oil during
chemical flooding and test methods that current used to evaluate the properties of chemical flooding
agent can be useful for oilfields development of the heavy oil. In this study, the oil-water inter-
facial tension (IFT) and oil in water (O/W) emulsion properties (emulsification state, droplet size,
viscoelasticity and stability) formed by six chemical flooding agents at different concentration are
tested. Then, combined with the heavy oil flooding dynamics, the emulsification characteristics of
heavy oil during the chemical flooding process of are studied and the influence mechanisms of O/W
emulsion on oil recovery are clarified. Finally, the emulsification effect of heavy oil on injection
profile turnover is studied by parallel sand-packed tube experiments. Studies show that all six chem-
ical flooding agents can greatly reduce the IFT of heavy oil-water (more than 90%). However, the
stronger the emulsification ability, the smaller the droplet size, the better the viscoelasticity and the
stronger the stability of O/W emulsion, the better heavy oil recovery of the chemical flooding agent.
This is mainly because the most effective action stage is the time it takes from the chemical flood-
ing agent injected to the O/W emulsion front reach the production outlet. During this period, the
amount of emulsified heavy oil, the width of emulsification zone and the properties of formed O/W
emulsion all affect the heavy oil flooding efficiency. Therefore, when screening chemical flooding
agents, the emulsification speed, the droplet size and the viscoelasticity of formed O/W emulsion are
the primary evaluation factors. In addition, through the parallel sand-packed tube experiment, it is
found that the stronger the emulsification ability of chemical flooding agent, the better the perfor-
mance of formed O/W emulsion, the stronger the profile turn over ability. For reservoirs that water
flow channel has formed, using profile control agents to effectively block dominant flow channels
can improve the emulsification ability of chemical flooding agents, thus achieving the purpose of
improving the swept area. The research results can provide guidance for the screening of chemical
flooding agent with emulsify character and construction process optimizing in heavy oil reservoirs
development.
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This study aims to employ Atomic Force Microscopy (AFM) for the analysis of shale structure to
assess the reservoir capacity of shale formations. Methodologies encompassed the observation of
surface morphology, characterization of roughness, mechanical measurements, exploration of inter-
facial forces between solids and liquids, and assessment of surface potential. By using these methods,
we have measured shale samples inWeiyuan area, and obtained that different samples have different
roughness and surface potential distribution, and there is a rule of mechanical properties between
functional probes made of oil droplets and samples.The conclusion of this study emphasizes AFM as
an effective tool for evaluating shale reservoir capacities. Through a comprehensive investigation,
this study sheds light on the current application status of AFM in shale research and offers potential
directions for future studies.
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Deep tight gas is an important unconventional natural gas resource, and it is an important target of
exploration and development in recent years. Deep tight gas reservoirs are high-temperature, high-
pressure, and high-stress with complex gas–water relationships, and its occurrence and flow mecha-
nisms are still unclear, making the simulation of deep tight gas reservoirs still a challenging problem.
Aiming at the key problems faced in the development of deep tight gas reservoirs, this paper estab-
lishes a flow-stress-temperature field coupled mathematical model and numerical model, studies the
thermo-hydro-mechanical sequential decoupling method to solve the coupled mathematical model,
and forms a multi-field coupled simulation technology which provides theoretical support for the
development of deep tight gas. Based on the thermo-hydro-mechanical coupling calculation module,
this paper conducts research on the influence of thermo-hydro-mechanical multi-field coupling pa-
rameters on the production and development performance, and it further verifies the practicability
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of our proposed model in real
reservoirs.
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Sandy clay is the main porous medium for the occurrence of gas hydrates in nature. Hydrate-based
technology for CO2 sequestration in marine and permafrost layers is a promising and potential tech-
nique. To investigate the influence of formation properties on CO2 sequestration, experiments were
conducted under an initial pressure of 5.5 MPa and temperature of 1.27 ℃. The influence of different
mineral compositions and concrete gradation of sandy clay for CO2 hydrate formation were ana-
lyzed. The pressure-temperature changes, CO2 hydrate average formation rate, CO2 consumption,
and phase saturation were calculated during the CO2 hydrate formation process. The results show
that the CO2 hydrate average formation rate decelerated with the increase of coarse sand propor-
tion due to the reduction of specific surface area, and the CO2 hydrate average formation rate is
the smallest when the ratio of fine-grained sand to coarse-grained sand particle sizes (mass ratio
of each component, the same below) is 1.0: 2.0, which is 12.60 mmol/min. Montmorillonite is not
conducive to CO2 hydrate formation; the CO2 hydrate average formation rate of the sand group
(contains fine-grained sand and coarse-grained sand) is higher than that of the sandy clay group
(contains fine-grained sand and montmorillonite clay). The experiments in the sand group are more
likely to achieve high hydrate saturation and CO2 consumption, making it more suitable for CO2
sequestration in areas with mineral compositions containing fine-grained sand and coarse-grained
sand. The CO2 consumption rates for the ratio of fine-grained sand to coarse-grained sand and clay
mineral particle sizes of 1.0: 0.5 are 0.86 mol and 0.77 mol, respectively. With the increase in the pro-
portion of coarse-grained sand and clay minerals, both the hydrate saturation and CO2 consumption
gradually decrease. The ratio of fine-grained sand to coarse-grained sand and clay mineral particle
sizes of 1.0:0.5 is suitable for CO2 sequestration using the hydrate-based technology.
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Themethane adsorption capacity is crucial for evaluating gas-in-place resources and the gas produc-
tion potential in shale gas reservoirs. There are many reports concerning the interfacial interaction
between methane fluid and rock using various thermodynamic models; however, little research has
been performed to reveal how methane is adsorbed into nanopores with different scales. In this
study, we did methane adsorption experiments on nine Longmaxi Formation shale kerogen. Then,
molecular simulation and an improved Ono–Kondo model were used to analyze the methane ad-
sorption behaviors. Results show that methane is preferentially adsorbed in sulfur-containing sites
by surface adsorption and pore-filling adsorption, and methane adsorbed in the form of pore-filling
contributes dominantly to the total methane adsorption amount. Surface adsorption capacity nS
increases with increasing mesopore volume. While pore-filling adsorption capacity nF is affected
by both micropore (< 2 nm) development and the micropore accessibility of methane. On the one
hand, nF increases logarithmically with increasing micropore volume. On the other hand, the mean
interplanar distance of the aromatic layers d002 is the key parameter in determining nF because the
micropores within the aromatic layer with d002 less than 0.38 nm will be inaccessible for methane.
This study is essential for understanding the methane adsorption mechanism and lay the foundation
for future investigation of fluids-rock interactions.
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Understanding the time evolution of solute transport at the pore scale in geologic porous media is
crucial in many subsurface engineering applications, including underground gas (e.g. H2 and CO2)
storage. While transport processes in rocks can be investigated by dynamic 4D imaging, such as X-
ray and neutron-based computed tomography, most of the observations so far have been limited to
the continuum scale (image resolution approx. 1 mm and above). These observations have improved
our understanding of non-Fickian transport in rocks 1. Yet, the lack of spatial resolution of these
methods precludes the unambiguous interpretation of the transport mechanisms at play, because
the relevant mixing processes initiate at the pore scale. Recent advances involve the uses of fast
X-ray micro-computed tomography (fast µCT), which allows direct micron-scale imaging of fluid
transport at a time resolution on the order of tens of seconds.

Here, we analyse a comprehensive data set of 4D imagery acquired by fast µCT available on the Dig-
ital Rocks Portal [2,3]. The dataset consists of dynamic images of solute transport during miscible
displacement in three porous media (diameter: 6 mm, and lengths: 16 or 20 mm), namely sintered
beadpack, Bentherimer sandstone, and Savonnières limestone. Tracer tests were performed at vari-
ous Péclet numbers, covering the range Pe = 2 –20. In each test, fast µCT scans were continuously
acquired at the sample inlet with the field of view of 8.8 (H) x 8.8 (W) x 5.0 (L) mm, and at spatial
and time resolutions of 14 µm and 12 s, respectively. We have analysed this rich dataset by applying
the concept of residence time (RT) at different length-scales and by considering its spatial variability
within the sample. Specifically, we computed RT curves for individual pore volume elements (PVE)
in the sample (> 100 curves) and identified variations with both size and spatial location of the PVE.
The strength of pore-scale heterogeneity is thus quantified by comparing the experimental RT with
the theoretical counterparts. To quantify the degree of non-uniformity of the concentration field,
we also examined the extent of mixing within individual PVE using various metrics, including the
dilution index, the intensity of segregation and the spreading length.
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CO2 geological storage in saline aquifers is considered a foundational technology for achieving the
“dual-carbon” goals. After injecting dry CO2 into saline aquifers, the evaporation of water triggers
salt precipitation. This process impacts injectivity, potentially shortening injection well lifespan and
hindering commercial storage projects, leading to extensive laboratory research. Some scholars have
found that geological heterogeneity can significantly alleviate the local aggregation of salt at the in-
let, reducing the adverse effects of salt precipitation on injectivity. However, these studies have not
considered the influence of solution supply boundary conditions on research results. Further inves-
tigations are needed to determine whether heterogeneous structures can still mitigate the impact of
salt precipitation under the influence of solution supply boundary conditions. Therefore, this study
will conduct pore-scale experiments by designing a heterogeneous micromodel with solution supply
to explore the impact of heterogeneous structures on salt precipitation behavior and injectivity.
This study investigates the impact of different CO2 injection rates, supplemental solution injection
rates, and temperature on salt precipitation and distribution by designing a micromodel with so-
lution supply for heterogeneous structures. Pore-scale experiments directly observe the transport
behavior of the solution and the growth process of salt inside the micromodel, exploring the growth
mechanism of salt in heterogeneous structures under supplemental solution conditions and its im-
pact on injectivity. The results indicate that under low supplemental solution flow and a modest
CO2 injection rate, continuous alternate solution supply results in sheet-like salt growth, impacting
injectivity without complete inlet blockage. With high supplemental solution flow and a low CO2
injection rate, salt expansion leads to a “wet salt barrier,” causing rapid injectivity decline as all inlet
channels are blocked. As salt reaches a dynamic equilibrium of precipitation and dissolution, violent
solution fluctuations persist, continuously dissolving salt in the inlet area, yet reducing injectivity.
Increasing the CO2 injection rate enhances evaporation, promoting outward salt growth. Despite
connectivity on both sides of the inlet, wet salt creates capillary resistance, protecting the solution
and maintaining injectivity. Higher CO2 injection and supplemental solution flow maintain injec-
tivity with solution reflux at the inlet. Under conditions of high supplemental solution flow and low
CO2 injection rate, lowering the temperature to 25℃ results in clustered salt precipitation in the
evaporative front of the large pore area. Conversely, at 75℃, rapid cluster-shaped salt precipitation
blocks all inlet channels, severely reducing injectivity. Considering the boundary solution supply,
heterogeneous structures generally prove effective in mitigating the impact of salt precipitation in
most cases. For instance, choosing injectionwells in formations with strong heterogeneity and lower
temperatures can alleviate blockages caused by salt precipitation, providing a potential solution to
enhance injectivity and optimize CO2 geological storage in saline aquifers. However, under higher
temperatures and lower CO2 injection rates, the effectiveness of heterogeneous structures in miti-
gating salt precipitation may diminish. Therefore, during the selection of injection parameters and
site locations, precautions should be taken to avoid these scenarios.
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CH4/CO2 replacement is of great significance for the exploitation of natural gas hydrate resources
and CO2 storage. The feasibility of this method relies on our understanding of CH4/CO2 replace-
ment efficiency and mechanism. In this study, CH4/CO2 replacement experiments were carried
out to study the distribution characteristics of CH4 and CO2 in hydrate-bearing sediments during
and after replacement. Similar with previously reported data, our experiments also implied that the
CH4/CO2 replacement process could be divided into two stages: fast reaction and slow reaction,
representing CH4/CO2 replacement in hydrate-gas interface and bidirectional CH4/CO2 diffusion
caused replacement, respectively. After replacement, the CO2 content gradually decreased, and the
methane content gradually increased with the increase of sediment depth. Higher re-placement
percentage can be achieved with higher replacement temperature and lower initial saturation of
methane hydrate. Based on the calculation of CO2 consumption amounts, it is found that the replace-
ment mainly took place in the fast reaction stage while the formation of CO2 hydrate by gaseous
CO2 and water almost run through the whole experimental process. Thus, the pore scale CH4/CO2
replacement process in sediments can be summarized in the following steps: CO2 injection, CO2
diffusing into sedimentary layer, occurrence of CH4/CO2 replacement and CO2 hydrate formation,
wrapping of methane hydrate by mixed CH4-CO2 hydrate, continuous CO2 hydrate formation and
almost stagnant CH4/CO2 replacement.
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Energy storage devices require separators with sufficient lithium-ion transfer and restrained lithium
dendrite growth. Herein, PMIA separators tuned using MIL-101(Cr) (PMIA/MIL-101) were designed
and fabricated by a one-step casting process. At 150 ◦C, the Cr3+ in the MIL-101(Cr)framework
sheds two water molecules to form an active metal site that complexes with PF6- in the electrolyte
on the solid/liquid interface, leading to improved Li+ transport. The Li+ transference number of
the PMIA/MIL-101 composite separator was found to be 0.65, which is about 3 times higher than
that of the pure PMIA separator (0.23). Additionally, MIL-101(Cr) can modulate the pore size and
porosity of the PMIA separator, while its porous structure also functions as additional storage space
for the electrolyte, enhancing the electrochemical performance of the PMIA separator. After 50
charge/discharge cycles, batteries assembled using the PMIA/MIL-101 composite separator and the
PMIA separator presented a discharge specific capacity of 120.4 and 108.6 mAh/g, respectively. The
battery assembled using PMIA/MIL-101 composite separator significantly outperformed both the
batteries assembled from pure PMIA and commercial PP separators in terms of cycling performance
at 2 C, displaying a discharge specific capacity of 1.5 times that of the battery assembled from PP
separators. The chemical complexation of Cr3+ and PF6- plays a critical role to improve the elec-
trochemical performance of the PMIA/MIL-101 composite separator. The tunability and enhanced
properties of the PMIA/MIL-101 composite separator make it a promising candidate for use in energy
storage devices.
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Nanoparticle-enhanced carbonated water (NP-enhanced CW) is a novel and promising injection
agent for coupled enhanced heavy oil (HO) recovery and CO2 storage. The main objective of this
study is to investigate the interfacial tension reductionmechanism by nanoparticles (NPs) at HO-CW
interface from molecular dynamics approaches. The influences of NPs on the Interfacial tension of
HO-CW systems under reservoir conditions were studied. In addition, the influences of NP type, NP
concentration, CO2 concentration, pressure, and temperature were investigated and the enhanced
oil recovery mechanisms of nanoparticle-enhanced CW were also discussed. The results revealed
that the ability of the five NPs to reduce the IFT of the HO-CW systems was as follows: SiO2 NPs
> Al2O3 NPs > TiO2 NPs > Fe NPs > CuO NPs. The interfacial tension value of the HO-CW system
decreased by 39.69 % due to the presence of SiO2 NPs. An optimal NP concentration existed to
decrease the interfacial tension of the HO-CW systems. The interfacial tension values of the HO-CW
systems in the presence of SiO2 NPs decreased with increasing the CO2 concentration, temperature,
and pressure. This study is helpful in deeply understanding the microscopic mechanisms of NPs
affecting the interfacial tension of HO-CW systems during the injection processes of NP-enhanced
CW. The results also provide a valuable reference for the injection of the NP-enhanced CW as a new
technology to enhance HO recovery and underground storage of CO2.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS17 / 492

CoupledThermal-Hydraulic-Mechanical-Chemical Simulation for
Underground Coal Gasification
Authors: Zhuocheng Hu1; Jun Yao2; Hai Sun1

1 China University of Petroleum (East China)
2 China University of Petroleum

Corresponding Authors: rcogfr_upc@126.com, zhuocheng_hu@s.upc.edu.cn, sunhai@upc.edu.cn

Page 404



InterPore2024 / Book of Abstracts

China, as the world’s foremost consumer and producer of coal, portrays an energy landscapemarked
by an abundance of coal, a scarcity of oil, and a limited presence of natural gas. The collective coal
consumption exceeds half of the global total, and there is an expectation that coal will continue to
play a predominant role in the energy paradigm for an extended future period. However, a signif-
icant portion of China’s coal reserves is situated in deep strata, presenting formidable challenges
arising from intricate geological conditions. Consequently, the imperative to innovate advanced
technologies for the clean and efficient extraction of coal, particularly from deep seams, becomes
paramount.
Underground Coal Gasification (UCG) emerges as a viable, sustainable approach for exploiting these
deep-seam coal deposits. This intricate process involves multifaceted elements such as heat trans-
fer, fluid dynamics, mechanics, and chemical reactions, posing significant complexities for effective
management. While the UCG in deep seams primarily relies on injection and production controls,
the lack of transparency hampers the identification of optimal operational parameters. Address-
ing these intricacies necessitates the development of a comprehensive numerical simulation model
that integrates mechanical, fluid, chemical, and thermal dynamics. In this research, we introduce
a Thermal-Hydraulic-Mechanical-Chemical (THMC) model employing sequential coupling, further
enriched by an interface code linking the reservoir simulator with the geomechanics module. A piv-
otal component of our investigation centers on discerning the influence of geomechanics on porosity
and permeability during the UCG process, alongside evaluating stress distribution within the cavity
to assess potential risks of spalling and collapse.
The results elucidate that, during UCG, coal undergoes heating and decomposition, resulting in the
formation of coal char. The interaction between the char and the gasification agent initiates a mul-
tifaceted chemical reaction, yielding gases such as CO, CO2, H2, CH4, among others. Notably, the
temperature within the coal seam can reach a peak of 1500℃, giving rise to the development of a
semi-circular cavity. Intriguingly, the boundary of this cavity coincides with the region exhibiting
the highest concentration of CO2. It is observed that as the injection pressure and flow rate of the
gasification agent increase, there is a corresponding rise in the amount of syngas calorific value
and CO2, along with the amount of coal processed per unit time. However, this increase ultimately
diminishes the energy conversion efficiency of coal gasification. The composition of the gasifica-
tion agent emerges as a pivotal factor in the UCG process. For example, water has the capacity to
augment the rate of coal consumption, promote CH4 production, and elevate the calorific value of
the syngas. Nevertheless, an excess of water can lead to a reduction in operational temperature,
impeding the generation of high-calorific syngas. Furthermore, the presence of CO2 in the gasifica-
tion agent can augment CO production without adversely affecting the properties of the syngas. In
the upper reaches of the cavity, stress concentrations are discernible, with shear stresses register-
ing several times higher than their initial levels. This phenomenon induces deformation around the
cavity.
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Flow simulation of pore-scale deep shale gas under nano-confinement
conditions
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Deep shale gas will become an important part of supporting the growth of China ‘s natural gas
production. Compared with the middle shale and shallow shale, the properties and porous flow laws
of deep shale gas are more complex. The nano-confinement effects such as adsorption and slippage
cannot be ignored in the study of porous flow mechanism of deep shale gas. When the porous flow
law of deep shale gas on the pore scale, the influence of nano-confinement effect on the porous flow
law needs to be further clarified. In this work, a pore networkmodel containing water-wet inorganic
pore throats and gas-wet organic pore throats is established, which conforms to the pore structure
characteristics of shale in actual depth. And the permeability of shale gas under different wettability,
slippage, adsorption and surface diffusion is studied. Viscous flow, Knudsen diffusion, adsorption,
slippage and surface diffusion are considered in organic pores, viscous flow and Knudsen diffusion
are considered in inorganic pores. Different TOC contents are set to study the influence of nano-
confinement effect on deep shale gas flow and the flow law of shale gas. The results show that the
porous flow of deep shale gas is greatly affected by adsorption and slippage. The surface diffusion
of adsorbed gas in organic pores provides more flux for the flow of deep shale gas. When the TOC
content is high, the flow of shale gas is mainly controlled by organic pores.
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Shale is composed of various mineral components: quartz, feldspar, clay, carbonate, organic matter,
etc. The imaging technology with nanometer resolution has observed nanometer-scale pore struc-
tures in various components. The shale nanoporous system has strong heterogeneity. The pore size
in organic matter and clay is generally smaller than that of quartz pores. What’s more, organic mat-
ter and inorganic matter show different fluid-solid interactions. It is commonly believed that the
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organic matter has a strong affinity to hydrocarbon molecules, which leads to oil-wet organic pores,
and the inorganic materials are attractive to the water, making the inorganic pores wetted by water.
In the process of hydraulic fracturing, a large amount of water-based fracturing fluids imbibes into
the matrix under high pressure to drive out oil. The nanometer-scale pores of shale matrix have
high capillary forces, which has significant effects on oil/water two-phase flow. The flow and stor-
age characteristics of oil and water in this nanoporous system under mixed wetting conditions are
poorly understood. In this study, we established a multi-component pore-scale model containing
quartz, clay, and organic matter based on pore network modeling, which reproduces the structural
characteristics of various pore systems. A two-phase flow simulation method considering capillary
force and viscous force was developed and used to simulate the process of water flooding in themulti-
component model. We tracked the dynamic movement of the oil-water interfaces, and obtained the
distribution of oil and water in different types of pores. The results show that organic matter has a
retarding effect on the water flooding process, with higher organic matter content leading to higher
remaining oil saturation. Larger organic pore size and weaker oil-wet of organic matter is beneficial
for the mobilization of oil in organic matter. The increase of clay content reduces the displacement
efficiency of quartz and clay pores. The results of this study help in understanding the flow behavior
of oil and water in shale nanoporous system with multiple mineral components.
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Unsaturated flow in fractured media is an important process with relevance to a large number of in-
dustrial and environmental application. In this work, we report recent experimental and theoretical
investigations on unsaturated flow in single fractures, fracture intersections, and fracture networks.
Wo focus on how small-scale flow physics influences the spatial and temporal characteristics of un-
saturated flow in discrete fracture networks. We propose theoretical models for predicting water
splitting at fracture intersections and for predicting water breakthrough time in an unsaturated frac-
ture network. We validate these models by comparing with experimental observations. We show
that the breakthrough time in a fracture network decreases with the increase of initial saturation.
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We also find that avalanche infiltration mode, i.e., sudden release of a large amount of water from the
network, emerges spontaneously in the network, and is modulated by the local splitting behavior.
We further show that the power spectral density of the water saturation time series in the network
follows a power law with an exponent of −2 for all simulations with different structural parameters
and local flow rules, suggesting a universal self-organized criticality behavior for unsaturated flow
in fractured rocks.
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Background, Aims and Scope. Investigating novel techniques and theories to enhance reservoir re-
covery and improve effectiveness in CO2 storage is crucial in the context of the multiple pressures
and engineering challenges associated with CO2 emission reduction and improving oil field recovery.
It is common knowledge that CO2 flooding is a vital methodology to improve oil reservoir recovery.
Nevertheless, the efficiency of CO2 flooding is severely limited by the gas channeling effect, the
strong preferential flow pathway effect, and the challenge of mixing CO2 and crude oil during high
water cut periods. Therefore, novel techniques have been developed to enhance reservoir recovery
and ensure efficient storage of CO2. The objective is to inject CO2 microbubbles into high water cut
oil reservoirs, aims to increase oil displacement ratio and production in the short term, while also
achieving long-term CO2geological storage.
Methods. The feasibility of CO2 microbubbles in enhancing oil recovery in high water cut reser-
voirs whilst achieving long-term CO2 storage was thoroughly examined through microfluidic exper-
iments, nuclear magnetic resonance online displacement experiments, and finite element numerical
simulations.
Results and Discussion. (1) The high solubility characteristics of CO2 microbubbles result in a sig-
nificant amount of CO2 dissolving in the oil phase. This, in turn, reduces the viscosity of crude
oil and improves the sweep efficiency; (2) The dimensions of microbubbles correspond to the pore
size of rocks. Therefore, they can be used to fill the pores of low-permeability reservoirs. This pro-
cess significantly enhances the displacement and recovery of crude oil from the micro-nano pores;
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(3) CO2 microbubbles are able to penetrate smaller pores. Results from microfluidic experiments
demonstrate that the capillary storage efficacy of CO2 microbubbles is greater than that of CO2 di-
rectly injected; (4)The high solubility characteristics of CO2 microbubbles will significantly improve
the efficiency of CO2 dissolution storage, and the high mass transfer efficiency characteristics will
significantly strengthen the geochemical reaction between carbonated water solution and rocks, ef-
fectively shortening the time required for chelation reaction, and achieving stable mineralization
storage of CO2.
Conclusion. In this paper, experimental and simulation results show that CO2 microbubbles have
strong feasibility in achieving enhanced oil recovery and geological storage in high water cut oil
reservoirs. Furthermore, we will select typical high water cut oil reservoirs in China to conduct
large-scale and long-term physical simulation experiments, further evaluate the feasibility, and pro-
pose targeted filed practice measures and process flows.
Key words: high water cut oil reservoir; CO2 microbubbles; enhanced oil recovery; storage CO2
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Tight sandstones are characterized by low porosity and permeability, high clay content. Measuring
the rock physics properties under low water saturation conditions using the displacement method
poses significant challenges. Digital rock physics (DRP) has been emerged as a valueble method
for studying of rock physics of unconventional reservoir. It should be noted that the resolution of
X-ray Computer Tomography (CT) scans and sample size can impose mutual restrictions. In order
to enhance the applicability of rock physics numerical simulation results, it is crucial to adequately
assess the representativeness and accuracy of three-dimensional digital rocks. In this study,3 sand-
stone samples with porosities of 17.0%,10.8%, and 8.4%, and permeabilities of 339.7,13.2, and 0.94
mD, were selected to construct digital rocks. Seven sub-samples with diameters of 25.4,9,7,5,3,2, and
1mm were prepared for each sample. We utilized X-ray CT scanning to generate three-dimensional
grayscale images of the samples, with resolutions ranging from 13.5μm to 1.1μm. These images were
then segmented into five components- pores, clay, feldspathic, potassium feldspar, and high-density
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minerals- using a machine learning image segmentation algorithm. The volume content of the prin-
cipal minerals in the multi-mineral component digital rocks was calculated and compared with the
XRD measurement to assess the representativeness of the three-dimensional digital rocks with dif-
ferent size. The porosities of the digital rocks were determined and compared with the porosity
measured in lab. This comparative analysis was conducted to evaluate the precision of the digital
rocks. The outcomes of three-dimensional digital rock modeling for tight sandstones reveal that
three-dimensional grayscale image acquire via CT scanning for the sample with the diameter of 25.4
mm exhibits difficulty in distinguishing between pore spaces and primary mineral types. By con-
sidering the composition of randomly distributed high-density minerals as a metric for assessing
representativeness, it was found that the variability of this mineral component increases when the
sample diameter is less than 5 mm. This suggests that samples smaller than this size may not ade-
quately capture the macroscopic physical properties. As the sample size decreases, the porosity iden-
tified in the digital rock increases. However, it consistently remains lower than the experimentally
measured porosity, even in the highest resolution 1 mm sample. When accounting for micropores
that are smaller than the scanning resolution of CT, and incorporating them into the multi-mineral
digital rocks, the computed porosities agree well with those measured in lab.

Keywords：Tight Sandstone, Machine Learning, Digital Rock Physics, Multi-mineral 3D Modeling,
X-ray CT Scanning.
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Continental shales are characterized by their highly developed laminations and a high clay content,
which pose significant challenges in terms of sample preparation and fluid saturation process for
traditional rock physics experiments. Digital rock physics (DRP) has been emerged as an alterna-
tive method for unconventional reservoir. The establishment of a high-precision three-dimensional
digital rock is crucial to ensure the accuracy of numerical simulations for determining rock physics
properties. While continental shale reservoirs exhibit numerous nanopores, indistinct clay particle
boundaries, and small fractures in bedding planes, which pose challenges to the segmentation of two
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or three dimensional grayscale images.X-ray Computer Tomography (CT), Scanning Electron Micro-
scope Mineral Quantitative Evaluation (QEMSCAN), and Multi-spectral Automated Petrographic
System (MAPS) tests are performed sequentially on continental shale samples. The scanning reso-
lutions for these tests are 1.35μm, 1μm, and 10nm, respectively. Initially, the grayscale ranges for
different mineral components were identified by combining QEMSCAN with CT scans images. Af-
terwards, a machine learning image segmentation algorithm was employed to partition the CT scan
grayscale images into five components: pores, organic matter, clay minerals, feldspathic minerals,
carbonate minerals, and pyrite. Subsequently, the same machine learning segmentation algorithm
was applied to the two-dimensional MAPS images of the shale sample. This was done to identify
pore spaces that were smaller than the CT resolution present in the carbonate minerals, organic mat-
ter, and clay minerals, and to calculate the surface porosity.The segmentation results of the X-ray
CT scan images indicate that the machine learning segmentation algorithm improve the accuracy
in identifying the boundaries of the matrix and pores compared to traditional grayscale-based seg-
mentation method. The machine learning-based image segmentation algorithms can also accurately
identify unidirectionally extended microcracks. The contents of the main mineral components cal-
culated from digital rocks agree well with those measured by X-ray Diffraction (XRD). However, the
porosity identified in CT imageswas considerably lower than helium porosity of the samples because
only large intergranular pores and fractures can be resolved by CT. There are lots of sub-resolution
pores in continental pores as illustrated in MAPS images compared to marine shale gas reservoirs,
the organic matter pores in continental shale oil reservoirs are not well developed, and the micro-
porosity is about 5%. The intercrystalline pores in clay minerals are the main reservoir space for
continental shale oil, with a microporosity of 10%. The total porosities of the multi-mineral compo-
nent digital rocks were calculated by considering the volume fractions of the mainminerals and their
corresponding microporosities. The porosity values obtained from the digital rocks exhibit excellent
correlation with those derived from laboratory measurements. The three-dimensional digital rock
model serves as a precise representation of the pore structure, enabling quantitative analysis of the
microstructure and numerical simulation of the physical properties of continental shale.

Key words: Digital Rock Physics, Continental Shale, Machine Learning Image Segmentation, Pore
Structure Characterization, X-ray Computer Tomography (CT) scans Imaging
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Abstract: Based on sandstone reservoir samples in Songliao Basin, carbon dioxide displacement of
saturated crude oil core experiments were carried out, combined with nuclear magnetic resonance
and oil component analysis, to study themechanism of carbon dioxide oil recovery. The rock samples
with proper permeability including medium permeability, low permeability, ultra-low permeability
and tight permeability in Songliao Basin were selected to analyze the effect of permeability on car-
bon dioxide displacement. The displacement experiment was divided into three stages to analyze
the effect of injected PV number on CO2 displacement. Taking large PV carbon dioxide flooding of
ultra-low and tight permeability rock samples as the research focus, the mechanism of large PV car-
bon dioxide flooding of ultra-low permeability and dense reservoirs in Songliao Basin is studied by
using the method of controlling variables. Experiments show that large PV CO2 flooding can obtain
good recovery results for ultra-low permeability and dense reservoirs. After low-PV displacement,
the average harvesting degree of low-permeability and medium-permeability samples was 30.56%,
and that of ultra-low-permeability and dense samples was 26.21%. After large-PV displacement, the
average recovery degree of low-permeability and medium-permeability samples was 55.92%, and the
average recovery degree of ultra-low-permeability and dense samples was 67.00%. This indicates that
large PV carbon dioxide flooding can effectively improve reservoir recovery, and the improvement
range is more obvious for ultra-low permeability and dense reservoirs. Large PV complete miscible
CO2 displacement can obtain a good final recovery degree, up to 67.49%. Complete miscible displace-
ment can well displace various components of crude oil including heavy components. There is little
difference in the oil family components in different displacement stages, but there is still an obvious
effect of extracting light components. The peak value of oil components gradually shifts from near
C12 in the early stage to near C17 in the late stage. The carbon dioxide extraction will make the
heavy components of crude oil deposited on the pore throat surface. The deposition phenomenon
is more obvious in ultra-low permeability and dense reservoirs when injected with low PV number,
while the deposition phenomenon is weak in medium and low permeability oil reservoirs. After
large PV carbon dioxide flooding, heavy components in ultra-low permeability and dense reservoirs
are well recovered, and the final recovery degree of heavy components is similar to that of medium
and low permeability oil reservoirs, indicating that large PV carbon dioxide flooding is more suitable
for ultra-low permeability and dense reservoirs.
KeyWords: sandstone reservoir；carbon dioxide；ultra-low permeability and dense；nuclear mag-
netic resonance (NMR)；component analysis
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Abstract: The Jimsar shale reservoir contains various rock components such as quartz, dolomite,
calcite and feldspar. Laboratory studies have shown that different rock compositions have different
wettability. Reservoir wettability is a key factor affecting shale oil production, which controls the
flow and distribution of oil and water. Therefore, it is of great significance to perform microscopic
simulation of shale oil production under such complex mixed wetting conditions. Based on the
OpenFOAM fluid simulation platform, this study established a numerical method for simulation of
shale oil mobility under mixed wetting conditions, and used this method to simulate the imbibition
process and displacement process for rocks of different lithologies in Jimsar shale reservoir. The
changing law of shale oil mobility affected by shale lithology, pore structure, fluid properties and
other factors is summarized.

Keywords: The Jimsar Shale Reservoir, Mixed Wetting, Simulation.
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In the realm of geosciences, the phenomenon of fines migration and subsequent clogging in rock
formations presents a complex challenge. This process can occur even when fines are smaller than a
specific threshold size, known as the critical throat diameter. The dynamics of pore clogging involve
interactions on multiple scales - ranging from the transport at the pore level to the mechanical and
hydraulic behaviors at the colloid level, down to the electrochemical interplays at sub-colloid scales.
Traditionally, the Colloid Filtration Theory (CFT) has been the go-to model, focusing on predicting
how colloidal particles are retained under the assumption of clean bed conditions. This overlooks the
significant impact of particle aggregation and clogging at the throat passages. While experimental
measurements are ideal for assessing filtration efficiency, they fall short in directly examining the
intricate movements and paths of particles at the pore level, especially due to the opaque nature
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of the media involved. Numerical models addressing the full scope of forces in pore clogging have
been limited to two-dimensional simulations of rock structures. This research advances the field by
employing a combined fines tracking method that integrates Computational Fluid Dynamics (CFD)
with a Discrete ElementModel (DEM).The approach is designed to predict the retention and clogging
of fines, factoring in surface forces and the impact of gravity forces due to density variations between
the fines and the saturating brine.

To accurately represent the complex pore structures and simulate particle movement within the
rocks, we use a three-dimensional X-ray computed microtomography image of Bentheimer sand-
stone. An innovative feature of our method is the use of a dynamically adaptive CFD mesh, which
refines itself in areas dense with particles to better resolve the intricate fluid flow around them.
We track particle trajectories and link them to specific pores and throats within the rock sample.
Furthermore, we apply a method to compare the pair-wise trajectories of particles with different
density, injected in a flux-weighted procedure through the inlet. This allows us to analyze how par-
ticle retention varies within the sandstone, considering the flow direction for fines with different
densities. For heavier fines, we observe an interesting spatial variation in particle trapping, suggest-
ing that gravity aids their movement in the direction of gravitational pull, but hinders it along the
flow path. Our findings reveal that denser fines can move further along the flow path due to two key
mechanisms: their ability to pass through gravitationally lower throats and the alterations in flow
pathways caused by pore clogging.
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Fractured horizontal wells are widely utilized to develop tight gas reservoirs. Accurate productivity
prediction of horizontal wells intercepted by complex hydraulically induced fractures is highly chal-
lenging due to fracture branching, bending, extending, and reversing in tight rock formations. Ac-
counting for complex tree-shaped fracture geometries in reservoirs, this study proposes a cross-scale
model of gas flows from the matrix to fractures. Using the proposed framework, the well produc-
tivity can be calculated in fractured gas reservoirs with any pore size and a fracture-controlled unit.
The novelty of this study is that the total factor characteristics of fractures (i.e., length ratio a, width
ratio b, branching angle θ, and branching level n), pressure drop coupling between the reservoir and
fracture, and gas flow regime in different scale channels can be perfectly considered in the proposed
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model, from which the key contributions to well productivity are derived. Subsequently, the validity
of the proposed cross-scale model is evaluated in comparison with the results of Ning et al. model
and field well testing. The characteristic length L0,i, fracture effective width wf, stimulated reservoir
volume Vf, fracture pressure pf, pressure gradient Gf, effective permeability kf and flow conductivity
Cf of tree-shaped fractures are derived using the proposed model. The results show that the well
productivity is jointly determined by Gf and Cf. Moreover, the well productivity mostly depends
on a and n, and it is little influenced by b. In contrast, it is almost unaffected by θ. Compared to
a straight fracture, a tree-shaped fracture with characteristic parameters of a = 0.9 and n = 3 can
dramatically enhance the productivity by 32 % (b = 0.5; θ = 30◦). In contrast, a tree-shaped fracture
slightly increases the productivity by only 3 % when b increases from 0.1 to 0.9 (a = 0.2; θ = 30◦; n
=3). Furthermore, when θ is increased from 0◦to 90◦, the productivity of a well with a tree-shaped
fracture decreases by 3 % (a = 0.2; b = 0.6; n = 3). Hence, the study findings will contribute to the
exploitation of tight gas reservoirs.
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Shale is not only a source rock, but also a reservoir rock, and its porosity evolution characteristics
have an important influence on the generation, migration and accumulation of oil and gas in the shale
formation. Bymeans of integrated experiments of hydrocarbon generation simulation, conventional-
overburden porosity analyses, and field emission-scanning electron microscopy (FE-SEM) imaging,
the porosity characteristics of Wufeng-Longmaxi Formation at different well locations in southern
Sichuan Basin of China were studied. The evolution patterns and influencing factors of inorganic
porosity, organic porosity and total porosity were discussed, and a quantitative model of porosity
evolution in this area was established. The results show that with the increase of effective pressure,
the total porosity gradually decreases, but the rate of decrease gradually slows down, and its vari-
ation characteristics are affected by the contents of total organic carbon (TOC) and clay minerals.
Inorganic porosity is mainly controlled by burial depth; with the increase of depth, inorganic poros-
ity continuously decreases. In addition, she main factors affecting the extent of organic porosity
include TOC contents, organic matter maturity and burial depth. The evolution patterns show that
the porosity in this area generally shows a trend of initial rapid decrease, then slow decrease and
finally gradual increase. Among them, in the early stage of formation burial, the inorganic porosity
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decreases rapidly and then slowly, while the organic porosity increases rapidly & slowly and de-
creases gradually. Furthermore, the overall total porosity decreases continuously, but shows a slow
increase trend in the later uplift stage.
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In this work, a hydro-mechanical model for complex hydraulic fracture propagation in deep forma-
tions is developed based on the Drucker-Prager plasticity theory, Biot’s theory, Darcy’s law and Kir-
choff’s law. A global embedded cohesive zone model is proposed for the free evolution of hydraulic
fractures and the characterization of natural fractures. The finite element method and finite volume
method are used simulate stress field and pressure field, respectively. A mixed numerical scheme
is constructed to solve the strong nonlinear coupling problem by combining Newton-Raphson it-
eration, fixed-stress iteration, and Picard iteration. Finally, the proposed model is verified against
several reference cases and the influences of the plastic deformation on the simultaneous propaga-
tion of multi-fractures are investigated.
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The adsorption of nanoparticles on the pore surface could change surface wettability and slip length,
which is dominant for EOR during nanofluid flooding. It is of great value to understand the adsorp-
tion mechanism of nanoparticles on the pore surface. The interactions between nanoparticles and
pore surface include four significant and common forces, such as Van der Waals force, electrostatic
force, attractive hydrophobic force, and repulsive steric force.
Forces were measured directly with the colloidal probe technique of atomic force microscope (AFM),
which permits colloidal particles to attach to the cantilever. The forces, obtained in solutions with
different salinity, varied from repulsive to attractive, which could be well fitted with the four forces
mentioned above. Different forces exert their effects at different distances, among which the action
range of Ver der Waals force (about 5 nm) is the least and that of electrostatic force (nearly 40 nm)
is the largest. Based on the analysis of the theoretical equations, salinity is the most significant in-
fluence factor.
Molecular dynamics simulation was employed to verify the effect of different factors on the inter-
action between nanoparticle and pore surface. The all-atom models of nanoparticles were modi-
fied with alkanes of different densities and lengths to evaluate the repulsive steric force. Different
ions with verified concentrations were added to the system to analyze the electrostatic force. The
attractive hydrophobic force was assessed by calculating the radial distribution function of water
molecules around nanoparticles. The conclusion obtained from molecular dynamics simulation is
consistent with the experiment.
The nanoparticles transport with the nanofluids in real pores and throats, meaning the adsorption
of nanoparticles is related to the drag force and lift force, which is generated by the flow of liquids.
With this fact, the mechanical equilibrium equation of the nanoparticles adsorbed on the surface
was established, based on which the maximum adsorption thickness was calculated. The degree of
adsorption of the nanoparticle layer on the pore surface could be significantly enhanced by slightly
increasing salinity. Our results provide useful insights into the adsorption mechanism of modified
nanoparticles on pore surfaces, with important implications for the effective and economical appli-
cation of nanofluid flooding in different reservoirs.
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An efficient management of a CO2 storage site requires an uncertainty assessment for storage capac-
ity and injectivity. For the case of a saline aquifer onshore Denmark, an unsteady-state core-flooding
experiment was conducted in order to assess a potential risk of CO2 injectivity impairment. The ex-
perimental results indicate that the rock mineralogy, samples permeability, and samples dimensions
were essentially unaffected by CO2 flooding, but precipitated salt and some fines were detected after
the end of experiment.

The experimentally obtained differential pressure readings and the brine effluent volume are history-
matched to estimate the uncertainty range of the saturation functions for the two-phase water-
scCO2 system. The Brooks-Corey (1964) parametrization is used for the relative permeability func-
tions, and the Skjaeveland et al. (1998) parametrization –for the capillary pressure function. The
fluid system is modelled with the Peng-Robinson equation of state for the aqueous phase with CO2
dissolution, geochemical reactions, and with salt precipitation. An implementation of this model
with a commercial simulator GEM (CMG, 2022) appears to be computationally expensive for multi-
ple forward solutions; a faster simplified two-phase immiscible model, built using MRST (Lie, 2019),
is used as a proxy to the full model.

A global search method with multiple starting guesses is used to obtain a number of non-unique
solutions to the inverse problem using the MRST model. However, the used forward solver is pro-
hibitively slow for a Bayesian uncertainty quantification of the problem at hand.

A feedforward neural network is set up to approximate the mapping between the tuples of Brooks-
Corey-Skjaeveland parameters and the values of the residual between the experimental results and
the MRST predictions. The neural network, trained on the convergence history of the global search
method, reaches good accuracy overall with Pearson’s correlation coefficient up to 0.99 and several
orders of magnitude speedup as compared to the forward solver run time.

The history-matched values of the optimization parameters are interpreted as samples of a Gaussian
prior distribution. It is shown that the parameters of the capillary function are subject to larger
uncertainty, as compared to the parameters of the relative permeabilities. The posterior distribution
is obtained by evaluating the joint distribution for small values of the residual. Using the neural
network as a forward problem solver allows to sample the posterior distribution and to obtain the
maximum a posteriori estimation of the sought optimization parameters.
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This work employs a series of cutting-edge micro/nanofluidic devices and approaches to investigate
the miscibility characteristics between CO2 and oil, the diffusion properties of CO2 into oil, the
saturation pressures of reservoir fluids, as well as the mutliphase flow of CO2 flooding and huff-n-
puff within in micro/nano-confinement.
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The accurate modeling of the three-dimensional structure of porous media is important for the
study of the linkage between the microscopic characteristics and the macroscopic physical proper-
ties/phenomena. Multi-scale pore structures are widely distributed in nature and industry. However,
due to the tradeoff between field of view (FOV) and resolution, it is difficult to obtain high-resolution
images with a large field of view in a single imaging process. High-resolution images with small field
of view can capturemore detailed features, but lack representation of the entire microstructure. Low-
resolution structures with a large field of view are more representative, but lack detailed features.
Multi-scale fusion reconstruction is an effective way to model large-view and high-resolution struc-
tures. Previous studies have shown that the method based on deep learning in particular has great
potential in multi-scale reconstruction. In this paper, we propose a feature alignment Generative
Adversarial Network (FAGAN) to achieve multi-scale fusion modeling of digital core images, which
combines 2D small-FOV high-resolution images (2D HRI) and 3D large-FOV low-resolution images
(3D LRI). There are dimensional differences between 2D image features and 3D image features, and
3D feature space can represent 3D spatial structure more accurately. Therefore, the generator of FA-
GAN uses a two-stream network to extract the semantic features of 3D LRI and 2D HRI respectively.
A feature reconstruction module is designed to convert 2D image feature F2D into 3D feature repre-
sentation F(2D∼3D), so as to realize the feature fusion of 2D HRI and 3D LRI in 3D feature space. The
semantic consistency ofF2D andF(2D∼3D) is constrained by combining the feature space alignment
loss function (FSAloss). In addition, a feature alignment module is designed to align F(2D∼3D) with
3D LRI semantic feature F3D to ensure the correct fusion of features. The visualization results show
that the structure generated by the model follows both the spatial geometry of 3D LRI and the fine
details of 2D HRI. The validity of the reconstructed results is further verified by the statistical param-
eters (two-point correlation function, pore diameter distribution, shape factor distribution, etc.) and
numerical analysis (permeability, etc.) of the reconstruction structure and the real structure.
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In China, continental shale oil reservoirs are featured with extremely low porosity and permeabil-
ity, where oil is greatly subjected to solid–liquid adhesion force. The organic matter–oil adhesion
force plays a crucial role in shale oil occurrence and movability in shale reservoirs. To effectively
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characterize the organic matter–oil adhesion force, this paper presents an AFM testing method to
measure the adhesion force and derives the formula of pressure distribution with the adhesion force
as the major flow resistance. It is found that organic matter shows the largest roughness, followed
by felsic; and pyrites and interstitial materials show the smallest roughness. Organic matter exhibits
larger average grain size, but smaller pore number than felsic. Given a similar organic matter ma-
turity, the organic matter–oil adhesion force decreases with increasing content of light components.
If pore wall length in organic matter is larger than the ultimate flow distance, adsorbed oil will not
be desorbed to form free oil; on the contrary, adsorbed oil will be desorbed and turn into free oil.
Hydraulic fracturing can raise reservoir pressure and the ultimate flow distance of adsorbed oil, thus
allowing more adsorbed oil to be produced.
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1 Yangtze University

CorrespondingAuthors: huanglijuanupc@163.com, lizf@yangtzeu.edu.cn, 2074697358@qq.com, 775910483@qq.com,
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The feasibility of CO2-assisted associated gas in enhancing oil recovery is discussed. Firstly, one-
dimensional gas flooding experiments are performed under 50 MPa and 112 ℃. Results show that
CO2 flooding, natural gas flooding, associated gas flooding, and N2 flooding can recover 90.3%, 88.3%,
75.5%, and 60.7% oil, respectively. Secondly, numerical simulations of gas flooding at field scale are
conducted. Analysis show that enhanced cumulative oil production of gas flooding is determined by
oil components extraction effect and gas flooding swept area. The oil components extraction effect
of CO2 is better than natural gas, but CO2 flooding swept area is the smallest among CO2 flooding,
natural gas flooding, associated gas flooding, and N2 flooding. The swept area of associated gas
flooding and N2 flooding is larger than natural gas, but their oil components extraction effects are
too low. Therefore, the enhanced cumulative oil production of natural gas flooding is the highest.
Finally, gas components optimization is conducted using particle swarm optimization, genetic algo-
rithm, simulated annealing algorithm, and surrogate optimization. Optimization results show that
gas composed of about 20 mol.% CO2 and 80 mol.% associated gas can coordinate oil components ex-
traction and swept area best. The cumulative oil production of optimized gas flooding is about 6.4%,
2.0%, and 0.3% higher than associated gas flooding, CO2 flooding, and natural gas flooding, respec-
tively. The study provides valuable guidance for enhancing cumulative oil production, sequestrating
CO2, and recycling associated gas.
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Differences in acid dissolution patterns of carbonate reservoirs
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Acidizing and acid fracturing are important production enhancement measures for reservoir stim-
ulation in carbonate reservoirs, and the numerical simulation method is often used to study the
mechanism of acid dissolution. In the numerical simulation of acid dissolution in carbonate reser-
voirs, the three-dimensional model can better reflect the details of acid-etched morphology than the
two-dimensional model. Furthermore, the three-dimensional model considers the heterogeneity in
the third direction, so it can obtain a more realistic acid-etched morphology, which is conducive to
achieving a precise simulation of acid dissolution. However, compared with the two-dimensional
model, the large number of grids in the three-dimensional model leads to problems such as high
computational workload, low computational efficiency, and poor convergence of results. To clar-
ify the accuracy difference between the two-dimensional and three-dimensional models, the distri-
bution diagrams of the two-dimensional model under the same conditions are compared with the
cross-sectional distribution diagrams of the three-dimensional model, and the specific reasons for
the accuracy difference are identified. In addition, there are differences in breakthrough volumes
between the two-dimensional and three-dimensional models under different dissolution patterns.
When they are face, conical, ramified, and uniform dissolutions, the breakthrough volumes of the
two models are similar. However, when it is wormhole dissolution, the breakthrough volumes of
the two models differ significantly.
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Evaporation in porous media with salt precipitation
Author: Rui Wu1

1 Shanghai Jiao Tong University
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Visualization experiments are performed to disclose the salt precipitation and gas-liquid displace-
ment in microfluidic pore networks during evaporation. Two forms of salt precipitation are revealed:
aggregated polycrystalline structures and large bulk crystals. It is found that gas bubbles can be
formed because of imbibition of liquid into aggregated polycrystalline structures. The length of a
corner liquid film can affect the direction of growth of the aggregated polycrystalline structures con-
nected to the corner liquid film. Discontinuous corner liquid films can be transformed to continuous
ones when they are touched by growing aggregated polycrystalline structures. The “sleeping” aggre-
gated polycrystalline structures at the open surface of a microfluidic pore network, i.e. efflorescence,
can grow again if they are touched by growing aggregated polycrystalline structures inside the mi-
crofluidic pore network, i.e. subflorescence. Because of efflorescence, the evaporation rate from a
microfluidic pore network can increase first and then decrease. In addtion, the distribution of the
precipitated salts also depends on the thermal gradient along the microfluid pore networks.
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CO2 Sequestration under Coupled Stress-Strain and Adsorption-
Strain
Author: hongzhang wang1

Co-authors: Jinyuan Zhang 1; Junping Zhou 1

1 Chongqing University
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Shale gas as a relatively efficient and clean energy, has attracted more and more attention in recent
years. At the same time, the climate crisis mankind faced is becoming more and more serious, in
this context, carbon capture, utilization and storage (CCUS) is regarded as the best technical path
to achieve carbon reduction and carbon neutrality. Since CO2 and CH4 exist in the surface of shale
matrix at the same time, competitive adsorption will occur, and the adsorption capacity of CO2 in
shale is better than that of CH4, and the adsorption site of CH4 can be occupied by CO2, which also
replace CH4 from adsorbed state to free state. Using CO2 to enhance shale gas recovery and achieve
CO2 storage (CO2-ESGR) can effectively improve shale gas recovery and reduce carbon emissions. In
order to better explore the effects of reservoir adsorption characteristics, reservoir parameters and
injection parameters on CO2-ESGR, which mainly considered Langmuir volume ratio, adsorption
strain constant ratio, competitive adsorption parameters, initial porosity and pressure of reservoir,
injection rate and timing, a new numerical model was established based on the coupled stress-strain
model and adsorption-strain model of CO2-ESGR process. In this model system, only CO2 and CH4
components in shale reservoirs are considered for numerical simulation.
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tion on the Phase Behavior of Shale Gas Condensate Reservoirs

Author: Fei Peng1

Co-authors: Keliu Wu 1; Qingyuan Zhu 1; Shengting Zhang 1; Jianfei Bi 1

1 China University of Petroleum (Beijing)

CorrespondingAuthors: jianfei_bi@outlook.com, 2022310169@student.cup.edu.cn, kwu@cup.edu.cn, 2021310161@stu-
dent.cup.edu.cn, waynepf@163.com

Page 424



InterPore2024 / Book of Abstracts

Extensive research has been conducted on the thermodynamic phase behavior at the nanoscale.
However, there is limited investigation on the nanoconfinement effect on the phase behavior of
hydrocarbons considering the shale expansion induced by the interaction between supercritical car-
bon dioxide and shale.

In this study, a theoretical model has been developed to describe the expansion of shale caused by the
adsorption of supercritical carbon dioxide, resulting in a reduction in the surface potential energy.
The developed model assumes that the surface potential energy change caused by the adsorption is
equal to the change in elastic energy of the shale matrix, which is based on energy balance approach.
Subsequently, a modified Peng-Robinson equation of state model was extended to investigate the
effect of the shale expansion on the phase behavior of hydrocarbons.

The results indicate that the effects of supercritical carbon dioxide -shale interaction on the phase
behavior of nanoconfined hydrocarbons are not only dependent on the pore radius but also on the
pressure and the adsorption capacity of supercritical carbon dioxide. When the pore radius is greater
than 50nm, the impact of shale expansion induced by the adsorption of supercritical carbon dioxide
on the nanoconfinement effect is limited. Nevertheless, the nanoconfinement effect becomes promi-
nent within 50nm for pore radius, and it strengthens with increasing pressure and carbon dioxide
saturation in shale. The calculated results shows that minimum miscibility pressure (MMP) in 10nm
pores is 6.7% lower than the MMP for bulk phase.

This study will shed valuable insights into the phase behavior of fluids in nanopores and the carbon
dioxide storage in deep shale.

Keywords: Supercritical carbon dioxide, Shale, Nanoconfinement, Phase behavior, Peng-Robinson
equation of state
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The medium-high permeability sandstone reservoir has the advantages of high permeability and
porosity, low cementation degree, and strong oil and gas migration ability. The reservoir rocks are
mainly composed of clay minerals and fine silty particles. In the long-term water flooding develop-
ment process, the scouring effect of water will cause clay minerals to fall off and migrate, and the
reservoir structure and properties will change, thus altering the oil displacement mechanism.
To improve the understanding of the change in rock physical properties and the capture and mi-
gration mechanism of internal multiphase flow during long-term water flooding, experiments on
sandstone cores with different permeability and porosity were carried out. Based on CT scanning
technology, the pore network model is constructed to study the change in rock pore throat struc-
ture during high-speed and long-termwater flooding. Combinedwith X-ray diffraction, SEM images,
and core flow experiments, the evolution mechanism of reservoir physical properties is discussed.
On this basis, the occurrence types, distribution characteristics, and formation mechanism of micro-
scopic remaining oil are studied, and the distribution characteristics of remaining oil in long-term
water flooding and short-term water flooding are compared.
The results indicate that the heterogeneity of the core pore structure affects the location and mor-
phology of residual oil, resulting in different dominant types of residual oil within sandstone cores
with varying permeability. In addition, the improvement of pore throat structure and the trans-
formation of wettability are inherent reasons for long-term water flooding to improve oil recovery
efficiency.
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A pore-scale investigation of dispersion in two-phase flow with
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Dispersion in partially saturated porous media has many applications in scientific and engineering
fields. For example, in carbon dioxide capture and storage (CCS), dispersion increases the mass trans-
fer rate and accelerates the dissolution process in large background velocity field (Tsinober, 2022).
In this study, we create a steady-state system that mimics a depleted oil field where salty water and
oil co-exist. A tracer cloud is injected into a cylindrical container where sands are densely packed,
representing a supercritical CO2 cloud that can mix with the surrounding water in a porous media.
The impact of oil viscosity on dispersion behaviors was investigated in a large range of viscosity
contrast of non-wetting phase and wetting phase from 0.65 to 500.
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The results inform dispersion scale was drastically extended with the increase of viscosity contrast.
An increase in viscosity contrast yields more heterogeneities of the local velocity field generated by
trapped oil with a wide variation of its volumes. The local heterogeneity causes surface distortions
and increases the interfacial area of the tracer cloud and surrounding brine water. The dispersion
coefficients vary with time and exhibit abnormal behaviors, especially when the oil viscosity is large.
These results can be attributed to the fact that the oil phase becomes disconnected, and the volume
of trapped oil decreases as the oil viscosity increases (Suwandi et al., 2022). An oil film is observed,
where oil is sandwiched by sand and water and narrows pore spaces. The velocity of the water
phase exhibits an extensive range of fluctuation, which may contribute to the enhanced dispersion
and mixing state, even with the low connectivity of the water phase.
This study provides insights into dispersion in porous media where oil and water co-exist with var-
ied oil viscosities at both the large and pore scales, which may provide an insight into the storage
condition of CO2 in partially saturated porous media (Li, 2022).
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The geological storage of CO2 involves the interaction of non-equilibrated fluids (connate water and
injected fluid) which then equilibrate over time. The CO2 phase diagram and solubility of CO2 in
water adds significant complexity to this process. Namely, the existence of concentration gradients
surrounding fluid-fluid interfaces may impact on wettability or more general on surface conditions.
These pore-scale mechanisms make the prediction of fluid movements a challenging task.
Our research investigates the behaviour of the gas-liquid interface due to the variation in solubility
dynamics by numerically simulating the spontaneous capillary imbibition of water into a gas-filled
medium. An open-source simulation software featuring the “hybridPorousInterFoam” package is
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utilized, where the formation of two-phase interfaces is achieved by setting the initial fluid distri-
bution and using the VOF (Volume of Fluid) method to calculate the liquid volume fraction in each
cell, thereby accurately tracking the fluid-gas interface positions between as well as calculating the
changing fractional fluid composition on either side of the moving interface. Subsequently, the sim-
ulation accurately reflects the physical behaviour at these interfaces by incorporating the effects of
capillary forces and gravity.
This package allows the input of a distribution of contact angles to set the boundary conditions on
the solid surface. Here we introduce additional functionality to model the concentration gradient
evolution around the moving interfaces and account for the change in contact angles accordingly.
We demonstrate the capabilities of the new solver packages on a set of basic geometries, investigat-
ing the impact of solubility (e.g., due to temperature variations) on the resultant fluid configurations
and displacement efficiency.
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Hydraulic fracturing is one of the most important technique for the development of tight glutenite
reservoirs. The strong heterogeneity of the sand and gravel particles make it difficult to compre-
hensively understand the fracturing mechanisms of glutenites. Most of the existing studies have
been mainly focused on the effects of injection rate1, stress differential2, and fracturing fluid viscos-
ity[3], However, there still lacks a systematic consideration of the impact of glutenite heterogeneity
especially on the aspects of matrix and gravel bonding interface strength and gravel mechanical
properties.
Therefore, the aim of this study is to reveal the effects of interface bonding strength and gravel
properties on the fracture evolution of glutenite at the pore scale. The heterogeneity of the matrix,
gravel particle, and interface strength are considered by a global cohesive zone model. Heterogene-
ity is achieved by assigning different strengths and critical fracture energies to the cohesive elements
of matrix, gravel, and interface. The simulation is validated by comparing the results with existing
experimental observations[4].
We first discussed the fracturing of a model glutenite with the same size gravel particles but different
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interface bonding strength and gravel properties. We established a phase diagram to fast evaluate
the crack propagation mode by using the ratios of critical tensile energy of gravel to matrix and
matrix to surface. To get closer to the real glutenites, we also considered more complexed glutenites
composed of three kinds of gravels with different sizes, bonding strengths and mechanical proper-
ties. Modeling results indicate that hydraulic fractures tend to propagate along the path with the
minimum critical fracture energy. The differences in strength between gravel and interface lead
to alterations in the propagation path and speed of hydraulic fractures, significantly impacting the
length of hydraulic fractures.
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Natural gas hydrate is a potential new type of energy, mainly found in sediments in marine or
terrestrial permafrost regions. The content, distribution, and growth or decomposition of natural
gas hydrates in sediment pores or fractures, greatly affect the physical properties of the medium.
This study mainly introduces the experimental techniques and methods for micro and nano scale
imaging of porous media containing natural gas hydrates based on Micro-CT and Cryo-SEM. In
response to the observation needs of natural gas hydrates at low temperature or high pressure, a
dedicated auxiliary observation container has been independently developed, which can observe the
microscopic morphological changes of hydrate growth and decomposition processes. At the same
time, a non-destructive transfer device suitable for CT and SEM scanning was also designed, aimed
at conducting CT and SEM imaging observations on the same sample, achieving joint observation of
CT images and SEM images. In addition, a fusion method for micrometer and nanoscale digital core
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images has been developed, which utilizes self supervised learning algorithms in machine learning
to achieve a 2x and 4x increase in spatial resolution of CT images.
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Depleted gas reservoirs have large storage capacity, pre-proved containment security, in-place de-
pleted gas, and well-established surface infrastructures, thus are viewed as the most feasible hy-
drogen storage space. However, the impacts of depletion time, volume ratio (V RH2:CH4/CO2

) of
hydrogen (H2), depleted gas (mainly CH4) and cushion gas (e.g., CO2), and injection/withdrawal
mode on hydrogen storage performance have not been systematically studied. Therefore, we exam-
ined these impacts using a numerical simulation method. The results demonstrate that: 1) As the
V RH2:CH4

decreases from 100% : 0 to 50% : 50%, both H2 withdrawal factor (WF−H2
) and purity

(WP−H2
) firstly increase and then decrease; during the 1st withdrawal cycle, the highestWF−H2

is
42% and the smallestWP−H2 is 51%, both of which occur at the V RH2:CH4 = 60% : 40%. 2) In case of
CO2 as cushion gas, WF−H2 and WP−H2 are decrease as the V RH2:CO2 increases from 50% : 50%
to 25% : 75%; during the 1st withdrawal cycle, the highestWF−H2 is 38% and the smallestWP−H2 is
50%, both of which occur at the V RH2:CO2 = 25% : 75%. 3) A smaller H2 withdrawal rate (WR−H2 )
results in a lower WF−H2

, but a higher WP−H2
, e.g., at the V RH2:CH4

= 60% : 40%, WF−H2
and

WP−H2
are 42% and 51% at WR−H2

= 100×104 Sm3/day, respectively, while they become 31% and
64%, respectively, at WR−H2

= 50×104 Sm3/day. These simulation results indicate that cushion gas
injection is beneficial to reducing hydrogen loss, and depleted gas can be used as cushion gas. Deple-
tion time and the ratio of hydrogen, depleted and cushion gas have significant influence on hydrogen
storage performance. These insights provide important guidance for industrial hydrogen storage in
depleted gas reservoirs.
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The acid fracturing process involves the formation of wormholes and the propagation of fractures,
which interact with each other. Wormhole formation leads to changes in porosity, permeability, and
rockmechanical parameters, thereby affecting fracture propagation. Conversely, the formed fracture
significantly affects reactive transport. In order to capture this interaction, a modified phase field
model has been developed to comprehensively consider the hydro-mechano-reactive flow coupling
effect during the acid fracturing process. Drawing inspiration from the two-scale continuummethod,
the proposed model solves fluid flow, concentration diffusion, mechanical deformation, and phase
field evolution at the Darcy scale while capturing the variation of porosity, permeability, and rock
mechanical parameters at the pore scale. The displacement field is discretized using the finite element
method, and the pressure and concentration fields are discretized using the finite volume method.
An efficient iterative scheme is proposed to solve the fields based on the fixed-stress split method.
Method verification and numerical calculations are performed to investigate the interaction between
wormhole formation and fracture propagation.
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Thermodynamically consistent modeling and simulation of two-
phase flow and multicomponent flow in porous media with rock
compressibility
Author: Huangxin Chen1
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In this talk we will introduce a thermodynamically consistent mathematical model for incompress-
ible and immiscible two-phase flow in porous media with rock compressibility. An energy stable
numerical method will be introduced, which can preserve multiple physical properties, including
the energy dissipation law, full conservation law for both fluids and pore volumes, and bounds of
porosity and saturations. Furthermore, an energy-stable and conservative numerical method for
multicomponent Maxwell-Stefan model with rock compressibility will also be discussed.
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The exploration and development of shale gas have received great attention in the world due to the
large amount of reserves and successful technical progress in horizontal well drilling and massive
hydraulic fracturing. However, the nanoscale pore structure with diverse shape and limited internal
space presents a challenge for understanding the transport mechanism. When methane molecules
are confined in nanopores, the adsorption process takes significant influence on shale gas transport
and can no longer be neglected. Therefore, the equilibrium molecular dynamics (MD) simulation is
performed on methane adsorption in nanopore to study the dynamics behaviors of methane under
different temperature, pressure, specific surface area, pore size and adsorption layer thickness condi-
tions. It has been found that the methane density and temperature show negative linear correlation
. The methane adsorption capacity gradually increases with the increase of pressure and specific
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surface area, and the adsorption concentration in narrow pores is higher due to the superposition
of adsorption layers . The thickness of adsorption layer has a significant impact on the adsorption
behavior of methane. The continuous multiple layers may interact with each other, leading to in-
creased gas absorption compared to that of single layer. The results provide a theoretical basis for
studying gas transport through nanopores in shale matrix.
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TheMiddle East has become the largest overseas oil production base of China, where marine porous
carbonate reservoirs are widely-distributed. Large recoverable reserves are still unexploited, imply-
ing a great potential to obtain higher oil production. Influenced by pore type, multi-modal pore
structure, initially oil-wet or mixed-wet condition, the microscopic displacement efficiency is rela-
tively low, only 40%~60%. Using ion-matched surfactant flooding to carry out wettability control
from initially oil-wet or mixed-wet to water-wet, oil recovery ratio of marine carbonate reservoirs
can be remarkably increased. Ion-matched surfactant flooding has been regarded as an attractive
technique to greatly improve oil recovery after waterflooding in marine carbonate reservoirs. How-
ever, pore-scale mathematical models of wettability control by ion-matched surfactant flooding have
not been reported in the literature. It is unclear about the pore-scale fluid flow mechanism during
wettability control.
To tackle these issues, core samples from a typical carbonate reservoir in the Middle East were se-
lected. Multi-modal pore structure image data were acquired by micro-focus X-ray CT scans. The
study employed the U-Net fully convolutional neural network deep learning semantic segmentation
algorithm. With a limited amount of image data, it accurately identified and constructed a digi-
tized core model of the multi-modal pore structure. A pore-scale fluid flow mathematical model
for LSW-S system infiltration control and lattice Boltzmann simulation method were then estab-
lished by describing major physical-chemical processes such as oil/water two-phase flow, wettabil-
ity alteration, solute convection-diffusion, surfactant adsorption/desorption and reducing oil/water
interfacial tension. By comparing with classical equation analytical solutions, the accuracy of the
simulation results was verified. The study investigated the impact of factors on pore-scale fluid flow
characteristics of enhanced oil recovery through infiltration control, including displacement system,
ion-concentration, capillary number, and wettability .
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The research results indicated that due to local adsorption-desorption imbalance, both LSWdrive and
LSW-S drive caused dynamic changes in rock wettability, effectively detaching oil film but without
altering the flow path of the displacing medium. In porous carbonate rocks, the sequence of pore-
scale oil displacement efficiency was: LSW-S > LSW > HSW. A lower concentration of ion-matched
water facilitated the detachment of oil films and droplets from small pores. A lower concentration
of ion-matched water was more conducive to detaching oil films and droplets from small pores. Ion
concentration mainly affected the relative permeability of the oil phase and had a minor impact
on the relative permeability of the water phase. The capillary number had a significant impact on
oil displacement efficiency and fluid microscopic distribution. As the capillary number increased,
the force of fluid driving increased, leading to a significant increase in both oil and water relative
permeabilities. With rock wettability transitioning from oil-wet to neutral wetting, the oil phase’s
relative permeability increased, while the water phase’s relative permeability decreased. Under neu-
tral wetting conditions, ion-matched water exhibited pronounced effects on infiltration control, sub-
stantially increasing the relative permeability of the oil phase and mobilizing microscopic residual
oil.
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Oscillation Method for Measuring Gas Storage in MCM-41
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2 Colorado School of Mines
3 Eastern Institute of Technology, Ningbo
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The total storage of gas in a mesoporous material MCM-41 with adsorption/capillary condensation
was measured using a new oscillation-based method. With an improved setup and procedure, the
accuracy of the measured isotherm was significantly improved. Experiments were conducted using
both condensable (propane and carbon dioxide) and non-condensable (argon and methane) gases.
The results show that this method can be used to measure not only the total storage of gas but also
the excess due to adsorption/capillary condensation with considerable accuracy. In experiments
conducted with propane, the occurrence of capillary condensation, which increased the total storage
of gas, was well depicted.
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Wave Velocity Dispersion and Attenuation in Partially Saturated
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The understanding of the seismic signature of the partially saturated formation is critical to seismic
monitoring in the hydrogen geo-storage, CO2 geo-sequestration and geophysical survey and explo-
ration of oil and gas reservoir. The main objective of this study is to model the wave propagation
in partially saturated rocks containing two immiscible fluids (i.e., gas-water), with a comparative
case study on hydrogen (H2), methane (CH4), nitrogen (N2) and carbon dioxide (CO2) bearing rocks.
The sonic velocities and the attenuations are influenced by several parameters, which interact in a
complex pattern, particularly when the rock is saturated with multiple fluids. We developed a rock
physics model that considers the effects of patchy saturation, wettability, effective pressure, and
relative permeability. By examining wave propagation in each fluid-saturated case against water
saturation, we improve our understanding of changes in sonic velocity and attenuation during the
water saturation varies. This provides valuable insights for seismic and sonic monitoring during the
injection and extraction of gas in the reservoir formation.
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Quantifying the effective porosity of reservoir and source rocks:
Multi-scale and multi-approach studies
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Microscopic pore structure characteristics of both reservoir and source rocks (e.g., sandstones, car-
bonates, and mudrocks) –pore-size distribution, pore shape, and pore connectivity –control fluid
flow and chemical transport. Focusing on effective porosity, the portion of connected pore space as
conductive pathways to participate in flow and transport (�e ���„ as an indicator of macroscopic
connectivity), this presentation discusses various approaches to quantifying the effective porosity
for a range of oil and gas reservoir and source rocks. The approaches include pycnometry (liquid and
gas), pore and bulk volume measurement after vacuum saturation, porosimetry (mercury intrusion
porosimetry, low-pressure gas physisorption isotherm, water vapor adsorption/desorption isotherm,
nuclear magnetic resonance cyroporometry), imaging (X-ray computed tomography, Wood’s metal
impregnation, field emission-scanning electron microscopy SEM, focus ion beam-SEM), scattering
(ultra- and small-angle neutron and X-ray), the utility of both hydrophilic and hydrophobic fluids
as well as fluid invasion tests (imbibition, diffusion, vacuum saturation) followed by laser ablation-
inductively coupled plasma-mass spectrometry imaging of different nm-sized tracers. Our results
indicate a disparate characteristics and range of effective porosity, with a single-zone behavior and a
value of connectivity at approximately 70% for sandstones, as compared to “dual-connectivity zones”
at 70% and 0.01% for organic matter-rich mudrocks.
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Effect of dissolution and heterogeneity on supercritical CO2 inva-
sion in porous media: an experimental study using X-ray micro-
computed tomographic imaging
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In this study, with the utilization of quasi-dynamic X-ray micro-computed tomographic (MCT) imag-
ing, pore-scale fluid configurations were tracked for CO2 injected into two different brine-saturated
Bentheimer sandstone cores under conditions relevant to geologic carbon sequestration. CO2 injec-
tion was performed at low capillary number (Ca = 10−9) into cores saturated with live- and dead-
brine, consecutively. Two cores with different pore space characteristics were used to investigate
the impact of heterogeneity on the resultant fluid configurations. We also interrogated possible wet-
tability alteration during CO2 injection based on the obtained MCT images. We find that invasion
patterns continue to evolve long after breakthrough, with distinct and gradual saturation changes
occurring after decades of pore volumes injected. For one core, the invasion patterns for both live-
and dead-brine conditions eventually converge after 16.5 pore volumes; for the second core, the pat-
terns are distinct under the different injection conditions for up to 30.1 pore volumes. The presence
of pore-scale heterogeneities in the cores has a strong influence on the ultimate CO2 distribution
under the different conditions. It is expected that results from this study will contribute to better un-
derstanding of the pore-scale invasion of CO2 and ultimately, the field-scale application of geologic
carbon sequestration.
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Parallel thermo-hydro-mechanical coupling simulations based on
an embedded discrete fracturemodel on unstructured grids.
Authors: Tong Wang1; Jun Yao1

1 China University of Petroleum（East China）

Corresponding Authors: mrwtong1@gmail.com, rcogfr_upc@126.com

In this work, a parallel thermo-hydro-mechanic coupling reservoir simulation approach is developed
using an embedded discrete fracture model (EDFM) on unstructured grids. For the thermo-hydro-
mechanical coupling problem, the finite volume method is adopted to discretize compositional flow,
heat transform and poro-mechanical equations uniformly. In addition, a sequential implicit method
is employed to solve the nonlinear coupling problem. Moreover, the proposed simulation method
is massively parallelized based on a domain decomposition approach. A load-balanced domain de-
composition algorithm is proposed to improve the parallel efficiency, this algorithm can eliminate
the unbalance caused by the nonuniform distribution of fractures and the difference of the sparsity
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of fracture discretization stencil. A tiling technique and a non-blocking communication approach
are implemented for the block sparse matrix-vector multiplication operator used in linear solving.
Finally, this simulator is used for high-resolution parallel simulations in different engineering sce-
narios, including a multi-layer shale gas reservoir three-dimensional simulation and a deep high-
temperature fractured reservoir simulation. The parallel computational performance and scalability
are analyzed at different parallel scales.
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Previous dynamic permeability models often relied on simplified and assumed pore-scale parameters
such as average pore radius, potentially leading to inaccuracies. This study introduces a novel ap-
proach that directly incorporates measured pore size distributions, addressing these limitations and
providing a more realistic representation of fluid flow in porous media. Key findings include:

• Pore size distribution’s primary impact on dynamic permeability: The model demonstrates that
pore size and its distribution exert a first-order effect on dynamic permeability.

• Integration of measurable pore size data: The model utilizes pore size distributions obtained
from techniques like MICP or NMR, enabling direct incorporation of measured data for enhanced
model accuracy and applicability.

• Incorporation of slip boundary conditions for wettability effects: The model accounts for wetta-
bility’s influence on dynamic permeability, providing a more comprehensive understanding of
fluid flow behaviour in porous media with varying wettability characteristics.

Overall, this study presents a practical dynamic permeability model that overcomes limitations of
existing approaches by incorporating pore size distribution and wettability effects. This model holds
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significant potential for improved characterization and understanding of fluid flow in diverse porous
media applications, potentially leading to advancements in various fields.
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Sand migration during natural gas hydrate dissociation within
unconsolidated sediment
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Sand production is one of the main obstacles restricting gas extraction efficiency and safety from
marine natural gas hydrate (NGH) reservoirs. Particle migration within the NGH reservoir domi-
nates sand production behaviors, while their relationships were rarely reported, severely constrains
quantitative evaluation of sand production risks. This paper reports the optical observations of solid
particle migration and production frommicrometer to mesoscopic scales conditioned to gravel pack-
ing during depressurization-induced NGH dissociation for the first time. Theoretical evolutionary
modes of sand migration are established based on experimental observations, and its implications on
field NGH are comprehensively discussed. Five particle migration regimes of local borehole failure,
continuous collapse, wormhole expansion, extensive creeping, and pore fluidization are proved to
occur during depressurization. The types of particle migration regimes and their transmissionmodes
during depressurization are predominantly determined by initial hydrate saturation. In contrast, the
depressurization mainly dominates the transmission rate of the particle migration regimes. Further-
more, both the cumulative mass and the medium grain size of the produced sand decrease linearly
with increasing initial methane hydrate (MH) saturation. Discontinuous gas bubble emission, ex-
pansion, and explosion during MH dissociation delay sand migration into the wellbore. At the same
time, continuous water flow is a requirement for sand production during hydrate dissociation by
depressurization. The experiments enlighten us that a constitutive model that can illustrate visible
particle migration regimes and their transmission modes is urgently needed to bridge numerical sim-
ulation and field applications. Optimizing wellbore layout positions or special reservoir treatment
shall be important for mitigating sand production tendency during NGH exploitation.
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Carbon dioxide (CO2) sequestration in shale formations is regarded as an effective approach for
reducing CO2 emissions. Permeability is critical for CO2 geological sequestration as it impacts mi-
gration of CO2 in shale for mations. The effective stress coefficient for permeability (χ) scales the
relative influence of pore pressure on permeability compared to confining pressure. This study ex-
amined the changes in χ of dry and wet shale samples with different times of supercritical CO2
(ScCO2) exposure. The results suggest that, as ScCO2 exposure time increases from 0 to 40 days, the
χ of dry shale increases from 0.8304 to 0.9563, and that of wet shale increases from 0.8379 to 1.0134.
Wet shale exhibits a greater increase in χ than dry shale for the same exposure time. These changes
in χ may result from CO2-shale interaction that converts smaller-sized pores in shale into larger
sized pores, based on nuclear magnetic resonance (NMR) measurements. Furthermore, the presence
of water intensifies the response of shale to ScCO2, thereby enhancing this transformation. Our
findings provide insights into the accurate prediction of shale permeability evolution during CO2
storage, and can assist in optimizing CO2 injection strategies as well as evaluating the potential for
CO2 sequestration.
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Cardiacmicrovascular obstruction (MVO) is an injury of themyocardialmicrocirculation. It typically
follows successful recanalization of the blocked coronary artery (primary occlusion) in myocardial
infarction. MVO leads to under-perfusion of the affected tissue and has a negative impact on patient
outcomes. Next to other occluding factors, MVO may be caused by microthrombi (debris from the
primary occlusion) embolizing vessels of less than 200µm diameter 1.
For the systematic study of MVO and to test diagnostic and therapeutic approaches, we have devel-
oped a multi-scale in vitro model for MVO 2. It comprises a microfluidic chip modeling a branching
microvascular tree with vessel diameters ranging from 700 to 50µm. The chip is integrated into a
model of the coronary circulation which is coupled to a left-heart mock loop. This experimental
setup provides physiological flow conditions for the whole model. MVO is induced by injecting
porcine microthrombi (~200µm) into the microfluidic chip where they randomly distribute and em-
bolize some of the microchannels [3].
Infusion experiments with dye indicated that some microthrombi lead to a full occlusion of the
respective microchannel such that mass transport toward the occluding microthrombus is very inef-
ficient, whereas other microthrombi have a semi-occlusive or porous character such that advective
transport toward the microthrombus is possible. Furthermore, we found that periodic fluctuations
of the vessel volume, due to the contraction of the myocardium with every heartbeat, enable mass
transport also in occluded vessels (intramyocardial pumping effect, [4]), like squeezing and soaking
a dishwashing sponge.
Results from the dye infusion experiments suggest that it is possible to transport thrombolytic drugs
to the microthrombi such that they can resolve the occlusions and help to reestablish blood perfu-
sion to the myocardium. To identify the appropriate drug infusion protocol and the optimal drug
dosages, we developed a second microfluidic setup with a single straight microchannel and constant
flow. It ensures that the microthrombi in the chip are non-occlusive such that the drug can always
reach the microthrombi. We found that microthrombi can be lysed up to 75% over the course of 20
minutes of perfusion if the thrombi are first exposed to a high drug concentration (alteplase) for 90
seconds. These results will be applied to the experimental setup with the full microvascular tree and
intramyocardial pumping effect.
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Carbon capture and sequestration (CCS) plays a crucial role in facilitating low-carbon fuel adop-
tion during the clean energy transition. Clathrate hydrates are solid compounds consisting of gas
molecules enclathrated in crystalline lattices formed by water molecules. Specifically, CO2 hydrate
has become an attractive way for CO2 capture, storage and long-term sequestration. For CO2 cap-
ture, fixed bed reactor (FBR) configuration using porous media was reported to significantly enhance
the kinetics of the hydrate-based CO2 separation process. Porous media are beneficial as they can
provide more hydrate nucleation sites, tortuous pathways for fluid diffusion and sufficient gas-water
contact area. On the other hand, forming CO2 hydrates in deep marine sediment offers a secure so-
lution for long-term carbon sequestration due to their higher density than seawater, high stability
under moderate oceanic depths, and low susceptibility to oceanic flow perturbation. It is also pos-
sible to sequestrate CO2 in natural gas hydrate reservoirs via CO2-CH4 swapping and bring more
economic benefits by recovering natural gas. This work will highlight the research efforts carried out
by our group in the aforementioned aspects [1-6] and discuss the key roles of porous media in these
hydrate processes. The major challenges and prospects are also identified and highlighted.
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At present, various environmental problems have arisen globally due to climate change. In response
to the call of the national dual carbon policy, carbon dioxide geological storage technology is an
effective means to reduce carbon dioxide emissions. The purity of CO2 captured from mixed gases
in power plants, cement plants, and other industrial industries is usually limited, so it is particu-
larly important to study the wellbore injection and storage of mixed gases. This article establishes
the wellbore model based on the classic Ramey wellbore heat transfer model, updates and improves
the energy and momentum equations of the model, adds the influence of Joule Thomson effect to
the equations, analyzes and calculates the calculation method of physical properties parameters of
mixed gases. This article proposes to use the improved BWRS equation combined with advanced
engineering thermodynamics knowledge to calculate density, Joule Thomson effect coefficient, and
fluid specific heat capacity at constant pressure, By combining the viscosity correlation equation pro-
posed by Lucas and Chung to calculate viscosity, Colebrook’s implicit empirical method for solving
friction coefficients has been improved, and the total heat transfer coefficient has been iteratively
calculated using a thermal resistance model. The physical parameters of each node can be controlled
within 5%, and the error obtained by comparing the temperature and pressure field of the final model
with experimental data is within an acceptable range for engineering applications. We studied the
changes in temperature and pressure fields inside the wellbore when different components CH4, N4,
H2, and CO2 were injected into the wellbore under different molar fractions of mixed gas. And an-
alyzed the variation of the physical parameters of the mixed gas under various working conditions
with the depth of the wellbore, providing good theoretical guidance and reference opinions for ac-
tual CO2 storage projects.
Keywords: CO2 mixed gas; Numerical simulation; Multi component; sensitivity analysis
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Tracer monitoring technology is an effective means to detect and quantify the transport and leakage
in the CO2 storage process, which has been applied in the traditional oil and gas industry to achieve
certain results, but has not yet been successfully applied on a large scale in subsea storage. Diffusion
coefficient is an important parameter for analyzing the diffusion performance of CO2 tracer system,
so there is an urgent need to establish the test technology of CO2 and tracer transport in reservoir
to obtain the diffusion coefficients of CO2 and tracer. It is also necessary to analyze the influence
of different tracer concentrations on the diffusion performance of tracer to determine the most suit-
able tracer concentration.SF6 is chemically stable, has a low environmental background value, and
has a low adsorption amount in saline water layer; it has the same symmetric structure and closer
molecular weight than CO2, similar physical properties, and good tracer compatibility; and it can be
analyzed by infrared detector on-line, so SF6 is chosen as the tracer of CO2 in this study. Therefore,
SF6 was chosen as the tracer of CO2 in this study. In this study, diffusion experiments were carried
out in transparent high-pressure quartz capillaries at different temperatures and pressures with dif-
ferent gas mixture ratios in brine solutions of different concentrations, and the micro-laser Raman
spectroscopy in-situ testing technique was used to monitor the change of gas concentration in the
solution over time during the diffusion process in real time, calculate the diffusion coefficients under
the conditions of oceanic sequestration, and analyze the effects of various factors on the diffusion
coefficients. A model was also established to describe the relationship between the diffusion coeffi-
cient and the concentration of tracer added to determine the most suitable concentration of tracer
added.
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Due to extremely low permeability and undeveloped porosity in tight oil/gas reservoirs, hydraulic
fracturing is commonly used for efficient development. Displacement under pressure difference
and imbibition under capillary forces continuously occur in the matrix and fractures, facilitating oil
displacement by water. We employed CT online scanning and nuclear magnetic resonance for ex-
perimental setups, studying pressurized imbibition in fracture/matrix and integrated displacement-
imbibition. These setups were instrumental in calibrating the ranges of action during tight oil dis-
placement and imbibition processes, providing insights into energy storage mechanisms and factors
influencing enhanced oil recovery from hydraulic fracturing.
ThroughCT online scanning pressurized imbibition experiments and integrated displacement-imbibition
experiments on fracture/matrix cores, we investigated imbibition mechanisms and the impact of hy-
draulic fracturing on enhanced oil recovery. Real-time observation in CT experiments clarified im-
bibition distances for matrix and fracture cores, revealing varied recovery rates. A multi-core device
was designed to simulate the displacement-imbibition process in reservoirs with paths such as in-
jection well-production well and fracture zone-matrix tight zone. Nuclear magnetic resonance was
utilized to monitor the degree of utilization of different pore throats before and after displacement-
imbibition, quantifying the contribution ratio of displacement/imbibition to recovery and revealing
the combined oil recovery mechanism of displacement and imbibition.
The results of CT online scanning pressurized imbibition experiments indicate that the imbibition
distance along the parallel direction of the matrix core is 3.2 cm, with a recovery rate of 9.40%. For
the fracture core, the imbibition distance increased longitudinally along the parallel fracture surface
direction, with a recovery rate of 19.36%. After imbibition, the volume of the fracture core increased
by 1.5%, indicating that fractures can effectively enhance imbibition recovery. The opening of micro-
fractures can significantly increase the permeability of the formation, providing substantial insights
for optimizing oilfield production strategies.Results from the integrated displacement-imbibition ex-
periments reveal that the contribution ratio of displacement in the core is 70.18%, with the primary
utilization of medium-sized pores, while the contribution ratio of imbibition is 29.82%, with the pri-
mary utilization of micropores. Both sets of experiments demonstrate that pressurized imbibition
plays a significant role in the combined recovery process of reservoir displacement and imbibition.
The fracture zone is identified as the primary region where pressurized imbibition occurs in the oil-
field.
This study systematically unveils the imbibition patterns within the matrix and fracture zones of
tight oil and gas reservoirs, providing detailed measurements of the ranges and contributions of
displacement/imbibition. These findings offer profound and specialized insights into understand-
ing the reservoir energy storage mechanisms associated with hydraulic fracturing and optimizing
oilfield production strategies.
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Hydraulic fracturing has gradually increased as an important means to enhance production in deep
low permeability reservoirs. Whether proppant can maintain long-term high conductivity in frac-
tures has become a hotspot. Quartz sand has been widely used due to its affordability and easy
preparation. However, the strength of quartz sand is low. Under high closure stress, quartz sand is
crushed, producing fine particles that reduce fracture width and permeability of sand piles, resulting
in a rapid decrease in fracture conductivity. Therefore, it is crucial to study the fragmentation law
of proppants under high closure stress. For the study of the fragmentation law of quartz sand, a lot
of related experiments have been conducted both domestically and internationally, and quantitative
methods such as screening method and laser particle size analysis have also been formed, but there
are certain limitations. In this study, a new image processing-based quantitativemethod is developed
to determine the compression proppant crushing rate. Compared with conventional screening meth-
ods to verify accuracy, this method can more quickly and efficiently quantify the proppant crushing
rate. Subsequently, a crushing experiment of quartz sand was conducted using the proposed method,
and the proppant crushing rate under different conditions was calculated. The influence of factors
such as sand spreading concentration, particle size combination, and sand placement method on the
proppant crushing rate was analyzed. The results of this analysis were consistent with previous
studies, confirming the applicability of the proposed method. This research provides a theoretical
foundation for hydraulic fracturing and optimization of sand placement in order to maintain long-
term high conductivity in fractures.
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Characterization of water flow behavior during spontaneous im-
bibition in coal: From the perspective of fractal theory and NMR
tests
Author: Xu YuNone

Corresponding Author: xuyu@cumt.edu.cn

The spontaneous imbibition (SI) of water plays a crucial role in determining the wetting effect of
water injection in coal seams. It is important to explore water flow behavior in coal during the SI.
Contact angle measurement, SI experiment, and low-field nuclear magnetic resonance (LF-NMR)
tests have been conducted to measure the properties of coal plugs from five different regions of
China. The mass change of the coal by SI is related to the square root of time divided into three-
stage linear functions in which the slope represents the imbibition rate of coal. The imbibition rate
decreases with the increased SI time. The contact angle of bituminous coal is smaller than that of
anthracite. It is negatively proportional to the SI rate and capacity index C. Water is primarily stored
in the adsorption and seepage pores and little in microfractures. It shows that the fractal dimensions
of the partial free pore (Db) and total pores (D) decline in the form of power law, while the fractal
dimension of the free pore (Dz) declines irregularly. D-10 and D10 are strongly linear with the T2
spectrum area of adsorption pores, seepage pores, and microfractures, respectively. It indicates that
e the low-probability measurement area represents the adsorption pores, and the high-probability
measurement area represents seepage pores andmicrofractures. Adsorption pores play an important
role during SI. The difference between the amplitude change of adsorption pores and that of seepage
pores/microfractures is the key factor affecting multifractal parameters of T2 spectra. The linear
relationship between H and Db reveals that water preferentially enters a pore with lower roughness
and better connectivity during SI. The process of SI has been divided into three stages in terms
of SI rate. The water transport process within the coal at different stages has also been discussed.
The results of this work are of great significance for optimizing the coal seam water injection and
reducing the risk of underground coal mine disasters.
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Permeability plays a pivotal role in governing the fluid flow within hydrate-bearing sediment (HBS)
and significantly influences the efficiency of natural gas production from hydrate reservoirs. How-
ever, the measurement of HBS permeability is challenging due to the complexities of maintaining
phase equilibrium conditions during testing. This study focused on the sandy hydrate-bearing sed-
iments and intended to elucidate the evolution of absolute and relative permeability as a function
of hydrate saturation by the mean of pore network modelling. In the developed model, the hydrate
formation process in the porous media is simulated incorporating two key sub-processes: hydrate
nucleation and hydrate growth. We integrated various theories from hydrate kinetics, including
the random nucleation theory, interface growth theory, Ostwald-Ripening effect, and pore water
activity theory, to control the hydrate formation process. For modeling fluid flow within the pore
networks, we utilized the conductivity calculation method. The constructed pore network model
was employed to analyze permeability variations within different pore networks. Simulation results
from a series of regular networks demonstrated that the distribution of formed hydrate and the per-
meability of HBS are influenced by factors such as model dimension, hydrate nucleation fraction,
and hydrate growth type. Further simulations based on CT images showed the changes of abso-
lute permeability and gas-water two-phase permeability during hydrate formation within different
sandy sediments. As a result of these simulations, we provided parameter ranges suitable for the
application of the Masuda model in predicting absolute permeability in sandy hydrate reservoirs, as
well as the Brooks-Corey model and van Genuchten model for predicting two-phase gas-water per-
meability. This study is hoped to bring new insights into the field of micro-scale seepage research
within hydrate reservoirs.
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tion in tight reservoirs using the Lattice Boltzmann method
Authors: Rundong Gong1; Hangyu Li1; Junrong Liu1; Shuyang Liu1; Dengfeng Zhang1

1 China University of Petroleum (East China)

CorrespondingAuthors: shuyang_liu@126.com, 734401242@qq.com, 2279825284@qq.com, 1149322527@qq.com,
lihangyu@upc.edu.cn

Tight oil reservoirs are typically developed through hydraulic fracturing to create a network of frac-
tures, with counter-current imbibition between fractures and matrix playing a crucial role. However,
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during the counter-current imbibition process, as water displaces oil, it increases water saturation
and leads to water blocking phenomena, resulting in reduced oil relative permeability and height-
ened flow resistance in the oil phase. The oil relative permeability is pivotal in determining the
matrix’s ability to elastically expel oil, rendering counter-current imbibition with both advantages
and disadvantages. To quantitatively characterize the damage caused by counter-current imbibition
in tight reservoirs, we employed the lattice Boltzmann method to simulate counter-current sponta-
neous imbibition in Jimsar tight rocks. We also introduced a novel method for assessing reservoir
damage: the water-to-solid transformation method.

During counter-current imbibition, the water phase occupies the flow space of the oil phase, acting
as a solid, consequently diminishing the oil’s flow capacity. Given the challenge of calculating the
relative permeability of two phases during counter-current imbibition, we transformed the water
phase into a solid phase to construct a new digital core. This transformation allowed for the com-
putation of unidirectional permeability, which was then used to characterize the reduction in oil
relative permeability during counter-current imbibition. The study elucidates that the reduction in
oil relative permeability in the digital core of Jimsar during counter-current imbibition is limited,
ultimately establishing a relatively stable oil flow channel. This method facilitates the evaluation of
the effectiveness of counter-current imbibition in reservoirs, enabling the implementation of appro-
priate improvement measures. Furthermore, a comparison between counter-current and co-current
imbibition indicates that the water phase in counter-current imbibition only affects the oil phase
near the fracture, without reaching the interior of the matrix. Nevertheless, the imbibition front of
counter-current imbibition remains relatively stable, without significant fingering.
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Relative permeability is an essential parameter to describe flow and transport in porousmedia, which
is a vital process throughout various underground engineering and environmental projects. Tradi-
tional laboratory measurements for two-phase flow in rock samples are rather time-consuming and
financially expensive. Digital physical analysis, on the other hand, provides a convenient alterna-
tive with the assist of advanced X-ray imaging technology. Nevertheless, limited by computational
resources, pore-scale numerical simulations are normally conducted on a homogeneous cubic dig-
ital sample with a side length of a few hundred voxels. For a highly resolved image, the physical
size may even be smaller than a cubic millimeter, which is inadequate to serve practical purposes.
Hence, upscaling of pore-scale numerical simulation to continuum scale has attracted extensive in-
terest, which is challenged by severe structural heterogeneity of reservoir rock and the limitations
on imaging and computational aspects. Towards the issue, we offer a novel approach of pore-scale
rock-typing and relative permeability upscaling. Integral geometry is applied on a 3D segmented
tomogram of a laminated sandstone to compute regional Minkowski measures of volume, surface
area, the integral of mean curvature and the integral of total curvature. The feature maps are then
utilized for the recognition of relatively homogeneous regions/pore-scale rock-types through Sup-
port Vector Machine method. A few subsamples are then extracted from each rock-type to compute
the representative capillary pressure and relative permeability curves using Pore Network Model,
which are assigned back to corresponding regions of the rock-type distribution map before fast up-
scaling of the whole image applying van Genuchten model. The upscaling results are then compared
with full-scale computation on the original tomogram. The excellent agreement has indicated great
potential of this approach to bridge the gap between pore-scale and continuum-scale two-phase flow
research under the guarantee of accuracy and computational efficiency.
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To solve the problem of rapid decline in conductivity of sand filled fractures in deep shale, based on
the mechanical process of compression and deformation of proppant pile, the constitutive equation
of deformation and fracture of proppant pile was established, and the transfer matrix of gradation
curve after fracture of proppant pile was established based on fractal theory. Combined with KC
equation, the equivalent particle size and permeability evolution equation of sand pile under multi-
particle fracture were deduced. Finally, a new model for predicting the conductivity of proppant
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embedment deformation and fracture is obtained. The new model is compared with the results of
fracture width deformation experiment, sand pile permeability experiment and multi-particle size
combination conductivity experiment, which proves the correctness of the model. The results show
that the change of net closing pressure will change the fracture width and permeability, and thus
change the fracture conductivity. The dominant factor of the change of conductivity is the net closing
pressure, and the greater the net closing pressure, the smaller the conductivity. The main factor
affecting the change rate of fracture width is the apparent elastic modulus of proppant pile. The
larger the apparent elastic modulus is, the larger the fracture width is. The main factor affecting the
change rate of fracture permeability is the fracture degree of proppant pile. The larger the fracture
degree is, the smaller the permeability is. The larger the combination ratio of large particle size,
the higher the conductivity. Therefore, the development of proppants with high apparent elastic
modulus and low degree of breakage is of great importance to improve the conductivity. At the
same time, this model also improves the theoretical guidance for proppant particle size combination
selection, which is helpful to the optimization design of field construction.
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Due to the extremely low permeability and underdeveloped porosity in tight oil and gas reservoirs,
efficient development of tight oil reservoirs typically necessitates hydraulic fracturing to establish
industrial productivity. Pressurized imbibition processes, induced by pressure differentials and cap-
illary forces, persistently occur within the matrix and fractures, playing a pivotal role in oil-water
displacement. Through CT online scanning, pressurized imbibition experiments, and simulations,
the imbibition processes under pressure have been characterized, delineating the range of pressur-
ized imbibition within tight oil reservoirs. These findings provide guidance for selecting the optimal
shut-in well imbibition time, contributing valuable insights for the effective development of tight oil
reservoirs.
In this study, real matrix and fractured core samples from tight reservoirs were utilized to conduct
CT online scanning pressurized imbibition experiments. By real-time observation of the pressurized
imbibition behavior of matrix and fractured cores, the pressurized imbibition distances of the two
types of cores were determined, revealing differences in recovery rates under varying conditions. In
the numerical simulation section, control equations under two-phase oil-water flow conditions were
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coupled to establish a one-dimensional mathematical model for pressurized imbibition in tight rock
cores, considering capillary forces and osmotic pressure. Fitting the recovery rates and imbibition
distances for pressurized imbibition in the cores, we determined the optimal shut-in well imbibition
time under different injection pressure conditions. This provides concrete time references for en-
gineering decisions, facilitating the enhancement of production efficiency and the optimization of
reservoir development strategies.
The experimental results indicate that the matrix core exhibits imbibition along the parallel direc-
tion, with a imbibition distance of 3.2 cm and a recovery rate of 9.40%, without any breakthrough
phenomenon. In contrast, the fractured core experiences inward imbibition along the parallel frac-
ture plane, with a slightly increased longitudinal imbibition distance and a recovery rate of 19.36%.
Water rapidly moves through the fracture, resulting in a swift water breakthrough, and the fractured
core’s volume increases by 1.5% after pressurized imbibition. This suggests that fractures effectively
enhance imbibition recovery rates, and the opening of micro-fractures significantly improves reser-
voir permeability, providing substantial insights for optimizing oilfield production strategies. Uti-
lizing a one-dimensional pressurized imbibition numerical simulation model, the recovery rate and
imbibition distance of the matrix core under pressure imbibition were fitted, yielding an optimal
shut-in well imbibition time of 300 hours. The shut-in well time optimized through this simulation
method can provide necessary references for engineering decisions.
This study systematically and deeply reveals the imbibition law of matrix and fracture region in tight
oil and gas formations, and provides profound professional insights for understanding the mecha-
nism of energy storage in braised Wells and optimizing oilfield production strategies.
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The formation space of tight oil reservoir is complex, which develops both matrix pores and micro-
fractures, and the classification ofmatrix pore lower limit has an important influence on the structure
and flow characteristics of tight oil reservoirs. In this paper, CT scanning method is used to acquire
representative 3D grayscale images of matrix andmicro-fracture samples in tight oil reservoir respec-
tively, and the corresponding matrix pore and micro-fracture network models are extracted by the
maximal ball method. Based on the matrix pore and micro-fracture network models with the same
physical size, network superposition method is introduced to construct the tight oil reservoir net-
work models by adding virtual connected throats, and the superimposed network could contain the
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structural characteristics of both matrix pores and microfractures. By setting different lower limits
of matrix pore diameters, the matrix pore network with different lower limits are developed and the
corresponding tight oil superimposed networks are constructed. It can be found that, as the lower
limit of matrix pore diameter increases, the distribution curves of pore and throat diameter in matrix
system keep shifting to the right, the average coordination number keeps decreasing, which shows
poor connectivity. The contribution of matrix system to formation total porosity slightly decreases
but does not change much, the contribution of matrix system to formation total permeability keeps
decreasing; the imbibition relative permeability curve of oil phase keeps shifting to the right, and
the imbibition relative permeability curve of water phase keeps shifting to the left, and the oil-water
co-flow zone keeps decreasing.
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In this paper, a thermal-hydro-mechanical coupled model of hydraulic fracture propagation is estab-
lished based on elasto-plastic theory, Bio’s theory, and local non-thermal equilibrium theory. The
Drucker-Prager plasticity model, Darcy’s law, cubic law and cohesive zone model are employed to
describe the plastic deformation, matrix flow, fracture flow and evolution of hydraulic fractures, re-
spectively. The nonlinear stress field with strong discontinuities is solved by combining the finite
element method and return-mapping method. The discontinuous pressure field and temperature
field are simulated by the discrete fracture model and the finite volume method. A dual-layer itera-
tive procedure is developed to solve the strong nonlinear coupling problem based on the fixed-stress
split method, sequential iteration method, Picard iterative method and Newton-Raphson iterative
method. Then, the proposed model is verified against analytical solutions. Finally, a series of nu-
merical cases are performed to investigate the influences of thermo-hydro-mechanical coupling on
hydraulic fracture propagation.
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Solid solutions arewidely studied because their formation is ubiquitous in natural and anthropogenic
systems. Co-precipitation in rock matrix can result in oscillatory zonation phenomena with solid
solutions exhibiting compositional variations (e.g., plagioclase). The principle of co-precipitation of
sulphate solid solution is relevant for wastewater treatment of produced waters from hydraulic frac-
turing and oil/gas extraction, for removing contaminant in uranium mines etc. For nuclear waste
disposal, the formation of solid solutions is considered as an important retention mechanism for
226Ra. Despite the widespread occurrence of solid solutions and well-established thermodynamic
models, their formation in rock matrix and the effects of transport and kinetics are poorly under-
stood. Previous microfluidic experiments of diffusion-controlled precipitation showed patterns of
oscillatory zoning of solid solution crystals of (Ba,Sr)SO4 1. In this study, reactive transport mod-
eling is performed to provide a mechanistic understanding of the oscillatory zoning behavior. A
micro-continuum approach based reactive transport model that considers probabilistic nucleation
was used to simulate the precipitation of (Ba,Sr)SO4 solid solutions following the experimental ge-
ometry and setup 2. It enabled us to compare the contributions of physical-chemical processes
that include species-specific diffusion at the solid-fluid interface, solubilities, nucleation kinetics
and crystal growth. The models have highlighted that reaction kinetics, rather than transport, are
more important in shaping the oscillatory zoning phenomena.

1. Poonoosamy, J., et al., A lab-on-a-chip approach integrating in-situ characterization and reactive
transport modelling diagnostics to unravel (Ba,Sr)SO4 oscillatory zoning. Scientific Reports, 2021.
11(1): p. 23678.

2. Deng, H., J. Poonoosamy, and S. Molins, A reactive transport modeling perspective on the dynam-
ics of interface-coupled dissolution-precipitation. Applied Geochemistry, 2022. 137: p. 105207.
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Interface-coupled dissolution and precipitation (ICDP) 1 occur in various subsurface applications,
e.g., serpentine carbonation in the context of CO2 sequestration, the carbonation of concrete caus-
ing degradation, anoxic steel corrosion in geological disposal facilities for nuclear waste, or during
groundwater remediation using permeable reactive barriers. ICDP is characterized by the dissolu-
tion of a primary mineral and the precipitation of a secondary mineral on its surface (rim formation).
The precipitated secondary minerals can either develop porosity and fractures that enable fluid ex-
change and thereby completely replace the primary minerals or shield/ passivate them. Therefore,
understanding the factors that regulate the development of the rim is critical for predicting the geo-
chemical reactions and the resulting impacts on various geological and environmental systems over
geological time scales. To this end, we developed a column experiment where we investigated the
dissolution of celestine followed by the precipitation of barite 2. This is a well-controlled chemi-
cal system that is neither pH- nor redox-sensitive. The theoretical models to describe passivation
processes in our experiment (e.g., Daval et al., 2) were simplified and did capture the underlying
processes [3]. Micro-continuum modelling work showed that the porosity of the precipitates could
play a secondary yet significant role in shaping the evolution of the co-dissolution and precipitation
interface [5]. Currently, we investigate the micro and nano porosity of the secondary mineral us-
ing 3D FIB-SEM and evaluate the effective diffusivity in the precipitates using pore-scale modeling
[6]. In addition, we conduct complementary microfluidic experiments combined with in-situ Raman
2D/3D and modelling to evaluate the effect of fluid velocities and solution saturation ratio (Peclet
number and Damköhler number) with respect to the barite overgrowth thickness. These investiga-
tions will enable the identification of parameters that control or limit passivation and its associated
potential effects on further mineral reactivity.

1 Renard et al., Timescales of interface-coupled dissolution-precipitation reactions on carbonates,
https://doi.org/10.1016/j.gsf.2018.02.013
2 Poonoosamy et al., Combination of MRI and SEM to Assess Changes in the Chemical Properties
and Permeability of Porous Media due to Barite Precipitation, https://doi.org/10.3390/min10030226
[3] Daval et al., Carbonation of Ca-bearing silicates, the case of wollastonite: Experimental investi-
gations and kinetic modelling, https://doi.org/10.1016/j.chemgeo.2009.01.022
[4] Poonoosamy et al., Effects of solution supersaturation on barite precipitation in porousmedia and
consequences on permeability: Experiments andmodelling, https://doi.org/10.1016/j.gca.2019.11.018
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Geothermal energy can provide clean and sustainable baseload energy for heating, cooling, and
power. The injected working fluid undergoes flow and heat transfer within the surrounding porous
rocks during the geothermal reservoir extraction. The geological complexity and lack of data require
digital technology like computer simulation to assist in the optimization and decision-making of op-
eration strategies. A digital twin denotes a virtual representation of a physical product, process or
facility, and is used to understand and predict the physical counterpart’s performance. A digital twin
for geothermal production can help to mitigate operational risks, reduce maintenance costs, extend
reservoir longevity, and enhance overall sustainability of a geothermal resource.
We propose a workflow for an open-source digital twin for geothermal energy that contains the
following elements: a) Well logs and seismic data are utilized to design multiple reservoir mod-
els that capture possible geological scenarios using the Rapid Reservoir Modeling (RRM) software.
RRM is a sketch-based modelling software that allows users to rapidly sketch geologically consistent
models in 3D. b) Possible property distributions will be assigned to geological domains to capture
uncertainty in the petrophysical data. c) The Delft Advanced Research Terra Simulator (DARTS) is
combined with machine learning techniques to create proxy models that enable fast simulations. d)
As new production and monitoring data becomes available, data assimilation techniques like Ensem-
ble Smoother with Multiple Data Assimilation (ESMDA) are applied to update property distributions
for each scenario. This iterative process of data assimilation will help users constrain geological and
production uncertainties, both of which are key to optimizing operational strategies.
We demonstrate the digital twin framework using a proof-of-concept study of a low-enthalpy geother-
mal system located in a channelized fluvial reservoir. Heat is produced from a geothermal doublet.
The geological scenarios were designed using RRM. These models consider key uncertainties, such
as Net to Gross, sinuosity of the channels, paleo flow direction, and the distribution of porosity and
permeability within the geological domains. One of the RRM models was chosen to be the “truth
case”for which synthetic production data (well temperatures and pressures) and dynamic data along
the wells were simulated using DARTS. Each individual RRM model adheres to the well constraints
“observed”for the truth model. DARTS was applied to rapidly predict production performance for
each scenario, and these data can subsequently serve as the training set to obtain the proxy model.
Both machine learning and ESMDA will be performed to reduce the difference between the predic-
tion and observation of truth case to update reservoir properties.
The outcomes of this proof-of-concept study demonstrate the feasibility of the digital twin frame-
work for geothermal systems. A broader range of monitoring data in the reservoir and transient data
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will be included in the future to enhance the performance of the digital twin in geothermal energy
applications.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

Netherlands

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS11 / 569

Pore-scale morphologies of CO2 hydrate formation in microflu-
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CO2 hydrates are cage-like solid compounds consisting of CO2 gas molecules and water molecules.
The properties of CO2 hydrates, such as high gas storage capacity and moderate formation condi-
tions of pressure-temperature, are desirable for long-term and safe CO2 storage in geological setting.
The purpose of work is to probe the feasibility of CO2 storage in hydrate in marine subsurface. Com-
pared to natural gas hydrates, it is difficult to investigate morphological CO2 hydrate dynamics in
microfluidics, as the morphologies of CO2 in liquid and water phases are similar. In this work, two
scenarios were investigated regarding different CO2 states controlled by different pressures above
or below CO2 liquid liquefaction pressure (PL-CO2), by means of pore-scale microscopic observa-
tion coupled with in-situ Raman spectroscopy in microfluidic chip. In one scenario, the system
pressures were kept lower than PL-CO2 to form CO2 hydrate. The system was tested by both micro-
scope and Raman spectroscope to distinguish CO2 in gas, water and hydrate. A pressure difference
was observed in the system indicating hydrate blocked pore channels and prevented unwanted CO2
flow. In another scenario, the system pressures were increased over PL-CO2, which was the typi-
cal reservoir pressure, to observe CO2 hydrate formation in the system containing liquid CO2. The
differences between both morphological patterns and Raman peak shift were observed, verifying
CO2 could be stored in states of both hydrate and liquid. The quantitate calculation of CO2 storage
capacity showed about 80 volumes of CO2 was retained in the system having only CO2 hydrates,
compared with about 150 volumes of CO2 stored in the system having both CO2 hydrates and liquid
CO2. The morphological patterns, Raman spectra and calculation of storage capacity indicates that
CO2 hydrate storage could serve as a secondary storage option for geological CO2 storage in ma-
rine subsurface. The results of this work are beneficial to understand marine CO2 hydrate storage in
confined space of porous media, and the enhanced CO2 hydrate storage capacity can be explored by
coupling with hydrate promotors and thus achieve more efficient CO2 storage in marine subsurface
conditions.
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In the specialized field of Digital Rock Physics (DRP), the accurate characterization of porous media
stands as a crucial factor for the reliable assessment of rock properties. Fracture segmentation is a
critical step of this representation, providing detailed insights into the complex pore structures that
significantly influence fluid flow and transport properties. Deep learning techniques, a subset of arti-
ficial intelligence, have been increasingly spotlighted for their utility in microscale porous analyses
across various fields.
This research investigates a deep learning framework that utilizes convolutional neural networks
(CNNs) to enhance the segmentation of fractures in porous rocks. The framework employs a deep
hierarchical feature learning architecture which incorporates a feature pyramid to effectively dis-
cern intricate fracture patterns by learning at multiple scales. Through hierarchical learning, the
architecture progressively refines the features, enabling a more accurate segmentation of fractures.
The intricately designed model assimilates and comprehends multilevel features from the lower lay-
ers to the upper layers, enabling the model to learn a greater number of features compared to other
methods, enhancing its ability to predict fractures. Subsequently, fractured rock samples, imaged
using X-ray techniques, were employed to train the model.
In contrast to other fracture detection techniques, the implemented method in this study is capa-
ble of accurately forecasting fracture pixels. This predictive capability is particularly effective due
to its refined algorithm, which is meticulously designed to analyze and identify the differences be-
tween fractured and intact regions with greater precision. As a result, it offers an enhanced ability
to pinpoint fractures, providing a higher level of detail and reliability in fracture segmentation when
compared to the traditional methods.
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ABSTRACT
In subsurface flow settings, deep-learning-based surrogate modeling is shown to be an effective
approach to deal with cases that require a substantial amount of model simulations. However, a large
number of high-fidelity training simulations are usually required to construct these deep-learning-
based surrogate models. For large-scale models, it can be computationally prohibitive to perform
these training simulations. To address this limitation, in this work, we develop a new approach
to construct surrogate models using transfer-learning with multifidelity training data. The model
is based on a U-Net deep-learning architecture, wherein we introduce a specialized input layer, in
order to allow for gradual model fine-tuning with multifidelity data, and an embedded layer that
is designed to deal with time-varying source/sink terms. The procedure of building such surrogate
models can be divided into three steps. In the first step, a relatively large amount of low-fidelity
simulations, generated from upscaled coarse models, are used to build a pre-trained deep-learning
model. In the second and third steps, the input, output, encoder, embedded, and decoder layers of the
model are progressively fine-tuned, requiring a relatively small number of high-fidelity simulations.
In this study, we use 400 low-fidelity and 100 high-fidelity training simulations, which leads to about
a 70% reduction in computational cost of the overall procedure. The proposed procedure is applied
to three cases with different number and locations of source/sink wells. In all cases, our proposed
surrogate models trained using multifidelity data provide predicted dynamic pressure and saturation
fields that are in close agreement with the corresponding model trained using only a large number
of high-fidelity data. In addition, our introduction of the embedded layers is shown to effectively
improve the prediction accuracy of the surrogate model when dealing with time-varying source/sink
well terms, in comparison with traditional approaches based on similar network architecture.

Keywords：Subsurface Flow Simulation; Porous Media; Surrogate Model; Transfer Learning; Multi-
fidelity Training Data;
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With the rapid development of the global economy and the large consumption of fossil energy, the
increase of CO2 emissions year by year leads to global warming and a series of ecological and envi-
ronmental problems. Mineralized storage of carbon dioxide in geological structures is a promising
method, among which the wet direct mineral carbonation technology has been widely concerned
because of its safety and stability. In this study, the effects of feldspar minerals on the conversion ef-
ficiency of mineralization storage in sandstone reservoirs containing highly reactive minerals were
simulated by using high-temperature and high-pressure reactor and magnetic stirrer to achieve the
purpose of increasing the conversion rate of mineral carbonation. ICP-OES, SEM-EDS, XRD, TGA
and other methods were used to determine the changes of ion concentration, surface morphology,
reaction products and carbonization degree. Through analysis, it is found that with the difference of
content of feldspar, different degrees of dissolution will occur, the surface is rough and uneven, the
dissolution rate of potassium feldspar is slightly lower than that of albite, magnesite precipitation
in the reaction process and kaolinite secondary precipitation will be attached to the mineral sur-
face. Feldspar affects the degree of carbonization indirectly by dissolving and producing secondary
minerals.
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Effect of pore structure of unconsolidated sandstone thermal reser-
voir on seepage characteristics of geothermalwater inGuanzhong
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The middle and deep sandstone thermal reservoir rocks in Guanzhong area have poor diagenesis,
loose cementation, and sand-mud interbedded structure. The physical properties are different, the
heterogeneity is strong, and the pore structure is complex. The reservoir damage caused by parti-
cle migration makes the development of thermal reservoirs more difficult. At present, it is urgent
to clarify the influence of pore structure on the seepage of thermal reservoirs, which is of great
significance for the efficient development of thermal reservoirs and the rational formulation of de-
velopment plans. In this paper, the thermal reservoir rocks of the Neogene Lantian Bahe Formation
in Guanzhong area are taken as the research object. The mineral composition and pore structure of
the core thin sections are observed under the polarizing microscope, and the relevant parameters
of the quantitative characterization of the pore structure are extracted. Through the indoor core
flow experiment, the seepage law of the thermal reservoir fluid under different experimental con-
ditions is studied, and the influence of the pore structure on the seepage of the reservoir rock is
analyzed.
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Objectives/Scope:
Nowadays, the escalating greenhouse effect is primarily attributed to the excessive emissions of CO2.
Geologic sequestration of CO2 and the utilization of CO2 in displacing shale gas during gas production
process could be benefit for mitigating CO2 levels. The presence of H2S gas in CO2 waste emissions
often poses a challenge due to the potential cost escalation associated with its purification. In response
to this, the concept of CO2/H2S co-sequestration has been proposed, with successful implementation
cases reported. However, the application of CO2/H2S displacement in shale gas extraction has yet to
be verified. In this work, we used the Grand Canonical Monte Carlo (GCMC) method to simulate the
adsorption of different components (CH4, CO2, H2S in single-phase, CH4:H2S=1:1 in two phases, and
CH4:CO2:H2S=5:4:1 in three phases) within kerogen at 373.15K under various pressures. The study inves-
tigated the adsorption density, adsorption capacity, and competitive selectivity adsorption coefficients
of different components on the kerogen surface. Our works could reveal the adsorption patterns of
CH4/CO2/H2S in kerogen pores, providing a theoretical foundation for the injection and extraction of
shale gas with CO2/H2S.Methods/Procedures/Process:
Adsorption behavior in ~5nm kerogen nanopores with different components systems is investigated
at 373.15K and a series of pressures. The CVFF, TraPPE-EH, TraPPE-UA, and three-point potential
models are used to describe the kerogen nanopores, CO2, CH4, and H2S, respectively. All the GCMC
simulations are completed by the MCCCS Towhee software. In the μVT ensemble, 5000000 steps per
fluid molecule are carried out to achieve equilibrium, and 10000000 steps per fluid molecule are
conducted for sampling. Based on statistical data, we calculated the accessible volume, adsorption
density, adsorption capacity, and competitive selectivity adsorption coefficients.
Results/Observations/Conclusions:
It was observed that CO2 effectively reduces the adsorption of CH4, but the introduction of H2S signifi-
cantly decreases the adsorption density of CO2, while the adsorption density of CH4 remains essentially
unchanged. The isothermal adsorption curves reveal that the injection of both CO2 and CO2/H2S leads
to a reduction of approximately 50% in the adsorption quantity of CH4, indicating effective shale gas
extraction. In systems with the addition of H2S, the adsorption quantity of CO2 decreases by around 30%
compared to systems with only CO2 injection. The competitive adsorption coefficients of CH4 relative
to other components in different systems are all less than 1 and range between 0.2 and 0.4, suggesting a
strong adsorption capacity of kerogen for both CO2 and CO2/H2S.Applications/Significance/Novelty:
This work reveals the adsorption patterns of CH4/CO2/H2S in kerogen pores from a molecular per-
spective and provides crucial insights into the competitive adsorption patterns of CH4, H2S, and
CO2, which is helpful to lay a theoretical foundation for the simultaneous injection and extraction
of shale gas with CO2/H2S.
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Effect of catalyst particle size distribution in the catalytic layer on
the performance of water electrolysis in proton exchange mem-
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In this study, the effect of catalyst particle size on the performance of proton exchange membrane
water electrolyzer (PEMWE) was studied by using the Lattice Boltzmann Method (LBM). The results
show that comparedwith the catalyst particle distribution, the catalyst particle size is themain factor
affecting the performance of the catalytic layer of the anode. Homogenized catalyst particles with
smaller particle size can effectively increase the specific surface area of catalyst particles and increase
the ECSA of the catalytic layer, thereby improving the electrochemical reaction performance of the
catalytic layer. the electrochemical performance of the catalytic layer can be effectively improved by
using catalyst particles with smaller particle size and more uniform distribution in the preparation
of the catalytic layer (the average local reaction current is 0.13A/cm2 at 3V)
This study investigates the effect of catalyst particle sizes on the performance of a PEMWE using the
lattice Boltzmann method (LBM).The findings reveal that the size of catalyst particles plays a crucial
role in determining the performance of the anode CL, surpassing the influence of catalyst particle
size distribution. Utilizing smaller and more uniform catalyst particles enhances the specific surface
area and electrochemical reaction performance of the CL.
Key words: PEMWE，LBM，Catalyst layer，Gaussian distribution
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Abstract: Multiphase flow in porous media is ubiquitous in soils, oil and gas reservoirs, geologic car-
bon storage and hydrogen storage systems, and batteries. In recent years, direct observation using
microfluidic experiments and pore-scale numerical modeling have become increasingly important
tools for studying pore-scale fluid dynamics. To further examine the precision of the experiment and
evaluate the performance of numerical models in order to expand beyond experimental conditions,
it is necessary to develop proper benchmark experiments.
emsp;emsp;In this work, a benchmark study is developed for gas-water two-phase flow through a
pore-doublet geometry. Microfluidic experiments for a range of capillary numbers and fluid prop-
erties were performed and characterized using optical microscopy techniques. Subsequently, the
experiments were numerically simulated using the interFoam and interFlow solvers in OpenFOAM,
and the phase-field and level-set methods in COMSOL. The comparison enables us to systematically
examine the impacts of modeling decisions (e.g., mesh resolution, model dimensionality) under a
range of flow rates and wettability conditions. Finally, mineral dissolution was numerically sim-
ulated using CrunchFOAM, a solver based on OpenFOAM and coupled with the CrunchTope geo-
chemical framework, to evaluate the subsequent impacts on geochemical reactions in two-phase
systems.
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The attributes of shale pore structure govern the accumulation, presence, and dissipation of gas.
Deep marine shale undergo intricate geological evolution, with pore development at the nanoscale.
Consequently, quantifying the impact of deep shale pore structure on gas is challenging. In this
paper, the microscopic storage space structure of deep shale is quantified, and the correlation be-
tween pore structure and mode of gas transport is established. The study focused on the Silurian
Longmaxi Formation shale, utilizing techniques such as SEM, CO2 and N2 adsorption, HPMI, and
the Frenkel-Halsey-Hill method approach to quantify the development characteristics and control-
ling factors of pores at multiscale. Based on the pore structure, fractal, and molecular dynamics of
methane, the numerical correlation linking pore structure and gas transportation mechanisms was
established. The results indicate that the deep marine shale formations are predominantly composed
of ORSS and ORMS. The evolution of pores is impacted by the TOC content and mineral composi-
tion. Based on the governing function of pore structure in gas transport mechanisms, the pores can
be classified into three categories: ultramicro adsorption pore, nano-diffusion pore, and micro-nano
flow-diffusion pore. Correspondingly, there are five types of gas transport modes: surface adsorp-
tion diffusion, Knudsen diffusion, Fick diffusion, slip flow, and continuously flow. These diverse
modes collectively form a complex gas transport network. Deep shale exhibits a greater abundance
of micropores and mesopores compared to shallow shale. The contribution of micro-fractures to
shallow shale gas transport is crucial, and the contribution to deep shale decreases significantly.
In conclusion, the favorable exploration lies in targeting ORSS formations with low D1 (fractal di-
mension) and high D2 (fractal dimension), as well as ORMS segments with high D1 and high D2.
Specifically, within hydrocarbon-rich basins located below 3500 m, it is recommended to search for
overpressure regions with weak structural deformation. These areas hold potential for successful
gas exploration. This research establishes a basis for the exploration, development, and geological
principles of deep shale gas.
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Hydraulic fracturing is an important stimulation technique for extracting resources from low-permeable
formations. Apart from hydraulic fracturing (where pore pressure exceeds the minimum principal
stress), hydraulic shearing (where pore pressure does not exceed the minimum principal stress) is an
essential mechanism in forming the stimulated reservoir volume and controlling the ultimate stim-
ulation results, especially for shale formations with layered beddings (Li et al., 2019). Shear failure
in rocks will not only generate primary fractures but also cause stress alteration in the neighboring
region around the primary fracture. Such stress alteration affects the rocks’ stability and possibly in-
duces more secondary fractures. This phenomenon is also known as fault damage zones, commonly
observed in rock masses at different scales (Kim et al., 2004; Sui et al., 2019). In reality, it is almost
impossible to directly observe the shear failure process in the subsurface. Therefore, in this work,
we adopted an advanced dynamic direct shear testing device to break rocks (Qi et al., 2020) and a
micrometer CT to observe the fault damage zones after the shear failure. Quantitative descriptions
of the damage zone, such as fracture intensity, roughness, and connectivity, are summarized.
In this research, an independently designed dynamic direct shear testing device (Qi et al., 2020)
was utilized to conduct in-house direct shear tests on layered shale specimens with various layer
angles (0°, 30°, 45°, and 60°). Subsequently, the sheared shale specimens were scanned with a mi-
crometer CT, and 3D digital cores were reconstructed. Fine segmentation of micron-scale fractures
in inhomogeneous shale was achieved using multiple processing algorithms. Considering different
bedding structural surfaces, the physical properties and geometrical features of 3Dmicrometer-scale
fractures in shale were quantitatively evaluated. Parameters such as fracture density, 3D shape fac-
tor, roughness, Euler number, and morphological filtering were employed to subdivide the damage
zones along the main fracture surface.
From the preliminary results, we divided the generated fractures into three categories based on their
spatial distribution: the primary induced fracture, fractures in the connected damage zone, and iso-
lated fractures. The range of damage zones varies significantly with different bedding angles. With
the increase in bedding inclination, the density of fine fractures distributed along the primary shear
fractures initially increases and then decreases, reaching the maximum in samples with 30°inclined
layers. The roughness of primary fracture surfaces and secondary fractures in shale samples with
different bedding angles displays significant anisotropy and asymmetry, with greater roughness ob-
served at the microfractures and fractures in connected damaged zones. Morphological patterns of
the three types of fractures are further discussed. An in-depth understanding of the fault damage
zone provides valuable insights to evaluate and optimize the hydraulic fracturing process.
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We consider single-phase flow in a fractured porous medium governed by Darcy’s law with spatially
varying matrix-valued hydraulic conductivities in both bulk and fractures. In particular, we account
for general fracture geometries parameterized by aperture functions on a submanifold of codimen-
sion one. Given a fracture with a width-to-length ratio of the order of a small parameter ε, we derive
limit models as ε → 0. In the limit ε → 0, we obtain discrete fracture models where fractures are rep-
resented as submanifolds of codimension one. The limit models provide a computationally efficient
description with explicit fracture representation, while avoiding thin equi-dimensional subdomains
with a need for highly resolved meshes in numerical methods. The ratioK⋆

f /K
⋆
b of the characteristic

hydraulic conductivities in the fracture and bulk domains is assumed to scale with εα for a parame-
ter α ∈ R. Depending on the value of α, we obtain five different limit models as ε → 0, for which
we present rigorous convergence results. Additionally, preliminary results are also available for the
case of two-phase flow.
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Understanding methane adsorption behavior on deep shales is crucial for estimating the original
gas in place and enhancing gas recovery in deep shale gas formations. However, the methane ad-
sorption behavior on deep shales under high pressure is challenging, and many uncertainties still
exist in the process. In this study, the methane adsorption on deep shales within the Lower Silurian
Longmaxi Formation from the Sichuan Basin, South China were conducted at pressures up to 50
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MPa. The effects of total organic carbon (TOC), temperatures, clay minerals and moisture content
on the adsorption capacity were discussed. Then the molecular models of kerogen nanopores with
different shapes and sizes were constructed based on kerogen structure unit of deep shale from the
Longmaxi Formation, and the methane occurrence were conducted by coupling a grand canonical
Monte Carlo algorithm and a molecular dynamics algorithm. The results indicated that the methane
excess adsorption on deep shales increased, then reached its peak and finally decreased with the
pressure. The methane adsorption capacities exhibited strong positive correlations with the TOC
content and negative relationships with clay minerals. The methane excess adsorption decreased as
the temperature while the opposite trend would occur once it exceeded some pressure. The pres-
ence of the moisture content on deep shales sharply decreased the methane adsorption capacities,
and the reduction of the adsorption capacity decreased with the pressure. The methane adsorption
capacity in deep shales is negatively correlated with temperature, and high temperature will inhibit
the affinity of methane molecules in pores.
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In this work, we present unique results of dynamic micro-CT to study the behavior of Li-ion batteries
during two important events that determine battery quality and lifetime. First, we show the inter-
actions between different battery components during the first few charge and discharge cycles of a
battery, the so-called formation cycles. How these cycles are performed has a huge impact on the
lifetime, capacity, and overall quality of Li-ion batteries. During these cycles the solid-electrolyte-
interface (SEI), a thin layer on the surface of the electrode material, is formed. This SEI is formed
by the reaction between the electrode and the electrolyte and serves as a layer where Li+ ions can
be embedded and removed during further cycling of the battery. This makes optimizing the forma-
tion cycles one of the most important research topics in battery production. Since the SEI is very
thin (100 nm), high-resolution methods such as (FIB)SEM are used to study it. Although dynamic
micro-CT cannot visualize the actual SEI layer, it can be used to visualize 3D electrolyte movement
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in real time and study swelling and shrinking of the entire battery during cycling. For the exper-
iment, 15 x 25 cm large pouch cells were pressurized and mounted in the TESCAN DynaTOM, a
unique micro-CT system with a rotating gantry to allow for complex in-situ experiments. Using
an externally controlled potentiostat, several charge and discharge cycles were programmed with
specific charging speeds, and several high-quality static (60 minutes per scan) and fast dynamic (2
minutes temporal resolution) micro-CT scans were performed at 13 predetermined intervals during
the 28-hours procedure. In this work, we show results on 4D electrolyte movement, gas formation
and structural dynamics in these pouch cells.

In a second experiment, the behavior of cylindrical cells under increased temperatures was observed.
Elevated temperatures as low as 60 ℃ already have a negative effect on lifetime and will result in
degradation and irreversible damage. To observe the structural effect of increased temperatures,
a 26650 cell was heated up to ~60 ℃ using Peltier elements powered through the slipring of the
scanner’s rotation stage. In a series of dynamic and time-lapse micro-CT scans, the movement of the
electrolyte in and out of the electrode layers was observed in 3D. Novel machine learning protocols
enable segmentation of the different battery components (cathode, anode, electrolyte, and gas) and
follow their movement over time. In further experiments, the effect of higher temperatures, and
faster or longer heating will be examined.
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For microbial-induced carbonate precipitation (MICP) treated sand, tortuosity is a crucial parameter
governing its permeability characteristics. Tortuosity is often influenced by important parameters
such as porosity, particle arrangement, and calcium carbonate generation. Therefore, it is of impor-
tant significant to establish the relationships among these factors when investigating the permeabil-
ity characteristics of MICP-treated sand. Through theoretical analysis and geometric derivations, we
present a two-dimensional geometric tortuosity mathematical model for MICP-treated sand based
on porosity and particle arrangement. The model evaluates the impact of particle arrangement
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randomness and calcium carbonate generation on tortuosity, exploring the roles of porosity, par-
ticle arrangement, and calcium carbonate generation in tortuosity variations. The proposed model
demonstrates similarities with numerical calculations, validating its effectiveness.
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Dissolution of bubbles in porousmedia affects many important geological and engineering processes,
such as CO2 sequestration, hydrogen storage, fuel cell water management and Li-battery electrolyte
filling. However, although dissolution of continuous gas phase has been investigated extensively,
there is still no universal theory for static bubble dissolution kinetics in porous media. We thus
conduct experimental and theoretical investigation on the universal dissolution theory for bubbles
in porous media.
We found that porous structure does not only change the effective diffusivity, but also regulate the
characteristic mass transfer distance and surface area. In open space, the mass transfer area (S) of
the bubble is the surface area of the bubble itself, and the characteristic mass transfer distance is
proportional to the bubble radius R 1. These result in V~t scaling in 2-d and V2/3~t scaling in 3-d in
quasi-steady state, where V is the dissolved volume. However, in porous media, both its mass trans-
fer area and its characteristic mass transfer distance are re-regulated by the porous structure. The
concentration in the pore body is almost uniform, while the concentration gradient is concentrated
along the throat (Fig.1a). Consequently, the characteristic mass transfer distance is determined by
throat length (Lt), and effective mass transfer area is determined by the throat cross section area (At)
and available number of throats (n).
For a bubble in a single pore, n is a constant, resulting in a linear V~t scaling. For a large bubble that
occupies many pores, n depends on the shape of the bubble. If the bubble is completely liner, n is
proportional to the volume of the bubble V, so we can deduce lnV~t. While if the bubble is a bulk,
n2 is proportional to V, leading to a V1/2~t scaling. These conclusions have been well verified by
experiments. (Fig.1b).
In addition ,we investigate the dissolution of CO2 bubble in porous media under gravity field, where
the Rayleigh-Darcy convection can be induced in the liquid phase as dissolved CO2 increases water
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density. In case that the mass transfer is dominated by convection, the bubble dissolution rate be-
comes proportional to the flux of fresh water through the bubble. For an isolated CO2 bubble in an
infinitely-large porous medium, the flux is determined by the number of pores it occupies perpen-
dicular to the gravitational field n_vert. Therefore, for a CO2 bubble in a single pore (Fig.1c), the
dissolution is in constant rate (V~t), that is experimentally examined.
In summary, we establish the scaling laws for bubble dissolution in porous media. We show that
bubble dissolution kinetics in porous media becomes very different from that in bulk, not only in
the value of diffusivity, but (more significantly) also in the volume-time scaling, because porous
structure regulates the mass transfer length and area.

Figure 8: (a) The concentration field of dissolved bubbles in a single pore （b）Data on the
volume of bubble dissolution over time under different conditions（c）The concentration field
in which a bubble dissolves in a gravitational field
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Sulfur hexafluoride is often used as a gas tracer to detect the distribution of carbon dioxide in deep
saline water geological storage. The study on the gas-liquid equilibrium of CO2-SF6- ionic liquid
system under geological storage is of great significance for the analysis of the feasibility and de-
velopment of co-injection of SF6 and CO2. In order to find reliable data on the phase equilibrium
of carbon dioxide and sulfur hexafluoride mixture in pure water and brine, In this study, the con-
focal Raman quantitative observation technique was used to monitor the change and distribution
of substance content in each phase at phase equilibrium in different pores in the pressure range
of (5~15) MPa, the temperature range of (274.5~298.5)K and the salt molar concentration range of
(1.041~4.278)mol·kg−1. The phase equilibrium data of CO2-SF6-H2O-{NaCl or CaCl2 or MgCl2} sys-
tem in the gas phase and the liquid phase were obtained. Then, the electrolyte−Cubic Plus Asso-
ciation (electrolyte−Cubic Plus Association) equation of state was used to successfully model the
gas-liquid equilibrium data, re-fit the binary interaction coefficients between the components, and
improve the calculation method of fugacity coefficient, which improved the performance of the
model.
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Accurate oil well production prediction is crucial for production planning and resource optimization.
Traditional forecasting methods fail to consider the impact of noises such as manual operations on
the data. These factors lead to random fluctuations in the data, thereby interfering with the true
production signals and further affecting the accuracy of the prediction model. This study success-
fully proposes amodel that integrates Variational Mode Decomposition (VMD) and Long Short-Term
Memory (LSTM). Using VMD, complex oil well production data can be decomposed into multiple
intrinsic mode functions, capturing information at different time scales and significantly reducing
the interference of artificial noise, providing high-quality feature inputs for deep learning networks.
The Sparrow Search Algorithm (SSA) is used to optimize VMD, obtaining an optimal set of intrin-
sic mode functions. These functions effectively capture the main patterns and trends in the data,
eliminate the impact of artificial noise, and use this result as the feature input for LSTM, thus fully
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utilizing the advantages of VMD and LSTM and achieving information fusion and learning. This
study trains and predicts the model on real oil well production data from two different regions, and
compares the performance of the proposed SSA-VMD-LSTM model with other methods combining
mode decomposition with LSTM and methods using LSTM alone. The model’s accuracy is measured
using three evaluation standards: Root Mean Square Error (RMSE), Mean Absolute Error (MAE),
and Mean Absolute Percentage Error (MAPE). The research results show that this combined model
performs excellently in predicting oil well production, not only significantly improving the accuracy
of the prediction, but also demonstrating strong robustness against anomalous data. In summary,
the prediction model that integrates VMD and LSTM performs excellently in predicting oil well
production, providing the oil industry with an innovative and effective prediction tool.
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The exploration of resources beneath the surface involves complex physical processes that require
a significant amount of computational time and cost when using traditional numerical approaches.
However, recent advancements in deep learning have led to the development of surrogate flow mod-
els that can significantly accelerate these processes by accounting for about 1000 times or more.
Previous studies have mainly focused on oil drive or CO2 storage cases that lack thermal fields
or chemical reactions, ignoring multi-field coupled flow problems. In this study, we propose a
novel deep-learning-based surrogate flow model that can predict flow and phase state responses
in multi-field coupled numerical models. We developed a multi-field coupled model that considers
heat transfer, phase transition, and fluid flow processes to generate high-fidelity data. Additionally,
a high-performance surrogate flow model was generated automatically based on the surrogate flow
model search (SFMS) approach to significantly reduce time consumption. We conducted compar-
isons between the surrogate flow model and high-fidelity model for a multi-field coupled process,
presenting results for both a single realization and ensemble statistics. The findings show that the
proposed surrogate flow model effectively reduces the computational time consumption of multi-
field coupled processes and obtains good performance in predicting the flow and phase states. This
work is expected to provide ideas for the development of surrogate flow models in the area of com-
plex multi-field coupling.

Acceptance of the Terms & Conditions:

Page 473



InterPore2024 / Book of Abstracts

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

590

Micro-experimental study on acidification of ultra-low perme-
ability reservoirs in B structure, Bohai Sea
Author: Cangjun SunNone

Co-authors: Junda Wu ; Quanlin Wang ; Liye Zhou ; Tengyue Wang

Corresponding Author: suncj2@cnooc.com.cn

Acidification is an important measure to improve reservoir physical property and production well
productivity, but acidification also produces secondary sediment to block the pore throat and reduce
reservoir permeability, that is, acid-sensitive damage.The B structure is an ultra-low permeability
reservoir with special geological characteristics such as lithologic density, diversified clay mineral
types and high content, and poor reservoir physical properties. Therefore, it is particularly impor-
tant to adopt acidification and stimulation measures for the efficient development of the gas field.
In order to clarify the applicability of acidification and the degree of improvement to ultra-low per-
meability reservoirs in B structure,the changes of pore structure of rock samples before and after
acidification and their causes were analyzed by means of acid-sensitive experimental evaluation
data, as well as the analysis and analysis data of casting thin section, scanning electron microscope,
nuclear magnetic resonance and X-diffraction.The results showed that: ①after the acidification of
the glutenite of E1-2k formation and gneiss of Ar group in the study area, the sample micropores
developed, and the dissolution pores of feldspar particles developed, and no carbonate or other solu-
ble minerals were found, and the effective face rate increased, and the data of large and small pores
increased, and the T2 cut-off value and irreducible water saturation decreased, and the pore struc-
ture became better. ②the reprecipitation of acid-sensitive minerals and the fracture and migration
of mineral fragments are the main reasons for the damage of acid-sensitive reservoir in the study
area. ③Soil acid (7.2% HCl+3%HF) is applicable to reservoir acidification in the study area, which
can effectively improve reservoir permeability.
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Deep-water limestone reservoirs contain a large amount of oil and gas resources. Acid fracturing
is an important technical means for the development of carbonate reservoirs, and the compatibility
between the acid fracturing method and formation directly determines the development effect of
reservoir. A large number of argillaceous and silty globigerina limestones deposited in deep-water
environment on the continental slope are developed in the the Pearl River Formation in Baiyun Sag,
Pearl River Mouth Basin. The limestones is composed of micrite, terrigenous debris, and bioclasts,
dominated by biogenic cavities, with high porosity and low permeability physical characteristics.
Acid fracturing diversion experiments with different acid liquid systems and acid injection meth-
ods did not significantly improve the fracture conductivity. Characterize the changes in pore throat
structure before and after acid fracturing through casting thin section, micro-CT, electron probes,
etc. The experimental results show the bio-cavity backfill corroded seriously with the bio-shell not
corroded obviously；for muddy interstitial materials widely developed in the reservoir, effective
dissolution not occurred in acidic environment, exhibited typical high porosity and low permeabil-
ity to ultra-low permeability characteristics, and the effect of acid fracturing transformation poor
(the conductivity under 20MPa is less than 0.005 D·cm); easy to deform (especially under external
pressure) due to particle point-contact relationship, argillaceous miscellaneous filled and poor ce-
mentation, further blocking the seepage paths. Under the tectonic background, source supply, and
sedimentary environment, although carbonate mineral components are enriched, the acid fracturing
dissolution effect shows obvious selective characteristics, which improves pore parameters but fails
to effectively improve permeability, resulting in poor acid fracturing effect.
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A workflow has been proposed to directly predict the upscaled absolute permeability of a rock core
from CT images whose resolution is insufficient to directly calculate the pore-scale permeability.
The workflow employed the deep learning technique with the raw CT image data of rocks and their
corresponding permeability values, which were obtained through high-resolution flow simulation
on these images.
A binarized pore-geometry model was first cropped and reconstructed from the high-resolution
micro CT images of the rock sample. Then the binarized model was divided into small subsamples
of dimensions 100 × 100 × 100, 200 × 200 × 200, and 300 × 300 × 300. To meet the demand of
large datasets, the subsamples are allowed to be overlapped during the extraction. The permeability
of these subsamples was calculated by the lattice Boltzmann flow solver.
The calculated permeability and corresponding subsample’s low-resolution CT image pairs are then
input as a dataset to train a neural network (Resnet34). Using the trained Resnet, the permeability
map of an extended region in the rock core can be accurately predicted.
Finally, the Darcy flow solver calculates the upscaled absolute permeability of the entire rock core. In
this study, we explore the influence of the digital rock subsample core’s dimensions and the quantity
of training data on the prediction accuracy and upscaled absolute permeability. Three subsample
dimensions, specifically 100× 100× 100, 200× 200× 200, and 300× 300× 300, were evaluated.
At a subsample dimension of 100 × 100 × 100, the prediction accuracy was unstable, and good
prediction accuracywas not obtained because of the presence of outliers within the subsample where
only solid or only void were present. When the subsample dimension was 200 × 200 × 200, the
training accuracy was stable and acceptable prediction accuracy was attained when the subsample
data size exceeding 20,000. Expanding the sample dimension to 300 × 300 × 300, it was observed
that 10,000 training data points were sufficient to achieve satisfactory prediction accuracy.
The findings of our study emphasize that the selection of an appropriate subsample dimension for
training data, identified as a Representative Elementary Volume (REV) for upscaling, plays a pivotal
role in optimizing the trade-off between computational time and prediction accuracy.
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Theapplication of CO2 to enhance shale oil recovery has a huge potential and thus gainedwidespread
popularity. However, the microscopic mechanisms of CO2 to enhance shale oil recovery remain un-
clear. In this paper, the molecular dynamics (MD) simulation method was adopted to investigate
the replacement behavior of CO2 in shale oil reservoirs from a micro perspective. Three kinds of
n-alkanes, namely nC7, nC18 and nC25 were selected as the simulative crude oil in the silica nano
pores. The MD models were established to study the occurrent patterns of different alkanes on rock
surface and the alkanes-stripping characteristics of CO2. The fluid (CO2 and alkanes) density, mean
square displacement (MSD) and centroid variation were evaluated to reveal the effect of CO2 on
alkanes. The results indicate that different alkanes exhibit distinct occurrence characteristics of oil
film on the rock surface of the shale reservoir. A bigger carbon number leads to a thicker oil film.
Through the alkane molecular gaps, CO2 penetrates the alkane molecular system and reaches the
rock surface to achieve an effective stripping of the oil film of different alkane molecules. CO2 is
much easier to mix with the stripped oil molecules and push them out away from the rock surface as
the carbon number is small. The process for CO2 replacing crude oil on rock surface can be divided
into four typical stages, namely CO2 diffusion, competitive adsorption, emulsification and dissolu-
tion, and CO2-alkanes miscible phase (for light alkanes). The study contributes to the improvement
of micro EORmechanisms for shale oil developed by CO2 and provides a guidance for the application
of CO2 to enhance shale oil recovery.
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Coupled fluid-porous systems appear routinely in environmental, biological, and industrial appli-
cations. The flow interaction between the free fluid and the porous medium is strongly interface
driven and can be described by the sharp interface or the transition region concept. Classical inter-
face conditions based on the Beavers–Joseph approach are valid only for unidirectional flows parallel
or perpendicular to the fluid-porous interface.

In this work, we present a coupling concept which is suitable for arbitrary flow directions. We
consider a narrow transition region between two flow domains and derive a hybrid-dimensional
Stokes–Brinkman–Darcy model (Ruan & Rybak, FVCA, 2023). The transition zone resolves the stor-
age and transfer of mass, momentum, and energy and can be regarded as a complex interface. We
validate the proposed coupling concept numerically against the pore-scale resolved simulations. To
solve the coupled problem efficiently, we develop and investigate several preconditioners.
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Abstract: The northern structural zone of the Kuqa Depression exhibits varying lithological charac-
teristics within the Jurassic Ahe Formation, which is predominantly composed of gray to light gray
medium-coarse sandstone with high heterogeneity. Based on the structural features of the region,
the northern structural zone is divided into the Horst scetion, North slope section, and the Dibei
slope section. Among these, the Horst scetion and the Dibei slope section are the main focus of the
study. Utilizing techniques such as thin-section observation, scanning electron microscopy, nuclear
magnetic resonance, constant rate mercury injection, andmicro-CT, the differences in pore structure
characteristics of the Ahe Formation reservoir were investigated. This approach aimed to elucidate
the causal mechanisms behind the reservoir variations. The Ahe Formation reservoir is primarily
composed of lithic sandstone, with dissolution pores being the predominant pore type, followed by
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micropores. The development of dissolution pores in the Horst scetion is notably superior to that in
the Dibei slope section. Additionally, the Horst scetion exhibits larger pore throat radius and better
connectivity, leading to a superior pore structure compared to the Dibei slope section. The impact
of dissolution processes on pore structure is evident, and therefore, investigating the controlling
factors of differential dissolution in various locations within the northern structural zone is crucial
for delineating high-quality reservoirs. The Horst scetion represents a Fault~sand transport system,
while the Dibei slope section constitutes a Sand~unconformity transport system. Acidic fluids serve
as the primary controlling mechanism for the formation of dissolution features in the study area.
On a planar scale, dissolution processes are influenced by injection intensity, with greater injection
intensity favoring the occurrence of dissolution. Vertically, these processes are governed by conduit
systems. In the study area, fluid migration is significantly more pronounced in conduit systems dom-
inated by faults compared to those dominated by sand bodies. The variation in migration patterns at
different locations within the northern structural zone results in differing intensities of dissolution
processes, leading to variations in pore structure within the Ahe Formation reservoir.
Key word: The Kuqa depression, Dissolution pore, Microscopic pore structure, Accumulation period,
Transport system
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Understanding the pore-scale displacement and trapping mechanisms for hydrogen-brine systems
in porous rocks is pivotal as efforts increase to develop subsurface hydrogen storage facilities. Pore-
scale flow visualization experiments serve as an important tool to comprehend the pore-scale mech-
anisms during hydrogen (H2) injection and withdrawal. However, conducting such experiments,
particularly under subsurface conditions, are intricate and resource intensive. Quasi-static pore-
network models (PNMs) offer a faster alternative to understand multiphase flow in porous media.
These simplified models represent pore spaces as networks comprising pores and throats with ide-
alized geometries, simulating fluid invasion based on the quasi-static ‘invasion’ capillary pressure
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required for fluid entry. PNMs have been extensively used to simulate multiphase fluid flow be-
haviour for oil-water systems in porous media, however their utilization for H2-water systems re-
mains limited. In this work, we use a widely used PNM 1 to simulate H2-water flow on two distinct
networks, one from a homogeneous rock sample and another from a heterogeneous layered rock
sample. We then compare these simulated results with recently conducted pore-scale 3D visualiza-
tion experiments on both rocks 2, [3]. Comparative analysis indicates a good agreement between
PNM simulations and experimental results for drainage and imbibition in the homogeneous case,
and reasonable agreement in the heterogeneous case during drainage. However, it is apparent that
while PNMs offer a simplified and computationally efficient means to simulate hydrogen flow and
displacement in porous media, they cannot presently supplant experimental observations, particu-
larly for complex rocks. This study emphasizes the necessity for further validation of these models
against experimental findings to expand their usage and refine simulation predictions.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into the InterPore Journal Student Paper Award.

Country:

United Kingdom

Porous Media & Biology Focused Abstracts:

References:

1 A. Q. Raeini, B. Bijeljic, and M. J. Blunt, ‘Generalized network modeling: Network extraction as a
coarse-scale discretization of the void space of porous media’, Phys Rev E, vol. 96, no. 1, Jul. 2017,
doi: 10.1103/PhysRevE.96.013312. 2 Z. Jangda et al., ‘Pore-scale visualization of hydrogen storage in a
sandstone at subsurface pressure and temperature conditions: Trapping, dissolution and wettability’, J
Colloid Interface Sci, vol. 629, pp. 316–325, Jan. 2023, doi: 10.1016/j.jcis.2022.09.082. [3] Z. Jangda et al.,
‘Subsurface hydrogen storage controlled by small-scale rock heterogeneities’. ArXiv preprint, 2023, doi:
10.48550/arXiv.2310.05302.

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS20 / 599

Efficient mixed-dimensional models for root water uptake
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Root water uptake efficiency and robustness to varying soil water distribution depend on the three-
dimensional root system architecture.
Roots can also redistribute soil water through the root system. However, roots are numerous and
thin which is why modeling root water uptake with three-dimensionally resolved roots is a numer-
ical challenge. Moreover, soil hydraulic conductivity nonlinearly decreases with soil water content
resulting in a large conductivity drop in the vicinity of roots which may require local grid refinement
around roots to resolve pressure gradients in dry soils.

We first present several approaches to overcome these challenges. We show that a rather coarse-
grained approximation of the solution locally around the roots can be combined with local analytical
approaches to reconstruct accurate root-soil interface conditions. We discuss the difference between
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time-independent and time-dependent approximations.
We then demonstrate many challenging numerical tests including a recent benchmark study that
compares models from different research groups.
We briefly discuss the implementation of mixed-dimensional schemes in the open-source simulator
DuMux.

Finally, we discuss some open questions regarding the inclusion of more complex interface physics
in such mixed-dimensional models and detail the challenges stemming from the construction of the
interface reconstruction model.
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Dynamic imaging of multiphase flow in porous media using X-ray microcomputed tomography
(micro-CT) has been a technique exclusive to synchrotron-based systems. With the emergence of
deep learning, however, the lower X-ray flux from a standardmicro-CT system, and thus lower signal
and higher noise under dynamic imaging conditions can be compensated for by use of convolutional
neural networks with a priori knowledge of the imaged domain and the noise signature.

In this work, a cycle consistent generative adversarial network (CycleGAN) based on the principle
of unpaired image-to-image translation is utilized for transforming noisy micro-CT images to clean
images. The twomain objectives of this study are to assess the levels of noise that would be prevalent
during dynamic imaging, and to design a DL network to denoise these images. To obtain the relevant
data, fast and slow scans were performed at set saturation levels in the sample. The examined two-
phase flow system consisted of air and water (the latter doped with potassium iodide –KI). The
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sample in consideration was a Bentheimer sandstone sample and the experiment was conducted
with a custom-built benchtopmicro-CT system located at Oregon State University. To obtain ground
truth (GT) images for the training of the CycleGAN model, a high-quality dry scan of the sample
was acquired before the KI doped water was injected. Once the fluid was injected, subsequent fast
scans were acquired, and finally, a high-quality multiphase scan was captured.

The results from denoisingmicro-CT scans indicate that the proposedworkflow is robust and capable
of improving the quality of images with good accuracy and ease of implementation. The fastest scan
was conducted at 1min43s while the high-quality scans were acquired at 1hr24mins. Three fast scans
with varying scan times of 1min43s, 2min45s, and 3min26s were tested. It was observed that when
subjected to the CycleGAN network, the denoised images of 1min43s were adding features (often
called hallucinations) in the generated results indicating that the images were too noisy as a starting
point. On the other hand, 2min45s and 3min26s scans showed promising results. The accuracy of
denoising was then validated by pixel-wise accuracy of the segmented denoised images.

In multiphase flow imaging, it is often not practical to acquire paired images for denoising. With
the implementation of cycleGAN, the proposed research not only enhances image quality, but also
indicates that the acquisition time can be decreased by more than 25 times from hours to minutes
(as low as 2min45s) for dynamic imaging in standard benchtop systems.
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When previous researchers reconstructed three-dimensional rock models based on two-dimensional
images (cast thin sections, electron microscopy, CT slices), they usually modeled based on particle
size distribution, replacing particles in the model with spheres. This method is suitable for rocks
with good particle size sorting. However, the sorting of conglomerates is poor, the particle size of
large particles and small particles differs by several orders of magnitude, which can easily cause large
errors in calculations. At the same time, the particle morphology of conglomerates is also complex,
and the impact of morphological features on permeability can no longer be ignored.
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This paper proposes a method for reconstructing a seepage model based on a deep neural net-
work and Finite Element-Discrete Element Coupling, targeting the influence of particle size dis-
tribution and particle morphology in conglomerates on permeability characteristics. The method
is divided into three steps: (1) Use a deep neural network to perform semantic segmentation on
two-dimensional images, dividing the image into large particle blocks, small particle blocks, and
pores; (2) According to the particle size distribution and porosity of the small particle blocks, use
the discrete element method for three-dimensional reconstruction, and combine CFD for seepage
simulation; (3) According to the morphological features of the large particle blocks, convert them
into finite element plane models, and couple them with the discrete element models to calculate the
predicted permeability of the original two-dimensional image.
This paper compares the predicted permeability with physical experimental results and the classic
Kozeny-Carman prediction equation, verifying the accuracy and superiority of the method in this
paper. The main work and conclusions of this paper are: (1) The method in this paper can effectively
consider the impact of particle shape on permeability characteristics and improve the prediction
accuracy of permeability; (2) The method in this paper can make full use of the information of two-
dimensional images, reducing experimental costs and calculation time; (3) The method in this paper
has a certain universality and can be extended to other types of porous media.
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When natural gas hydrates are heated and dissolved, the boundaries of fluid-solid will apparently
be changed, and average permeability and equivalent thermal conductivity change in coupling. We
designed two different microstructures, grain‐coating type and pore-filling type, based on two com-
mon storagemodes. Themodel size is 50 μm × 22 μm, and the solid particles are 2.0 μm × 2.0 μm. Then
we use the Dual Distribution Function model (DDF) of Lattice Boltzmann method to simulate the
processes of hydrate dissolution and heat convection based on coupling thermal-flowing-mechanic-
chemical (TFMC).
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To reduce the impact of nonlinear conditions on calculation results, it is necessary to partition the
simulation area along the flowing direction and calculate the data of each partition. The grain-
coating type has an initial hydrate saturation of 43.6% and its permeability, as determined by Darcy’s
law, increases from 0.43D to 2.91D. Similarly, the pore-filling type model has an initial hydrate sat-
uration of 36.6% and its permeability increases from 0.43D to 2.64D. The relationship between per-
meability K and hydrate saturation Sh is linear, as the simulation area was divided into four equal
parts. However, the relationship between thermal conductivity (λ) and hydrate saturation (Sh) in
both models is non-linear, which calculated by the convective heat transfer formulation. As the hy-
drate saturation decreases, the equivalent thermal conductivity firstly increases exponentially and
then linearly. The initial thermal conductivity λ of the twomodels is about 1.47, and the final λ of the
grain-coating type is about 8.47, and the final λ of the pore-filling type is about 11.63. Both models
split at around 2/3 of initial saturation. The thermal conductivity equivalent, λ, is exponential with
saturation from the starting point to the cut-off point, but becomes linear when saturation is less
than the cut-off point. The exponential approximation is due to the high proportion of hydrates and
the gradual weakening of the thermal diffusion rate compared to the convective heat transfer rate.
To investigate the multi-field coupling effect of TFMC, we analysed the flow rate (seepage field), the
initial hydrate saturation Sh (solid field) and the activation energy ΔE or phase change potential ΔH
(chemical field). Changes in velocity will not affect the linear relationship of permeability, but will
significantly increase thermal conductivity and shorten the nonlinear section. The changes of initial
hydrate saturation Sh will not affect the linear law of permeability, but it is necessary to increase the
number of calculated partitions to make the results more linear. The demarcation point of equivalent
thermal conductivity is kept on about 2/3, only the final results are changed. The activation energy
change (ΔE) and phase change potential (ΔH) indicate different types of hydrates. The permeability
or equivalent thermal conductivity do not change significantly.
In summary, the DDF-LBM can be used to simulate the unsteady convective heat transfer process
of hydrate dissolution. According the above analysis, more accurate parameters can be provided for
thermal flow mining natural gas hydrate under seafloor, which considering the multi-field coupling
conditions of TFMC.
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In this investigation, the causes of the pressure drop and the quantitative expression of the Jamin
effect during the discontinuous oil phase migration in the variable microchannel are studied. The
research focus of this investigation is to quantify the pressure drop generated by the discontinuous
oil phase in different stages of mobilization in the constricted microchannel, and the physical phe-
nomena behind the pressure change of the discontinuous oil phase in the process of passing through
the uniform and constricted microchannel.
The pressure drop of discontinuous oil phase passing through a constricted microchannel was ob-
served and quantitatively analyzed by means of computational fluid dynamics. In this investigation,
the equivalent viscosity model is used to analyze the start-up and mobilization process of discon-
tinuous oil phase. The pressure curves of discontinuous oil phase passing through constricted mi-
crochannels were analyzed by changing the diameter ratio of the constricted microchannels, and
the law was found and the pressure drop was quantitatively characterized. By changing the volume
size of the discontinuous oil phase, the pressure variation rule of different discontinuous oil phases
passing through the same constricted microchannel was observed and analyzed, and the pressure
drop was quantitatively characterized. The results show that each stage of the pressure curve rep-
resents the different stages and different physical phenomena of the discontinuous oil phase during
its mobilization in the constricted microchannel. Through the above numerical simulation experi-
ments, the pressure variation law of discontinuous oil phase in the constricted microchannel under
different conditions is revealed, and the Jamin effect is further explored and expressed.
The pressure difference of capillary force plays an important role in the passage of the discontinuous
oil phase through the constricted microchannel with different diameter ratios and various volume
size of the discontinuous oil phase, which is a manifestation of Jamin effect. Therefore, this in-
vestigation further explores the physical mechanism and quantitative characterization of the Jiamin
effect by studying the migration mechanism of discontinuous oil phase in the constricted microchan-
nel.
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With the deepening of oil and gas resources exploration and development, drilling wells will en-
counter various problems, especially the leakage problem, which will lead to a substantial increase
in drilling costs. At the same time, the uncertainty of the leakage channel in the process of reser-
voir leakage not only has a great impact on the drilling efficiency but also causes a large amount
of drilling fluid leakage and other problems. At this stage, cement slurry plugging material is the
most commonly used plugging material to deal with cracks, holes, and other malignant leakage, but
the disadvantage of cement slurry is easy to be dilute with formation water mixing, so it is difficult
to stay in the leakage layer in the near-well zone to the point that it can’t form a dense blocking
layer, so the effect of the cement plugging agent isn’t particularly ideal. This paper uses anionic
polyacrylamide HPAM and organic chromium crosslinker, a stabilizer to form a temperature and
PH-sensitive gel system, the gel system can be added to the pre-positioning liquid to delay the gel
formation time, and the system before and after the addition of the pre-positioning liquid, respec-
tively, the performance of the analysis and evaluation, and ultimately determine the gel system. It
was found that within a certain range, the release rate of Cr3+ from the organochromium crosslinker
in this system accelerated with the increase in temperature, and the release rate of Cr3+ was slower
when the pH was 5-7. Since the release rate of Cr3+ determines the speed of hydroxyl bridge reac-
tion with HPAM, the purpose of delayed gel formation in a weak acidic environment can be achieved
by controlling these two variables, so that the predisposed liquid system added into the gel can be
controlled and sealed after arriving at the target layer, obtaining good plugging effect and laying the
foundation for the future cement cementing process.
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Predicting CO2 corrosion rate in steel pipes based on machine
learning algorithms.
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“In the industrial and energy production sectors, carbon dioxide corrosion is widespread, making
accurate prediction of its corrosion rate crucial. Traditional corrosion rate prediction models, often
based on empirical rules, neglectmultiple influencing factors, making them less adaptable to complex
corrosion environments and resulting in poor accuracy and applicability. To address this issue, this
study employs the principles of machine learning and utilizes data mining techniques to investigate
the impact of factors such as chromium, temperature, and pressure on corrosion. Independence
among factors and their influence on wellbore corrosion rate are determined through a correlation
matrix. Multiple corrosion rate prediction models, including Random Forest (RF), Support Vector
Machine (SVM), K-Nearest Neighbors (KNN), Gradient Boosting Decision Tree (GBDT), Extreme
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Gradient Boosting (XGBoost), and Light Gradient Boosting Machine (LightGBM), are established.
Performance evaluation metrics such as determination coefficient and mean squared error are used
to compare and analyze the effectiveness of these models.”
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After imaging samples with CT or FIB-SEM, correctly and precisely detecting pores in the digital
acquisition requires image segmentation. A series of steps are necessary to be able to correctly
process the data. Firstly, a series of filters must be applied to prepare the data for segmentation. Then
a segmentation method must be selected. Finally, each detected pore must be measured.

With the use of AI this process is greatly simplified and datasets where segmentation was previously
very challenging can now provide pristine results.

Avizo Software already offered a variety of traditional segmentation tools. With the advent of AI, we
now offer the possibility to label, train and execute your AI model in a single application to detect
and measure the pores in your material.
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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 appli-
cations 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 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
3.9, Spring 2024) and how the capabilities have improved since the initial appearance of DuMux 3.0
(which is described in 1). Novelties include additional (pore-)network modeling capabilities, 2D shal-
low water equations (e.g. for river modeling), new control-volume finite element schemes, methods
for free-flow porous media coupling, fractured porous media, multithreaded assembly, and new tu-
torials and educational material.
Given the theme of the conference, we put a special emphasis on “Porous Media & Biology” applica-
tions 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 provides fi-
nite 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 differentiation; a customizable Newton method implementation, and many pre-
implemented models (Darcy-scale porous media flow, Navier-Stokes, Geomechanics, Pore network
models, Shallow water equations) and constitutive models. DuMux features a multi-domain frame-
work formodel coupling suited to couple subproblemswith different discretizations/domains/physics/dimensions/…
and create monolithic solvers.

Acknowledgement: DuMux has been developed since 2010 with contributions from over 80 devel-
opers. 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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In underground hydrogen storage operations, reservoir rocks often experience periodic pore pres-
sure fluctuations due to annual or more frequent gas extraction and injection cycles. These fluctu-
ations subject the reservoir rocks to cyclic effective stress changes, causing their mechanical and
transport behaviours to differ from those under static conditions. However, understanding how
porous rocks react to pore pressure oscillations in situ conditions is still limited. To address this, we
selected three types of sandstones with different physical properties (Castlegate, St Bees, and Zigong
sandstone, respectively), and conducted pore pressure oscillation experiments over several weeks at
different rates and amplitudes to simulate underground hydrogen injection and extraction processes.
Permeability was periodically measured during the initial loading phase and stress cycle intervals.
3D images of the samples before and after pore pressure cycling were obtained by performing X-ray
micro-computed tomography scans, and digital core models were established to characterise the ge-
ometric topological features of the three sandstones quantitatively. Experimental results indicate
that all three types of sandstone exhibit more significant increases in axial strain and decreases in
permeability than the control groups under constant pore pressure conditions. The strain changes
induced by these stress cycles were the primary control on permeability decline in the sandstones.
Notably, in the case of the high-porosity Castlegate and St Bees sandstones with porosities of 19.8%
and 18.6%, respectively, we observed that both the accumulation of inelastic strain and the decrease
in permeability were positively correlated with an increase in the rate, amplitude, and cycles of pore
pressure oscillations. In contrast, for the Zigong sandstone, which has lower porosity, there was no
obvious correlation among these factors. Microstructural evidence based on CT analysis revealed
that the inelastic deformation mechanisms in the three types of sandstones were dominated by grain
rotations and rearrangements. However, compared to Zigong sandstone, characterised by its closely
packed grains and lower porosity, only 7.9%, Castlegate and St Bees sandstones demonstrated more
pronounced changes in pore structure and a more significant loss in porosity. This implies that
sandstones with higher porosity, having more space to accommodate grain movements and rear-
rangements, are more sensitive to rapid pressure changes during cyclic loadings, leading to a more
significant response of their physical properties to pore pressure cycling.
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Coupling between soilmatric potential and osmotic potential
Authors: Shaojie Hu1; Chao Zhang1; Ning Lu2
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Soil matric potential and osmotic potential are widely accepted as two independent components of
total soil water potential. However, laboratory observations repeatedly demonstrated that matric
potential can vary with salt concentration, implying a potential coupling between matric potential
and osmotic potential. To date, it remains elusive whether matric potential and osmotic potential
are independent or not and why so, and a theoretical theory for quantifying the coupling between
them is still missing. Herein, a theoretical model is developed to quantitatively explain this problem
via a lens provided by a recent concept of soil sorptive potential. The proposed model substantiates
that matric potential and osmotic potential are not independent. The increasing salt concentration
can notably depress two variables underpinning soil sorptive potential, namely relative permittivity
and electrical double layer thickness, leading to non-negligible decreasing (more negative) of matric
potential in the high suction range, and increasing (less negative) of it in the low suction range. In
turn, the soil-water interactions redistribute ions in soil water, raising osmotic potential especially
for clay with high cation exchange capacity. The proposed model shows excellent performance in
capturing experimental data, validating its accuracy. A parametric study implies that the neglection
of coupling effects can lead to a significant underestimation of soil hydraulic conductivity in the film
flow regime.
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Physical origin of adsorptionheat and its significance in the isotherm
equation
Authors: Chao Zhang1; Lijun Li1; Shaojie Hu1; Lingyun Gou1
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Adsorption heat is a cornerstone concept underpinning almost all the existing theoretical isotherms
for porous media. Yet, it remains elusive what this concept stands for and what are the physical
sources for it. Here, a rigorous thermodynamic formulation is derived for the adsorption process
with the aid of the law of mass action, leading to an expression of adsorption heat as the external
chemical potential difference between two adjacent adsorbate layers. The interaction between ad-
sorbent and adsorbates like van der Waals is theoretically identified as the intermolecular source
for the change of adsorption heat. Thereby, adsorption heat is formulated as a spatially varied
function of the distance to adsorbent surfaces. This adsorption heat function facilitates the estab-
lishment of a two-parameter sorption isotherm equation. The equation can be theoretically con-
verted to two widely used adsorption isotherm equations, namely Brunauer–Emmet–Teller (BET)
and GuggenheimAnderson-de Boer (GAB) equations, and shows excellent performance in captur-
ing experimental isotherm data of a wide array of materials. The comparative analysis demonstrates
that the derived two-parameter isotherm equation outperforms the two-parameter BET equation
and the three-parameter GAB equation in most cases. Such performance verifies the generality of
the derived isotherm equation, thus further confirming the validity of the derived formulation of
adsorption heat.
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Although CO2 injection into the geological formations is a promising option to enhance oil recovery,
how multiscale pore structures within porous media affects multiphase transport remains poorly
understood. This study fully exploits the unique advantages of real-time in-situ visualization of
microfluidics to investigate the multiphase flow behavior within micro and nano-pores during both
CO2 miscible and immiscible flooding process. Two types of porous media chips with network chan-
nel structures were designed–a micro-nano scale cross-scale chip with a fracture-matrix structure
and a micro-scale chip with multiple pore-throat ratios. This study investigates the impact of cross-
scale effects, Jamin effect, and network channel shapes on the flow patterns of CO2 and oil during the
CO2 flooding process. The effects of these factors on the recovery rates throughout the entire CO2
flooding process are also discussed. In the cross-scale chip, micro-scale fracture channels expedite
the process of achieving a 100% recovery rate in CO2 miscible flooding. Conversely, the micro-scale
fracture channel, offering a “short circuit” pathway for CO2, results in the extensive entrapment of
residual oil, leading to a substantial reduction in the recovery rate in CO2 immiscible flooding. In
the micro-scale chip, the flow resistance induced by the Jamin effect increases with the increase of
the pore-throat ratio porous media during CO2 immiscible flooding. The time required to achieve
100% recovery efficiency during CO2 miscible flooding is notably delayed with an increase in the
pore-throat ratio. These results can significantly enhance our understanding of multiphase transport
in CO2 enhanced oil recovery, facilitating the optimization of practical CO2-EOR schemes.
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Conducting Monitored Natural Attenuation: Microbial commu-
nities hold the answers
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The application of Monitored Natural Attenuation (MNA) technology has been widespread, while
there is a paucity of data on groundwater with multiple co-contaminants. This study selected a
high permeability and low hydraulic gradient with BTEX (benzene, toluene, ethylbenzene, and
xylenes), chlorinated aliphatic hydrocarbons (CAHs) and chlorinated aromatic hydrocarbons (CPs)
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co-contamination to unravel the responses of microbial communities during natural attenuation
processes. The results showed that the diversity and composition of groundwater microbial com-
munity exhibited greater variation horizontally than vertically. Groundwater microbial community
was primarily shaped by the total quantity of contaminant (r = 0.722, p < 0.001), and BTEX would
have a more significant influence on community diversity than CAHs or CPs especially at high zone.
The groundwater microbial community assembly was governed more by deterministic processes
(βNTI < −2) than by stochastic processes in high contaminants concentration zone and showed an
opposite trend at low-concentration zone (|βNTI| < 2). The co-occurrence relationships among mi-
croorganisms indicated that the differences in degradationmechanisms at various depths. This study
provided a better ecological understanding for preparation of long-term monitoring plan at further
MNA practices of deep thick and multiple co-contaminants aquifers.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

中国
Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

618

Bio-reactive Transport Modeling in UndergroundHydrogen Stor-
age: Current Status, Challenges, and Perspectives
Authors: Gloire Imani1; Hai Sun2; Lei ZhangNone

1 China University of Petroleum
2 CHINA UNIVERSITY OF PETROLEUM (EAST CHINA)

Corresponding Authors: zhlei84@163.com, sunhai@upc.edu.cn, migthebest27@gmail.com

In the wake of escalating concerns about climate change and the looming specter of the greenhouse
effect, governments worldwide have embarked on ambitious initiatives to mitigate carbon emissions
and transition towards sustainable energy solutions. As carbon-intensive energy sources continue
to contribute to the greenhouse effect, the imperative to harness cleaner alternatives has never been
more urgent. Amidst this backdrop, the focus on hydrogen—a versatile and environmentally friendly
energy carrier—has intensified. The storage of hydrogen underground presents a compelling solu-
tion for large-scale, long-term storage. However, the underground surfaces earmarked for hydrogen
storage are not mere geological repositories; they are bustling ecosystems teeming with microbial
life. Whether in the porous rock formations of depleted reservoirs, the expansive voids of salt cav-
erns, or the porous structures of aquifers, microbes interact with hydrogen and lead to hydrogen
consumption. This intricate dance between hydrogen, geological formations, and microbial com-
munities lays the foundation for the emergence of bio-reactive transport modeling. However, bio-
reactive transport in porous media involves scales ranging from the bacteria scale to the aquifer
heterogeneity scale and a temporal multiscale nature of the various phenomena involved, such as
flow, transport, and biofilm growth. Thus, the existing bio-reactive models have several limitations
in UHS. Furthermore, the effects of microbes on pore-scale phenomena such as wettability alteration
have not been modeled yet. The impacts of microbial activities on macroscale properties, including
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capillary pressure and relative permeability, have not yet been understood. The development of
visualization techniques (micro-CT) capable of capturing microbial activities in real rock would sig-
nificantly help in constructing accurate bio-reactive models.
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Interpreting Pore-Scale Fluctuations: Predicting Transport Co-
efficients in Multiphase Flow through Porous Media Using the
Green Kubo Formulation - An Experimental Investigation
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Pore scale fluctuations during multiphase flow in porous media have been observed over the past
decade particularly at capillary dominated flow regimes. While multiphase flow in porous media is
typically predicted using models that employ average properties, the current models do not incor-
porate these fluctuations at the pore scale. It therefore remains unclear how flow fluctuations can
be integrated into existing models and to what degree they are related to energy dissipation.
Herein, we study pore scale fluctuations during steady state multiphase flow using the concept of
non-equilibrium thermodynamic and statistical mechanics. We investigate, for the first time, how
the Green Kubo formulation of the fluctuation dissipation theorem (FDT) can be used to predict the
transport coefficient from the two-phase extension of Darcy’s law. Flowrate-time series data are
recorded at the millisecond time scale using a novel experimental setup that allows for the determi-
nation of flow fluctuation statistics. Steady state coreflooding experiments were conducted using DI
water and decane as the wetting and non-wetting phase. A water fractional flow of ~0.5 was used
while varying the total capillary number, Ca. By using Green Kubo relations, a transport coefficient
is predicted based on the integrated autocorrelation function (ACF). The transport coefficient using
conventional Darcy’s linear law was also compared with the FDT approach.
Notable fluctuations were observed at all Ca studied. A linear relationship between average flux
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and pressure drops was observed at the lowest Ca. Hence, obeying Darcy’s law. At higher Ca but
still within capillary dominated flow regime, there was a systematic deviation from the linear trend.
Thus, a non-Darcy behaviour was observed. Statistical frequency analysis of the flow fluctuations
further shows non-Gaussian feature, that is more pronounced at the lowest Ca. By using Green
Kubo relations, a transport coefficient is predicted based on the integrated ACF. Notably, this coef-
ficient aligned closely with the total effective phase mobility computed using Darcy’s equation for
multiphase flow, particularly in scenarios where a linear relationship between flow rate and pres-
sure gradient was observed. We provide the first experimental evidence of using FDT to determine
transport coefficient during multiphase flow in porous media.
Our results open a new application for nonequilibrium thermodynamics where microscale fluctua-
tions duringmultiphase flow are directly linked tomacroscale parameters. Establishing a connection
between these fluctuations and macroscale parameters is pivotal to understanding energy dissipa-
tion during multiphase flow and associated modes of transport.
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The Wettability Evolution Process and Mechanism of Deep Tight
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Abstract: Wettability plays a crucial role in the percolation capacity of deep tight sandstone reser-
voirs. Due to great variations in fluid properties, mineral types, and compositions during diage-
netic evolution processes, the wettability evolution process and its control mechanism remain un-
clear, which limits the understanding of hydrocarbon accumulation in deep tight sandstones. In
the present study, the upper submember of the 4th member of Shahejie Formation in Dongying
Sag, Bohai Bay Basin is targeted to systematically analyze the influence of diagenesis on deep tight
sandstone reservoir wettability. A combined method including cast thin sections, X-ray diffractions,
high-temperature and high-pressure Amott wettability experiments attached to a nuclear magnetic
resonance equipment, and high-temperature and high-pressure solid-oil-water contact angle experi-
ments. The results show that the different types of pores have been generated in different diagenetic
stages. From A-stage eodiagenesis to B-stage mesodiagenesis, the compaction residual pores, disso-
lution pores in feldspar and dissolution pores of carbonate, dissolution pores of quartz margin, disso-
lution pores in feldspar and dissolution pores of carbonate, fractures wee formed in sequence. With
the ongoing diagenesis, the water wetability of residual intergranular pores, the dissolution pores
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of quartz margin and the dissolution pores in feldspar are enhanced, while the dissolution pores of
calcite become more oil wetting, and the dissolution pores of dolomite change from water wetting
to intermediate wetting. In addition, the main pore types developed at different diagenetic stages
and their surface wetting characteristics determine the overall wettability of deep tight sandstone.
Overall, the deep tight sandstone is mainly characterized by water ettability, which is changed from
strong water wetting, weak water wetting, water wetting, intermediate wetting, to water wetting
from A-stage eodiagenesis to B-stage mesodiagenesis. A wettability evolution model for deep tight
sandstone reservoirs controlled by diagenesis is established, which holds significant implications for
predicting sweet spots in deep tight sandstone reservoirs.
Key words: Jiyang Depression; Beach-bar Sand; Deep Reservoirs; Diagenesis; Magnetic Resonance
Imaging
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Introduction

Micro-CT is a unique technology to non-destructively investigate the internal structure of samples,
spanning a range from centimeter to micrometer scale. However, when it comes to material iden-
tification, the technology has some inherent limitations. The contrast observed within a micro-CT
scan arises from a multitude of factors. The attenuation coefficient of a material is influenced not
only by its atomic number and density but also by additional variables such as X-ray energy, the
X-ray spectrum, and the characteristics of the employed detector. These diverse factors collectively
contribute to the observed contrast, making the process of material identification in micro-CT scans
a nuanced and multifaceted endeavor.
By using a spectral detector, not only the attenuated intensity of the X-ray beam can be measured,
but the energy spectrum of the X-ray beam is captured when it passes through a sample. This ca-
pability facilitates the segregation of information relating to both the atomic number and density
within the spectral scan.
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Materials and Methods

A contaminated soil sample was into a 7 cm diameter container and scanned on a TESCAN UniTOM
XL SPECTRALusing both traditional attenuation-based tomography and spectral tomographywhich
allows to measure the entire energy spectrum between 20 and 160 keV of the X-ray beam. The spec-
tral data was reconstructed and analyzed using the TESCAN Spectral suite, which enabled to extract
spectra and analyze K-edge information from dense mineral phases in the sample and generate maps
of the atomic information (Zef) and the density in the soil.

Results and Conclusion

In this work we show how spectral micro-CT can improve material identification for porous geologi-
cal material like soil. The soil was contaminated with heavy metals and the spectral K-edge imaging
was used to analyze the distribution lead in the soil. This is illustrated in figure 1, where the spectral
signature of 2 dense grains is shown. The presence of the K-edge of Pb in one of the spectra is clearly
present, positively identifying lead bearing particles in the soil.
The attenuation coefficient in a micro-CT image depends on the X-ray energy, the atomic number
and the density. Because we have information of all the X-ray energies between 20 and 160 keV in
the spectral CT a better distinction between the atomic information (Zef) and density can be made.
In the soil we have larger granules in a finer grained matrix. In figure 2 we can see that in the Zeff
map there is no difference between the granules and the matrix. While in the density map the matrix
and granules can clearly be discriminated. This shows that the granules in the soil have the same
chemical composition as the matrix (same Zef) but have a clear difference in density, where the
granules are far denser compared to the matrix.
All results show the large potential of spectral CT in enhancing attenuation-based micro-CT and
providing new and unique insights in all types of materials.
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Abstract:
Background. Shale blocks are dense and have low porosity, resulting in shale gas reservoirs having
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no natural extraction capacity. Therefore, large-scale hydraulic fracturing is often used in engi-
neering to increase production and transform shale gas reservoirs, in order to achieve commercial
development of shale gas reservoirs. After hydraulic fracturing construction, hydraulic fractures
and fracture networks with certain conductivity can form in shale reservoirs. However, complex
fracture networks can significantly increase the contact area between fracturing fluid and rock, pro-
moting the infiltration and absorption of fracturing fluid. Shale reservoirs have the characteristics
of developing micro nano pores and high clay mineral content. The fracturing fluid entering the
reservoir is trapped in the reservoir under the combined effects of capillary pressure and clay min-
eral water absorption and expansion, making it difficult to flow back to the wellbore. The fracturing
fluid trapped in shale reservoirs has two main impacts on the production of shale gas: on the one
hand, the trapped fracturing fluid interacts with shale to generate new fractures, connect pores, and
promote the extension and expansion of fractures. At the same time, it provides formation pore pres-
sure, avoiding rapid closure of fractures; On the other hand, the stagnant water phase exists on the
surface of shale minerals or occupies pore space, which restricts shale gas production and induces
fluid sensitivity damage and water phase trap damage. Fracturing fluid infiltration greatly changes
the gas water distribution and flow channels in shale reservoirs, increasing the water saturation in
the reservoir. In order to improve the efficiency of shale gas utilization, it is urgent to study the
gas-water two-phase flow behavior in shale pores and fractures.
Methods Selecting deep shale cores from Dingshan marine facies, conducting single-phase low-
speed methane seepage experiments, gas-water relative permeability testing experiments, and gas-
water relative permeability testing experiments under high temperature and high pressure condi-
tions under different water saturation levels, to deeply study the gas-water two-phase flow behavior
in shale pores and fractures.
Results and Discussion (1) The gas flow rate decreases with the decrease of pressure gradient and
increases with the increase of water saturation during the single-phase methane permeation process;
As the water saturation increases, the gas permeability of shale cores decreases; As the pore pressure
increases, the gas permeability of shale cores decreases. (2) The gas water relative permeability test
experiment shows that the gas-water two-phase flow behavior mainly occurs in the fracture space.
The test results show that the confined water saturation of the deep shale fractures in Dingshan
marine facies is 17.32%~30.63% (average 24.21%), and the water saturation at the isotonic point is
44%~50% (average 47.17%). The deep shale fractures in Dingshan marine facies exhibit water phase
wetting. (3) The experimental results of gas-water relative permeability testing under high temper-
ature and high pressure conditions show that, while maintaining constant confining pressure and
temperature, reducing pore pressure increases the bound water saturation of gas-water phase per-
meability, shifts the isotonic point to the left, enhances water phase wettability, and overall reduces
gas phase permeability.
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In this paper, a new mathematical model of pressure buildup in a closed rectangular reservoir un-
der constant bottom-hole pressure and constant production is presented. The model is designed
to provide approximate analytical solutions to pressure variations in rectangular reservoirs in or-
der to gain a deeper understanding of reservoir productivity and production behavior. Compared
with the empirical or semi-analytical models in the literature, the model proposed in this paper is
completely analytical and has a solid theoretical basis, which can accurately predict the production
performance of a single well under constant bottom-hole pressure. The model is obtained by a series
of mathematical methods such as Laplace transform, Dirac function, convolution, Green function
and superposition principle. The effects of reservoir area, well location, shut-in pressure and pro-
duction time on shut-in pressure buildup in closed rectangular reservoirs are analyzed. This paper
provides a powerful tool for the field of oil and gas engineering to better plan and manage reservoir
development.

Key words: Rectangular reservoir; Pressure buildup; Mathematical model
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The current research investigates the possible implementation of CO2 geological sequestration in
the Deccan volcanic province. The numerical simulation analysis is carried out to analyse the influ-
ences of specific sequestration parameters like the injection rate and injection point; and geological
parameters like top surface morphology, petrophysical properties variation, and geological features
like stairsteps traps and anticline on the CO2 plume migration in the subsurface formation domain.
The effect of these sequestration and geological parameter variations is analyzed on the trapping
mechanism, sweeping efficiency and structural integrity over a geological time scale for the con-
sidered subsurface synthetic domain. The multiphase, multicomponent reactive transport modeling
technique is utilized to conduct this analysis. The outcome of this research has shown insight into
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the potential implementation of CCS and a future estimate of CO2 migration and CO2 entrapment.
Further, provides the impacts of sequestration and geological parameters over a geological time scale.
Future studies will focus on caprock leakage analysis, leakage implications on different entrapment
mechanisms, and machine learning approaches to predict the entrapment percentage, leakage, and
structural integrity research for long geological time scales.
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Identification of coal facies and their impacts on pore structure
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A systematic research was performed on the variation of coal facies and its effect on the pore struc-
ture of 38 coal samples were collected from Sangjiang-Muling basin with multiple techniques, in-
cluding mercury intrusion porosimetry (MIP), micro-organic quantitative analysis, and fluorometric
analysis fracture observation results. Themercury intrusion curves of coals in this area could be sub-
divided into two typical types, including type I (predominantly adsorption-pore), type Ⅱ (predom-
inantly seepage-pore, and diffusion-pore). Three various coal facies, including shallow overlying
water - weakly oxidized forest swamp facies, deep overlying water - substantial reduction of for-
est swamp facies and wet forest swamp facies, were distinguished by Q-cluster analysis and tissue
preservation index (TPI)- gelification index (GI) and Wood index (WI)- groundwater influence index
(GWI) plate correction. The results indicate that with the increase of TPI and WI, the number of
adsorption-pore increase and the proportion of seepage-pore and diffusion-pore decrease. It means
that the hydrodynamic of deep overlying water - active reduction of forest swamp facies are weak
relatively because of reasonable high TPI and GI and coalbed methane (CBM) reservoirs are likely
to be formed in this coal facies due to the abundant adsorption-pore. Thus this study could provide
a basis for the optimization of favorable areas in CBM reservoirs.
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The massive burning of fossil fuels has led to a dramatic increase in the level of CO2 in the atmo-
sphere, which has greatly affected the global ecology and climate. CO2 enhanced coalbed methane
recovery technology not only reduces the CO2 footprint in the atmosphere, but also effectively pro-
motes the extraction of CBM. Coal has strong heterogeneity and dual pore structure, and after CO2
is injected into the coal reservoir, a complex binary gases (CO2 and CH4) flow and multi-physical
field coupling problems will occur. we are still confronting of tricky challenges in study the flow of
binary gases under multi-field coupling conditions in complex pore networks.
In order to truly restore the pore structure of coal and the flow characteristics of binary gas, this work
conducted X-ray scanning on coal samples collected in South Junggar, China, and 3D reconstructed
the coal samples using the obtained two-dimensional CT slices. Based on the reconstructed pore
network model, permeability simulation was performed using the finite element method. Penetra-
tion and diffusion of binary gases and water as well as heat and mass transfer are considered during
the simulation. This study aims to investigate: (1) The main factors controlling the competitive ad-
sorption/desorption capabilities of binary gases. By comparing the simulation results of different
CO2 injection pressures, reservoir temperatures and moisture content, to clarify the main factors
affecting the competitive adsorption capacity of CO2 and CH4. (2) Reservoir temperature changes
induced by binary gas adsorption/desorption. Gas adsorption is an exothermic reaction, and the
desorption is an endothermic reaction. Due to the adsorption/ desorption dynamic changes of dual
gases in the system, the temperature of the reservoir has a periodic law. (3) Permeability evolution
rules of binary gases and recovery efficiency of CH4. Reservoir temperature and water content in
pore network have a great impact on gas production efficiency. By ignoring and considering two
factors during the simulation process, to determine the impact on the permeability change of the
binary gas and the recovery efficiency of CH4.
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One of the major challenges faced during the analysis of the drying process is the problem of ac-
curate determination of fluid movement within the narrow void spaces within the porous medium,
the effects of which are critical for the overall drying kinetics. As the intricate nature of porous
media precludes experimentation, numerical methods are gaining traction for modeling the fluid
movement and capturing its effects on the overall drying process. Of the various numerical mod-
eling techniques, the Lattice Boltzmann Method (LBM) has emerged as a powerful tool in recent
times due to its strengths of scalability, interface tracking, and multiphase implementations. This
study aims to use a Lattice BoltzmannModel to investigate the pore-scale phenomena that can occur
during the drying of a capillary porous medium under both diffusive drying conditions and in the
presence of convective airflow and determine the effects of these pore-scale phenomena over the
overall drying process.
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In recent years, advancements in micro-computed tomography (micro-CT) imaging technology and
image processing have significantly enhanced our understanding of the internal structure of rock
cores and the distribution of fluids during multiphase flow. Herein, we utilize micro-CT to explore
the impact of wettability on fluid flow in a sandstone rock at the pore-scale in combination with rel-
ative permeability measurements by history matching steady state flow experiments. Steady state
experiments were conducted by the co-injection of decane and water into a sandstone core under
different fractional flows (Fw=0, 0.25, 0.5, 0.75, and 1) and wetting conditions. At each stabilized
fractional flow, the system was imaged with micro-CT at a resolution of 6.7µm under dynamic flow
conditions. The sandstone core as initially tested in a clean state, i.e., water-wet condition, followed
by aging in crude oil for twoweeks at 90oC to create an aged state core, i.e., oil-wet/mixed-wet condi-
tion. For the aged-state core, it was observed that the oil-water interface was dynamically changing
under so-called steady state conditions while the clean state core provided static connected path-
ways for flow. Consequently, the aged-state core was also imaged under static conditions to capture
fluid/fluid interfaces and common lines. Based on the scanned images, parameters such as contact an-
gle, curvature, pore occupancy, and Euler number were calculated, comparing differences between
the clean state and aged-state conditions. Furthermore, history matching of relative permeability
was performed to analyse the flow characteristics at the continuum scale, providing a comprehen-
sive understanding of pore-scale mechanisms linked to relative permeability behaviour.
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ATransformer-based framework for brine-gas interfacial tension
prediction: Implications for H2, CH4 and CO2 geo-storage
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Brine-gas interfacial tension (γ) is an essential parameter to determine fluid dynamics, trapping and
distributions at pore-scale, thus influencing gas storage capacities and securities at reservoir-scale.
However, γ is a complex function of pressure, temperature, ionic strength and gas composition,
thus very time-consuming and costly to cover all these influencing factors by experiment. Therefore
herein, a machine learning workflow is established to predict γ accurately and and develop a math-
ematical prediction model under various gas (H2, CH4 and CO2) geo-storage scenarios.
First, three types of gases (namely H2, CH4 and CO2) were encoded based on their molecular weight.
Then, γ and its influencing factors were input into the dataset (total 300 data points were collected,
and the ratio of the training to the testing dataset is 8 : 2). Next, the advanced Transformer model
was used to predict γ with the determination coefficient (R2) to evaluate the prediction accuracy.
Finally, an accurate γ prediction correlation is derived as a function of pressure, temperature, ionic
strength and gas composition.
The prediction results have shown that:
1) The prediction precision is high with (R2>0.8);
2) under typical gas geo-storage conditions, γ magnitudes follow the order H2 > CH4 > CO2, e.g., γ
is 68 mN/m, 62 mN/m, and 27 mN/m respectively at 10 MPa and 50 ºC for these three gases;
3) For a representative H2 geo-storage scenario with CO2 as cushion gas, γ for the H2 and CO2
mixture is smaller than that for H2, while larger than that for CO2, which is attributed to various
intermolecular forces for various gas compositions;
4) γ decreases with increasing pressure and temperature, while γ does not have a monotonous rela-
tionship with I, quantitatively consistent with experimental observations.
To our best knowledge, this is the first time to introduce a robust Transformer-based formula gener-
ation framework and develop a mathematical model for cost-effective prediction of γ under a wide
range of gas geo-storage conditions. These insights will promote energy transition, balance energy
supply –demand and reduce carbon emissions.
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Interaction forces caused by relative movement in a continuum
mechanical model for suffusion
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Dam failures and landslides can be caused by erosional processes. Suffusion, a special type of in-
ternal erosion (Yang et al., 2019), is the initial stage of a backward erosion process (van Beek, 2015)
which may lead to creeping degradation of the dam’s stability and in the end to catastrophic out-
comes like the Brumadinho tailings dam collapse in Brazil 2019 (Silva Rotta et al., 2020). Currently,
there are no field-scale models that can predict the time scale of the process and the area of collapse.
Only empirical criteria (Chang et al., 2013) can be used to determine whether a soil is erosionally sta-
ble or unstable (Fell et al., 2015). New projects could be planned following these criteria. However,
some existing earthworks may not meet these criteria and a reliable risk evaluation is not possible.
Moreover, for economic reasons, modelling the whole process and, in consequence, predicting the
duration of erosion processes may lead to more cost-effective constructions.
To model suffusion at the field scale, the authors are currently researching a continuum mechanical
approach. The total soil is modelled with three phases: grain skeleton, water and particles which
can be eroded or deposited. These three phases can move independently, and their motion is de-
scribed by balance equations and constitutive laws. Analog to the effects of suffusion, these laws
include the weakening of the soil mechanically. The detachment of particles increases water conduc-
tivity, while particle agglomerations impede flow in certain areas, resulting in an increase of seepage
forces on the grain skeleton. In a further development of existing approaches by Vardoulakis (2004),
the particle diameter is introduced as a parameter. If the particles are very fine and their volume
fraction is relatively small, their movement is dominated by advective transport. Consequently, the
particles move simultaneously with the water phase. If the particle size is above a certain diameter,
friction between particles and water becomes dominant and causes relative motion between these
constituents. Additionally, the interaction between the particles and the pore channel of the grain
skeleton arises significantly. (e.g., Bear et al., 1987; Schaufler et al., 2012)
A new model based on the Theory of Porous Media (TPM) (Bowen, 1976) represents the mechanical
aspects of particle transport through the pore space. Resistivities are defined to represent the inter-
action forces between the three soil constituents. Observing a special case, the interaction between
the soil skeleton and the pore fluid represents the Darcy velocity. The drag force caused by the in-
teraction between particles and pore fluid is also known, but it is typically used for sedimentation
and not in combination with the Darcy equation. Additionally, there is an interaction between the
particles and the soil skeleton, which has not yet been applied to continuum mechanical models.
Analytical and numerical findings show that the movement of the fluid and particle phases within
the pore space can be represented in a continuum mechanical model. The results are plausible for
both laminar and non-laminar flow, as well as for different particle concentrations.
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Investigating the distribution patterns of hydrates in the pore spaces of sedimentary rocks and their
resistivity characteristics is crucial for understanding and predicting the storage and extraction of
natural gas hydrates. However, CT and resistivity joint measurements indicate that while the distri-
bution of Tetrahydrofuran (THF) hydrates in sandstone sediments is similar to that in conventional
oil and gas reservoirs, the resistivity measurements do not fully conform to the Archie model. This
discrepancy arises because the formation of THF hydrates is a dynamic processwhich involves fluctu-
ations in hydrate saturation, formation water salinity, temperature, and spatial distribution, making
it challenging to accurately characterize these variables using traditional resistivity measurements.
To address this issue and gain a deeper understanding of the complex petrophysical relationships in
THF hydrate sediments, this study established digital rock based on the hydrate distribution from in-
situ CT scans by segmenting the three-dimensional grayscale images of the sediments. The spatial
distribution of hydrates within the sediment pores was then simulated using the Diffusion-Limited
Cluster Aggregation (DLCA) model. Subsequently, the resistivity of sediments at various hydrate
saturations is determined using the finite element method. The results show that at low hydrate
saturations, hydrates exist in a dispersed form within the pores, while at high saturations, they are
distributed in cementing or encapsulating forms, enhancing the structural integrity of the sediments.
Furthermore, analysis of the aggregate morphology, including changes in gyration radius and frac-
tal dimension, effectively reflects the evolution of the structure. The combined results from experi-
mentation and simulation demonstrate that varying hydrate saturations significantly influence the
distribution forms and their impact on resistivity: at low saturations, hydrates have a minor effect
on resistivity, whereas at high saturations, extensive hydrate formation and distribution patterns
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lead to a rapid increase in resistivity. Overall, this study offers novel insights and methodologies for
understanding the petrophysical characteristics.

Keywords：THF hydrate formation, Resistivity measurements, Digital rock, DLCA model, Finite
element method.
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Ordinary Vs. Specialty Gels and Foams in Regulating CO2 Flow
within Heterogeneous Porous Media: A review
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Injecting CO2 into oil-bearing porous media serves as an effective strategy for climate change mit-
igation and enhanced crude oil recovery. In Carbon Capture and Storage (CCS) and Enhanced Oil
Recovery (CO2-EOR) processes, the development of fractures and caves, coupled with low reservoir
permeability, often leads to a reduced CO2 sweeping area, even presents challenges like gas channel-
ing or potential leakage post-storage. Chemical agents are widely used to regulate fluid flow in inho-
mogeneous porous media. To identify widely applicable and feasible chemical agents, evaluations
were conducted on both ordinary commercial agents and those with special performance. Criteria
included material properties like strength and durability, environmental factors such as high temper-
ature and mineralization, and feasibility considerations like cost and technological maturity. It was
observed that traditional commercial materials, including gels and foams systems such as polyacry-
lamide and sodium dodecyl sulfate, continue to evolve, focusing on resistance to high temperatures
and salt erosion. They are still favored for regulating oil and water flow due to their field-tested
experiences, affordability, and proven effectiveness. However, their efficacy in regulating CO2 flow
is less satisfactory. Gels face significant dehydration challenges in supercritical CO2, while foams
struggle with long-term stability under high-temperature and brine conditions. In contrast, special
performance gels are better suited to certain harsh formations. CO2 responsive materials, utilizing
CO2 as a trigger, can act precisely and effectively at designated locations. Self-healing materials
offer resilience against high-shearing damage and longer lifespans. Their downsides, however, in-
clude higher costs and lower technological maturity. Most special performance materials are at the
laboratory stage. Their environmental impact also remains a subject of debate. It is undeniable that
while the large-scale application of ordinary commercial gels is currently inevitable, a strategic shift
towards newer, more effective special performance materials is essential. Concurrently, optimizing
the resilience and cost-effectiveness of specialized gels is essential. For instance, enhancing the ther-
mal resistance of self-assembling and self-healing gels, and reducing the cost of polymer-enhanced
foam systems.
Keywords: CO2 flow regulation, special performance materials, CCS and CO2-EOR
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At present, the information about the structure of nanoporous materials is a key to understand-
ing the heat and mass transfer and catalysis processes and to predict the behaviour of nanoporous
materials for various applications. Also, this information may prove to be key to issues related to
fundamental problems of non-wetting liquid interactions with nanoporous materials, such as hys-
teresis of intrusion-extrusion pressures and non-wetting liquid non-outflow phenomena. Specific
pore volume, specific pore surface area, density of the carcass of a material, porosity and pore-size
distribution function are usually considered to be the main characteristics of porous materials. The
most commonly usedmethods for obtaining these characteristics are adsorption - desorption of gases
and mercury porometry. Also, methods using neutronography, electron-positron annihilation and
tomography are being developed to determine the pore size distribution function. The latter method
is widely used to obtain the spatial distribution of pores, but only for macroporous materials. Other
methods do not allow to answer the question about spatial distribution of pores.
For many non-wetting liquids and porous materials, it is known that after filling pores and releasing
excess pressure, either part or all of the liquid has failed to outflow. It was also found that the vol-
ume of this liquid depends critically on both the initial degree of filling and temperature (dispersion
transition). Consequently, the observed entrapment (non-outflow) of the liquid can be seen as a
transition of part of the liquid to a metastable state. The decay of such states is determined not so
much by a function of pore size distribution, as by the spatial structure of the pores.
In this work we obtained and try to use the results of experimental investigation of relaxation of
metastable states of a non-wetting liquid dispersed in a nanoporous material for reconstruction of
the spatial pore size distribution. We are used the results of studies of the relaxation of metastable
states of a non–wetting liquid –distilled water in a nanoporous material Fluka 100 C8. The studies
were carried out at different filling of porous material and at observation times from 1 to 104 seconds
for temperatures range 20 ÷ 60 ◦C.
The researchwas supported by the Russian Science Foundation grant No. 23-29-00352, https://rscf.ru/project/23-
29-00352/.
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At present, the global energy structure has gradually entered a critical period of transition from fos-
sil energy to new energy. Natural gas, as a clean and low-carbon fossil energy, is a bridge in the
energy transition stage, and shale gas, as an important component of natural gas, is an indispens-
able part of the future growth of the natural gas industry. Luzhou block is an important shale gas
development in Sichuan Basin, in which Longmaxi Formation is the main shale gas exploration and
development interval in Luzhou block, the main buried depth is between 3500~4200m. The overall
porosity of this set of shale is low, ranging from 4.0% to 5.5%, so it is very important to carry out
detailed research on shale pore structure for shale gas high yield. In this study, through an optimized
scanning electronmicroscope technology based on large-field stitching, thousands of small scanning
electronmicroscope images with adjacent matrix arrangement are collected and then combined with
image processing technology, the digital image pixels can be expanded to more than 50,000 × 50,000,
which can effectively identify and count organic and inorganic pores in shale. Greatly reduce the
space-time complexity of the algorithm. The analysis results show that the shale pore types include
organic pores, organic fractures, inorganic pores and inorganic fractures, and the side length of the
characterization field of organic pores is about 3μm. The side length of the characterization field of
inorganic pores is more than 5μm, and the diameter opening of organic pores in the areas detected
by the images is mostly between 20 and 200nm, and the maximum opening of inorganic pores is
more than 300nm. The organic pores are highly developed and dense, and the pore diameter is
small, but they contribute a lot to the shale reservoir space and have certain connectivity. The inor-
ganic pore has some contribution to the storage space, but the influence is small. The development
degree of organic and inorganic joints is low, but they have great influence on the seepage capacity
of fluid.
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Underground hydrogen storage (UHS) allows for large-scale energy retention using depleted hydro-
carbon reservoirs, saline aquifers, and salt caverns. Biofilms, defined as an aggregate of microbes
enclosed in a matrix of extracellular polymeric substance (EPS), are sophisticated systems where
different biological, chemical, and physical processes occurs such as growth, erosion, sloughing, at-
tachment, formation of metabolites, etc. While in some applications we can benefit from biofilms
(e.g., food industry, water quality), biofilms can also become an obstacle, especially for UHS regard-
ing injectivity and hydrogen loss. Numerical simulations can assist on a better understanding of the
interactions between biofilms and hydrogen in cyclic operations involving injection, storage, and
withdrawal periods.

The aim of this work is to develop and implement a mathematical model to perform field-scale UHS
simulations including biofilm processes. We can find in literature comprehensive multi-component
bio-reactive models for UHS (e.g., Hagemann et al. (2016)). Since field-scale simulations require
running the model on large spatial and temporal scales, then simplified models are suitable to deal
with the heavy computational burden. Still, the simplified model must capture the key processes
and quantities. Here, the main mechanisms related to microbial activity are the consumption of
hydrogen by the biofilm, porosity reduction due to the development of the biofilm, and biofilm
detachment because of higher flow velocities. To this end, the fluid is modelled as a two-phase
(liquid and gas), two-component (water and hydrogen) system, while the biofilm is modelled as a
solid phase attached to the rock, which grows due to hydrogen consumption and suffers erosion due
to the flow.

The mathematical model is implemented in the industry-standard simulator Open Porous Media
(OPM) Flow (Rasmussen et al., 2019). The existing hydrogen module implementation is extended to
include biofilms, which allows for flexibility to account or neglect the biofilm effects on the simula-
tions. For example, in Strobel et al. (2019) the authors presented a history matching study where
microbial activity was identified in the field during hydrogen injection, leading to a successful match
after adjusting the initial biofilm density.
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We apply the model to assess the hydrogen loss under different injection strategies and microbial
parameters. The complexity in the geological models is increased from core samples to layered
heterogeneous field-scale reservoirs. We use the pyopmnearwell software (Landa-Marbán and von
Schultzendorff, 2023), an open-source framework for creating the required input files by OPM (e.g.,
corner-point grids, tables for the saturation functions, injection schedules) via configuration files,
to perform the simulations, which allows for reproducibility of the results and further studies (e.g.,
history matching, optimization).

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

Norway

Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Hagemann, B., Rasoulzadeh, M., Panfilov, M. et al. 2016. Hydrogenization of underground storage of
natural gas. Comput. Geosci. 20, 595–606. https://doi.org/10.1007/s10596-015-9515-6. Landa-Marbán,
D., von Schultzendorff, P. M., 2023. pyopmnearwell: A framework to simulate near well dynamics
using OPM Flow. V2023.10. https://doi.org/10.5281/zenodo.10266791. Rasmussen, A.F., Sandve, T.H.,
Bao, K. et al., 2019. The open porous media flow reservoir simulator. Comput. Math. Appl. 81, 159–
185. https://doi.org/10.1016/j.camwa.2020.05.014. Strobel, G., Hagemann, B., Ganzer, L., 2019. History
matching of bio-reactive transport in an underground hydrogen storage field case. EAGE/DGMK Joint
Workshop on Underground Storage of Hydrogen. https://doi.org/10.3997/2214-4609.201900258.

Conference Proceedings:

I am not interested in having my paper published in the proceedings

Poster / 639

A novel CO2-responsive microgel for in-depth conformance con-
trol in CO2 enhance oil recovery (EOR)
Author: Qihui WuNone

Co-author: Junjie Zhong 1

1 National Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China)

Corresponding Authors: 1049274396@qq.com, zhongjunjie@upc.edu.cn

CO2-EOR (enhanced oil recovery) represents one of the most cost-effective methods for achieving
carbon neutrality. However, CO2 flooding encounters serious preferential flow in porous mediums,
which significantly reduce the economic benefits of CO2-EOR and exacerbate the risk of CO2 leakage.
This study synthesized a tertiary amine-based, CO2-responsive microgel. The microgel possesses a
particle size of ~7.50μm in neutral formation water and expands to 2-4 times upon contact with
CO2, thereby offering advantages in deep profile modification and selective CO2 plugging. Core
flooding experiments confirmed the microgel’s effectiveness in deep profile modification and EOR
in heterogeneous reservoirs.

Acceptance of the Terms & Conditions:

Click here to agree

Page 511



InterPore2024 / Book of Abstracts

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 640

Study on the mechanism of fracturing fluid flowback in microp-
orous fractures based on nuclear magnetic resonance
Authors: Mingjun Chen1; Xianyi Ning1; Zhehan Lai1; Xingyu Tang1; 炎杨1; lijun You1; yili Kang1

1 西南石油大学

CorrespondingAuthors: 775128286@qq.com, 2984132369@qq.com, 15883447515@163.com, chenmj1026@163.com,
3085596138@qq.com

The study of fracturing fluid flowback mechanism is an effective means to evaluate fracturing op-
eration methods and guide on-site production, given the background of multiple challenges in frac-
turing technology and permeability recovery. However, the Marine and continental transitional
shale reservoir in Ordos Basin possesses unique geological characteristics, resulting in a significant
amount of retained fracturing fluids that cause severe damage to the reservoir. Previous studies fo-
cused on evaluating flowback based on permeability recovery rate without considering water phase
utilization in micro-porous fractures, leaving the flowback mechanism of fracturing fluid in such
fractures unclear. Therefore, this research conducts a fracture fluid flowback experiment using nu-
clear magnetic resonance to characterize the distribution characteristics of retained water within
multi-scale pore structures during the flowback process by utilizing key parameters like flowback
pressure difference and time. The objective is to investigate the degree of fracturing fluid utilization
across various scales of pores and provide guidance for rational optimization of on-site drainage and
production systems.Results and discussions: (1) Compared with Marine shale, Marine and continen-
tal transitional shale exhibits better pore connectivity which facilitates efficient flowback within
smaller pores.
(2) During the process of fracturing fluid flowback, it is recommended that the pressure difference
should exceed 0.04 MPa/cm for optimal utilization within D<50nm pores; however, high pressure dif-
ferences can lead to rock particle migration causing channel blockage.(3) As retention time increases
for fracturing fluids, their proportion within 2-5nm pore diameters gradually decreases.
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To enhance the applications of nanoparticles (NPs) in enhancing oil recovery, a crucial aspect is
gaining a comprehensive understanding of the transport and detachment mechanisms of oil droplets
through a pore throat. A novel, hybrid pore-scale simulation method is proposed, utilizing a combi-
nation of Lattice-Boltzmann (LB) and Langevin-Dynamics (LD) approaches to investigate the trans-
port and detachment mechanisms of a nanoparticle-laden oil droplet. The LD method is specifically
developed to capture the intricacies of Brownianmotion, thermal fluctuation-dissipation, multi-body
hydrodynamics, and particle-particle interactions. The discrete LB forcing source distribution is inte-
gratedwith LD, enabling a comprehensive evaluation of random forces, friction forces, van derWaals
forces, and electrostatic forces involved in the transport and detachment of nanoparticle-laden oil
droplet in a narrow microchannel. The variation in pressure difference is observed when the oil
droplet transport in a narrow channel. And the nanoparticle-laden oil droplet when transporting in
the channel shows a less pressure difference compared with oil droplet without NPs adsorbed on.
Moreover, with some NPs attached on the channel, there is little oil trapped on the channel. The oil
droplet detaches from the channel with the help of NPs. Results demonstrate that oil droplet detach-
ment from a surface is not related with surface wettability and the adsorbed area of NPs is critical in
detachment process. The outcomes of this work provide valuable insight into the critical importance
of nanoparticles effects on the detachment and transport of oil droplet in porous media.
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Shale oil and gas is an important unconventional resource, whose porous media is dense and com-
posed with various minerals. Kerogen in shale reservoirs can adsorb and dissolve some hydrocarbon
fluids, which results in the diversity of pore types and fluid occurrence states in shale reservoirs. The
inner surface of pores in inorganic minerals in shale reservoirs is mostly water-wet, and the pore
size is larger than that of organic pores, while the inner surface of organic pores is oil-wet and
mostly nano-scale pores. Shale oil and gas have three occurrence states: the free fluid in the inor-
ganic pores, the free fluid in the organic pores, the adsorbed and dissolved fluid in the miscible state
on the surface of kerogen and in its interior. In this paper, according to the wettability and occur-
rence characteristics of different fluids in different pores, the inorganic porosity, organic porosity,
miscible adsorption and absorption fluid saturation of different shale samples were determined by
oil-gas-water fluid saturation experiment. Based on physical experiments, considering the physi-
cal parameters of inorganic and organic pores of shale, a mathematical model of shale oil reservoir
seepage and storage performance was established to characterize the relationship between shale
porosity, saturation, organic matter parameters (TOC, density, porosity) and inorganic matter pa-
rameters (content, density, porosity). According to the principle and method of physical experiment
of shale oil and water imbibition, considering the characteristics of inorganic and organic pores’
interaction and cross-flow, the shale fluid imbibition mathematical model and finite difference solu-
tion method was established based on the dual medium model. By fitting the experimental results
among imbibition of different fluids in shale samples, the inorganic pore permeability and organic
permeability of different shale samples were obtained. Through parameter sensitivity analysis, the
effects of unconventional pore-seepage parameters on the shale imbibition process were studied.
This research provides a theoretical basis for the fine evaluation of shale oil and gas reserves and the
analysis of reservoir physical property parameters.
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Discotic ionic liquid crystals (DILCs) consist of self-assembled superdiscs of cations and anions that
spontaneously stack in linear columns with high one-dimensional ionic and electronic charge mo-
bility, making them prominent model systems for functional soft matter. Compared to classical
non-ionic discotic liquid crystals (DLCs), many novel liquid crystalline structures with a unique
combination of electronic and ionic conductivity have been reported, which are of interest for sepa-
ration membranes, artificial ion/proton conducting membranes and optoelectronics. Unfortunately,
a homogeneous alignment of the DILCs on the macroscale is often not achievable, which signifi-
cantly limits the applicability of DILCs. Infiltration into nanoporous solid scaffolds can overcome
this drawback. However, little is nknown about the structures of DILCs in nanoscale confinement.
Here, we present temperature-dependent high-resolution optical birefringence measurement and
3D reciprocal space mapping based on synchrotron-based X-ray scattering to investigate the ther-
motropic phase behavior of dopamine-based ionic liquid crystals confined in cylindrical channels of
180 nm diameter in macroscopic anodic aluminum oxide (AAO) membranes. As a function of the
membranes hydrophilicity and thus the molecular anchoring to the pore walls (edge-on or face-on)
and the variation of the hydrophilic-hydrophobic balance between the aromatic cores and the alkyl
side chain motifs of the superdiscs, we find a particularly rich phase behavior, which is not present
in the bulk state. It is governed by a complex interplay of liquid crystalline elastic energies (bending
and splay deformations), polar interactions and pure geometric confinement, and includes textural
transitions between radial and axial alignment of the columns with respect to the long nanochan-
nel axis. Furthermore, confinement-induced continuous order formation is observed in contrast
to discontinuous first-order phase transitions, which can be quantitatively described by Landau-de
Gennes free energy models for liquid crystalline order transitions in confinement. Our observations
suggest that the infiltration of DILCs into nanoporous solids allows tailoring their nanoscale tex-
ture and thus their electrical and optical functionalities over an even wider range than in the bulk
state, in a homogeneous manner on the centimeter scale as controlled by the monolithic nanoporous
scaffolds.
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Natural attenuation is a commonly observed phenomenon in most contaminated sites.(Kao et al.
2010; Kawabe and Komai 2019) Natural attenuation describes naturally occurring processes in soil
and groundwater that lead to a reduction in the mass, toxicity, mobility, volume, or concentration
of contaminants without human intervention.(Jin et al. 2020) Natural attenuation combined with
long-term monitoring (known as monitoring natural attenuation, MNA) has been proven to be a
resultful remediation technology in petroleum-contaminated sites in which the biodegradation was
the mainspring study conduct at contaminant removal.(Chiu et al. 2013; Naidu et al. 2010) Trends
analysis and prediction are important segments for MNA application, in which complex biotic and
abiotic factors need to be considered.
Microbiome data has been shown to work in combination with machine learning in parsing or pre-
dicting the degradation process of organic pollutants.(Bellino et al. 2019; Wijaya et al. 2023) Micro-
bial communities acclimatized themselves to the local physicochemical conditions as well as to the
pollutants in a historically contaminated site.(Guo et al. 2019; Yu et al. 2023; Sperlea et al. 2022) Due
to their susceptivity to discrepancies of their surroundings, microorganisms could be regarded as
“first responders”to environmental changes.(Sperlea et al. 2022) The microbial information carries
additional information about environmental conditions and should be of great advantage in simpli-
fying natural attenuation predictions, but there are few reports on this area.
In this work, the long-term monitoring of BTEX/CAHs and microbial community in the ground-
water of a pesticide plant was conducted. A machine learning approach for natural attenuation
prediction was developed with RFC model followed by either RFR or ANN model, utilizing both mi-
crobial information and contaminant attenuation rates for model training and cross-validation. The
performance of the models in the prediction of the feasibility and/or rates of natural attenuation of
BTEX and CAHs was subsequently evaluated and compared.
Results showed that the RFC model could achieve high accuracy (above 99%) for the feasibility pre-
diction of natural attenuation for both BTEX and CAHs, and could successfully identify the key
functional microbial genera. The RFR model was sufficient for BTEX natural attenuation rate pre-
diction, and the MAPE was 8.1% ~ 19.6%. However, the predicted natural attenuation rates of CAHs
by RFR were unreliable, with the MAPE as high as 22.0% ~ 153.9%. The ANN model showed bet-
ter performance in the prediction of attenuation rates for both BTEX (with MAPEs from 2.1% to
4.6%) and CAHs (with MAPEs from 6.9% ~ 19.7%). Based on the assessments, a composite modeling
method of RFC and ANN models was proposed, which could reduce the MAPE to as low as 2.1% ~
4.6% for BTEX and 6.9% ~ 19.7% for CAHs. This study reveals that the combined machine learning
approach under synergistic use of site microbial data has promising potential for predicting natural
attenuation.
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Cold seeps under seafloor manifests the migration of methane-rich fluid from the sedimentary sub-
surface to the seabed and into the water column, and even reach the atmosphere. As an impor-
tant way of methane cycling on the Earth, the cold seeps are often accompanied by the occurrence
of methane hydrates, which are hydrocarbons resources with the high hydrogen to carbon ratio.
However, the interaction influencing mechanism between methane hydrate phase transition and
methane-rich fluid (particularly methane gas) seepage in deformable subsurface marine sediments
are still lacking knowledge. In this work, we conducted in-situ hydrate formation and dissocia-
tion experiments in fine grained clayey sediments collected from the active cold seep area in South
China Sea. By advanced X-ray Computed Tomography technology and in-situ heating as well as
hydrate phase transition controlling method, we successfully acquired the dynamic hydrate phase
transition behaviors and its effects on sediment pore structure evolution, anisotropy methane seep-
age, and solid migration under complex thermo-hydro-mechanical conditions. It is revealed that
methane hydrates first occupy initial sediment pores while generating new pores and fractures in
clayey sediments. The filling and generation of pores by hydrate formation and growth lead to the
pore morphology evolution. However, we found that the degree of anisotropy decreases while the
fractural dimension increases with the growth of hydrate in pores. Meanwhile, hydrate formation
results in solid (e.g. sediments and shells) migration, thereby leading to the pore structure trans-
formation. The shape factor of pores increases with hydrate formation and decreases with hydrate
dissociation. During hydrate dissociation, we found that hydrate tend to be reformed in clayey sed-
iments before initiating dissociation. The combining effects of hydrates reformation and hydrate
dissociation lead to more enlarged pores in sediments. More significantly, the enlarged pores result
in unpredictable damage to the sediment structure after the termination of hydrate dissociation. To
address this potential poromechanical problem, we further simulate the solid migration process in
clayey sediments during the overall hydrate phase transition process. It is found that the solid par-
ticles migrate toward the bottom of the sediments during hydrate formation process, leading to the
compaction of sediment structure. On the contrary, during hydrate dissociation, the solid particles
significantly move toward the upper region of the sediment, as the results of gas and water seepage
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through the newly generated and enlarged pores. These experimental observations would improve
our understanding of the poromechanical controls and influencing mechanisms between hydrate
phase transition, pore structure evolution, and hydrocarbon fluid flow in cold seep systems.
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The behavior of surfactants and nanofluids in the porous media of reservoirs is a topic of great inter-
est in the Petroleum sector. The parameters of diffusion are primarily determined through research
using free diffusion experiments, yet the true nature of diffusion and its parameters remain unclear.
Few studies have visualized diffusion in porous media.
Utilizing Nuclear Magnetic Resonance Imaging (NMRI) technology, the signal-blocking effect of
heavy water on nuclear magnetic resonance was employed to introduce surfactants, with pure wa-
ter serving as the probe. This allowed the visualization of the diffusion characteristics of surfac-
tants within the porous media. Experiments were conducted to visualize surfactant diffusion in core
samples with varying permeabilities, and the effects of surfactant concentration and environmental
temperature were examined.
The experimental results revealed a close correlation between the diffusion velocity of surfactants
and factors such as core permeability, surfactant concentration, and temperature. Through nuclear
magnetic resonance imaging, the surfactant’s diffusion process within the core was observed, pro-
viding valuable insights for further research.
The results show that the maximum diffusion velocity increases from 2.6 mm/h to 4.5 mm/h as the
concentration increases from 0.5% to 1% at 2100mD and 30℃. The diffusion velocity of all experi-
ments showed a decreasing trend with time, with a rapid decrease at the beginning and a gradual
slowdown after that. Increasing the temperature, surfactant concentration, and high permeability
are all conducive to the diffusion of surfactants, and the diffusion rate gradually decreases with time,
so there is a marginal effect on the diffusion time.
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In continuum models for drying, macroscopic parameters are integral, relying on the microstruc-
ture of porous media. These parameters are determined through the volume averaging of state vari-
ables, often derived from simulations using fixed pore network models (PNM). While fixed PNM is
a prevalent computational method, it typically assumes a static microstructure throughout the dry-
ing process, neglecting the dynamic changes inherent in drying deformable porous media. These
changes significantly alter both the structural and transport properties of the porous medium. This
study introduces an adaptive pore network model developed to capture the dynamic microstruc-
ture and mass transport kinetics of a model capillary porous medium under slow drying conditions.
Through adaptive PNM simulations, key parameters, including local relative humidity and moisture
transport coefficient, are derived. The findings reveal that, particularly in the later stages of dry-
ing, the non-local equilibrium effect becomes pronounced, evidenced by the deviation of local vapor
pressure from equilibrium vapor pressure. Moreover, the moisture transport coefficient is primarily
influenced by the liquid phase, leading to an extended transport region where the process dynamics
are mainly governed by the presence and movement of liquid. This adaptive approach provides a
detailed view of howmicrostructural changes interact with local macroscopic parameters during the
drying of deformable porous media.
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During fluid production or injection, the reservoir rock undergoes deformation due to the temporal
variations of the effective stress field, which can alter the rock porosity and permeability, and further
affect the reservoir performance. Previous digital rock models primarily emphasized the quantifi-
cation of rock properties of the original core, meanwhile often neglecting the alterations of rock
properties under dynamic stress. For example, the stress-dependent porosity and permeability are
often ignored, leading to disparities between the actual rock measurement and the values calculated
by the digital rock models. Carbonate reservoirs exhibit significant heterogeneity in pore distribu-
tion, hence it becomes imperative to conduct post-compaction simulation of the stress-dependent
properties for carbonate rocks.

Based on the digital rock methodology, our study constructed digital rock models using the real data
from carbonate rock CT scan. Themedian filteringmethodwas employed for noise reduction. Subse-
quently, simulation of uniaxial compression was conducted. Firstly, the solid mechanics simulation
was performed to simulate the deformation of the rock matrix within the core after compression un-
der various stress conditions (e.g., changing the confining stress under the constant axial stress). The
digital rock models after compaction were then constructed. Secondly, the separation of the rock
skeleton and pores was executed for the compressed rock as shown in Fig. 1. Then, the pore mesh
model was reconstructed and gridded to generate a digital model exclusively containing the pores as
shown in Fig. 2. Following this, the fluid dynamics simulation was carried out to obtain the porosity
and permeability data of the rock after stress-induced deformation and finally, the evolution law of
rock porosity and permeability to the effective stress.

The rock strain analysis reveals that the stress-induced deformation primarily occurs within the
fractures of the fractured rocks. The rock skeleton undergoes minimal changes, and the fixed con-
straint surface (bottom surface) remains stationary, with displacement intensifying closer to the axial
compression loading surface (the top surface in Fig. 3), as the external load increases, the changes
of the rock become more obvious. The stress concentration phenomenon occurs at the interface
between the skeleton and pores. The closer to the pores, the more pronounced this stress concen-
tration becomes. Specifically, at the same height, the displacement of the pores after compression
is consistently the largest, and the overall deformation of the rock is more significant in the middle
and smaller on both sides. In places with a high degree of tortuosity, the flow velocity is relatively
small as shown in Fig. 4. Our calculation shows as the external loads increase, the porosity and
permeability would decrease, showing a nearly linear decreasing trend.

In this study, we established an improved digital rock model considering the stress-dependency
effect and calculated the porosity and permeability under varying stresses through the coupled sim-
ulation of fluid dynamics and solid mechanics. This provides the theoretical foundation for a more
accurate description of the formation properties after fracturing. Simultaneously, it offers insights
that can guide the computation of properties for other porous rocks, such as tight sandstone and
shale.
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ter phase trap in tight sandstone gas reservoir based onnumerical
simulation
Authors: Mingjun Chen1; Xingyu Tang1; Yili KangNone

1 西南石油大学

Corresponding Authors: 15883447515@163.com, chenmj1026@163.com

Background, Aims and Scope.
Tight gas resources are abundant and widely distributed, which is an important part of unconven-
tional gas exploration and development. However, the tight sandstone reservoir has the character-
istics of low porosity and permeability and micro-fracture development, so the water phase trap
damage is more serious in the process of reservoir reconstruction. In addition, it is difficult to evalu-
ate the damage of water phase trap in tight sandstone gas reservoirs at pore scale, and it is impossible
to make a more accurate judgment of flowback and production pressure difference, which restricts
the development of tight gas. Therefore, this study has practical guiding significance for the efficient
development of tight sandstone gas reservoirs.
Methods.
Through core NMR experiments and finite element numerical simulation, the spatial and temporal
distribution of water saturation and pressure in the pore throat of the gas-water phase in the process
of forced imbibition and flowback is verified. Thewater phase trap damage degree of tight sandstone
gas reservoirs at micro scale is evaluated by treating the part of the flowback model higher than the
specific water saturation as the matrix.
Results and Discussion.
(1) In the process of forced imbibition, the high pressure area mainly concentrated in the blind end
and narrow throat; The liquid phase flows rapidly through the dominant channel, and after a period
of time, the distribution of pressure and water saturation in the whole system tends to be stable.
(2) After flowback, a large number of isolated bubbles appeared in the capillary channel, which in-
creased the frequency and severity of the occurrence of Jamin effect, resulting in a large amount of
fracturing fluid remaining in the pore throat; (3) The calculated results of the model are basically
consistent with those of core NMR. (4) The permeability of the two models before and after imbibi-
tion reflux was calculated respectively. The permeability of the model after imbibition reflux was
significantly lower than that of the model before imbibition.
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Bridging the Gap: Connecting Pore-Scale and Continuum-Scale
Simulations for ImmiscibleMultiphase Flow inPorousMedia
Author: Mohammad Ebadi1
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CorrespondingAuthors: mcclurej@vt.edu, m.ebadi@unsw.edu.au, peyman@unsw.edu.au, ryan.armstrong@unsw.edu.au

Our work aims to bridge length scales in immiscible multiphase flow simulation by connecting pore-
scale and continuum-scale simulations through a novel validation framework. We employ Niessner
and Hassnaizadeh’s (2008) continuum-scale model for multiphase flow in porous media, combined
with McClure et al.’s (2020) geometric equation of state, to provide a complete set of geometrical
measures. Pore-scale fluid configurations simulated with the Lattice-Boltzmann method are used to
validate the continuum-scale results. We propose a mapping from the continuum-scale to pore-scale
utilizing a Generalized Additive Model to predict non-wetting phase Euler characteristics during im-
bibition, effectively bridging the continuum-to-pore length scale gap. Other continuum-scale simu-
lated measures of specific interfacial area, saturation, and capillary pressure are directly compared
to up-scaled pore-scale simulation results. Overall, the proposed framework provides reasonable
front profiles for saturation, capillary pressure, specific interfacial area, and Euler characteristic for
an imbibition process.
The described workflow advances the modelling of immiscible multiphase flow by establishing a
transparent connection between pore-scale and continuum-scale simulations, supported by fun-
damental thermodynamic and geometrical principles. Furthermore, the generated results for the
Lattice-Boltzmann simulations demonstrate that utilizing the fluid configurations obtained from the
outcomes of pore-scale simulations not only offers analytical references for validating the continuum-
scale simulations but also serves as an interface to compare pore-scale and continuum-scale simu-
lations. Future work remains for evaluating the extended multiphase flow model and our proposed
framework for flow reversal processes such as drainage followed by imbibition.
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Determination of gas content in shale by adsorption and desorp-
tion experiment
Author: Jian Guan1
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1 China University of Petroleum(East China)
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Shale gas is a natural gas accumulation mainly located in shale rock series, with adsorption and
free state as the main modes of existence, whose content directly affects the cumulative production,
gas well’s productivity and life, and is an important index for selection of exploration blocks and
reservoir’s evaluation. The determination methods of gas content in shale mainly include desorp-
tion method, isothermal adsorption and logging interpretation. In this paper, desorption method
is adopted in production experiment with pressure reducing to study the gas content in shale. The
results show that the production process of shale gas can be divided into three stages, namely, the
lost gas escaping stage, the rapid desorption stage and the slow desorption stage. The production
rate is the highest in the initial stage of pressure-reducing production. After entering the stable pro-
duction period, the gas production rate remains stable but the stable period is short, and then the gas
production rate gradually decreases. The proportion of gas loss in shale decreases with the increase
of pressure drop rate, accounting for 40%~50% on average, so the core should be lifted quickly dur-
ing the coring process in the field to reduce the gas loss. In this paper, the experimental method of
restoring shale to its original state and then producing with pressure reducing is helpful to improve
the accuracy of gas content determination in shale, and can provide basis and reference for the actual
exploitation of shale gas.
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Preparation ofmunicipal solidwaste incineration (MSWI)fly ash-
based self-foaming materials and feasibility study on goaf fill-
ing
Authors: 国胜付1; 森友安1

1 深圳大学土木与交通工程学院

Corresponding Authors: focus_fu2022@163.com, senyouan@szu.edu.cn

As a toxic solid waste, the treatment and placement of MSWI fly ash has become a hot topic in so-
ciety. It was found that the residual aluminum in MSWI fly ash reacted with the alkaline activator
to generate hydrogen, which made the material present a pore structure without using the foaming
agent. Using MSWI fly ash and coal gangue powder as the main raw materials, geopolymer foam
materials with different ratios were prepared after alkali excitation. The effects of curing tempera-
ture, activator dosage and MSWI fly ash content on the compressive strength, fluidity, heavy metal
leaching concentration, phase composition and pore structure of filling materials were studied. The
feasibility of the application of alkali-activated MSWI fly ash-based spontaneous foam material in
the filling work of mine goaf was explored. The results showed that when the curing temperature
increased from 20℃ to 40℃, the 28d compressive strength of the material increased by about 24.2
%. The increase of curing temperature can significantly improve the degree of polymerization and
the solidification rate of heavy metals, so that more polymerization products were generated in the
system and the conversion of calcium silicate hydrate (C-S-H) to calcium aluminosilicate hydrate
(C-A-S-H) with higher degree of polymerization is promoted. At the same time, the curing temper-
ature will also affect the pore structure of the material. The higher the temperature, the larger the
porosity of the material, and the smaller the complexity of the spatial distribution of pores.
Keywords: MSWI fly ash; Self-foaming filling materials; Filling body; Curing temperature; Pore
structure
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Effects of porous media on flame propagation characteristics of
gas explosions based onX-rayCT reconstruction and three-dimensional
pore level simulations
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Porous media structures can be used for the suppression of flame propagation behaviours in the
blast zone. This material absorbs heat and disperses gases generated by combustion through the
complex pore structure within it, thereby effectively retarding flame propagation and lowering tem-
peratures. In this study, the effect of porous media composed of different pore densities on gas
explosion flame and action is investigated through experiments and numerical simulations with
three-dimensional direct pore levels. Modelled of porous media with different configurations by X-
Ray Computed Tomography 3D reconstruction technique. The Flamelet Generated Manifold (FGM)
and Large Eddy Simulation (LES) methods was used to simultaneously capture the complex chem-
ical reactions, turbulence characteristics and flame fine structure during the gas explosion in the
porous media region. Three-dimensional distributions of flame temperature, radical components,
and reaction rates in the porous media region were obtained. The simulation outcomes employing
the LES/FGM model demonstrate a strong correlation with experimental data. Furthermore, when
the pore size of the porous material is less than 10 PPI, there is an increase in turbulence intensity
after the flame traverses the porous medium, thereby enhancing flame propagation. As the pore
space of the porous material increases incrementally, the heat dissipation through the porous region
also rises, gradually shifting its role from promoting to inhibiting the flame, ultimately achieving
quenching effect.
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Dynamic Interwell Connectivity in Multi-layer Reservoirs Based
on improved Graph Neural Network

Author: Zhaoxu WangNone

Corresponding Author: s21020042@s.upc.edu.cn

The identification of injection-production connectivity plays an important fundamental role in the
formulation of oilfield development plans and the description of remaining oil distribution. The
accurate splitting of injection and production in multi-layer reservoir seriously limits the accurate
identification of interwell connectivity. The three-dimensional well net of multi-layer reservoir and
the relationship between injection-production well can be equivalent to a directional heterogeneous
graph. In this paper, the graph neural network method is used to split injection and production
by combining permeability, porosity, effective thickness, etc., and the attention mechanism is intro-
duced to invert the dynamic connectivity between layers of Wells. Based on the material balance
method and physical information, the overall connection relationship from injection well injection,
through the water injection layers to the production layers and the final production well output is
established. Meanwhile, the change of well net caused by perforation, plugging and switching well
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at different times is considered to realize the quantitative characterization of the injection and pro-
duction splitting and the dynamic connection relationship between layers of Wells. The method is
applied to compare several numerical simulation models with strong heterogeneity, and the results
show that the agreement is high. The method accords with the actual situation of the reservoir,
has wide adaptability and low cost, has good practical value, and provides a reference for adjusting
injection-production relationship of the reservoir and the formulation of the remaining oil poten-
tial.
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Fluid solid coupling simulation of deep carbonate gas reservoirs
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Carbonate gas reservoirs play an extremely important role in global natural gas resources, account-
ing for approximately 60% of total natural gas production. In recent years, deep carbonate gas reser-
voirs have become an important area for increasing global storage and production. However, deep
carbonate gas reservoirs are buried deep, tight, high-temperature and high-pressure, with diverse
types of storage spaces and strong heterogeneity. The flow behaviors under the stress strain mecha-
nism during the production process are unclear, making it difficult to formulate reasonable produc-
tion systems. To address the aforementioned issues, this article utilizes CT scanning and digital core
reconstruction techniques to finely construct 3D digital cores for different reservoir space types such
as fracture type, fracture-pore type, and pore-vuggy type. Based on the Darcy Biot fluid structure
coupling method, a mathematical model is constructed to couple the flow equations and stress-strain
control equations of the matrix, fracture, and vuggy system, and numerical solutions are obtained
using the VOF method. Finally, conduct analysis of the influencing factors such as different stor-
age space types, production systems, and reservoir physical properties on fluid flow behaviors and
stress-strain distribution characteristics.
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Influence of fluids properties and pore-throat structure on snap-
off: microfluidic experiments and theoretical analysis
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The snap-off phenomenon occurs when a non-wetting phase flows from a water-wet constriction
into a pore filled with water, resulting in the separation of the non-wetting phase into droplets. This
phenomenon is commonly observed in various fields such as petroleum development, chemical en-
gineering, and carbon utilization and storage. Numerous studies have investigated the underlying
mechanism and identified critical capillary numbers associated with snap-off. However, there is a
limited amount of research that specifically examines the impact of fluid viscosity and pore-throat
structure parameters on this phenomenon.
In this work, we study the snap-off process when the oil droplet passing through the microchannel
with a rectangular cross-section. The microfluidic chips are made of PMMA and have different con-
striction widths, heights, and lengths. By compounding silicone oil with different viscosities, we
were able to modify the viscosity of the non-wetting phase. Through microfluidic experiments, we
analyzed various snap-off patterns. Furthermore, we constructed a phase diagram illustrating the
snap-off behavior under diverse oil viscosities and pore throat structural parameters.
The findings demonstrate that there is an inverse relationship between the viscosity of oil and the
critical capillary number of snap-off, as well as the range of capillary numbers associated with snap-
off. This can be attributed to the fact that the viscous force hinders the snap-off. When the capillary
number reaches a certain threshold, the oil flows through the pore throat rapidly, preventing the wa-
ter film from adequately entering the throat to establish a force equilibrium. The capillary number
range associated with snap-off expands as the throat length and depth increase. Snap-off is observed
only when the throat depth surpasses a specific threshold value. In addition, the capillary number
does not influence the size of daughter droplets, and they are approximately 1.3-1.5 times the di-
ameter of the throat. This investigation could help control the snap-off occurrences in engineering
scenarios through the manipulation of fluid parameters and capillary structure.
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Pore-scale modelling of CO2 transport in saline aquifer of South
China Sea and its influencing factors

Authors: Jia ZhaoNone; Chuanjin YaoNone; Yuyuan SongNone; Yiran ZhouNone; Xiuqing ZhangNone; Jiaqi ZhongNone

Corresponding Authors: zyr4452016@163.com, syy10456@163.com, vickizj_upc@163.com, xqzzz997@163.com,
3243992196@qq.com, cy375@upc.edu.cn

The instability associated with CO2 transport in porous media has a profound impact on geological
carbon sequestration. A comprehensive depiction of the CO2-brine displacement process at the
pore scale is indispensable for a nuanced comprehension of macroscopic processes at the continuum
scale. This study integrated the structural features of the HJ saline aquifers in South China Sea with
numerical simulations to scrutinize the transport of CO2-brine in porous media. The influences of
capillary number (Ca), viscosity ratio (M), and wettability on CO2 phase saturation, phase interface
evolution, and fingering phenomena within the pores were meticulously analyzed. The research
unveiled that at lower Ca, the displacement manifested multiple loosely connected or disconnected
finger flow paths. With an increase in the Ca, the fingering pattern evolved from capillary fingering
to viscous fingering, resulting in an approximately 36.3% higher CO2 saturation when viscous forces
dominate compared to capillary forces. Maintaining a constant injection velocity, the impact of
M on displacement stability was relatively modest, primarily concentrated in the initial stages of
displacement. Appropriately decreasing M can enhance CO2 saturation during stable displacement.
Changes in wettability significantly affected displacement stability, CO2 transitioned from dispersed
fingering to cluster-driven displacement as the medium gradually becomes less hydrophilic, leading
to a 39.1% increase in CO2 saturation. This study furnishes theoretical insights for evaluating the
efficacy of CO2-brine sequestration and enhancing storage methodologies.
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Sub-core scale investigation of heterogeneity effect on CO2 trans-
port in natural conglomerate cores
Authors: Xueqing Zhou1; Linqi Zhu1; Yuan Chen1
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To assess the impact of complex heterogeneities in conglomerate on pore distribution and fluid flow,
the effect of heterogeneous debris spatial distribution in conglomerate on CO2migration under reser-
voir conditions was studied using X-ray Computed Tomography (X-CT). Four types of conglomerate
cores were drilled from the CO2 storage site in the Fushan Depression, China, which include uni-
formly distributed clasts sandstone, layered clasts, mud-bearing interlayered sandstone, and sand-
stone. These four conglomerate cores, characterized by different distributions of matrix and clasts,
represent highly heterogeneous features. We conducted two-stage sub-core scale flow experiments.
Drainage and imbibition tests were carried out under reservoir conditions, with a focus on the impact
of heterogeneity on CO2 distribution. We used CT to quantify the detailed process of residual and
dissolution capture in heterogeneous rocks caused by clasts presence, which can be widely applied
in areas such as CO2 sequestration and enhanced hydrocarbon reservoir exploitation.
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In recent years, tight and shale reservoirs have become increasingly significant in global oil and gas
production. However, the recovery efficiency from these reservoirs remains low, with a substantial
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portion of shale oil left unrecovered. CO2 flooding has emerged as a leading method for enhanced oil
recovery (EOR) in these environments, offering both improved oil extraction and opportunities for
Carbon Capture, Utilization, and Storage (CCUS), which could help mitigate global warming. A com-
mon characteristic of such reservoirs is the prevalence of nano-scale pores. Accurately predicting
the MinimumMiscibility Pressure (MMP) of oil and CO2 is vital for the successful implementation of
CO2 injection strategies in unconventional reservoirs. However, existing MMP prediction methods
are primarily developed for bulk conditions and fail to accurately predict MMP in the nanopores
common in tight/shale reservoirs. Furthermore, modeling the oil-CO2 MMP in shale reservoirs is
complicated by the frequent occurrence of vapor-liquid-liquid (VL1L2) three-phase equilibria, where
the L1 phase represents the heavier liquid phase, and the lighter liquid phase (L2) contains a signif-
icant amount of gaseous solvents. The presence of this second liquid phase can significantly affect
oil recovery efficiency and CO2 storage capacity due to changes in relative permeability curves and
MMP values.
This paper presents the development of a comprehensive thermodynamic model that more accu-
rately describes oil-CO2 MMP profiles in tight/shale reservoirs, taking into account the presence
of the second liquid phase. A novel MMP calculation algorithm, based on the MMC algorithm, is
introduced, incorporating the effects of capillarity, confinement, and the second liquid phase. Exam-
ple calculations demonstrate the effectiveness and the robustness of the proposed algorithm. The
results indicate that the confined oil-CO2 MMP decreases with diminishing pore radius, a trend
more pronounced in smaller pores. Beyond a pore radius of 10 nm, the confined MMP becomes less
sensitive to radius changes. Additionally, for each pore radius, the confined oil-CO2 MMP initially
increases then decreases with rising temperature, suggesting a maximum MMP at a specific temper-
ature. There is also a maximum confined MMP for each pore radius at the given temperature, which
decreases with smaller pore radius. Additionally, the calculated MMPs considering the presence of
the second liquid phase is larger than that without this consideration.
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Non-equilibrium heat transfer processes across interfaces are of relevance in various environmental
and technical applications, such as evaporation from soil, turbine blade cooling, geothermal energy
systems and fuel cells.

For REV-basedmodels, simplifications are necessarywhen accounting for local thermal non-equilibrium
processes, as shown in Nuske et al 2. These simplifications strongly depend on interface-driven pro-
cesses, such as the heat transfer from one phase to another phase. To describe heat transfer across dif-
ferent phases within the porous medium more accurately, an implicit, coupled pore-network model,
so-called dual-network model 1, is extended. This model couples a network for the void space to a
network for the solid phase of the porous medium to include effects of local thermal non-equilibrium
processes. The analysis of local thermal non-equilibriumwithin the porous medium and towards the
interface with a free-flow system is conducted using these models.

Our presentationwill outline the current developments on how to include local-thermal non-equilibrium
in pore-network and REV-basedmodels. Additionally, wewill present a comparison study between a
dual network model and REV-scale model for single-phase systems. Furthermore, we provide brief
insights on how current models can be adapted for multi-phase flow systems to account for heat
transfer across different interfaces.
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The interfacial curvature of immiscible fluids within porous media is critical for the comprehensive
understanding of multiphase fluid, impacting capillary pressure, relative permeability, saturation dis-
tribution, and the formation of preferential flow paths. Despite many studies that have been made
demonstrating that interfacial curvature is strongly affected bywettability, there are still some funda-
mental questions that remain unresolved. In this work, we employed three-dimensional (3D) X-ray
imaging techniques combined with automated interfacial curvature analysis to examine the minimal
surfaces under mixed wettability conditions, using random arrangements of spherical glass beads,
which are hydrophilic, and plastic beads, which are hydrophobic. Our findings confirmed the ex-
istence of mean curvatures approaching zero (minimal surfaces), suggesting optimal conditions for
the simultaneous flow of two connected phases. This work provides insight into the ideal wettability
conditions for enhancing oil recovery, CO2 sequestration, hydrogen storage, groundwater remedi-
ation, optimizing water management in polymer electrolyte fuel cells, and designing microfluidic
devices.
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Temperature evolution law ofmining coal seam in gas desorption
process
Author: Wenlu Zhang1

Co-authors: Weiji Sun 1; Bing Liang 1; Jianfeng Hao 1

1 Liaoning Technical University

CorrespondingAuthors: zwlzwl1998@163.com, sunweiji-1231@163.com, lbwqx@163.com, haojf0417@163.com

In order to study the influence of coal desorption of gas heat effect and non-uniform boundary load
on the temperature evolution law of coal and gas protrusion gestation process, we constructed the
coal and gas heat-fluid-solid coupling model containing desorption of heat and carried out numerical
simulation research. The study shows that: when considering the effect of desorption heat, the tem-
perature changes in the stress elevation area, stress concentration area and stress unloading area
have obvious stage changes, which can be divided into the pre-growth period, the middle period
and the late period according to the rule of change. However, when the desorption heat effect is not
considered, only the early and late stages of incubation exist; the effect of desorption heat promotes
the temperature reduction of the coal body close to the working face, and inhibits the temperature
reduction of the coal body far away from the working face; the non-uniform loading causes the
temperature evolution of coal and gas protrusion process. The non-uniform loading causes the tem-
perature in the stress concentration area of the coal seam to increase, and the value increases with
the increase of the peak stress coefficient; the temperature drop of the coal seam decreases with the
increase of the peak stress coefficient; heat convection and heat conduction are the main modes of
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temperature transfer in the coal seam; the non-uniform loading causes the pore space of the coal
seam to be tightly closed, so that the process of heat convection is blocked, while heat conduction is
not easy to be affected. The results of the study clearly understand the influence of heat-absorption
effect on the temperature of coal seams under the influence of mining stress, explain the reasons
for the temperature changes in different stress zones of coal seams, and provide a reference for the
research in the area of early warning of coal and gas protrusion.
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Insight on the stability of gas hydrate inmontmorillonite slits by
molecular dynamics simulations
Author: Jie Chen1
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The extent of interactions between clay surfaces and water molecules and their impact on hydrate
stability in clay reservoirs have been a source of debate. This uncertainty arises from the inherent
challenges associated with the nanoscale temporal and spatial detection of bound water molecule
distribution characteristics. This study employs molecular dynamics simulations to investigate the
stability of methane hydrates in montmorillonite slits at various temperatures, focusing on the sur-
face influence scale, bound water molecule distribution characteristics, and binding strength. The
results show that hydrates in close proximity to the clay surface exhibit lower stability and are more
prone to decomposition. The hydrophilic nature of the surface leads to water molecule aggregation
at the interface, driving methane molecules away during decomposition. Additionally, compared to
the charged tetrahedral layer surface of montmorillonite, the quasi-liquid layer on the neutral tetra-
hedral layer surface is thinner, with semicage structures persisting within the vacancies of the Si-O
rings. The analysis suggests that variations in the range of surface influence and binding strength
can be primarily attributed to intermolecular Coulomb interactions and charge redistribution at the
interface. These research findings offer valuable molecular insights into the microscopic character-
istics and behavior of hydrates within clay slits.
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Experimental investigation on influencing factors of caprock break-
through pressure under CO2 geological sequestration
Authors: Yuyuan SongNone; Chuanjin YaoNone; Xiuqing ZhangNone; Jia ZhaoNone; Yiran ZhouNone
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Geological carbon dioxide (CO2) storage offers a cost-effective solution for reducing CO2 emissions
and mitigating climate change. However, the injection of CO2 into a reservoir can cause an increase
in pore pressure, leading to fault reactivation or detrimental changes in the caprock. These changes
can hinder the sequestration of injected CO2, especially when it comes to CO2 leakage through the
caprock layer, including capillary leakage, hydraulic rupture, and leakage along pre-existing faults.
Therefore, evaluating the confinement capability of the caprock is crucial for accurately predicting
the long-term safety and stability of CO2 geological storage. One of the most essential parameters
for characterizing the confinement capability of the caprock is the CO2 breakthrough pressure. It
represents the minimum capillary pressure needed for the non-wetting phase to replace the wetting
phase and establish a dominant seepage channel through the caprock. In this study, we conducted
step-by-step experiments to determine the CO2 breakthrough pressure at the core scale. Addition-
ally, we investigated how different factors such as caprock lithology, caprock thickness, and burial
depth affect this pressure. The results of the experiments indicate that: 1) the permeability of the
caprock layer is inversely proportional to the breakthrough pressure, meaning the lower the perme-
ability, the higher the breakthrough pressure; 2) the CO2 breakthrough pressure increases nonlin-
early with increasing caprock layer thickness; and 3) burial depth has a significant impact on the
CO2 breakthrough pressure, which increases as the depth of burial increases. These findings pro-
vide a theoretical foundation for ensuring the safe and effective long-term stability of CO2 geological
storage.
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A combined ionic Lewis acid descriptor andmachine-learning ap-
proach to prediction of efficient oxygen reduction electrodes for
ceramic fuel cells
Author: Shuo Zhai1

1 Shenzhen University

Corresponding Author: shuo.zhai@szu.edu.cn

Improved, highly active cathode materials are needed to promote the commercialization of ceramic
fuel cell technology. However, the conventional trial-and-error process of material design, charac-
terization and testing can make for a long and complex research cycle. Here we demonstrate an
experimentally validated machine-learning-driven approach to accelerate the discovery of efficient
oxygen reduction electrodes, where the ionic Lewis acid strength (ISA) is introduced as an effec-
tive physical descriptor for the oxygen reduction reaction activity of perovskite oxides. Four oxides,
screened from 6,871 distinct perovskite compositions, are successfully synthesized and confirmed
to have superior activity metrics. Experimental character- ization reveals that decreased A-site and
increased B-site ISAs in perovskite oxides considerably improve the surface exchange kinetics. The-
oretical calculations indicate such improved activity is mainly attributed to the shift of electron pairs
caused by polarization distribution of ISAs at sites A and B, which greatly reduces oxygen vacancy
formation energy and migration barrier.
F
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Numerical simulation of low-viscosity fluid proppant transport
based on high-order WENO method
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Hydraulic fracturing technology is one of the key technologies to increase production in low perme-
ability reservoirs. Proppant transport and distribution in fractures are very important to maintain
the high conductivity of fractures. However, it is still a major challenge to simulate the distribution of
proppants in hydraulic fractures at the reservoir scale. In this paper, a proppant transport model that
can be combined with reservoir scale fracturing simulator is constructed. Proppant settlement func-
tion and proppant erosion function are introduced to characterize the state of proppant in fractures.
At the same time, the solution of proppant conservation equation is improved in this paper, and a
non-oscillatory numerical scheme (high-order WENOmethod) is introduced, which can prevent the
numerical oscillation and diffusion at the proppant concentration front and improve the accuracy of
model solution. The model is verified in two parts. One is the verification of the proppant concentra-
tion model. The proposed method is compared with the finite element method (COMSOL) and the
explicit finite difference method (EFDM). The model has higher accuracy when solving the proppant
concentration front. The second is to compare with the existing proppant settlement experiment.
Under the same parameters, the similarity between the model results and the experimental results
is 85%, which meets the engineering requirements. At the same time, a basic case is established to
analyze proppant settlement at different time. From the results, the proppant settlement process can
be divided into three stages, uniform settlement period, slow settlement period and equilibrium pe-
riod. Finally, four cases were established to analyze the effects of fluid injection rate, initial proppant
concentration, proppant diameter and fluid viscosity on proppant settlement. It is found that the in-
jection rate and fluid viscosity are negatively correlated with the height of the proppant layer, and
the high injection rate and high viscosity fluid are helpful to form a uniform height of proppant layer.
The increase of proppant diameter can greatly increase the height of proppant layer and reduce the
length of proppant layer. The influence of initial proppant concentration on proppant settlement
is more complicated. Low concentration of proppant and high concentration of proppant are not
conducive to increasing the height of proppant layer. However, this paper considers the proppant
transport of low viscosity Newtonian fluid, and the transport mechanism of non-Newtonian fluid
needs further study and fully understanding.
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Study on Accessibility Characteristics of Pore Structure of Hard-
to-drain Coal Based on NMR-MnCl2 Method
Author: Tong Liu1
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In order to achieve a fine characterization of the connectivity characteristics of the coal internal pore
structure, this paper proposes an evaluation method for the connectivity characteristics of the coal
pore structure based on NMR-MnCl2. Since the transient magnetic ion Mn2+ diffuses into the pores,
the water signal of the pores will be shielded, which will be reflected in the change of the peak area
of the T2 spectrum. Therefore, this paper inverts the Mn2+ diffusion characteristics by analyzing the
change rate of the NMR T2 spectrum peak area, so as to characterize the access characteristics of the
pore structure in coal. At the same time, according to the change characteristics of NMRT2 spectrum
distribution at different times, the pores in coal are divided into four types: easy-to-reach pores,
relatively difficult-to-reach pores, difficult-to-reach pores and isolated pores. The results show that
the proportion of easily accessible holes in hard-to-drain coal is only 39.75%, which is far lower than
61.69% in easy-to-drain coal; and the proportion of isolated holes is 33.60%, which is much higher
than 12.21% in easy-to-drain coal. In addition, the pore size distribution range of the isolated pores
of hard-to-drain coal is wider, and both nanometer and micrometer pore diameters are developed. In
addition, through the observation of pore morphology and development characteristics, it is found
that the overall pore development of hard-to-drain coal is poor, the mineral pores are relatively
developed, and the matrix pores are less developed. At the micron scale, the distribution of pores in
the pore development area is chaotic, and the proportion of connected pores is only 32.41%, and the
distribution of zonal pore groups is present. More pore sizes are smaller than 5 μm and develop in
isolation in the form of micro-nano pore groups, resulting in the inaccessibility of the overall pore
structure.
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Study the fluid flow interaction with fracture and matrix in the
porous media.
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The research is to investigate the fluid flow dynamics during growth of fractures associated with ma-
trix using direct observations from 3D computed tomography and microscale modelling approach.
The lab experiment is carried out with both geomechanical and hydraulic experiment using rock
core samples. The triaxial pressure, the flow rate as well as the pressure gradient are monitored
throughout the experiment. The CT scanning imaging technology is an effective method that pro-
vides a direct information of pore/fracture structure, leading to multiscale fracture-matrix pore struc-
ture modelling and the flow simulation based on the interaction of pore/fracture fluid flow physics
which can be validated by experimental data. The CT scanning and SEM images are used to build the
fracture-matrix pore network model and the resultant flow simulations are calibrated with the lab
data. The results of fracture-matrix modelling approach and calibration of flow simulation against
measured data to reveal the interaction flow mechanism will be presented.
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Pore-scale modeling of multiphase flow in porous media with
particle migration
Author: Yuanping Li1
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Multiphase flow in porous media with moving particles is common in many natural and industrial
processes, such as low-salinity water-flooding, sand production, and microbial enhanced oil recov-
ery, etc. With complex interactions between fluids, particles and pore surfaces, the flow behaviors
in such systems are often distinct. To understand the effects of particle migration on multiphase
flow in porous media, a direct numerical simulation study is conducted. In this study, Navier-Stokes
equation is coupled with discrete element method (DEM) by directly calculating fluid-particle inter-
action forces. The volume of fluid (VOF) method is used to capture the evolution of the immiscible
two-phase interface. Contacts between solid particles and pore walls with arbitrary topology are
modeled by the contact laws. This study demonstrates that particle migration significantly alters
the well-known characteristics of two-phase displacement, such as viscous fingering and capillary
fingering. Particle plugging in the pore throat compels the invading fluid to enter larger pores, result-
ing in a higher sweeping efficiency. The role of particle density, injecting velocity, surface tension
and other parameters are systematically analyzed. Finally, a mathematical model is established to
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describe the effects of particle migration on multiphase flow in porous media. The established model
is validated against microfluidic experiments.
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A neural network model with physics constraints for simulat-
ing CO2 storage in deep saline aquifers during and after injec-
tion
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The exploration of CO2 capture and storage has become a crucial element in strategies aimed at mit-
igating climate change, where deep saline aquifers are of particular interest due to their extensive
storage capacity and widespread availability. The complexities involved in effectively monitoring
and simulating CO2 behavior within these geological formations present significant challenges. To
address these challenges, our research introduces a specialized neural network, designed to simu-
late and monitor CO2 storage in deep saline aquifers during both the injection and post-injection
phases. This neural network represents an integration of physics-based principles and advanced
deep learning techniques. This integration facilitates the modeling of CO2’s complex movement
and distribution under diverse conditions. The network’s ability to process and analyze spatial data,
coupled with key geological characteristics, significantly enhances the accuracy of its simulations.
This aspect is crucial for understanding the heterogeneous nature of subsurface systems and the
dynamic behavior of CO2. The architecture of this network, encompassing various computational
layers and physics-informed constraints, is designed to ensure comprehensive and precise modeling
of CO2 storage processes. This approach aims to contribute to the existing body of knowledge in the
field of carbon capture and storage, offering a new perspective in the simulation and understanding
of CO2 behavior in subsurface systems.
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Investigation of the impact of natural and hydraulic fractures on
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We present a comprehensive experimental and numerical study examining the influence of natural
and hydraulic fractures on fluid flow within weakly cemented hydrate formations. A unique sample
preparationmethodologywas initially devised to accurately reflect the petrophysical andmechanical
parameters of the hydrate formation found in the ShenHu area of the South China Sea. The typical
rock particle size was approximately 48μm, with over 60% of the particles composed of kaolinite and
illite, exhibiting a hardness of approximately 1.5 on Mohs’ scale.

The experiment, involving the formation and decomposition of gas hydrates, was conducted within
a triaxial pressure cell on a core flooding rig. The nuclear magnetic resonance (NMR) imaging tech-
nique was employed to detect changes in water saturation and pore structure. The sample was
subjected to a confining pressure of 15MPa in both radial and axial directions, while fluid pressure
was maintained at 12MPa. Subsequent to the formation of the gas hydrate, depressurization was ini-
tiated by maintaining the outlet pressure at 8MPa. The emergence of fractures was detected using
NMR imaging (in Fig. 1) following the completion of the depressurization process.

The permeability of the rock was measured before and after depressurization, revealing a tenfold
decrease from 75 mD to 7.1 mD. Analysis of pore distribution indicated a reduction in the number
of pores with a radius of 1.25 μm and an increase in those with a radius of 0.126 μm, signifying
that the pore radius of the formed fractures was considerably smaller than the original value (in
Fig. 2). The empirical formula relating particle size to permeability suggested that particle size at
the fractures was also smaller than the original size. This outcome can be predicted using Cooke’s
model, which accounts for the compaction of kaolinite and illite. The findings demonstrate that
hydrate decomposition caused axial stress changes in the rock, leading to fractures where detached
kaolinite and illite particles were compacted, ultimately forming low-permeability fractures in the
weakly cemented sample.

To investigate the conductivity of hydraulic fractures, a Brazilian test machine was employed to cre-
ate fractures along the axial direction of the sample. Permeability measurements were conducted
on both fractured samples without proppants and fractured samples with varying proppant concen-
trations using the same experimental setup under different confining pressures and injection rates.
The results indicated that the permeability of the fractured sample without proppants was 50% of the
original value at an effective stress of 8 MPa, due to the compaction of clay minerals. The introduc-
tion of proppants (1.6 kg/m³) significantly increased permeability from 74 mD to 381 mD, despite
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embedment issues identified by NMR pore size distribution and fracture surface imaging (in Fig.
3).

Utilizing the experimental fracture conductivity data, we conducted field-scale simulations, taking
into account natural and hydraulic fractures with varying fracture conductivity and length. The
simulations demonstrated that hydraulic fractures considerably enhanced gas production with op-
timal length and should be considered as a well stimulation method for weakly cemented hydrate
formations.
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Wettability can dramatically impact on the immiscible fluids flow in permeable media, including
subsurface technologies to microfluidics. Previous studies have profoundly revealed this effect on
flow in porous media, but so far, few systematic results on how the wettability controls flow in rough
fracture are reported. Here, we conduct the visualization experiment to investigate the immiscible
fluid-fluid displacement, by systematically varying the wettability of the fracture cell over a wide
range of contact angles. Our observation shows that increasing the fracture’s affinity to the invading
fluid results in more efficient displacement of the defending fluid up to a critical wetting transition,
beyond which the trend is reversed. We find this critical contact angle is related to the roughed-
wall geometry. We derive a theoretical model that describes the transitions of displacement patterns
from capillary imbibition to capillary fingering to the crossover to viscous fingering as functions of
wettability. This work draws the phase diagram considering wettability in rock fracture and is of
practical significance in subsurface applications.
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Recent developments in unconventional oil and gas reservoirs such as shale gas have brought the
pore structures and gas adsorption characteristics into focus. Traditional models, such as the original
Simplified Local-Density (SLD) model with a slit-shaped pore, fall short in accurately describing gas
adsorption in these reservoirs due to the presence of various carbon pore geometries, including slit
and cylindrical shapes. In this study, we develop a modified SLD model, specifically adapted for
circular shale nanopore geometries. Such model, based on cylindrical pore structures, incorporates
a modified attractive parameter to account for the curvature effect on gas adsorption behavior. We
validate the model’s efficacy by examining the isobars and isotherms of methane over a wide range
of temperature and pressure in various cylindrical pores.

The results demonstrate that the adsorption isotherm and density profile calculated by the modified
SLD model are in strong agreement with experimental data. Furthermore, such modified model
effectively captures the methane adsorption isotherm observed in shale, demonstrating its superior
capability in characterizing pore structures within unconventional gas reservoirs.
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This manuscript presents a comprehensive study on the numerical simulation of gas transport in
clay rock using the finite-element method, with a specific focus on the transition of the transport
regime from single-phase to two-phase conditions. Our code demonstrates the capability to cover
this transition seamlessly, without relying on common approaches such as the use of persistent
primary variables or the switching of primary variables. In our simulations, the primary variables
are gas pressure, capillary pressure, temperature, and displacement of the solid phase. To validate
our approach, two benchmark tests were conducted. The first benchmark replicates a well-known
scenario in the field of radioactive waste disposal, where gas injection induces a transition from
single-phase to two-phase flow. The second benchmark simulates a core drilling experiment, where
the mechanical unloading of a fully saturated domain results in the appearance of a gas phase. In ad-
dition to analyzing primary quantities, a comprehensive set of secondary variables was introduced
to gain deeper insights into the model’s operation and enhance understanding of the underlying
processes. By plotting these secondary variables alongside the primary quantities, a comprehensive
understanding of the system’s behavior during the transition of flow regimes was obtained. The pri-
mary objective of this work is to improve our understanding and confidence in the model used for
simulating large repository systems, particularly in the context of nuclear waste disposal and CO_2
storage. By successfully capturing the transition from single-phase to two-phase gas transport, our
study provides valuable insights into the behavior of gas in clay rock. This enhanced understand-
ing lays the groundwork for utilizing the model effectively in large-scale repository simulations,
contributing to the advancement of the field of gas transport in clay rock.

Source:
Grunwald, N., Nagel, T., Pitz, M., & Kolditz, O. (2023). Extended analysis of benchmarks for gas
phase appearance in low-permeable rocks [Article]. Geomechanics and Geophysics for Geo-Energy
and Geo-Resources, 9(1), Article 170. https://doi.org/10.1007/s40948-023-00703-3
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Pore structure characteristics of shale oil reservoirs in the Songliao
Basin
Authors: Haibo LiNone; Lanlan YaoNone; Meng duNone; Qianhui HuangNone; Tiyao ZhouNone; Zhengming YangNone

Corresponding Author: 76274491@qq.com

Based on 31 rock samples from a shale oil reservoir in the Qingshankou Formation of the Songliao
Basin, combined with high-pressure mercury injection, constant velocity mercury injection, and
scanning electron microscopy techniques, the microscopic pore structure characteristics of the shale
oil reservoir in the Songliao Basin were studied. The results show that the target shale oil reservoir
has a smaller matrix throat, with the main throat distributed between 5 nanometers and 35 nanome-
ters; The effective throat of the rock sample is few (12), and the saturation of mercury injection is
low, mainly through the throat. Scanning electron microscopy shows that the target shale oil reser-
voir has a dense matrix, with a large number of nano scale micro pores and a small amount of micro
scale pores, but mostly in isolated form; Development of micro cracks such as fissures and interstitial
cracks in the reservoir; Organic matter is present in the reservoir, mostly in patchy and strip-shaped
shapes.
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Reacting particle systems play a crucial role in various industrial applications, with limestone cal-
cination serving as a prime example. In this process, applying high-energy input to calcium car-
bonate (CaCO3) particles results in the production of active lime solid (calcium oxide CaO) and the
by-product carbon dioxide (CO2) gas. The legal obligation to mitigate CO2 emissions has a notable
impact on production costs, emphasizing the need for a thorough understanding of the calcination
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process. Such an understanding can enhance conversion process efficiency and enable the achieve-
ment of desired CaO structures, crucial for high efficiency in CO2 adsorption. This study introduces
a pore network model to explore the interplay between intraparticle heat and mass transfer, pore
structure changes during chemical reactions, and their interactions with the surrounding fluid-solid
environment in a single particle. The pore space and solid skeleton of the particle are approximated
as regular-lattice networks, incorporating cylindrical pores and volume-less nodes. Local reaction
rates are determined based on the effective specific surface area and local CO2 pressure. Thermal
energy is supplied through hot gas flow convection at the network’s surface. Solid element dimen-
sions and corresponding pore structures are updated during each time step, enabling the tracking
of temperature evolution, local conversion, and void space structure changes within the particle.
Simulation results reveal that when the bulk gas has initially low CO2 pressure, calcination extends
beyond the particle surface and occurs within the particle. As a result, the released CO2 becomes
trapped due to internal mass transfer resistance, impeding further calcination. On the contrary, ex-
posure to high initial CO2 pressure exclusively promotes local calcination reactions at the particle’s
surface. The initial bulk CO2 pressure also has a notable impact on the final structure of CaO. This
intricate interplay in calcination, as demonstrated by the simulations, provides valuable insights for
a better understanding and optimization of industrial processes, applicable not only to calcination
but also to other heterogenous reactive systems.
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Study on the Fluid Mobility Within Reservoir Microscopic Pore Throats Holds Significance for the
Precise Evaluation of Reservoirs and the Efficient Development of Oil Fields. Nuclear magnetic res-
onance can rapidly and accurately determine common movable fluid parameters such as movable
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fluid saturation, movable fluid porosity, and bound fluid saturation. This enables effective fluid as-
sessment and productivity prediction for various types of oil and gas reservoirs. In this research,
different facies’ sandstone fluid mobility and the lower limit of movable pore throats in lacustrine
delta-turbidite systems were characterized via multi-gradient centrifugation nuclear magnetic reso-
nance. This study, combined with experiments including particle size analysis, thin sections, X-ray
diffraction, and high-pressure mercury tests, explicitly delineates the impacts of reservoir deposi-
tion, diagenesis, reservoir type, and microscopic pore structure on movable fluid saturation. The
research findings reveal three types of lithofacies, three categories of pore throat structures, and
three classes of pore throat spaces (micropores, sub-micropores, and nanopores) in the study area.
Micropores and sub-micropores are prevalent in blocky and laminated fine sandstones of the delta
front facies, with higher fluid migration rates in micropores than in sub-micropores, and nanopores
exhibit the lowest rates. Turbidite facies mudstone fine sandstone and calcareous fine sandstone
contain sub-micropores and nanopores, showing the highest fluid migration rates in sub-micropores.
Fluid mobility is influenced by various factors such as rock physical properties, diagenetic minerals,
pore-throat structures, and lithofacies. As pore-throat structures and petrophysical properties dete-
riorate, the fluid mobility in all three types of reservoirs decreases. The movable fluid content shows
a significant correlation with feldspar content, highlighting the improved fluid mobility of feldspar
dissolution pores. Conversely, carbonate minerals and clays (plastic minerals) exhibit a negative
correlation with movable fluid percentage (MFP), resulting in reduced quality of reservoirs and pore
structures. Additionally, the sand ratio (sandstone thickness/formation thickness), sandstone layer
thickness, and distance from source-reservoir boundary affect the movable fluid saturation. Thicker
sandstones with lower mud content and carbonate cement show higher movable fluid saturation.
Conversely, thin sandstones often embedded in thick mudstones exhibit higher carbonate and clay
content at source-reservoir interfaces, leading to decreasedmovable fluid saturation. Moreover, with
increased centrifugal force, micro-nano-pore fluid production initially increases rapidly and then sta-
bilizes. Under 2.75 MPa, nanopore fluids migrate towards micropores, calculating a movable pore
throat radius of 18nm~30nm. The research outcomes contribute theoretical references for under-
standing and effectively developing deep tight sandstone reservoirs.
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Due to the law of flow energy consumption in the porous media process is relatively vague, in order
to effectively control the energy consumption in the process of oil production by water flooding, a
characterization model of oil-water flow energy consumption in porous media during oilfields wa-
ter flooding development is proposed. The influencing factors of reservoir energy consumption un-
der different reservoir geological parameters and different production scheme are analyzed.Through
fluid mechanics, the energy conversion relationship among potential energy, pressure energy and
kinetic energy in the reservoir is studied. Through Bernoulli equation, the changes of water injec-
tion energy, oil production energy and formation elastic energy in reservoir are transformed into
the changes of formation pressure. And the energy consumption characterization model of reser-
voir is established. Through the numerical simulation technology, the pressure, flow and velocity
distribution of the reservoir are simulated, and the injection energy, the consumption energy and
useless consumption ratio of the whole reservoir are calculated through the flow relationship in the
reservoir.Firstly, the energy consumption characterization model of the reservoir subsystem is es-
tablished by considering the injection energy, production energy and formation energy (potential
energy, kinetic energy and pressure energy) of the reservoir system during oil production process.
The oil-water flow energy consumptionmodel in porousmedia is verified by different production sys-
tems in the ideal model. With the reservoir development by water injection, the water cut increases
gradually, the proportion of energy consumption decreases gradually, but the energy consumption
per tonne oil increases gradually. Then, the influence of geological parameters such as permeability
and viscosity on energy consumption of reservoir system is considered. Under the same water cut,
the energy consumption and its proportion of reservoir system increase with the decrease of perme-
ability and the increase of viscosity. In addition, under the low permeability and high viscosity, the
proportion of energy consumption of reservoir is nearly 100%. Finally, the influence of production
parameters such as well spacing on energy consumption of reservoir system is considered. Well spac-
ing has little effect on the energy consumption and its proportion of reservoir system. Formation
pressure has little effect on the energy consumption,but its proportion decrease with the increase
of formation pressure.The characterization model of oil-water flow energy consumption in porous
media can quantitatively represent the energy completely lost due to friction in reservoir. Study on
the law of oil-water flow energy consumption in porous media can effectively improve production
efficiency, reduce useless energy consumption and oil production costs.
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Wetting film can develop in the corners of pore structures during imbibition in a strongly wetting
porous medium, which may significantly influence the two-phase flow dynamics. Due to the large
difference in scales between main meniscus and corner film, accurate and efficient modeling of the
dynamics of corner film remains elusive. In this work, we develop a novel two-pressure dynamic
pore networkmodel incorporating the interacting capillary bundle model to analyze the competition
between main meniscus and corner film flow in real porous media. A pore network with four-point-
star-shaped pore bodies and throat bonds is extracted from the real porous medium based on the
pore shape factor and pore cross-sectional area, which is then decomposed into several layers of
sub-pore-networks, where the first layer of sub-pore-network simulates the main meniscus flow
while the upper layers characterize the corner film flow. The accuracy of the developed model is
validated with lattice Boltzmann simulation of imbibition in a strongly wetting square tube and mi-
crofluidic experiments of imbibition in strongly wetting porous structures. Then the model is used
to simulate imbibition in a strongly wetting sandstone porous medium and the competition between
main meniscus and corner film flow is analyzed. Wettability is the most significant parameter con-
trolling corner film flow. The wetting film can develop in the corner only when the contact angle is
below a critical value. Under a constant capillary number and viscosity ratio, the corner film flow
becomes more significant with the decrease of contact angle. For a small contact angle, a phase
diagram characterizing the competition between main meniscus and corner film flow is proposed,
dominated by the capillary number and viscosity ratio between wetting and non-wetting fluids. In
general, with the decrease of capillary number and viscosity ratio, the wetting corner film flow be-
comes more significant. The snap off phenomenon caused by swelling of wetting corner film is also
analyzed, which happens more frequently with the more pronounced wetting corner film. In addi-
tion, the frequency of snap off phenomenon increases with the size ratio between pore body and
throat bond. This work deepens our understanding on the imbibition mechanisms under strongly
wetting conditions, which provides basic theories for imbibition related engineering processes, such
as geological carbon or hydrogen storage.
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CO2 enhanced oil recovery (EOR) stands as a well-established method for augmenting reservoir
oil recovery, concurrently mitigating environmental pollution and expediting the efficient devel-
opment of gas reservoirs. This technique assumes pivotal importance in the sustainable and eco-
friendly advancement of energy resources. In practical applications, the oil recovery efficiency
achieved through CO2 miscible flooding surpasses significantly that of immiscible flooding. The
Minimum Miscibility Pressure (MMP) emerges as a critical parameter in the miscible flooding pro-
cess. Presently, the application of surfactants to diminish the Minimum Miscibility Pressure (MMP)
in reservoirs proves to be an effective strategy for reducing themiscibility pressure during CO2 flood-
ing. The selection of a surfactant that can efficiently enhance oil and gas miscibility while remaining
environmentally friendly is paramount. This study delves into the phase interface changes during the
CO2 and crude oil miscibility process, shedding light on themicro-mechanisms of surfactant-assisted
miscibility and scrutinizing its impact on recovery efficiency. Employing molecular dynamics simu-
lations, this paper compares the instantaneous structural diagrams and density distributions of two
systems before and after the addition of surfactants. The study elucidates the surfactant-induced
reduction in minimum miscibility pressure at a microscopic level. Building on this foundation, CO2
displacement and CO2/surfactant composite displacement systems are established to explore the mi-
croscopic dynamics and evaluate surfactant impact on displacement efficiency. Research findings
suggest that surfactants enhance interaction forces between CO2 and crude oil, thereby increas-
ing CO2 solubility in oil. Consequently, this leads to a reduction in the minimum miscibility pres-
sure, significantly improving oil reservoir recovery. The research uncovers molecular-level interface
changes between CO2 and crude oil during miscibility, revealing the microscopic role of surfactants
in CO2-enhanced oil recovery. These discoveries provide theoretical underpinnings for advancing
techniques aimed at enhancing reservoir recovery.
Keywords: CO2 flooding, surfactant, minimum miscibility pressure, molecular dynamics, displace-
ment efficiency.
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Assessment of the immiscible fluid displacement behavior in mixed-wet systems, such as carbonate
and shale reservoirs, has gained a significant attention by the industry. Wettability of oil-brine-rock
systems is a crucial petrophysical property that impacts fluid distribution and multiphase flow in
hydrocarbon reservoirs. Microfluidics is a unique technology that can provide direct visualization
and assessment of flow mechanisms at the pore scale. However, mimicking mixed-wet systems
becomes a limitation to this technology. In this work, we investigate the influence of wettability
on fluid/fluid displacement using microfluidic devices mimicking formations with single and mixed
wettabilities for the first time.

The microfluidic devices were designed to replicate the actual pore-network of an oil-bearing reser-
voir rock, obtained from thin-section images of a core. The microdevices were built out of silicon
due to their compatibility with organic solvents, such as oil. A novel technique was used to con-
struct the microfluidic substrates with controlled wettability, including water-, oil-, and mixed-wet
systems, imitating pore-network formations with variable pore-throats.

Multiple sets of comparative experiments were conducted to examine the influence of wettability on
fluid displacement at the pore scale. Three silicon-based microfluidic devices were utilized, all featur-
ing the same pore-network structure but differing in wetting characteristics. The first microdevice
had a hydrophilic silicon-based surface without any surface modifications, simulating a water-wet
system. The secondmicrodevice had its surface fully coatedwith hydrophobic material, representing
an oil-wet system. The third microdevice underwent selective wettability alteration by depositing a
hydrophobic coating on specific zones, creating multiple hydrophobic spots on the surface to mimic
a mixed-wet system. All flow experiments shared identical conditions. Results revealed distinct fluid
displacement patterns among the cases. Significantly, the mixed-wettability condition demonstrated
a substantial impact on both fluid saturation and injection pressure compared to purely water- and
oil-wet cases. This emphasizes the necessity of accurately designed microdevices that mimic mixed-
wet formations when assessing fluid displacement. Single-wetting state microdevices may lead to
underestimations or overestimations of the displacement process.

Thiswork presents an assessment ofmixedwettability impact on fluid displacement usingmixed-wet
microfluidic devices demonstrated for the first time. Tuning the wetting state of the microdevices
to mimic the mixed-wet characteristics of reservoir rocks can enhance the understanding of multi-
phase flow behavior and recovery mechanisms in mixed-wet reservoirs, including carbonates and
shales.
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Background, Aims and Scope. Investigating novel techniques and theories to fracture shale reser-
voirs and improve effectiveness in CO2 storage is crucial in the context that hydraulic fracturing of
shale gas Wells consumes a lot of water resources and needs to reduce carbon dioxide emissions.It
is well known that CO2 can improve the output of shale adsorbed gas by compete with methane
adsorption.At present, people use supercritical CO2 to fracture shale reservoirs to achieve water-
less fracturing and the purpose of CO2 in-situ storage. However, the low viscosity of supercritical
CO2 makes it poor in carrying capacity and easy to cause sand plug.Therefore, it is proposed to use
nanoparticles in collaboration with supercritical CO2 to fracture shale gas reservoirs. The purpose
of adding nanoparticles to supercritical CO2 is to improve the ability of supercritical CO2 fracturing
to transform reservoirs.
Method. Core displacement experiments were carried using the mixed gas of co2 and nano-silica.
The methane-CO2 competitive adsorption experiment of shale powder containing nano-silica was
carried out at high temperature and high pressure. The feasibility of nano-silica particles cooperat-
ing with supercritical CO2 to improve shale gas production and realize long-term CO2 storage was
preliminarily verified.
Results and discussions. (1) Nano-silica can reduce the adsorption capacity of shale and improve
the production of adsorbed gas. The adsorption capacity of shale treated with nano-silica is reduced
by 10%. (2) Nano-silica decreases the porosity and permeability of shale matrix. But nano-silica
eliminate the negative effects of pointing phenomenon and interporosity flow, thereby uniformly
displacing more methane. (3) Nano-silica improves the stability and viscosity of liquid CO2.
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Based on the measured logging data of shale oil reservoirs in Ordos Basin, this paper compares
the porosity of shale oil reservoirs affected by different degrees of parameters, and analyzed by the
Pearson correlation coefficient, it is found that the porosity of reservoirs has a certain degree of
correlation with the logging parameters such as acoustic time difference, compensated neutron, and
density. Aiming at the problems of low prediction accuracy, high cost and long calculation time of
traditional methods, a machine learning algorithm is introduced to establish a porosity prediction
model, a random forest model with the highest accuracy is preferred, and the model accuracy is
further improved by the PSO optimization algorithm, and the results show that the model has a high
accuracy in the prediction of porosity in shale oil reservoirs. Meanwhile, the LIME local interpreta-
tion method and SHAP global interpretation method are used in this paper to interpret the model
prediction results. By comparing the comparison of the influence degree of LIME and SHAP local
interpretation for two horizontal wells a and b, it is proved that different interpretation methods
can get reasonable and credible local interpretation results. Meanwhile, the results of SHAP global
interpretation are analyzed in this paper, which show that acoustic time difference, compensated
neutron, and density are the main factors affecting the model, and they are basically consistent with
the results of Pearson correlation coefficient analysis.
In summary, this paper improves the accuracy of the porosity of shale oil reservoirs through the
analysis of measured logging data and machine learning algorithm modeling, and analyzes the in-
terpretability of the model, which provides a reference basis for the identification and further devel-
opment of shale oil reservoirs.
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Abstract: The efficient development of shale gas reservoirs relies heavily onmultistage fractured hor-
izontal wells (MFHWs). Among the essential stages of hydraulic fracturing, the flowback process
plays a crucial role in determining the effectiveness of both fracturing and production. The appropri-
ateness of flowback timing and rate during the flowback process directly influences the long-term
production effectiveness of shale gas wells.
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The idealized numerical models traditionally based on feature parameters and yield fitting fail to
fully characterize complex fracture systems, and the computational time of these numerical mod-
els is relatively lengthy. Therefore, this paper employs a big data model trained through machine
learning, enabling rapid production calculations for reservoir blocks with just input data on fracture
length and fracture permeability. By integrating big data models, choke models, pipe flow models,
and proppant backflow models, a comprehensive model encompassing the wellhead, wellbore, and
reservoir has been established. Through iterative calculations of the pressure drop from the wellhead
to the formation, the maximum reverse circulation rate ensuring proppant backflow prevention is
determined, thereby establishing a dynamic system for adjusting choke dimensions.
The study area is the Da’an Block in the Sichuan Basin. Choke operation strategy optimization was
conducted under varying conditions of fracture permeability, fracture length, and fracture water
saturation, resulting in a significant increase in gas production from shale gas wells. The paper
identifies key factors influencing choke management in shale gas wells, providing technical support
for on-site optimization of choke sizes. This research holds practical significance for the efficient
development of shale gas reservoirs.
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In pharmaceutical science, the disintegration process refers to the mechanical breakup of an intact
tablet into small fragments to increase the surface area of the drug substance in contact with the
dissolution medium 1. Within the pharmaceutical industry, the disintegration time, which is the
time required to disintegrate a tablet until no palpable residues remain, has been employed as one of
the critical quality attributes to ensure the bioavailability and efficacy of end products. Despite its
significance and extensive studies on the process, a universally accepted and practically employed

Page 553

http://i.ibb.co/HLvVXWV/Interpore2024.png


InterPore2024 / Book of Abstracts

model to quantitatively describe the disintegration process remains elusive due to the intricate phys-
iochemical interplay of the process, coupled with complex formulations and manufacturing condi-
tions.

At the microscale, determining the propagation of a capillary driven flow requires a solid under-
standing of the capillary structure including its deformation over time. However, it is practically
impossible to capture the complexity in sufficient detail using established analytical methods for
pharmaceutical tablets. We instead studied the propagation of the liquid front within the porous
matrix, recognising the role of the advancing liquid as the initiator of all subsequent phenomena.
Employing the terahertz pulsed imaging (TPI) technique coupled to an open immersion setup al-
lowed us to precisely monitor the in-situ location of the liquid front whilst controlling the influence
from the experimental setup on the liquid flow 2. This approach successfully captured the liquid
ingress profiles of complex formulation tablets and revealed two regimes of liquid propagation: 1)
an initial rapid uptake regime and 2) a subsequent slower linear regime, which was rate-limiting in
determining the disintegration time.

Our results suggest that the linearity in transport results from the synchronised propagation of the
liquid front and the erosion at the interface in touch with the dissolution medium [3]. Consequently,
we employed this mechanism to develop a predictive model for the disintegration process of phar-
maceutical tablets where each regime was modelled as a time-evolving porous medium in terms of
swelling and erosion and its terminal structure transitioning inward. Based on TPI measurements,
the associated fitting parameters were extracted to quantify the mass transport behaviour of the two
regimes and compared across different tablets. This methodology and modelling offers insights into
the disintegration process of pharmaceutical tablets and shows potential applicability in understand-
ing disintegration for a range of swelling and eroding porous media.
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Ion diffusion within clays is a fundamental process related to contaminant transport in groundwater
and radionuclide migration in the context of nuclear waste disposal. Montmorillonite, one of the pre-
dominant minerals within bentonitic clays, exhibits distinguished physicochemical properties such
as the ability to absorb water and ions, accompanied by underlying swelling. This behavior is pri-
marily governed by the electrical double layer (EDL) effect at the nanoscale. In turn, these nanoscale
interactions have a critical influence on themacroscopic transport properties in clays. In this study, a
multiscale modeling technique was developed to combine molecular-scale and pore-scale modeling.
At the molecular scale, a coarse-grained (CG) mesoscale model was used to generate the nanos-
tructures of sodium montmorillonite, where ClayFF force-field atomistic montmorillonite platelets
are equivalently represented by coarse-grained platelets including two types of particles: central
nonhydrogen-bonded particles and edge hydrogen-bonding particles (1). At the pore scale, the lat-
tice Boltzmann method (2) is used to solve the coupled Poisson-Nernst-Planck equations on GPUs
to model the transport of ions in the nanostructures obtained by the CG mesoscale model. Since
the variable charge of the edges of the montmorillonite platelets depends on the pH, an inhomoge-
neous surface charge density is employed as a boundary condition to obtain the electric potential
distribution. Quantitative analyses carried out by this multiscale model were implemented to inves-
tigate the influence of clay density, ionic strength, and pH on the effective diffusivities of ions. The
insights into the ion transport process and the effect of edge sites in clays gained in this study can
be implemented in larger-scale analyses such as continuum-scale reactive transport simulations for
radionuclide migration in deep geological repositories for radioactive wastes.
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The storage space of tight formation after volumetric fracturing is complex, characterized by the
coexistence of micro-nano pores and multi-scale fractures. This complexity hinders a clear under-
standing of pore-scale flow dynamics in the integrated fracturing-shut in-flowback process of tight
oil reservoir. To tackle this issue, we introduced the micro-focus CT imaging and digital image pro-
cessing technology to establish two digital rock geometry models retrieved from raw CT images.
Subsequently, we proposed a pore-scale modeling workflow based on the pseudo- potential lattice
Boltzmann model to explore the underlying mechanism of fluid exchange during the integrated de-
velopment period. This workflow allowed us to investigate the oil-water exchange behaviors during
the three stages of fracturing-driven, shut-in imbibition and flowback production. Ultimately, we
conducted a systematic analysis of the influence of oil-water viscosity ratio, rock wetting angle and
capillary number on the pore-scale oil-water exchange. Results show that during the fracturing-
driven stage, fracturing fluid primarily migrates along the fractures, with only a small amount en-
tering the pore space nearby the fractures. In the shut-in imbibition stage, the fracturing fluid pref-
erentially flows into small pores, displacing the recovered oil droplets through the large pores. In
the flowback production stage, oil droplets occupied in the fracture-matrix contact areas are pref-
erentially stripped off, and there still exists a large amount of crude oil droplets that are difficult
to be swept. A higher capillary number and a lower oil-water viscosity ratio will supply forma-
tion energy during hydraulic fracturing in tight oil reservoirs, activating the mobilization of crude
oil droplet trapped in the stimulated reservoir volume region and improving imbibition recovery.
The effect of wetting angle on energy supply during hydraulic fracturing in tight oil reservoirs is
relatively little, while a higher water-wet degree will promote spontaneous imbibition, making it
challenging for fracturing fluid to flowback.
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Automated mineralogy (AM) is a semi-automatic mineralogical tool based on a scanning electron
micrography-energy dispersion spectrometry (SEM‒EDS) platform. It has the functions of large-
area high-resolution field image scanning, particle mineralogical analysis, specific mineral search,
trace mineral search and so on. It can realize the identification and quantification of core minerals,

Page 556



InterPore2024 / Book of Abstracts

surface porosity and pore morphology, mineral particle size and pore distribution characteristics,
element occurrence form and so on. Therefore, AM data can be used to analyze the sedimentary
environment and diagenetic evolution process of oil and gas reservoirs and even to evaluate oil and
gas reservoirs. The best highlight of AM is that the large-area images provide a reference for selecting
sites for further nano-micro structure analysis. The linkage procedure of AM images and FE-SEM
facilitates the observation of the same nano-micron scale mineral or pore changes after different fluid
actions. This technique is beneficial for studying the effect of fluid chemical reactivity transmission
on reservoirs during reservoir development or CO2 geological storage. The mineral distribution
phase diagram obtained by AM can be registered with the same position CT scan image, which can
improve the accuracy of CT data to distinguish minerals. However, because AM itself is not good at
identifying the fine types of clayminerals and because somemineral densities are similar, it increases
the difficulty of CT image registration and segmentation, so the accuracy of the constructed 3D
mineral distribution needs to be improved. With the improvement of the registration algorithm and
in situ CT scanning accuracy, the combination of AM and CT will play a more important role in the
study of the fluid reactive transport effect during reservoir development or CO2 geological storage,
especially in the study of short-lived minerals and pore changes, as well as fluid migration.
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Investigation on dynamic propagation of fractures in shale in-
duced by thermal fluid
Authors: Jiao Ge1; chuanjin yao1; qi zhang1; Baishuo Liu1; Fanyi Meng1; xingheng Huang1
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The connectivity of reservoir fractures is very important for the exploitation of shale oil resources.
Shale reservoirs have extremely low permeability, and natural fractures are not developed, so it is
not easy to form a complex fracture network. Therefore, it is generally solved by injecting into the
rock to induce artificial fractures to improve the permeability of the formation. There are great dif-
ferences in the micro-pores and micro-cracks evolution of shale reservoirs after high temperature
convection heat, and the shale fracturing caused by high temperature is also obviously different in
the mechanism. Not only does it change the mechanical mechanism of rock fracture, but also fur-
ther affects the fracture morphology of shale reservoirs. The formation of fractures induced by high
temperature thermal fluid is an excellent method to increase production, which can form a large
scale fracture network in underground rock masses and improve production efficiency. Numerical
simulation analysis of multiphysics coupling in porous media is the most economical and effective
research method to solve many geological engineering problems at this stage. Based on the estab-
lished thermo-hydro-mechanical coupling shale model, this study carried out numerical simulations
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on shale fracture propagation during high temperature thermal fluid injection. The research results
show that the shale fracture propagation under the action of high temperature convection heat is
the result of the combined action of hydraulic action and thermal stress. Thermal stress is the most
dominant fracturing factor. The main fracture initiates at the wellbore and propagates along the
direction of the maximum principal stress. The rock mechanical properties weaken, the fracture
initiation pressure reduces, and the fracture propagation behavior becomes more complex.
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Evaluating the performance of asphalt mixture with additives to
withstand salt erosion and freeze-thaw cycles

Authors: Huining XuNone; Weidong JiNone

Corresponding Authors: xuhn@hit.edu.cn, wedoji@163.com

Asphalt pavement is widely used in road construction due to its smoothness, wear resistance, and
ease of maintenance, making it the most commonly chosen material. However, asphalt concrete
exposed to the natural environment is susceptible to various external factors, resulting in different
types and degrees of damage. This greatly shortens its service life and reduces the durability of as-
phalt pavement. Especially in coastal regions with seasonal freezing, salt spray, tides, and rainfall
can all contribute to the penetration of salt into asphalt pavement through porous media. The inner
salt will accumulate and dissolve, weakening the cohesiveness of the asphalt-aggregate interface
and causing diseases such as spalling and pitting. In addition, the seasonal freeze-thaw cycle causes
early damage to the asphalt mixture. Admixture is an effective means of improving the performance
of porous asphalt mixtures. Efforts done by previous researchers have shown that ferrocyanide can
inhibit salt crystallization and reduce salt erosion damage of porous materials. Basalt fiber and anti-
stripping agent can improve the service performance of asphalt mixture. However, the effects of
three additives on salt erosion and freeze-thaw coupling environments have not been studied, and
their specific improvement effects are unclear.
This paper focuses on the damage resistance of asphalt mixture with crystallization inhibitor, basalt
fiber and anti-spalling agent under salt erosion and freeze-thaw, respectively. The splitting tensile
strength of asphalt mixtures with additives was tested after 15 cycles of salt erosion and freeze-
thaw. We used X-ray computed tomography to analyze the initial internal structure after 0, 7, and
20 freeze-thaw cycles, as well as salt erosion. The effects of salt erosion and freeze-thaw cycles on
asphalt mixtures with additives were evaluated through the analysis of changes in strength and inter-
nal structure. Based on the changes in internal structure, the performance enhancement of porous
asphalt mixtures with additives was assessed using grey relation analysis and analytic hierarchy
process analysis.
Results showed that the damage caused by salt spray erosion on the mechanical properties of asphalt
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mixture is greater than that of salt solution erosion. Compared to the AC-13 asphalt mixture, the
SMA-13 asphalt mixture has better mechanical properties against the effects of freeze-thaw cycles
and salt erosion. The performance improvement of asphalt mixture with a crystallization inhibitor is
better than that of an anti-stripping agent and a basalt fiber asphalt mixture, respectively. The three
types of additives only retard the evolution of internal structure and do not change the damaged for-
mation of internal structure inside asphalt mixture under freeze-thaw cycles and salt erosion. The
internal damage index of asphalt mixture with crystallization inhibitor is the minimum, indicating
good resistance to freeze-thaw cycles and salt erosion. The combination of SMA-13 gradation and
crystallization inhibitor was found to be suitable for designing asphalt mixtures in coastal seasonal
frozen regions. The research results will help improve the level of construction and maintenance of
asphalt pavement in coastal seasonal freezing areas, extend its service life, and save on maintenance
costs.
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Experimental investigation on phase behavior of pyrolysis hy-
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Low-to-medium maturity shale oil reservoir is an important unconventional energy source with
small pore size and poor fluid flow ability. In-situ pyrolysis is one of the effective methods for devel-
oping low-to-mediummaturity shale oil reservoirs. On the one hand, the pyrolysis of organic matter
in low-to-medium maturity shale produces complex fluids, mainly including pyrolysis oil and pyrol-
ysis gas. On the other hand, the fluid generated after pyrolysis begins to migrate due to thermal
expansion, thereby promoting the effective development of low-to-medium maturity shale reser-
voirs. It is worth noting that the composition of pyrolysis fluid products can change with changes in
heating temperature and heating time. The changes in fluid compositions in porousmedia can lead to
changes in their phase behavior characteristics, and accurately characterizing pyrolysis fluid phase
behavior is of great significance for predicting oil and gas production in reservoirs. In the paper, the
Chang 73 medium-low maturity shale were selected and ground into particles, a pyrolysis experi-
mental device for low-to-medium maturity shale was constructed, and pyrolysis experiments were
conducted on shale particles at different temperatures. Gas chromatography and mass spectrometry
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techniques were used to analyze the composition of fluid products under different pyrolysis condi-
tions. In addition, an experimental device for studying pyrolysis fluid phase behavior characteristics
was constructed, which increased the maximum experimental temperature to 300℃ compared to
existing devices. The experimental data can be obtained is more extensive and can better reflect
actual oilfield conditions. Constant mass expansion experiments were conducted on pyrolysis fluid
products at six temperatures (20-300℃) to observe the characteristics of oil gas interface changes un-
der different temperature and pressure conditions. The experimental data were fitted and the fluid
bubble point pressure at different temperatures was obtained. The P-T (pressure-temperature) phase
diagrams were drawn and compared with the calculated results of the PR (Peng-Robinson) equation,
the PR equation is the main method for describing fluid phase behavior in numerical simulations.
The results showed that as the pyrolysis temperature increased, the lighter component of C3-C12 in
the pyrolysis oil increased, and the C3-C7 had the highest content at 425℃. The content of C1 and
C2 in the pyrolysis gas increased with the increase of temperature. Under the condition of 425℃, the
bubble point pressure of pyrolysis fluid products first increases and then decreases with temperature.
The P-T phase diagram obtained from the experiments has the same trend as the calculated phase
diagram from PR equation, but there is also a significant difference. This indicates that correcting
the PR equation is of great significance, as it is the key to accurately characterize the phase behavior
characteristics of pyrolysis products of low-to-medium maturity shale.
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Quantifying the effect of matrix diffusion on tracer transport in
fractured reservoirs
Author: Hui Wu1

Co-author: Yuanyuan Wei 1
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Tracer testing is commonly used to characterize fracture flow and transport processes. The inter-
pretation of tracer data requires numerous forward simulations of tracer transport in a 3D fracture-
matrix model, leading to significant computational burden. As matrix permeability is generally
several magnitudes smaller than fracture permeability, some studies only considered a 2D fracture
model to alleviate the computational burden. However, the impact of matrix diffusion, a mechanism
that may affect tracer transport even in an extremely lowmatrix permeability model, is unclear. This
study quantitatively investigates the effects of matrix diffusion on tracer transport through an ana-
lytical solution. Based on the results, we discuss the situations in whichmatrix diffusion hasminimal
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effect on tracer transport and therefore matrix can be safely ignored. A dimensionless number that
integrates fracture/matrix parameters and injection parameters is proposed to estimate matrix diffu-
sion effect on tracer transport. For situations that matrix diffusion can not be ignored, we develop
an equivalent injection function to accurately quantify the effect of matrix diffusion in a 2D fracture
(matrix-free) model. The feasibility of the dimensionless number as well as the equivalent injection
function is further examined through numerical simulations which consider complex geological con-
ditions.
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Numerical modeling of the phase separation process driven by a
porous membrane

Authors: Mengyi Jiang1; Guang YangNone; Jingyi Wu1

1 Shanghai Jiao Tong University
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The separation of liquid and gas phases using porous media has been considered for various appli-
cations such as propellent management in aerospace, petroleum engineering, carbon storage and so
on. However, such a process is usually difficult to model as the multiphase flow involving porous
media usually spans several characteristic lengths, and the interface conditions between the free
fluid and the porous media flow are relatively complex. A direct numerical simulation (DNS) using
fully resolved Navier-Stokes equations is limited by the immense computational cost. In this work,
a mixed-dimensional flow model was developed for the highly coupled free fluid and thin porous
media flow, in which the flow process in the porous membrane was reduced to one dimension. Be-
sides, the parameter transfer equations at the regional interface were evaluated, and the proposed
model was validated against DNS results. The effects of pore structures, porosity, and flow direction
on the two-phase transport process were studied in detail. The present study will provide guidance
for the optimization of phase separation systems driven by thin porous media.

Keywords: phase separation, multiphase flow, numericalmodeling, coupled flow, porousmedia
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Quantitative investigation on distribution characteristics of or-
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Low-to-medium maturity shale oil reservoirs are widely distributed in China and have received
widespread attention from domestic and foreign researchers in recent years. In-situ pyrolysis con-
version is one of the main methods for developing low-to- medium maturity shale oil reservoirs. In
the process of pyrolysis, on the one hand, rock minerals expand due to heat, and on the other hand,
the organic matter inside the shale continuously pyrolysis to produce oil and gas, which expand and
flow due to heat. The two effects lead to continuous changes in the distribution space of pyrolysis
fluids of low-to-medium maturity shale. Clarifying the distribution characteristics of organic matter
and its pyrolysis products after in-situ conversion is of great significance for clarifying the develop-
ment mechanism of low-to-medium maturity shale oil reservoirs. In recent years, nuclear magnetic
resonance (NMR) technology has received widespread attention as a method for analyzing the dis-
tribution of fluids in porous media. The technology can reflect the fluid distribution in pore spaces
of different sizes by analyzing the intensity of hydrogen signals at different relaxation times. In the
paper, low-to-medium maturity shale samples from Chang 73 block were selected and cut into cores.
A pyrolysis experimental device for low-to-mediummaturity shale was independently designed and
constructed. Pyrolysis experiments were conducted on the shale cores under different temperature
conditions, and NMR testing was conducted on the shale cores before and after pyrolysis to clarify
the pore structure characteristics of non-pyrolysis shale and the main storage space of organic mat-
ter. After pyrolysis, the shale cores were saturated with white oil, and based on the NMR results
after pyrolysis, the main storage space of pyrolysis organic matter was determined. In addition, the
density and porosity pyrolysis variation characteristics of the shale core were also clarified based
on the quality difference method. The results show that the shale core underwent significant defor-
mation and expansion after pyrolysis, and a large number of fractures were generated. The organic
matter was mainly concentrated in the pore space corresponding to relaxation time of 0.1ms, and
the pore space of the shale core significantly increases after pyrolysis. The pore space of the shale
core is the largest at the final temperature of 400℃, and the pyrolysis oil was mainly distributed in
the pore space with a relaxation time of 100-1000 ms.
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Digital Porous Media Analysis (DPMA) is the process of using imaging and simulation techniques
(e.g., x-ray computed microtomography, Pore-Network Modelling (PNM) and Direct Numerical Sim-
ulations (DNS)) to investigate the properties of porous materials. With DPMA, physical processes
are investigated in the real structure of a sample and effective porous media properties (e.g., per-
meability and capillary pressure) are estimated. These properties can then be used for upscaling,
provided that the sample investigated is a Representative Elementary Volume (REV) of the full do-
main of interest. However, most porous materials relevant to the energy transition are multiscale,
and thus have pore structures (e.g., microporosity, channels, vugs) spanning several orders of mag-
nitude in size. An REV of such materials cannot be fully characterised by a single image, which
would either be too small to be an REV or lack the resolution to accurately resolve the pore/solid
interfaces. In this work, we define a multiscale REV of a porous material as an image that can be
segmented into resolved and unresolved parts, and for which, for each unresolved voxel, the prop-
erties can be associated with a higher resolution image that is an REV of the underlying structure
inside that voxel, the combination of which provides an REV of the full domain of interest. Our
multi-scale REV workflow is demonstrated on several examples, including microporous carbonate
rocks and 3D printed hierarchical foams, and employs multiscale simulation techniques (e.g., Darcy-
Brinkman-Stokes models, multiscale PNM) first to confirm a multi-scale REV and then to simulate
reactive transport and multiphase flow processes while estimating properties such as permeability,
dispersivity and capillary pressure.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

United Kingdom

Porous Media & Biology Focused Abstracts:

Page 563



InterPore2024 / Book of Abstracts

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS16 / 705

Color Properties and Porous Ink Layer –a study via Optical Spec-
troscopy
Author: Nicolae Tomozeiu1
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Corresponding Author: nicolae.tomozeiu@cpp.canon

The world of printing is rapidly and extensively developing due to the progress made in the inkjet
technology. This printing technology delivers good print quality using the flexibility of digital print-
ing at a breakthrough cost price. The R&D department of Canon Production Printing company, is a
major player in the development of inkjet technologies for many different applications.

The physical processes which regulate the interactions between ink droplets and a thin porous paper
have been the subject of many studies considering both theoretical understanding and sustainable
industrial applications.

Understanding the processes as ink spreading, evaporation and imbibition into porous material is
vital for having prints of high quality. Experimental studies based on Optical Spectroscopy & Mi-
croscopy, Scanning Electron Microscopy (SEM), Nuclear Magnetic Resonance (NMR), Automatic
Scanning Absorptometer (ASA), etc have been used to get in-depth of these physical phenomena,
which design the print drying. The result of drying process is an ink solid thin film formed onto
porous paper. We have to consider a surface topography of the ink layer, as well as a resulted in-
terface ink/paper. Due to the complex drying process, the ink layer might have a (in)homogeneous
distribution of the pigment particles into the polymeric matrix. Also, our SEM studies showed the
presence of the voids of various dimensions into this structure.

The outputs of a print process are image quality and print robustness. This means optical and me-
chanical properties of the thin ink layer onto porous paper. In this work, VIS optical spectroscopy is
employed on both the computational simulation (Scout code program) and the experimental studies
to reveal the relation between the compositional properties (pigment distribution, layer thickness,
concentration and distribution of voids) of the ink layer and the color properties of the print.
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The water-based inks with polymeric latex particles used in printing technology deliver prints of
superior quality at a low cost and environmental friendly. Via ink formulation and drying processes,
the inkjet prints are characterized by a wide color gamut, intense gloss with tonal graduations and
excellent mechanical properties.

Our study delves into enhancing the optical performance of these inks and printing processes by
examining how light interacts with the printed porous surface. The ink’s composition features
pigments and polymeric beads randomly dispersed with interparticle spaces or fissures. Utilizing
High-Resolution SEM imaging, we scrutinize the structure and local makeup of the ink layers post-
printing, while VIS spectroscopy aids in assessing their optical attributes.

We employed ray tracing to construct an optical model for colored prints, aiming to forecast the re-
flected optical spectrum from prints possessing specific porous structures, determined by the spatial
arrangement of latex, pigments, and voids/cracks. To ensure accuracy, the model’s parameters align
with those of a VIS spectrophotometer, maintaining consistent light spectra and angles.

Our results demonstrate the reliability of ray tracing, validated by experimental data, particularly
for monochromatic layers on coated substrates. By integrating the print’s structure and the optical
characteristics of its constituents, we achieved a harmonious match between empirical and modeled
outcomes.

Concluding our research, we conducted sensitivity analyses on color coordinates (L, a, b*), examin-
ing variables like layer thickness, pigment concentration, coverage, and ray count. This exploration
offers insights into the intricate interplay between light and porous ink layers, advancing our un-
derstanding of their optical behavior.
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Energy security is very important to the development of the country. With the gradual reduction
of conventional oil and gas resources, unconventional oil and gas resources represented by shale oil
and gas have gradually become the focus of exploration and development, and have broad prospects
for development. Gas injection and horizontal well volume fracturing technology are commonly
used to extract shale oil at home and abroad. However, the understanding of the fluid flow mecha-
nism of multi-scale pore-fracture system under the condition of multi-stage fracturing of horizontal
wells in shale reservoirs is still unclear at present. It is necessary to systematically and deeply study
the fracture flow characteristics of shale reservoirs, and to clarify the influence of different fracture
types and fracture parameters on the fluid flow law in shale reservoirs, so as to provide theoretical
support for the actual development of the field. Therefore, this article processed simulated natural
fractured rock cores with different fracture openings and fracture densities through wire cutting
and placement of metal gaskets. Fluid flow experiments were conducted under different displace-
ment pressure differentials, and fluid flow patterns within natural fractures in shale oil reservoirs
were summarized and analyzed. The results show that due to the influence of gas sliding effect, the
gas permeability of the core in the low-pressure range is significantly higher than that under the
high-pressure condition. There are nonlinear and linear segments in the low-speed flow of liquid in
natural fractures, and the nonlinear characteristics decrease with the increase of fracture opening
and fracture density, and increase with the increase of fluid viscosity. Compared with the simu-
lation of natural fractures, the presence of quartz sand proppant in simulated artificial fractures
significantly improves the conductivity of the core. The liquid flow pattern conforms to the seepage
of high-permeability porous media, and the relationship between formation water and crude oil flow
conforms to the linear formula.
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Effect of pHon theCompetitiveAdsorptionBehavior ofCO2/CH4
in Shale Inorganic Nanopores from the Molecular Simulations
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Objectives/Scope:
Geological Carbon Storage (GCS) in depleted tight reservoirs is considered a promising technology
for reducing carbon dioxide emissions. These tight reservoirs feature numerous nanoscale pores that
provide ample adsorption space for gases. However, the pH values of the reservoir pores vary, and
the extended exposure to different pH environments over time can result in distinct surface proper-
ties of inorganic nanopores on quartz (pH effects characterized by the deprotonation degree of silanol
groups on the quartz surface). This variability may impact the adsorption capacity of gases, but the
mechanisms remain unclear. Therefore, a comprehensive understanding of gas adsorption mech-
anisms, considering reservoir pH values, is crucial for CO2 sequestration and enhancing methane
recovery rates (EGR). This study employs GCMC simulations to investigate the competitive adsorp-
tion mechanisms of CO2/CH4 in shale inorganic nanopores on quartz, taking into account reservoir
pH conditions.
Methods/Procedures/Process:
The adsorption of CO2, CH4, and a CO2:CH4=1:1 mixture was investigated at reservoir conditions of
353.15K and pressures up to 50MPa. The pH conditions ranged from 2-5, 5-7, to 7-9, corresponding to
deprotonation degrees of 0%, 9%, and 18%, respectively. Quartz nanopores, CH4, and CO2 were mod-
eled using the CLAFF, TraPPE-UA, and TraPPE-EH models. GCMC simulations were conducted using
the MCCCS Towhee software. Each simulation consisted of 2×108 steps in total, with 5×107 steps for
equilibration and 1.5×108 steps for statistical sampling. Atomic trajectories were saved every 2000 steps
for subsequent data analysis. Using the simulated results, we computed the one-dimensional and two-
dimensional density distributions of gases, as well as the excess adsorption. Additionally, we accounted
for changes in adsorption phase volumes under three pH environments to calculate the absolute adsorp-
tion amounts.Results/Observations/Conclusions:
The study revealed that with an increase in deprotonation degree, the adsorption phase volumes of
CO2 and CH4 slightly increased in both single-component and competitive adsorption scenarios. In
competitive adsorption, the injection of CO2 exhibited a more pronounced effect in reducing the
adsorption density of CH4 as the deprotonation degree increased（corresponding increase in pH）In
single-component adsorption, both the excess adsorption and absolute adsorption of CO2 increased
with the increasing deprotonation degree, while the impact on CH4 was minimal. In competitive
adsorption, CO2 significantly decreased the excess adsorption of CH4, and beyond a pressure of
30MPa, the excess adsorption even became negative. With an increase in deprotonation degree,
both the excess adsorption and absolute adsorption of CO2 increased, while the adsorption of CH4
slightly decreased. This suggests an enhancement in the competitive adsorption capability of CO2.
*Applications/Significance/Novelty:
This study provides molecular-level insights into the adsorption behavior of CO2/CH4 in quartz
nanopores under varying pH conditions. The findings contribute to establishing a theoretical founda-
tion for CO2 storage and methane recovery enhancement under reservoir conditions with different
pH levels.
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1 Yangtze University

Corresponding Author: mengfk@yangtzeu.edu.cn

Historymatch of oilfield production is an importantmeans of obtaining accurate reservoir geological
models. Traditional history match models are influenced by complex nonlinear relationships, high-
dimensional data, and spatial-temporal dynamics, which makes it difficult to take into account the
variability of the oilfield production and the accuracy of prediction is lower. Moreover, the solution
process usually needs to resort to the numerical simulator of reservoirs, which is time-consuming
and inefficient, and is difficult to be used for history match of large-scale oil reservoirs. In terms of
the above issue, this paper proposes a surrogate model for reservoir numerical simulation based on
convolutional spatial-temporal neural network (CSTN), which uses convolutional neural network
(CNN) to learn input high-dimensional spatial parameters, and uses long short-term memory neu-
ral network (LSTM) to predict the production data for complex temporal dynamics. The model was
used to 2-D and 3-D inhomogeneous reservoirs with nine injections and four producers, and the
R² coefficient is introduced as the key evaluation index. The results showed that with the increase
of the number of trainings and the amount of data, the loss function and the R² coefficient can be
stabilize and converge quickly with less iterations, which confirms the accuracy and stability of the
proxy model. The results for 2-D reservoir models after training show that the R² coefficient is as
high as 0.98, in which the R² coefficient for the match of oil production is 0.985, and for the match
of water cut, the R2 coefficient is 0.975. For 3-D reservoir models with complex geological structure
after training show that the R² coefficient for the all indexes is 0.96, in which the R² coefficients for
oil production rate and water cut are 0.97 and 0.95, respectively. The above match results show the
presented proxymodel can accurately describe the geological and fluid seepage characteristics of the
oil reservoir, and it can realize highly accurate fitting of historical production data. In addition, in
terms of computational speed, comparedwith the traditional historymatchmethod, the proxymodel
significantly reduces the computational cost, and the simulation time consumed is about 70% lower
than that of the traditional method. In general, this study provides an efficient and accurate produc-
tion history fitting method in the field of reservoir development, which can provide reliable support
for improving reservoir production efficiency and formulating optimization strategies.
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Quantitative characterization on forced imbibition characteris-
tics of shale oil reservoirs based on nuclear magnetic resonance
method
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The development of shale reservoirs has gradually become the focus of global energy attention, and
large-scale volume fracturing of horizontal wells has become a cost-effective means of developing
shale reservoirs. After large-scale fracturing of different types of shale reservoirs, the fracturing fluid
will produce strong imbibition effect in the reservoir, resulting in low flowback rate of fracturing
fluid. There are problems such as pressure change, unclear understanding of oil production law
and unknown influencing factors in the forced imbibition stage. In this paper, aiming at the main
shale oil reservoirs in China, the cores of some blocks in Qinghai and Gulong areas are selected.
Combined with the actual conditions of reservoir reservoirs, the study on the forced imbibition law
of different types of shale oil is carried out. Combined with nuclear magnetic resonance technology,
the characteristics of forced imbibition and the differences in the microscopic production law of
crude oil are clarified, and the influence of core permeability and contact angle on forced imbibition
is further analyzed. The results show that the shale has a strong imbibition effect on the fracturing
fluid, the oil phase content in the core decreases, and the oil-water replacement phenomenon occurs.
There are preferential pores in the fracturing fluid during the imbibition process, and the fracturing
fluid preferentially enters the smaller pores, and can cause a short-term increase in the oil phase
content in the larger pores. With the continuous process of imbibition, the rate of imbibition oil
gradually slowed down, and the fracturing fluid gradually infiltrated into the rock sample. Both
permeability and wettability can affect the imbibition ability of fracturing fluid. For rock samples
with similar properties in the same area, the higher the permeability and the smaller the contact
angle, the less the oil phase content after imbibition, and the more obvious the imbibition effect of
fracturing fluid.
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Fracture-matrix interaction, fluid flow and chemical movement
in low-permeability fractured media
Author: Qinhong Hu1
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Corresponding Author: huqinhong@upc.edu.cn

In low-permeability unsaturated fractured rock, fluid flows predominantly through the intercon-
nected fracture network, with some fluid imbibing into the neighboring matrix rock. Imbibition
(driven by capillary pressure gradient) advectively transports chemicals from fractures into the ma-
trix. Diffusion (driven by concentration gradient) can diffusively transport chemicals into the matrix.
Once in the matrix, sorbing chemicals can sorb onto matrix rock. All these interacting processes
(imbibition, sorption, and diffusion) are important to understand in the naturally and hydraulically
fractured low-permeability rock. Pore structure integrates both geometry and topology of the pore
network of the matrix, giving rise to emergent first-order effects on fluid flow and chemical trans-
port in the matrix. Low permeability media make it likely that flow and transport is limited by pore
topology (e.g., density of connections) rather than geometry (e.g., radius). This work discusses var-
ious, and complementary, approaches to investigating pore structure, and the resulting anomalous
imbibition and diffusion, in low-permeability Yucca Mountain welded tuff of Nevada, as well as var-
ious shales of USA and China undergoing active exploration and production. Using an innovative
and complementary laboratory approaches, such as imbibition and diffusion tests employing a recipe
with several nano-sized tracers and subsequent microscale mapping on the shale, our work indicates
the limited fracture–matrix interactions in fractured shale, with low pore connectivity of predom-
inantly nm-sized shale matrix pores and the consequent limited (sub-mm near the fracture face
under atmospheric pressure and temperature) accessible porosity and anomalous diffusion to the
stimulated fracture network and producing wellbore. The presentation will end with some ongoing
work of coupled thermal-hydraulics-mechanical-chemical tests and gas-liquid flooding experiments
of low-permeability media with lamina.
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Quantifying oil- andwater-wettable pore networks of the lacustrine-
and marine-sourced shale oil reservoirs
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Microscopic pore structure (both geometry and connectivity) characteristics control fluid flow and
hydrocarbon movement in shale oil reservoirs. Considering the uniquely wide spectrum of pore
sizes (nm to sub-mm), microscale mixed wettability, as well as the interplay of pore structure and
wettability in organic-rich shale oil reservoirs, this work presents various approaches to quantifying
the oil- and water-wettable pore networks for several important tight oil formations in China and
USA with different depositions, as well as a range of maturation and mineral compositions. The
approaches include the utility of different wetting fluids (deionized water or API brine, n-decane
and/or toluene, isopropyl alcohol or tetrahydrofuran or dimethylformamide), fluid pycnometry, fluid
immersion porosimetry after vacuum saturation, mercury intrusion porosimetry, nuclear magnetic
resonance, and field emission-scanning electron microscopy. In particular, (ultra-) small angle neu-
tron & X-ray scattering techniques, (U)SANS & (U)SAXS, are used to quantify the total (both edge-
accessible and isolated) porosity and characterize pore size distribution in a pore length size from 1
nm to 10 �m; in addition, the employment of contrast matching technique of (U)SANS enables the
discrimination of accessible (open) pores and inaccessible (closed) pores to a particular liquid fluid.
For example, our results show that themarine-sourced Bakken samples in USA have a relatively high
total porosity (8.87-12.95%) with no more than 30% of the pores are accessible from sample surface,
and are not preferentially wet by oil or water.
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A comprehensive analysis on the wettability in shale oil rocks

Authors: Xiao Wenlian1; Yubin Yang1; jitian Ren1

Co-authors: Chu Huang 1; Hui Tang 1; Lingli Zheng 1; Qihong Lei 2; Suwei Ma 2; Wanfen Pu 1; Youan He 2

1 National Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University
2 PetroChina Changqing Oilfield Company

Corresponding Authors: 290116147@qq.com, 478109107@qq.com, joshxiao@163.com

Abstract: Fracturing-Soaking-Producing (FSP) is considered one of the effectivemethods in the devel-
opment of shale oil. Improving the imbibition efficiency during the FSP process cannot be achieved
without accurate understanding of reservoir wettability. Here, we used contact angle wettability
method, spontaneous imbibition wettability method with nuclear magnetic resonance, centrifuga-
tion wettability method, and freeze-emission electron microscopy method to evaluate the wettabil-
ity of core samples withdrew from Ordos Basin. At the same time, we developed a characterization
method for pore-scale wettability based on the capillary bundle model then quantified the pore-scale
wettability characteristics. The freeze-emission electron microscopy experimental results behaved
that the oil is mainly adsorbed on the pore surface, while the water is present as a free fluid in
the pores. The capillary pressure curves during waterflooding agree with the ones during gasflood-
ing, and the wettability index is between 0.55 and 0.65, indicating that our core samples exhibit
oil-wet. Furthermore, the pore-scale wettability illustrated that the average proportion of oil wet
pores is about 60%, and the average proportion of water wet pores is about 40%. The oil-wet pores
are mainly distributed in mesopores, and the micropores and macropores account for a relatively
small proportion. The water-wet pores are mainly distributed in macropores and micropores, and
the mesopores account for a relatively low proportion. Our research work enriches the understand-
ing of the wettability of shale oil and has certain significance for optimizing the parameters such as
the amount of liquid entering the shale oil reservoir.
Keywords: shale oil; wettability; pore structure; pore scale
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The heat energy resource in the deep earth (3 ∼10 km), which is carried by Hot Dry Rocks (HDR), has
a huge capacity for geothermal power generation. As a type of conductive geothermal energy, HDR
has low rock permeability, so that Enhanced/Engineered Geothermal System (EGS) is developed to
artificially increase the heat exchange area and further extract the deep geothermal energy with
the connected natural fractures and hydraulic stimulated fracture network. The coupled Thermal-
Hydrological-Mechanical (THM) processes largely control the heat recovery efficiency from HDR,
and thus real 3D reservoir scale investigations that account for the multiphysics coupling mecha-
nisms are needed to inform geothermal energy recovery from HDR.

In this work, we built a three-dimensional THM model for the EGS of Qiabuqia HDR (Zhang et
al. 2018, Gonghe Basin, China) by taking advantage of the novel simulation framework, GEOSX
(Settgast et al. 2022). As a rapidly growing open-source multi-physics simulator, GEOSX has highly
scalable algorithms for solving complex fluid flow, thermal, and geomechanical coupled systems.
Preliminary geological data of the target area has been acquired by exploratory wells (e.g., GR1,
GR2, DR3, DR4). There is also a trial production well GH-01. In our model, we considered a dual-
well utilization system. Our 3D model focuses on reservoir-scale THM coupling, and takes into
consideration the geostress directions in configuring the faults and (hydraulic)fractures, which are
explicitly handled with EDFM (Embedded Discrete Fracture Model) method. The simulated results
of heat recovery efficiency under different production scenarios provide guidance information for
engineering practices.
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Nanoparticles anchored on the perovskite surface have gained considerable attention for their wide-
ranging applications in heterogeneous catalysis and energy conversion due to their robust and in-
tegrated structural configuration. Herein, we employ controlled Co doping to effectively enhance
the nanoparticle exsolution process in layered perovskite ferrites materials. CoFe alloy nanoparti-
cles with ultra-high-density are exsolved on the (PrBa)0.95(Fe0.8Co0.1Nb0.1)2O5+δ (PBFCN0.1) sur-
face under reducing atmosphere, providing significant amounts of reaction sites and good durability
for hydrocarbon catalysis. The morphology evolution measurements reveal a significant transform
in CoFe alloy nanoparticles at around 600 ℃, transforming from larger to ultra-densely decorated
smaller nanoparticles. A single cell with PBFCN0.1 anode exhibits high performance in wet ethane
atmosphere (e.g., a typical peak power density of 455 mW cm−2 at 800 ℃), which is significantly
improved by 36%-70% compared to the sample without Co doping. This discovery emphasizes how
temperature influences alloy nanoparticles exsolution within doped layered perovskite ferrites ma-
terials, paving the way for more targeted material-specific research and broadening the spectrum of
practical applications.
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The development processes of oil in heterogeneous reservoirs are challenged by problems such as
early water breakthrough, short periods of anhydrous production, and rapid increase in water cut.
Gel particle systems as a very promising plugging agent can improve water flow channels, expand
sweep efficiency, and improve displacement efficiency. However, current experimental research on
the migration and distribution characteristics of gel particle systems in heterogeneous porous media
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is mainly focused on the core-scale and lacks effective pore-scale research methods. In this paper, a
microscopic model reflecting the heterogeneous characteristics was designed. Based on the microflu-
idic experimental method, the process of injection, migration, and distribution of the gel system
were investigated visually and characterized quantitatively. The factors and mechanisms affecting
the distribution of gel particle systems in heterogeneous porous media are analyzed and clarified.
The results illustrate that gel particle systems are predominantly distributed in high-permeability
regions, followed by middle-permeability regions, and low-permeability regions are the least. Fur-
thermore, gel particle systems plug the middle and high-permeability regions, forcing subsequent
water to transfer to the low-permeability regions, and increasing the injection rate can expand the
distribution range of gel particle systems.
The study of the microscopic migration of gel particle systems in heterogeneous porous media can
not only provide insights into profile control and the water-plugging mechanism of gel particle sys-
tems but also effectively guide the optimization of injection parameters of gel particle systems. This
theoretical guidance and technical support contribute to improving the development effectiveness
of heterogeneous oil fields.
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Natural gas resources in tight sandstone are huge, but the gas production rate decreases rapidly
and the gas recovery rate is low due to poor reservoir physical properties. Injecting CO2 when
the gas reservoir is depleted can enhance gas recovery and simultaneously sequestering a large
amount of greenhouse gases, which has significant economic and environmental benefits. To fully
understand the production mechanism of the CO2 flooding process at the field scale and evaluate
the technical feasibility, a mathematical model is established to study the dynamic behavior of the
method in this work. Based on the geological data of the Sulige gas field in the Ordos Basin, a
3D numerical simulation model of CO2 flooding in tight gas reservoirs under the five-point well
pattern is established. The production dynamic behavior of enhanced gas recovery and CO2 storage
processes is studied through numerical simulation approach. Moreover, the impact of engineering
and geological parameters on production performance is discussed, such as perforation strategy,
CO2 injection rate, permeability, porosity, diffusion coefficient, residual water saturation, reservoir
thickness, etc.
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Results indicate that the CH4 production rate is significantly increased after CO2 flooding, and the
gas recovery can be increased by up to 19.2%, confirming the feasibility of CO2 injection technology
to enhance CH4 production in depleted tight gas reservoirs. According to the spatial distribution
characteristics of the components, the reservoir can be divided into CO2 zone, CH4-CO2 mixed
zone, and CH4 zone. Although a CO2-CH4 mixing zone is formed due to diffusion, there was no
significant mixing in the reservoir, ensuring the purity of natural gas in the production wells. Once
the CO2 breakthrough occurs, the CH4 production rate decreases rapidly, and the spatial distribution
of CO2 is only slightly affected by the gravity difference of the components. These characteristics
are significantly different from those of high-permeability gas reservoirs. The CO2 front in the
early stage of flooding is proportional to the square root or cube root of time, depending on the
perforation location and reservoir thickness. However, the CO2 front in the late flood stage shows
a linear relationship with the square of time. It is recommended that injection well and production
well be fully perforated in the gas interval because the enhanced gas recovery is higher than other
perforation options and excessive bottom-hole pressure in the injection well can be avoided. As the
permeability increases, the CO2 breakthrough time becomes shorter, and the CH4 recovery increases,
resulting in less CO2 buried in the reservoir. The diffusion coefficient has a significant impact on
production dynamics. The larger the diffusion coefficient, the wider the mixing range of CH4 and
CO2, which accelerates the CO2 breakthrough and leads to low CH4 recovery.
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This study addresses the challenges in developing tight oil reservoirs using CO2Huff-n-Puffmethods,
arising from stress-sensitive relative permeability curves for oil and CO2 due to variable pressure-
induced pore structure deformation. The primary aim is to investigate the mechanics of oil-CO2
relative permeability’s stress-sensitivity at a micro level and to develop a mathematical model that
accurately computes the oil-CO2 relative permeability curve for specified pore pressures.

Initially, the study quantifies the deformation characteristics of pores in tight formations by estab-
lishing a correlation between pore radius and pressure. Subsequent analysis involves determining
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the variation in critical two-phase flow parameters at a micro-nano scale, such as formation wet-
tability, oil-CO2 interfacial tension, and capillary forces, utilizing experimental data. Incorporating
the observed trends in pore radius and two-phase flow parameters under varying pressures, a fractal
theory-based mathematical model of oil-CO2 relative permeability is formulated.

Research findings indicate a decrease in pore radius with increasing pore pressure, a relationship
quantitatively described using a model grounded in elastic mechanics theory. The study delineates
the dual impact of pore pressure on two-phase flow parameters: a direct influence manifesting as an
increase in contact angle and a decrease in surface tension, and an indirect effect through pore radius
reduction altering these parameters. The combined impact of these changes culminates in alterations
in wettability, surface tension, and capillary forces with varying pore pressures. Utilizing established
relationships between pore radius, two-phase flow parameters, and pressure, the paper presents a
novel oil-CO2 relative permeability model capable of calculating the permeability curve for given
reservoir pressures.

The technical contributions of this research are twofold: (1) a detailed exploration and quantification
of the micro-level mechanics behind oil-CO2 relative permeability’s stress-sensitivity, and (2) the
development of a stress-sensitive oil-CO2 relative permeability mathematical model, applicable in
the context of tight oil reservoirs undergoing CO2 Huff-n-Puff treatment.
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This study utilized an improved sand column experimental setup to investigate the effects of mi-
croplastic on Yangtze River bank sediments. The experiments conducted included Darcy experi-
ments, electrokinetic experiments, and wettability experiments, together for the same sample. By
varying the particle size of the microplastics in the samples, we were able to observe different re-
sponse of the electromagnetic properties as well as hydrogeophysical parameters in the samples.
Results show that increasing the mass fraction of mixed microplastics generally resulted in a signif-
icant decrease in sample electrical conductivity associated with an increase in permeability. These
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were expected to be due to the weak conductivity and strong hydrophobic properties of plastic par-
ticles, as well as the small adhesive forces between particles, which increased the pore space of
the sediments and ultimately increased permeability. However, an anomalous increase trend was
observed when decreasing the particle size of the mixed microplastics. Under this condition, in-
creasing the concentration of same size plastic particles enhanced the electrical conductivity of the
sediment sample. This anomaly phenomenon was reflected in both permeability and wettability,
resulting in a decrease in sample permeability and a significant increase in sample hydrophobicity.
Our observations using optical microscopy revealed two types of microplastic distribution in the
sediments: one case was that microplastic particles were distributed within sediment pores and they
did not touch each other, the other was that they were adsorbed onto sediment particle surfaces. We
hypothesized that changes in the existence form of microplastics altered the double-layer structure
of sediments, ultimately changing their hydrogeophysical parameters. This work has significance
and relevance for electromagnetic-based characterization of microplastic-filled porous materials; for
example, estimation of microplastic abundance in sediments.
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Numerical simulations become necessary when experimental approaches cannot cover the required
physical and time scale of interest. One such area is a simulation of long-term host rock behaviors
for nuclear waste disposal and simulation tools involved in the assessment must go through rigorous
validation tests. The DECOVALEX project (Development of COupled models and their VAlidation
against EXperiments) is dedicated to this purpose by international participants\footnote{www.decovalex.org}.
This work is part of the ongoing phase DECOVALEX–2023 (D–2023, Task G) particularly aiming to
simulate fracture behaviors under various conditions. Here, we cross-verified a variety of numerical
methods including continuous and discontinuous approaches against four benchmark exercises with
emphasis on numerical accuracy and parameterization of the various numerical approaches. The sys-
tematic inter-comparisons of test cases highlight the advantages and disadvantages of the different
numerical models. Numerical details on discretization effects (e.g. mesh density and orientation)
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and domain size were investigated in detail for practical applications. It became evident that metic-
ulous attention to mesh resolution and domain size is imperative for achieving accurate numerical
simulations, even for static cracks. Moreover, when comparing numerical methods to closed-form
solutions for static cracks, all models successfully reproduced the maximum crack opening but en-
countered challenges near the crack tips. Finally, the paper discusses how to convert between and
therefore compare parameters of various numerical approaches. Our benchmark studies reveal that
each model necessitates a distinct number of parameters, even in simple scenarios like static crack
aperture benchmarks. It is generally more practical to employ fewer parameters to mitigate model
over-parameterization and enhance experimental feasibility.
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The ultimate objective of digital rock physics is to accurately predict rock properties. However, the
resolution of rock images obtained from imaging techniques often involves a trade-off between im-
age resolution and field of view (FoV) (Bai, Berezovsky et al. 2020, Sadeghnejad, Enzmann et al.
2021). The presence of heterogeneous rocks presents a significant challenge in accurate modeling
due to the need to capture information at various scales. Various multi-scale modeling approaches
have been employed to address this issue. In response, alternative methods have been explored to
reconstruct rock images using advanced artificial intelligence algorithms, such as artificial neural net-
works. These state-of-the-art methods offer improved connectivity features in final images, reduced
computational costs, and the ability to incorporate large-scale heterogeneities into reconstructed
structures (Da Wang, Armstrong et al. 2019). However, it is crucial to recognize the challenges asso-
ciated with these approaches. Super-resolution (SR) methods have emerged as a prominent solution
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to enhance resolution (Da Wang, Shabaninejad et al. 2021). Super resolution (SR) is an eminent
system in the field of computer vison and image processing to improve the visual perception of the
poor-quality images (Lepcha, Dawa Chyophel, et al. 2023).
This research aims to evaluate the speed and accuracy of deep learning methods, specifically the
SR-Convolutional Neural Network (SRCNN), its modified counterpart, and the Fast-SRCNN (FSR-
CNN). The dataset for model evaluation consisted of a Berea sandstone sample that was scanned
at the DESY PETRA-III X-ray synchrotron light source in Hamburg, Germany. In this study, an SR-
CNN architecture underwent two significant modifications (referred to as transient architectures) to
transform into an FSRCNN architecture. Firstly, an additional deconvolution layer was integrated
into the last layer of the network, enabling direct mapping between input and output images and
eliminating the need for pre-processing on Low-Resolution (LR) images. Secondly, a mapping layer
was formulated to compress and expand input features to enhance the mapping process. Lastly,
smaller-sized filters with additional mapping layers were employed.
The results demonstrate that the FSRCNN surpasses the SRCNN and all transient architectures in
terms of speed and resolution enhancement, achieving a significant improvement of over 20 times.
Additionally, the petrophysical properties of super-resolved images generated by FSRCNN, SRCNN,
and the modified architectures, as well as the HR images, were calculated. The porosity and per-
meability of the digital twins reconstructed by the FSRCNN exhibit similar values to HR images,
underscoring the superiority of the FSRCNN approach in accurately capturing the intricate details
of digital rocks and enhancing the reliability of subsequent petrophysical analysis.

Keywords: Digital Rock Physics; Super Resolution; Convolutional Neural Network; Petrophysical
Analysis; Accuracy, Speed
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Gas hydrates are crystalline solids in which guest molecules are trapped within cages formed by
water molecules at high pressure and low temperature. These solids have important applications in
natural gas hydrate exploration, CO2 or H2 storage, water desalination, gas separation, and gas/oil
transportation. Natural methane (CH4) hydrates are abundant in the seabed sediments and are po-
tential sources for future energy harvesting1. On the other hand, carbon dioxide (CO2) hydrates
are promising forms of CO2 sequestration due to the large storage capacity. The phase transition
of hydrates and the transport behaviors of the relevant gas and liquid phases in porous media are
crucial to CH4 production and CO2 storage using hydrates. Therefore, many studies have been
conducted on investigating the dynamics of formation, and dissociation of CH4 and CO2 hydrates
in porous media using sand or glass bead packs with the help of in-situ imaging methods such as
X-ray synchrotron tomography and magnetic resonance imaging (MRI) technology. In this work,
we developed a low-temperature and high-pressure microfluidic system for gas hydrate study, al-
lowing for in-situ imaging of the phase transition of hydrates under realistic reservoir conditions
of deep seabeds. We studied the formation, dissociation, and dissolution mechanisms of CH4 and
CO2 hydrates in both pore scale and chip scale. The hydrates were generated in pure water at 10
MPa and 5 oC subcooling temperature. The dissociation of these two hydrates was induced by de-
creasing pressure and increasing temperature, respectively. During hydrate formation, we observed
the nucleation and propagation of hydrates from the gas-liquid interfaces into the bulk gas, show-
ing various morphologies at the pore scale. The growing kinetics were calculated by analyzing the
optical images obtained by a high-resolution camera. Further, we successfully captured the crustal
fingering of CH4 gas encased by CH4 hydrates due to the local pressure gradient 2. From the chip
scale, the location of hydrate formation and its propagation in the porous media is stochastic. We
found that the induction time for hydrate formation is also stochastic, and the nucleation of hydrate
should be triggered by external stimuli such as flow and pressure[3]. During hydrate dissociation,
the hydrates remained stable until the pressure or temperature exceeded equilibrium. Then, a drastic
transition of hydrates into gases occurs, which results in the fast displacement of gas with liquid in
the porous media. In addition, the reformation of hydrates was observed during hydrate dissociation.
Finally, we studied the dissolution of CH4 hydrate in undersaturated water and revealed the forma-
tion, dissolution, exsolution, and reformation mechanisms of gas hydrates in porous media.
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High flow rates within reactive porous media occur both in industrial applications and in natural
media, e.g. in permeable soil substrates subjected to extreme weather events [1,2]. The reactive
surfaces of the soil grains interact with the transported species, determining the overall porous
media reactivity and capacity of retaining nutrient and contaminants. We show via pore-scale lattice-
Boltzmann simulations in a packed bed column that, under the conditions of uniform injection, the
uniformity of porous surface reactions is determined by the mixing of the low concentration wakes
forming behind the reactive soil grains. Scaling arguments are proposed to extract analytical models
for the probability distributions of concentrations at the reactive surfaces.
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Biomineralization, throughmicrobially, thermally, or enzyme induced carbonate precipitation (MICP/TICP/EICP),
is a cost-effective cementation process for changing porosity and permeability in the subsurface. This
study aims to optimize compositional and injection parameters for biomineralization fluids, and to
develop understanding of the interactions between geochemical reactions and fluid transport prop-
erties at the pore (micron) scale. Utilizing real-time in situ X-ray computed tomography (XCT),
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we compare traditional Microbially Induced Calcium Carbonate Precipitation (MICP) with novel
thermally delayed (TICP) and Enzyme Induced Calcium Carbonate Precipitation (EICP) in a range
of lithologies. This allows us to investigate the impact of mineralogy, grain size distribution, and
temperature as well as the injection composition and strategy. We present quantitative analysis of
crystal locations, the volume of carbonate and of individual crystals, and the effect of crystals on
permeability and flow localisation over time. Coupled to measured changes in microstructural and
macroscopic properties over repeated precipitation and dissolution cycles we present refined models
of reactive transport for different injection strategies, and identify the optimal treatment strategy
for different subsurface applications. This includes validation of the durability of precipitated calcite
during dissolution phase simulating the behaviour of CO2-enriched brines.

This work provides the underpinning understanding principles of crystal formation, growth and
hydrodynamic feedback mechanisms necessary for accurate modelling of reservoir scale dynamic
processes. However we also show how TICP and EICP strategies can improve performance of real-
world Carbon Capture and Storage systems, driving more homogeneous, widely distributed and
larger volumes of precipitated CaCO3 by maintaining permeability during treatment at higher de-
grees of cementation when compared to MICP. We also show how variable injection strategies al-
low improvement of other physical properties (e.g. mechanical strength) and enables the addition
of highly conductive additives or phase change materials without reducing precipitation and flow.
Using CaCO3 precipitation we observed a 470% increase in the thermal conductivity of unsaturated
quartz sand after 9 cycles of MICP, and an 800% increase following addition of 5 wt% expanded
natural graphite (ENG). Our findings also demonstrate the compatibility of integrating paraffin as
a phase-change material within the porous structure of ENG prior to MICP/EICP treatment signifi-
cantly increasing specific heat capacity. These new geomaterials have widespread implications for
thermal energy storage, specialized geothermal grouts/backfill, shallower wells and reduced geother-
mal energy costs.

The project’s outcomes impact the commercialization of engineered biomineralization and its role
in the subsurface energy transition.
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Various microorganisms, such as Sulfate Reducing Bacteria (SRB), live in underground reservoirs.
The growth rate of microorganisms in a reservoir is highly dependent on various parameters (e.g.,
the concentration of the nutrients and inhibitors, temperature, pH, and salinity). Especially in case
of waterflooded hydrocarbon reservoirs, for large scale modelling of microbial processes, it is close
to impossible to capture the exact distribution of these parameters without a certain level of simula-
tion grid refinement, which increases computational costs, and without an accurate knowledge and
definition of the distribution of static parameters in the model that control flow properties, such as
heterogeneity in permeability distribution in various scales and the presence of fractures. Moreover,
the distribution of the parameters affecting microbial growth in a reservoir is highly dependent on
geochemical and thermal processes. For instance, the chemical interactions between reservoir fluids
and rock (e.g., adsorption and desorption) under varying temperature can affect the concentration of
nutrients and inhibitors for microbial processes as well as the measured produced water or gas com-
positions used for history matching. Geochemistry can also control the pH of the medium, which
in turn affects the growth kinetics of microorganisms, the speciation of chemical species in the wa-
ter phase, and the partitioning of chemical species among phases. The interconnected interactions
among biological, hydrological, and geochemical processes as well as numerical challenges of nutri-
ents and heat transport in large-scale models makes modelling and validating microbial growth in
field scale particularly challenging.
This study demonstrates such challenges and presents a mathematical approach for upscaling micro-
bial growth rates that corrects the effect of grid size on nutrient and temperature distribution in the
reservoir and the corresponding effective growth rates. Moreover, the common way of representing
fractures in field models using commercial reservoir simulators is re-evaluated, and it is shown how
it can result in misleading reservoir models if the history matching is done using only production
rates and pressure, neglecting the chemical composition of the produced water. Furthermore, the
most important parameters in the model that highly affect the quality of the predictions are identi-
fied and proposed as research gaps for future experimental measurements.
The results show good predictions of upscaled (effective) microbial growth rates corrected for the
effect of grid size on temperature distribution in course-grid simulation compared to refined simu-
lation using non-upscaled growth rates. Moreover, it is demonstrated how the effective microbial
growth behavior in presence of a fracture varies with the refinement level of the system and the
method used to define the fracture in the model when the fluid production, pressure, and composi-
tion data match.
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Emulsification phenomenon is common in the displacement process of water flooding, surfactant
flooding and multiple compound flooding in heavy oil reservoirs. The existence of emulsion can
greatly improve the oil displacement efficiency, which has important practical significance for the
development of heavy oil reservoirs. However, the description of emulsification phenomenon is
basically based on the observation of produced fluid and the monitoring of pressure points along
the way. The real emulsification situation in porous media cannot be observed. We have tested
and analyzed the emulsification phenomenon of heavy oil in porous media by nuclear magnetic
resonance experimental method.
In this study, D-T2 two-dimensional spectrum scanning was first performed on equal volume of
free water, water-in-oil emulsion and oil-in-water emulsion. Secondly, the same volume of water-in-
oil emulsion and oil-in-water emulsion were scanned by D-T2 two-dimensional spectrum at three
different temperatures. Finally, the 60-mesh quartz sand was used as the porous medium, which
was filled into the non-magnetic sand filling tube, and the equal volume of water-in-oil emulsion
and oil-in-water emulsion were injected respectively. The D-T2 two-dimensional spectrum of the
emulsion in the porous medium at different temperatures was tested.
The results showed that the water signal fell on the free water line in the D-T2 two-dimensional
spectrum of free water. In the D-T2 two-dimensional spectrum of water-in-oil emulsion, water was
limited by the dispersed phase droplets, and the water signal fell below the free water line. In the
D-T2 two-dimensional spectrum of the oil-in-water emulsion, the degree of water diffusion was not
limited, and the water signal deviated not far from the free water line. The higher the temperature,
the formation ofwater-in-oil emulsionwasmore conducive, but it would reduce the stability of oil-in-
water emulsion. The existence of porous media would make the stability of water-in-oil emulsion
worse, and the higher the temperature, the stability of it was worse. However, the presence of
porous media would lead to a decrease in the relaxation time of the aqueous phase in the oil-in-
water emulsion, and the confined diffusion of the aqueous phase was not obvious under different
temperature conditions.
This new experiment provides a new method and theory for studying the emulsification of heavy oil
in porous media. And its results can more accurately predict and guide the production of condensate
gas reservoirs.
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Field practice has proved that CO2 huff and puff under miscible conditions is an effective means
to improve shale oil recovery. However, the widespread distribution of nanoscale pores in shale
makes the transport law of CO2-alkenes different from that of conventional reservoirs. The differ-
ences in surface properties of different minerals will have different effects on fluid phase state and
transport. The study on the transport of alkane-CO2 in shale nanopores is urgently needed. In this
thesis, the flow laws of CO2 miscible flow in in typical organic matter of kerogen and inorganic cal-
cite nanopores were studied by molecular simulation. The effects of mineral composition, pore size,
CO2 concentration, temperature and pressure on the miscible flow were analyzed. Negative slip
exists in both kerogen and calcite pores, and calcite pores are more significant. This indicates that
it is necessary to distinguish between organic matter and non-mechanistic pores in the upscale cal-
culation. Therefore, the characterization models of slip lengths in pores of kerogen and calcite were
constructed. This study provides a better understanding of CO2 miscible flow in shale nanopores,
and the construction of corresponding characterization models for scale upgrading calculation can
not only provide technical support for shale oil development, but also help to improve the under-
standing of the phase behavior and transport mechanism under the micro-scale effect.
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Understanding the coupling between multiphase fluid flow in pores with distinct sizes and solid
deformation induced by flow or external stresses is crucial for the development of many important
geotechnics. Most well-establishedmodels for describing coupled fluid-solid mechanics are not capa-
ble of characterizing hybrid-scale systems containing both solid-free regions and porous media. The
recent so-called Darcy-Brinkman-Biot (DBB) framework, which is based on the well-known Darcy-
Brinkman equation and utilizes a unique set of volume-averaged partial differential equations, can
capture capillary, viscous, inertial, interfacial, and gravitational forces at both the pore and Darcy
scales. The solver tends asymptotically to the solution of the two-phase Navier-Stokes equations
when used as a pore scale model and to the solution of the two-phase Darcy equations when used as
a continuum scale model. Previous extensive tests have demonstrated the versatility of this solver
to model multiscale multiphase flow in deformable porous systems, such as fluid-induced material
deformation and failure.
In this work, we build upon these previous studies to extend the DBB framework to compressible
non-isothermal fluid flow. Through careful addition of new energy conservation equations and pres-
sure equations, we show that this new solver can predict heat transfer in compressible fluids and de-
formable solids. The model’s numerical implementation, hybridBiotThermalInterFoam, is achieved
in the Computational Fluid Dynamics (CFD) software OpenFOAM. This model is then rigorously
validated via an example application in the engineered barrier system (EBS) in a nuclear waste repos-
itory. Results show that the new solver is capable of predicting fracture propagation and healing
in bentonite buffers exposed to strong thermal fluxes and complex aqueous chemistry conditions.
The disjoining pressure and complex rheology of the clay matrix are explicitly represented as a func-
tion of porosity and salinity. This setting enables the application of thermo-poro-plastic relations
to predict the potential for EBS fracturing. Finally, the predictions generated by this model are
cross-validated against other existing THMC simulators and experimental measurements. The de-
velopment in this work creates the first model representing multiphase compressible non-isothermal
fluid flow in multiscale deformable porous media.
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Soil Organic Carbon (SOC) is a fundamental component of terrestrial ecosystems, connected to cli-
mate regulation, nutrient cycling, and soil health. The influence of soil salinity - referring to the
concentration of soluble salts in the soil solution - on SOC content is acknowledged (1,2), but there
is limited understanding regarding the precise direction and extent of SOC’s response to varying lev-
els of soil salinity in real field conditions. This study explores the relationship between soil salinity
and SOC content, necessary for understanding carbon sequestration processes, climate change miti-
gation, and terrestrial carbon stock stability. Using the SOC of 60,392 soil samples collected globally
since 1950, we developed a statistical model (General Additive Model) and analyzed soil salinity’s re-
lation with SOC dynamics while controlling the role of other environmental parameters. According
to the results of the statistical analysis, we estimate that an increase in soil salinity from 1 to 5 dS m-1
would be correlated with a decrease in SOC, equivalent to dropping from 0.92 g kg-1 above the mean
predicted SOC (31.77 g kg-1) to 6.34 g kg-1 below the mean predicted SOC (-700%), while considering
other influencing environmental factors such as precipitation and temperature. Our results show the
minor contribution of salinity to SOC while other factors such as climate, vegetation, and land man-
agement practices exert more substantial effects on SOC content. Key covariates in relation with
SOC include soil nitrogen, anthropogenic phosphorous input, and soil pH. Additionally, our study
estimates the effects of one standard deviation increases in soil salinity of the analyzed soil samples
on topsoil (0 –20 cm) SOC content, showing a 6.98% decrease in SOC. These findings highlight the
importance of considering diverse factors in understanding SOC dynamics, providing insights into
mitigating the impacts of soil salinity and climate change on terrestrial ecosystems.
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The sequestration of carbon dioxide in deep underground reservoirs is proposed as a strategy to al-
leviate atmospheric greenhouse gas emissions. Upon introduction into the host brine, carbon diox-
ide dissolves, creating an acidic solution. This acidity can subsequently engage with the host rock,
prompting dissolution, particularly in carbonate formations. The mechanical change of host rock
brought by this dissolution could be evaluated by the change of elastic properties( bulk and shear
modulus). We performed pore scale simulations to examine the alterations in the micro-structure of
rocks induced by the injection ofCO2-saturated brine, focusing on understanding the consequential
evolution of the elastic properties of carbonate rocks. We modeled the evolution of the pore struc-
ture during dissolution by Volume of Solid method(VoS method), a finite volume method, and then
calculated the changes in elastic properties by finite element method, combining with the effective
medium theory. During our simulation, estaillades carbonate core is injected with CO2-saturated
brine at 50 ℃ and 10 MPa. After determining the accuracy of the simulation by comparing the re-
action rate with that of the experiment under the same conditions, the changes in elastic properties
was calculated. The efficiency of the VoS method lies in its computational simplicity, eliminating
the need for remeshing or any specialized handling of topological changes.
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Geological storage of CO2 is currently considered the most promising large-scale option to avoid
emissions by industrial activities. Oil and gas reservoirs and the more abundant saline aquifers are
regarded as suitable subsurface storage containers. The injection of dry or under-saturated super-
critical CO2 into water-bearing formations leads to the formation of a so-called dry-out zone due
to evaporation of the resident brine into the injected fluid and, hence, potential precipitation of
formerly dissolved brine constituents. If minerals precipitate within the pore space of a rock forma-
tion, porosity and as a consequence permeability are adversely affected, which potentially impairs
injectivity. Even though injectivity impairment poses operational and financial challenges, major
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questions remain unanswered; what is the size of the affected zone itself? What is the impact of
capillarity on the fluid transport therein?
Current reservoir simulation tools lack in the description of mutual mass transfer of the involved
fluid phases, which may lead to a significant misjudgment in terms of salt precipitation and the con-
sequential clogging of the pore space. We developed a novel reservoir simulation module based on
DuMuX capable of describing both evaporation and reaction kinetics.
In this presentation, the responsible evaporation of brine and fluid transport mechanisms are out-
lined and discussed, as well as the potential reduction of the formation permeability and with it the
injectivity. Further, we will give insights into the implementation of the mass transfer between the
fluid phases involved and the numerical model itself. A remaining important question is the zone
of counter-current flow in the direction of the wellbore, which determines the amount of salt that
potentially precipitates in the near-wellbore area and the accompanied porosity reduction.
We approach this question with numerical simulations to determine the size of the zone affected
by the undersaturated CO2. The modified saturation profile in this zone allows for salt to be trans-
ported toward the injector. We investigate the major parameters governing this zone and the fluid
transport therein. In parallel, we built up a meter-scale core flood experimental setup to extract
fluid saturation profiles and solid saturation (precipitation) via CT imaging of core samples. Besides
that, by monitoring the differential pressure, we can determine changes in permeability and, with
it, changes in injectivity. In the next step, the gathered experimental data allows us to calibrate our
numerical model and to upscale the results to the field scale. Anyhow, the experimental work is
currently in progress. We will give insights in the future implementation.
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CO2 injection into shale is believed beneficial for both enhanced gas recovery and CO2 storage.
The confined space and strong solid-molecule interactions in nanoporous media lead to different
occurrence states of CH4 and CO2, causing the flow of CH4 - CO2 mixture in shale to deviate from
predictions of continuum models. In this study, we employed a modified pseudo-potential based
lattice Boltzmann (LB) model to study gas mixtures in nanoporous media. The mixed equation of
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state is used to calculate interaction force between gas mixtures. The solid-molecule interaction
force is determined by comparing density profiles from LB simulation and molecular dynamics. The
proposed method can model the flow of CH4-CO2 mixture in complex topological nanopores with
various surface properties. Our results demonstrate that the Langmuir model and BET theory cannot
accurately describe the adsorption isotherms of CH4 and CO2 in nanoporous media. The transport
capacity of CH4-CO2 mixture in nanoporous media is found affected by surface properties. In or-
ganic nanoporous media, CO2 molecules tend to accumulate near the pore surface, hindering their
flow compared to CH4 molecules. In contrast, inorganic nanoporous media facilitate the flow of
both CH4 and CO2 molecules. We propose a modified apparent permeability model to describe the
flow capacity of a CH4-CO2 mixture in nanoporous media.
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The morphology of pores is an important factor influencing the permeability of porous materi-
als[1,2,3]. In recent decades, the influence of the morphology of pores on fluid flow in geomaterials
has attracted extensive attention in the engineering fields of petrochemistry, hydrogeology, civil
and geotechnical structures, with applications in radioactive hazardous waste storage[4], oil and
gas storage[5,6,7], carbon dioxide sequestration[8], and geothermal energy extraction[9].

To model porous media whose morphology is precisely controlled, excursion sets of random fields
have been used recently[10]. The models generated by this method have the advantages of isotropy,
ergodicity, generalizability, stability, and controllability. In previous studies, researchers have fo-
cused on generating correlated random fields using the Gaussian covariance function. However, the
actual pores are not smooth.

To explore the effect of roughness on fluid flow within porous media, in our research, the Matérn
covariance function has been chosen to describe the random field. The Matérn covariance function
allows controlling the level of smoothness, which can be adjusted by a parameter ν greater than 0[11].
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Using this function, a three-dimensional continuous field can be generated. Afterwards, to transform
this continuous field into a binary field with only matrix and pores, the excursion set method is used.
This method transforms the continuous field into a binary field with varying volume fractions by
selecting different threshold values. Therefore, by controlling the threshold value, the porosity of
the generated porous medium can be precisely controlled.

By the above methods, models of porous media whose roughness is precisely controlled are gener-
ated. In order to relate the parameter ν to common roughness parameters, we analyze the fractal
dimension and the specific surface area of the generated field and compare the relationship between
them. Afterwards, to analyze the effect of roughness on fluid flow, experimental and numerical
investigations have been performed.

In terms of testing, a number of samples with different roughnesses were generated using SLA 3D
printing, which printing accuracy can reach 50 microns. To verify the accuracy and the quality of
the 3D printed samples, the samples were characterized by micro-CT technique. By comparing the
scanned images with the numerical model, the parameters such as porosity, pore connectivity, frac-
tal dimension, tortuosity, and specific surface area were analyzed. Subsequently, the permeability
of each sample was measured through Darcy tests, and the correlation between permeability and
roughness was analyzed.

In order to compare with the experimental data, numerical simulations were performed using the
lattice Boltzmann method[12], using the Palabos library[13]. This method has advantages in dealing
with complex boundaries and parallel operations, which is very suitable for porous media models.
Considering factors such as stability and applicability, the D3Q19 lattice model was selected. The
numerical model of all the samples used in the test was considered, the fluid flow in the porous
medium was simulated under the same conditions in the test, and the flow rate and permeability
were calculated.

Finally, the results of the test and simulation were compared and analyzed, and a law describing the
evolution of permeability with roughness was proposed.
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Abstract:

Themanagement of severe accidents in nuclear reactors necessitates a comprehensive understanding
of the coolability of corium debris beds. These beds, formed during fuel-coolant interactions (FCI),
have a substantial influence on the advancement of meltdown events. The purpose of this study is
to investigate the relationship between the physical characteristics of porous media in debris beds
and the pressure drops that these features cause, which, in turn, affect the coolability of the debris
beds. By presenting experimental data from a testing facility that has been carefully developed, the
research intends to lessen the amount of uncertainty that is associated with coolability analysis.
During a catastrophic accident, several essential components, such as fuel, cladding, and structural
parts, experience heat damage and melting. The ensuing interaction with the coolant results in the
creation of a porous corium debris bed, which a variety of particle shapes and sizes can identify.
The formation of this permeable substance is determined by the processes of melting, breaking into
fragments, and solidifying that the core materials experience when they come into contact with the
coolant. This research examines the impact of pressure decreases throughout a diverse debris bed,
which is a crucial component in evaluating the effectiveness of emergency cooling systems.
Our analysis indicates that the decrease in pressure across the debris bed has a substantial impact
on the coolant’s capacity to go through the porous material. The pressure gradient is significantly
influenced by factors such as the distribution of particle sizes, the porosity of the bed, and the ve-
locity at which coolant flows. The experimental work done at our testing facility provides valuable
data on the connection between these factors. The facility allows for the careful simulation of severe
accident scenarios and the real-time observation of pressure drops.
This work focuses on reducing uncertainty in the analysis of the capacity to cool a debris bed that
forms following a supposed catastrophic accident in a Fuel-Coolant Interaction (FCI) scenario. The
specific area of interest is the pressure drops. A test facility was constructed and created through
the process of doing experimental work. The experimental results emphasize the significance of
comprehending the dynamic characteristics of pressure decreases in the context of major nuclear
incidents. Additionally, they emphasize the need for emergency response methods to include the
heterogeneity in debris bed characteristics.
The experimental insights garnered offer a substantial leap forward in nuclear safety practices. They
inform the development of improved predictive models and cooling technologies, ultimately enhanc-
ing the preparedness and resilience of nuclear reactors to severe accidents. By addressing the pres-
sure drop phenomena with empirical data, this work lays the groundwork for the next generation
of safety protocols in the nuclear industry.
Keywords:
Debris BedCoolability, PressureDrops, PorousMedia, SevereNuclear Accident,Nuclear Safety
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Shale is attracting more and more attention owing to the huge hydrocarbon resources. However,
the large number of nanopores and the multiscale pore structure pose great challenges in accurately
characterizing the transport behavior of crude oil within the shale matrix. Although most studies
suggested that the classical Darcy’s law breakdown in the shale matrix, there is a great controversy
on the oil transport mechanism: slip flow or the existence of stick layers, which impedes the efficient
exploitation of shale oil. To address this issue, we study the transport of multicomponent alkanes
through a nanoporous shale matrix by integrating molecular dynamics and digital rock. We consider
the multi-component characteristics of shale oil and the typical mineral composition of shale reser-
voirs. Firstly, we use molecular dynamics to accurately capture the pressure-driven flow behavior
of multi-component alkanes within kerogen cylindrical pores and calcite nanoslits, from which a
mathematical model is developed to characterize the transport behavior. Then, based on Focused
Ion Beam Scanning Electron Microscopy (FIB-SEM) images, we build an ultrahigh-resolution digital
rock model using deep learning. A pore network model is extracted from this digital rock and used
for the flow simulation of crude oil through the shale matrix. For the molecular studies within a
single nanopore, we reach the following conclusions: sticky layers, whose velocity approximates
zero, exist during oil flow through kerogen and calcite nanopores. Oil adheres onto the shale sur-
faces for the smaller driving force, resulting in a sticky layer that impedes flow. As the driving force
increases, certain alkane molecules surpass the affinities from the rock surface and facilitate the flow,
leading to a thinner sticky layer. The heavier components in shale oil show stronger interactions
with rock surfaces, making them highly susceptible to adsorption and the sticky layer. Moreover,
the thickness of the sticky layer in kerogen pores is greater than that of calcite nanopores, which can
be attributed to the atomic roughness and fluid-solid interactions. Based on these findings, we have
developed a mathematical model that describes the variations in the sticky layer thickness within
different pores with respect to parameters such as driving force, alkane components, and pore size.
Even with the assistance of FIB-SEM, the observation of shale nanopores smaller than 10 nm is chal-
lenging, which leads to the unreliable assessment of shale pore network connectivity. We develop a
stepwise 3D super-resolution reconstruction method for shale digital rocks based on deep learning,
which significantly improves the accuracy of digital rock core and enables successful observations
of pores smaller than 10 nm. We then use the pore network model to simulate shale oil flow at the
pore scale. Our findings showed that the transport of oil through the shale matrix is nonlinear and
has a threshold pressure gradient due to nanoscale sticky layers. When the displacement pressure
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gradient exceeds the threshold pressure gradient, oil starts to flow and lighter components dominate
shale oil transport. This study sheds light on the accurate modeling of shale oil production and more
generally, for mass transport in nanoporous materials.
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In our previous work, we investigated the fingering behavior in acid stimulation formations and
found that the dissolution patterns in acid stimulation region have an influence on the injection
performance. A detailed characterization of the highly heterogeneous wormholes could introduce a
large number of gridblocks and subsequently increase the computational burden drastically. In this
work, an adaptive mesh refinement strategy is proposed for a computationally efficient simulation of
multiphase porous media flow in acid stimulation formations. As a preprocessing step, we construct
multiple tiers of grids containing the heterogeneous features in the vicinity of the wellbore and
ascertain their topology. The saturation is taken as a criteria during simulation to switch the grids
locally. When the saturation of the injected phase is lower than a threshold value, a fine grid is
used to capture the fingering behavior. When the value is surpassed, a coarse grid is used instead.
With respect to the switch, the upscaling is achieved using a volume weighted approach, while
the downscaling is achieved using a basis function interpolation method. A number of scenarios
are used to evaluate the technique, and the results demonstrate its feasibility, strong computational
performance, and accuracy.
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The extensive use of products containing high concentrations of Per- and Polyfluoroalkyl Substances
(PFAS) has led to the spreading of such “forever chemicals”in soil and groundwater In certain loca-
tions, like Korsør in Denmark, a former firefighting training site, PFAS have been detected in the
vadose zone in measurable amounts 1. Studies in such areas are crucial for understanding the PFAS
behavior in subsurface soil layers.
This numerical model focuses on the transport behavior of four PFAS (per-fluoro butanoic acid-PFBA,
per-fluoro octanoic acid-PFOA, per-fluoro decanoic acid-PFDA, and per-fluoro octane sulfonic acid-
PFOS) in the vadose zone, with emphasis placed also on potential PFAS leaching into groundwater.
For this purpose, a 3D domain has been constructed, with dimensions 8 m in depth and area 100m2
consisting of multiple soil layers with various initial water saturation levels (Figure 1). The great
variety of soil types necessitates enhanced model accuracy 2, achieved through a Python code that
analyzes the geological layers of the site. This code interprets different colors in the geological model
(each color representing a distinct soil layer) as layers of varying permeability and effective diffusiv-
ity, by utilizing background knowledge from literature [3].

Indico rendering error

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

In this study, the Richards equation is employed to model fluid transport within unsaturated porous
media in the COMSOL platform by utilizing theMultiphysics module [4]. This equation is integrated
with the van Genuchten approximation [5] for defining relative permeabilities in relation to effective
saturation.
In addition to the well-known transport mechanisms, such as convection, diffusion, and dispersion,
PFAS adsorption plays a significant role in the retention process [6]. The present approach considers
that PFAS adsorption occurs on both the solid grain-water interfaces and the air-water interfaces.
The PFAS sorption coefficients on air/water interfaces were estimated by fitting curves of the wa-
ter/air surface tension as function of PFAS concentration with the Langmuir-Szyszkowski equation
or were taken from literature [7]. The kinetics of PFAS sorption on solid/water interfaces was es-
timated with inverse modeling of the relevant breakthrough curves of soil column experiments or
were taken from literature [8].
The spatial-and-temporal distribution of the concentration of four PFAS compounds (PFBA, PFOA,
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PFOS, and PFDA) is detected as they percolate through the vadose zone until reaching the aquifer
by accounting for the unique properties of each PFAS [8]. Multiple scenarios are tested, starting
with the initial state of soil (whether saturated or unsaturated) and extending to various soil types,
different initial PFAS concentrations, and varying precipitation rates. Precipitation plays a crucial
role as it stimulates the convection mechanism. Additionally, the retention factor is estimated to be
significant, particularly as the initial PFAS concentration increases. The different scenarios of PFAS
motion in subsurface have generated insightful results, regarding strategies for soil treatment.
Acknowledgments
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Subsurface carbon dioxide (CO2) storage is one of the most critical strategies in combatting climate
change. One of the principal challenges encountered by the Carbon Capture and Storage (CCS)
industry is the accurate understanding, representation, and upscaling of fluid flow dynamics within
targeted reservoir formations. This problem is rather complex in carbonate formations due to their
varying spatial heterogeneities and complex pore structures. In our experiment, we assess the impact
of microporosity, heterogeneity and connectivity on saturation changes, and trapping in Indiana
limestone samples.
We image Indiana limestone core samples using a high-resolution μCT scanner, with a resolution of
4.9 µm. Through two cycles of drainage and imbibition, we flooded the core with two different flow
rates, to understand the influence of heterogeneity on the mobility of both wetting and non-wetting
phases within the porous media. During the two cycles, the pore-scale capillary number was kept
well within the capillary flow regime (10-7 - 10^-8). Our study highlights noticeable differences
in saturation, non-wetting connective path, and dynamics of pore-filling between the two flooding
cycles. Additionally, we show the redistribution of the non-wetting phase across the pore spacewhen
increasing the non-wetting phase flow rate. Furthermore, we investigate intermittent flow observed
during imaging manifesting as artefacts within the reconstructed 3-D volume. This exploration aims
to elucidate the origins and implications of intermittency, providing valuable insights into its impact
on imaging quality and interpretation of pore-scale fluid dynamics.
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Mass transfer across fracture-matrix interface in a flowing fracture
Mohsen Farhadzadeh, Hamid M. Nick

A direct numerical simulation of the Navier–Stokes equations is utilized to solve two-phase flow in
simple fractured porous media 1. We focus on understanding the impact of fracture flow on the mass
transfer between the fracture and porous matrix utilizing a two-dimensional geometry consisting of
a single fracture with a limited number of pores.
We illustrate different imbibition regimes duringwater injection through the fracture into the porous
domain saturated with oil. The impacts of contact angle, viscosity ratio, and interfacial tension for
variable injection rate on the mass transfer across the fracture-matrix interface are analyzed. The
simulation results suggest the fracture flow rate controls the rate of fluid phase transfer between the
fracture and matrix domains.

Reference:
Farhadzadeh, M., &Nick, H.M. (2023). The critical role of fracture flow on two-phasematrix–fracture
transfer mechanisms. Advances in Water Resources
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A Novel GPU-accelerated NMR T2 Simulator Resolving Surface
Roughness Effect
Author: Yiteng Li1

Co-authors: Xupeng He 2; Hyung Kwak 2; Hussein Hoteit 3

1 King Abdullah University of Science and Technology
2 Saudi Aramco
3 King Abdullah University of Science & Technology
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1. OBJECTIVE/SCOPE
Commercial digital rock physics software utilizes the random walk technique to simulate NMR
T2 relaxation in digital rocks. However, the effect of surface roughness, which is manifested as
irregular solid-pore interfaces at the resolution of micro-CT imaging, is often overlooked; as a
result, the data interpreter may incorrectly characterize pore structures and misinterpret petro-
physical properties. This work proposes an innovative GPU-accelerated simulator that explicitly
resolves the surface roughness effect on NMR T2 relaxation.
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2. METHODS, PROCEDURES, PROCESS
This work aims to develop a GPU-accelerated NMR T2 simulator that effectively regulates the
nuclear magnetization decay during random walk simulations. To determine the amount of cor-
rections to decelerate the nuclear magnetization decay, the pore space of the digital rock is de-
composed into a plurality of disconnected pore bodies using the SNOWalgorithm. The relaxation
correction factor is then defined to properly reduce the magnetization decay rate and is assigned
back to solid voxels along the solid-pore interfaces. When a walker collides with a solid voxel,
it accesses the local correction factor that affects the NMR magnetization decay locally. The het-
erogeneous roughness correction factors are then upscaled into a few representative values for
practical applications.

3. RESULTS, OBSERVATIONS, CONCLUSIONS
The accuracy and efficiency of the proposed NMR T2 simulator are first verified with commer-
cial software. Without accounting for the surface roughness effect, our simulation results agree
well with the results of commercial software. From the perspective of computational efficiency,
the proposed simulator achieves two orders of magnitude speedup, which could be even more
efficient for high-fidelity simulations in high-resolution digital rocks. The roughness correction
factor effectively controls the accelerated surface relaxation, generating more accurate T2 re-
sponses for pore structure characterization. This demonstrates the importance of modeling the
surface roughness effect on NMR T2 relaxation. With a proper upscaling scheme, we can obtain
almost the same T2 relaxation times using a few representative correction factors rather than a
fully detailed model. This signifies the importance of upscaling roughness correction factors for
practical applications.

4. NOVEL/ADDITIVE INFORMATION
We developed an innovative GPU-accelerated NMR T2 relaxation simulator, the first one in the
petroleum industry that explicitly resolves the surface roughness effect. The proposed simulator
provides an integrated platform for the accurate and effective characterization of pore structures
from digital rock models.
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Research investigating the relationship between permeability and deformation requires destructive
testing of core samples [1-2]. Due to sample heterogeneity, uneven deformation occurs when the
core loaded, and the understanding of core deformation mechanisms in core holder is limited. The
influence of the core deformation mechanism in the core holder remains poorly understood due to
the limitations of the techniques and rocks used. In this study, 3D printing was used to examine core
deformation and its impact on the conductivity of a 3D core model. The 3D core model consists of
two halves of a cylinder with matching dimensions to a standard core sample. On one of the halves
of the cylinder there is a recess on the plane of contact with the second half. Nitrogen is filtered
through this recess, which serves as an indicator of deformation. The models were printed using
SLA technology with a resolution of 50 microns on an Anycubic Photon Mono X 3D printer.
Tests were conducted using the UltraPoroPerm-500 filtration unit and core holder, which allows for
equal axial and radial pressure application. Nitrogenwas steadily injected through the samples. Each
samplewas subjected to stepwise loading from 400 psi to 2000 psi, followed by unloading to the initial
loading pressure in the same steps. Measurements were taken for two minutes at each pressure,
except during unloading to 400 psi, where conductivity measurements were performed for a longer
duration to assess conductivity restoration. During all studies, a constant injection pressure dropwas
maintained individually for each sample, which corresponded to the linear filtration law. Based on
the results, conductivity changes were plotted against the applied pressure to establish dependencies.
Findings revealed uneven deformation in the samples, with faster deformation occurring towards
the edge. This can be attributed to gradual shape changes starting from the edge to the center. In
addition, the dependences of the conductivity of artificial samples on the cross-sectional area of the
filtration channel, and on its shape have been established.
Funding: This research was funded by the RUSSIAN SCIENCE FOUNDATION project no. 23-19-
00699, https://rscf.ru/project/23-19-00699/.
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Evaporation and absorption of surfactant-laden droplets on un-
saturated porous media
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Understanding the evaporation and absorption of surfactant-laden droplets on porous media is chal-
lenging and important for many industrial applications, for example, inkjet printing. The evapora-
tion of droplets containing dispersed solid particles on a solid surface has aroused much interest
and has extensively been studied. The non-uniform evaporation pattern, resulting after evaporation,
is well known as the coffee ring effect. Deegan et al. 1 found that this pattern is caused by the
outward flow within the droplet during evaporation. To obtain a uniform deposition pattern, surfac-
tants are added which suppress this outward flow, which is especially significant in inkjet printing
applications to enhance the print quality.

The evaporation of surfactant-laden droplets on a fibrous thin paper sheet is a more complex pro-
cess, involving spontaneous droplet evaporation, water imbibition into pores causing an unsaturated
porous medium, and surfactant transport in both the droplet and the porous medium, as illustrated
in Figure 1. We use both theoretical and numerical methods to explore this process. The mathe-
matical model for flow in droplets is based on lubrication theory. For the calculation of the vapor
concentration, which determines the evaporation flux, an analytical method is used. For the droplet
absorption process, the Richards equation is used, where it should be noted that we do not describe
the flow on the scale of the pores, but rather use properties averaged over a number of pores. For the
surfactant transport process, a mass conservative convection-diffusion model is employed. A three-
stage diagonally implicit Runge-Kutta scheme and a finite volume method are used to simulate the
process numerically. We will specifically study how the results are affected by the assumption of
unsaturated flow in the pores. We will validate the unsaturated flow model and simulation method
by comparison with numerical solutions for transient flow in a thin porous medium obtained by
Zhuang et al. 2
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Zeta potential is a well known parameter for the description of the surface charge. It is widely used
for particle interaction description, dispersion stability and fluid-solid interaction.

There are different electrokinetic methods available to measure zeta potential. To obtain zeta poten-
tial of a consolidated porous medium, the streaming potential method is a logical choice. Although
commonly used, no commercial set-ups are readily available for permeation mode of measurements
where fluid flows within the sample. Anton Paar’s SurPASS 3 TM as several modules available,
equipped for powder and membrane measurements but measurements on consolidate samples are
done in tangential mode, where fluid passes along the sample surface.

Most laboratories build therefore in-house set-ups \cite{1st,2nd,3rd,5th,6th}, where additionally to
the standard core flooding set-ups, non-polarizing Ag/AgCl electrodes and a voltmeter are incorpo-
rated to measure voltage difference that arises over the core during fluid flow. The set-up needs to
be insulating (no metal parts) and flow direction reversal is advised in order to achieve stable voltage
measurements. The so-called streaming potential develops due to the shear of movable charge in
the electric double layer and in combination with measured pressure drop gives the streaming coeffi-
cient used in the classic Helmholtz-Smoluchowski equation \cite{7th} to calculate the zeta potential.
The formula is applicable to plate or capillary tube geometries, but attempts are made to extend this
theory to porous media \cite{8th,9th,10th}.

In this work we present our study to benchmark our homemade set-up. Literature data shows non-
unique data and a large scattering of data, within the range of solid composition, and measurement
conditions of temperature, pH and conductivity. We compared results with other (commercial) set-
ups using sodium chloride salt concentration dependence and bead size (150-500µm) using bead
packs of soda-lime glass beads. Repeatability of data in one set was given. Comparability of values
between set-ups was not given. Assuming glass beads are inert, no pH control was included. The
glass beads however changed pH in each system differently dependent on the volume ratio liquid/
beads, from 5,6 to maximum pH 10. Accurate reporting of all parameters is needed for comparison
including pH, resistivity, conductivity and reporting of the solid composition. A downward zeta
potential trend was found with decreasing bead size, see Figure ZP NaCl.png, which is not expected
based on the theory including surface charge \cite{10th}. Based on glass plate measurements in a
SurPASS 3 TM where the assumptions of Helmholtz-Smoluchowski equation are met, a correction
is needed to reduce the zeta potential for smaller bead sizes. The work indicates that a comparison
of zeta potential measurements of different sources using bead packs is not straight forward and the
classic Helmholtz-Smoluchowski equation might need further adaptions.

figure: ZP NaCl.png
caption: The dependency of the calculated zeta potential from streaming potential measurements in
glass bead packs on bead size and NaCl concentration, compared to glass plates. A clear downward
trend with decreasing glass bead diameter is observed.
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Using porous materials for absorption of fluids has been practiced for thousands of years, for e.g.
water storage and release and for filtration purposes. The chemical nature of the porous material
and the flow dynamics determine how absorption takes place and which fluids are preferentially
absorbed. In this way, materials can be designed for various fluid separation applications. In our
work, we study the effects of the pore geometry on absorption of oil into surface engineered sponges.
The sponges consist of a polyurethane based fiber network and contain a porosity of ~98%. The
fibers are made hydrophobic by chemical functionalization for usage in wastewater filtration and oil
spillage clean-up 1. They contain both pores in between fibers (inter-fiber pores) as well as within
the fibers themselves (intra-fiber pores). We study the mechanism of the absorption process by
tracking dodecane (a hydrocarbon) invasion in 3D over time using dynamic micro-CT experiments.
The experiments were performed within the EXCITE network using the EMCT scanner at University
of Gent Center for X-ray tomography (UGCT).

In the visual experiments, we observe an initial precursor invasion of dodecane in pores in between
fibers within a few hours, without invasion of the interior of the fibers. Likely, this precursor front is
driven by a density difference between water and oil, since the front moves under positive curvature
(i.e. against capillarity). This indicates an initially weakly water-wet nature of the fiber surface.
Quantitative volumetric measurement data, through which we fit a two-term kinetic model, show a
second main front of dodecane moving into the samples on a time scale of several days. The slower
main front invasion is coupled to a change in the observed fiber wettability at the pore scale from
water-wet to oil-wet over time.

In order to elucidate the absorption mechanism, we conduct separate experiments using dodecane
emulsified in water. We observe a gradual uniform absorption of dodecane in intra-fiber pores, on
which droplets of dodecane nucleate. These droplets grow over time, partially filling the inter-fiber
pores. This effect shows us that the exterior of the fibers indeed likely change to an oil-wet state due
to the invasion of oil into the fibers.

This research shows not only the significance of precursor fronts in fluid absorption processes in
porous media, but also that they can be caused by gravitational effects instead of capillarity 2. The
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study results can be extended to porous media applications where a range of pore sizes can be ex-
pected, such as wastewater filtration, CO2 and hydrogen storage in porous reservoir rocks and paper
wetting in inkjet printing.
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Porous organic cages (POCs) are a class of emerging microporous materials with high porosity and
selectivity for gas adsorption and separation.1 As a representative of first-generation POCs, CC3
has huge potential for separating noble gases and volatile organic compounds (VOCs).2 Traditional
manufacturing techniques exhibit some limitations in immobilizing the porous materials into struc-
tural adsorbents, such as poor transfer efficiency, insufficient loading of active material, limited
structural forms, etc.[3] Three-dimensional (3D) printing demonstrates significant advantages in
building complex structures with controlled features, to fully exploit their potential.[4] In this study,
we demonstrate a versatile approach to 3D print porous materials, successfully shaping CC3 into
hierarchically porous architectures by direct ink writing (DIW)[5]. Through the rational design of
formulations, we obtained inks that combine both printability and functionality and printed a series
of filter prototypes. The optimization of flow physics by tailoring the geometric parameters can effec-
tively improve the contact, diffusion, mass transfer, and energy loss.[6] This is achieved by utilizing
computational fluid dynamics (CFD) to numerically investigate the flow behavior and interactions
through the structures for gas adsorption applications.[7]
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The bentonite-based hybrid additive was used in the formulation as its unique layer structure con-
structs an interlinked network.[8]This brings the inks with good plasticity beneficial for printability
and also retains active sites for CC3. The linear and nonlinear viscoelastic behavior of the inks with
different CC3 loading (from 0wt% to 70wt%) were characterized by the oscillatory shear rheology to
quantitatively study their printability. These inks were constructed into multiscale porous structures
using DIW, and it was found that the crystal structure (Fig. 1a) and the adsorption capacity (Fig. 1b)
of CC3 can be well preserved. The specific surface area is positively correlated with the loading
amount of CC3, which can reach 249.35 m2/g for 70wt% CC3 (Fig. 1b). However, the increase in
CC3 content leads to a reduction in mechanical performance due to less shrinkage effect dominated
by bentonite.[9]
Based on the printed structures (Fig. 1c and d), porous 2D repeating unit cells achieved with periodic
boundary conditions with varying offset filament distance, pore size, and porosity were designed and
simulated under different flow conditions using a commercial CFD package (Ansys Fluent). The ex-
tended Darcy-Brinkman-Forchheimer model was used to model the flow in the filament’s porous
zone.[10] The numerical results reveal that as the Reynolds number (Re) increases, a recirculation
region develops and gradually expands within the gas flow path. Increasing offset distance brings
more curved streamlines (Fig. 1e) and leads to a rise of pressure drop and overall flow resistance. The
effect of filament’s porosity and pore size on the pressure drop is investigated. This work provides a
pathway for designing and fabricating high-performance adsorption systems, and can also be widely
used for other functional materials for sustainable environment and energy applications.
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Exploring the complex interplay between granular materials and accompanying fluids is an intri-
cate problem, as their morphological properties add layers of complexity to the interplay of inertial,
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viscous, frictional, and elastic forces, which can make modeling such systems difficult. Here, we in-
troduce a novel coupled framework designed to study the impact of particle morphology on granular
particle dynamics. Our micro-mechanical model sheds light on the mechanical behavior, revealing
significant influences from particle morphology. Interestingly, the presence of fluid mitigates move-
ment differences induced by particle shape. Demonstrating these insights through a collapse process,
we observe that the fluid’s viscous and lubrication effects distinctly hinder and enhance dislocation,
respectively. Notably, the dominance of fluid lubrication intensifies with increasing irregularity in
particle shapes.
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In order to enhance acid penetration depth and fracture conductivity, acid fracturing techniques
involving the alternating injection of non-reactive fluids (fracturing fluids) or weakly reactive flu-
ids (self-generated acid) with acid are considered a pivotal enhanced oil recovery rate in carbonate
reservoirs. In recent years, the CO2-enhanced acid fracturing technique has gained prominence in
the Middle East. This method adopts a mixed injection mode of CO2 and acid liquid in the well-
bore, featuring the advantageous effects of retarding acid-rock reaction rates, improving fracture
conductivity, and conserving water. However, its application in deep wells is limited by the high
friction associated with the mixture of CO2 and acid. Supercritical CO2 and acid alternating in-
jection, conducted under the conditions of conventional acid fracturing with established dominant
fracture channels, involves supercritical CO2 injection to reduce the flow resistance of CO2 into
the reservoir, showcasing potential for application in deep wells. Nevertheless, the impact of su-
percritical CO2 and acid alternating injection on hydraulic fractures and conductivity has not been
reported.

This paper utilizes a self-developed supercritical CO2 acid etched fracture conductivity simulation
device and employs downhole cores to conduct experiments on hydraulic fracture acid etching and
conductivity under two scenarios: alternating injection of weakly reactive fluid (self-generated acid)
with gelled acid and alternating injection of supercritical CO2 with gelled acid.
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Research results indicate that supercritical CO2 and gelled acid alternating etching exhibits more
pronounced elevation variations on the fracture surface, demonstrating a stronger and more dis-
persed non-uniform etching compared to the self-generated acid/gelled acid alternating injection
mode. In terms of fracture conductivity, CO2/gelled acid alternating injection exhibits higher ini-
tial fracture conductivity, and under medium to high closure pressures (≤52MPa), self-generated
acid/gelled acid alternating injection demonstrates higher conductivity. However, at high closure
pressures (>52MPa), the supercritical CO2/gelled acid alternating injection mode can create higher
fracture conductivity.

This study experimentally explores the impact of supercritical CO2 and acid alternating injection
on fracture conductivity, demonstrating that for deep carbonate reservoirs with high closure stress,
adopting this mode has the effect of reducing the usage of non-reactive or weakly reactive fluids and
enhancing fracture conductivity under high closure pressure.
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Reactive flows in porous media constitute integral components of numerous industrial processes, ex-
emplified by their role in particulate filter systems within the automotive sector. A crucial aspect in
comprehending transport phenomena at the microscale involves the numerical simulation of species
transport, particularly in the context of CT scan geometry. However, the inherent limitation of CT
scans, characterized by insufficient resolution, may obscure or leave unresolved various features of
microscale flow and transport. In this study, we prepared and subjected an SCR Diesel Particulate
Filter (SDPF) sample to scanning, achieving a voxel resolution of approximately 360 nm. This resolu-
tion enabled the discernment of voids within the washcoat. Subsequently, a down-sampling method
was employed to reduce the computational domain size while preserving the main features of the
model. Validation was conducted on both the original and down-sampled geometries, resulting in a
satisfactory agreement. With the validated models, a series of parametric studies were conducted to
explore the impact on washcoat performance. The findings indicate that a decrease in the washcoat
diffusion coefficient does not significantly influence overall conversion but does affect washcoat effi-
ciency. Inlet velocity affects species conversion, albeit with minimal impact on washcoat efficiency.
The micro-morphology and structure of the washcoat emerge as pivotal factors influencing both
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conversion and washcoat efficiency. The porous morphology facilitates gas entry into the washcoat,
thereby mitigating mass transfer limitations. These results contribute to a deeper understanding of
transport processes in particulate filters at the microscale, offering valuable insights for the design
and optimization of particulate filters.
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Foams are dispersions of gas bubbles within a liquid. They can be generated in porous and fractured
media during co-injection of two fluids in the presence of surfactants that stabilize foam bubbles.
Since foam viscosity is much higher than the constituent gas and liquid phases, they are used for
diverting fluid to less permeable subsurface formations in applications such as enhanced oil recov-
ery or carbon dioxide storage. Pore geometry, thermodynamic conditions, molecular structure and
behavior of stabilizing agents such as surfactants or nanoparticles near fluid/fluid or fluid/solid in-
terfaces are some important factors affecting stability and regeneration of foam in porous media.
We present the first 2D and 3D results from a direct pore-scalemodeling of foam in porousmedia. We
use free-surface lattice Boltzmann method adapted for simulation in an imaged realistic fracture ge-
ometry. All geometries are available from Digital Rocks Portal, https://www.digitalrocksportal.org/.
The model couples Navier-Stokes equation for fluid flow between bubbles and diffusion of dissolved
gas within liquid into bubbles, and is adapted from LBfoam (https://github.com/mehdiataei/LBfoam)
open solver that originally does not account for porous medium. To our knowledge, this is the first
3Dmodel with the foam flow driven by pressure gradient in a fractured porousmedium, gas diffusion
through liquid phase and the interface changes as a result of both aforementioned mechanisms at
pore scale. The bubble morphological variations we observe are caused by bubble coalescence, split-
ting and merging and we quantify them using morphological parameters (Minkowski functionals)
in different liquid viscosity, pressure gradient, surface tension and temperature conditions.
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Understanding the alterations in the properties of cement materials upon exposure to CO2 remains
an area of uncertainty. Cement, known for its relatively impermeable nature, relies on intercon-
nected fractures as significant pathways for transporting various substances. Previous studies have
modeled the interaction betweenCO2 and cement in the cementmatrix by employing a pore-network
model coupled with reactive transport modeling. However, these studies are limited to Portland ce-
ment, primarily focusing on flow through the matrix 1. Furthermore, experimental analysis has
indicated increased permeability due to CO2-brine flow in the cement-casing micro-annulus 2. The
present study aims to understand the interactions between CO2 and all cement phases. We devel-
oped a numerical reactive transport model (RTM) to assess the carbonation process within a single
fracture (5cm width and 10cm length) of core-scale cement connected to the matrix. We also utilized
a self-affine distribution for the permeability field of the fracture, and species can interact between
the fracture and the matrix, making the model more realistic compared to previous studies. Cement
is considered a composite of hydrated phases, including Calcium Silicate Hydrate (CSH), Portlandite
(CH), Tricalcium Monosulfate (AFm), and Ettringite (Aft). Beyond pore solution reactions, a sur-
face complexation model is also implemented to investigate ion competition and interactions at the
cement matrix’s surface. Simulation results suggest that the addition of CO2 in the brine reduces
chloride adsorption on the cement surface due to changes in the composition of ions in the pore solu-
tion. Furthermore, despite the precipitation of calcite in the carbonation front and the precipitation
of Friedel and Kozel’s salt in the fracture domain, the cement matrix permeability at the fracture-
matrix interface increases due to the dissolution of CSH (in various Calcium-to-silicate ratios) and
CH. Transported CO2 inside the cement matrix impacts the adsorbed ions at the fracture surfaces.
The developed coupled model enables a more realistic evaluation of potential CO2 leakage through
fractured cement.
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The presence of hard data in geostatistical modeling and optimization problems is important in per-
forming efficient parameter estimation. The hard data at specified points in the model domain serve
as a guide in optimizing the unknown parameters to follow the patterns of the hard data. Recently,
a novel approach to solving hydrogeologic/reservoir modeling problems has emerged by using deep
generative models, specifically generative adversarial networks (GANs), to generate realistic and
diverse images of channelized aquifers. This subsequently can be coupled with other geostatistical
methods to solve parameter estimation problems. This study focused on using an improved GAN,
called a progressive growing generative adversarial network (PGGAN), conditioned with hard data
to perform parameter estimation of complex facies models by coupling an ensemble smoother with
multiple data assimilation (ES-MDA). First, the PGGAN was trained to an image with 128× 128 res-
olution in this work. The trained PGGAN was used to generate hydraulic conductivity fields when
fed an ensemble of latent variables and hard data. The ES-MDA then was used to update the latent
variable with the help of hydraulic head data obtained from the groundwater model. The approach
was evaluated by using a synthetic example of the groundwater flow model a reference facies model
randomly cut from the training image. Results show that this approach was able to perform efficient
estimation of an unknown facies model domain. The results also show that coupling of PGGAN and
ES-MDA conditioned to both hard data and hydraulic head data was able to reconstruct the com-
plex channel structures of the randomly cut facies model from the training image and reduce the
uncertainty of the predictions.
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Permeability and heat transport through building materials ultimately dictates their insulatory per-
formance over a buildings service lifetime. However, characterisation of building materials is chal-
lenging because porous building materials are heterogeneous and their macroscopic physical prop-
erties (e.g. permeability, thermal, and mechanical) depend on their micro scale characteristics, i.e.
the local distribution and features of the solid components and the connectivity of the spaces be-
tween them. Large-scale testing can measure these macro-scale properties, but often does not give
insight into the underlying micro structural properties that ultimately leads to optimisation. Thus,
a knowledge of the 3D structure is therefore required to assist in the development and implemen-
tation process for new materials. Experiments combining X-ray microtomography with numerical
modelling are an accepted method of studying pore scale processes and have been used extensively
in the oil and gas industry to study highly complex reservoir rocks. However, despite the obvious
similarities in structure and application, these techniques have not yet been widely adopted by the
building and construction industry.

We have investigated the pore structure of several building materials, both conventional and historic
using X-ray tomography and direct numerical simulation. Five samples were imaged at between a
4- and 15-micron resolution inside a micro-CT scanner. The porosity and connectivity were ex-
tracted with the grain, throat, and pore size distributions using image analysis. The permeability,
velocity, and thermal conductivity were then investigated using GeoChemFoam, our highly versatile
and open- source numerical solver. We found that each material had a unique, heterogeneous, and
sometimes multi-scale structure that had a large impact on the permeability and thermal conductiv-
ity [Figure 1]. Furthermore, we found that the method of including sub resolution porosity directly
affected these bulk property calculations for both parameters, especially in the materials with high
structural heterogeneity. This is the first multi-scale study of structure, flow and heat transport on
building materials and this workflow could easily be adapted to understand and improve designs in
other industries that use porous materials such as fuel cells and batteries technology, lightweight
materials and insulation, and semiconductors.

Indico rendering error

Could not include image: Problem downloading image (http://Figure1.png)

Figure 1: The local heat flux (J) through Bentheimer building stone (left) and a historic brick (right).
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The industry-accepted standard to define the necessary conditions for miscible oil displacement by
gas is the laboratory slim-tube test, which lasts over one month and requires much fluid to be tested.
This research aims to validate the results of experiments on microfluidic slim-tube analogues for
the determination of minimum miscibility pressure (MMP) and propose a novel methodology to
overcome the drawbacks of the traditional method. The porous structure of the microfluidic chip
used in this study is represented by a channel filled with cylinders randomly distributed along it.
The silicon-glass microfluidic chip and the special microfluidic platform enable working under the
thermobaric conditions of the real reservoir. Mimicking real-field scenarios, the recombined live oil
composition was used along with recombined associated petroleum gas. During each test, oil was
displaced by gas with a minimal flow rate, whereas miscibility was determined based on the anal-
ysis of front propagation. The set of experiments was conducted at a temperature of 110 ℃ under
pressures varying from 35 to 42 MPa. In total, five discrete microfluidic displacement tests were
successfully performed. Additional tests that involved backfilling the microfluidic chip were done
at the same pressure conditions, exhibiting high experimental repeatability. At each pressure point,
displacement coefficients were determined based on the processing of experimental videos with sub-
sequent post-analysis. The MMP value of 39.9 MPa was obtained by plotting all the experimentally
determined displacement coefficients at different pressures and constructing two linear approxima-
tion lines for miscible and immiscible regimes. A comparative analysis of microfluidic and slim-tube
approaches showed a relative difference of less than 5%, which proved the validity of the presented
method. The proposed methodology has demonstrated its potential for accurately determining the
MMP, which would have significant implications for the gas EOR projects in the fields. Each run of
microfluidic experiment required less then 10 ml of recombined oil, which was more than ten times
less than for an experiment on a slim-tube test. Moreover, a single microfluidic took less than half a
day to complete - five times less than for a slim-tube test.
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Bioaugmented microbially-induced carbonate precipitation (MICP) has been proposed for subsur-
face permeability modification over long distances, owing to the small size of Sporosarcina pasteurii
and the use of aqueous reagents. One example application might be the remediation of leakage path-
ways distant from the wellbore at geologic CO2 storage sites. For such applications to be realized,
however, the quantity and distribution of precipitate must be readily tunable, and the precipitate
must be resilient to the rapid flow rates expected in high-permeability zones. Therefore, the poten-
tial for shear-induced sloughing and bulk transport of both biomass and precipitates must be better
understood. While biomass and precipitate sloughing have both been observed in empirical MICP
studies, systematic exploration of how these processes affect the ultimate quantity and localization
of precipitates is needed.

Prior work demonstrated that microbially-induced carbonate precipitate distribution along a 30cm
column was highly correlated with initial biomass attachment. This study builds upon this ear-
lier work to evaluate the impact of periods of rapid flow on precipitate distribution, following the
attachment, growth, and/or mineralization phase of injection. Two injection strategies are inves-
tigated where either a “single-stage”or “multi-stage”mineralization is employed. A “single-stage”
strategy entails the injection of growth medium components and dissolved calcium together, while
a “multi-stage”strategy entails separation of the growth and mineralization phases of MICP. Taken
together, these experiments establish: (1) Whether elevated flow rates are sufficient to promote
biomass transport across longer distances and (2) Whether the resilience of precipitated carbonate
to shear sloughing is dependent upon the injection strategy. These findings may inform future MICP
models or field-scale trials by quantifying the expected degree of sloughing at each phase of injection,
as a function of estimated pore-scale velocity.
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Carbon sequestration and utilization (CCUS) remains a central strategy for keeping global temper-
ature increases below 1.5◦ C. Recent research suggests that relevant CO2 sequestration scenarios
where much less viscous CO2 is injected into permeable subsurface formations to displace more
viscous brine could introduce viscous instability.
To assess the impact in terms of storage capacity and plume migration distance, the pressing ques-
tion is what the dominant wavelength of unstable fingers is and how it depends on key parameters
such as rock permeability, fluid viscosity and interfacial tension.
By using Darcy-scale numerical simulations, we find that the finger wavelength scales linearly with
interfacial tension and permeability, consistent with the King & Dunayevsky and Yortsos & Hick-
ernell long-wavelength instability findings for immiscible fingering, where mixing in the capillary
dispersion zone around the displacement front becomes the counteracting mechanism controlling
the wavelength of the maximum unstable growth rate but inconsistent with the much more com-
mon Saffman & Taylor description for (short wavelength) immiscible fingering assuming a capillary
restoring force.
The resulting finger wavelengths for carbon capture and sequestration (CCS) relevant conditions
range from tens to a hundred meters, while the Saffman & Taylor description drastically underpre-
dicts the wavelength (centimeters or less).
Finger wavelengths at this scale may be a contributing factor to why plume migration was observed
to follow the structure of the top seal in CCS field projects and was subject to increased capillary
control to a larger extent than initially predicted.
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Integrating Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and
advanced machine learning techniques like the U-Net model offers new tools and approaches for re-
search in the fields of microstructure analysis and mineralogy. This interdisciplinary approach not
only increases the precision of data analysis but also expands the scope of research methodologies.
This study details a methodical approach to the microstructural analysis of rock samples, focusing
on the precise quantification of porosity and mineral composition. The process begins with the
preparation of rock samples using Broad Ion Beam (BIB) polishing, ensuring optimal surface quality
for imaging. The prepared samples are then examined using Scanning Electron Microscopy images,
revealing detailed microstructural features.
A significant advancement in our methodology is the use of a pre-trained U-Net model for accu-
rate pore segmentation 1. This machine learning approach efficiently delineates the pore structures
within the rock matrix from secondary electron (SE2) images. Subsequently, the study involves
analyzing the mineralogical composition of the rock samples. This is achieved through the use of
high-resolution backscattered electron (BSE) imaging coupled with low-resolution EDS data. A semi-
automatic phase segmentation tool is employed to identify and quantify the different mineral phases
present in the rock. This tool incorporates advanced algorithms for pixel-wise image segmentation
and labeling, using a decision tree to pinpoint specific minerals 2.
The culmination of this study is the alignment of SE2 and BSE images, enabling the correlation of
porosity data with the distinct mineral phases. This innovative technique offers a comprehensive
view of how porosity is distributed among various minerals, providing a deeper understanding of
the rock’s microstructural properties.
This research methodology offers a unique and in-depth perspective on rock microanalysis, with
significant implications for geological research and practical applications across various industries.
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Studying the interactions among microbes within rock pores and their impact on mineral phases is
essential for comprehending subsurface ecosystems and biogeochemical processes, particularly in
the realm of subsurface energy operations. In this paper, we introduce an approach that merges
customized sample preparation methods with traditional Scanning Electron Microscopy (SEM) fea-
turing Energy-Dispersive X-ray Spectroscopy (EDS) to both visualize microbes in rock pores and
analyze the alterations in mineral phases induced by microbial activity.
Customizing the sample preparation process is crucial to preserving the delicate microbial structures
within rock pores. We have devised a protocol that incorporates gentle fixation, embedding, and
broad-ion-beam (BIB) polishing to preserve the in-situ arrangement of microbes while facilitating
optimal SEM-EDS analysis. This method minimizes sample artifacts, enhancing the accurate repre-
sentation of microbial structures. Through careful selection of imaging parameters and leveraging
SEM imaging, we successfully visualized microbes in their natural habitat, allowing us to observe
patterns of microbial colonization, biofilm formation, and interactions with mineral surfaces.
The addition of EDS analysis complements SEM imaging by furnishing elemental composition data
at micro- to nanoscale resolutions. Mapping mineral phases and identifying elemental changes in-
duced by microbial activity provided valuable insights into biomineralization processes, dissolution,
and precipitation events. Such information is crucial for understanding how microbial communi-
ties influence the mineralogical composition of rocks. Our findings highlight the diverse microbial
communities residing in rock pores and their intricate impact on mineral phases. Distinct patterns
of mineral alteration, including the formation of biominerals and the dissolution of specific phases,
were observed. The integration of tailored sample preparation techniques with conventional SEM-
EDS emerges as a straightforward yet potent tool for investigating microbial interactions in rock
pores.
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Illite clay constitutes the main component of the Norwegian quick clay that is known for its ten-
dency to transform rapidly from a solid to a liquid state under certain pressure.1 Currently the
practical method for stabilizing quick clay involves the use of cement and lime, resulting in signif-
icant CO2 emissions.2 To explore more environmentally friendly stabilizers, nanoscale theoretical
understanding of the mechanical forces between illite particles is essential. The interaction between
clay particles depends on the thickness of electrical double layer (EDL) that can be controlled by the
types and concentrations of salts.3 In quick clay, a higher salt content results in a thinner EDL and
reduced repulsive force. Conversely, if the salt is leached out due to underground water, the EDL
thickens, leading to a stronger repulsive force and worse stability. This research primarily focuses
on non-equilibrium molecular dynamics simulations involving the direct contact between an illite
particle and surface. It aims to elucidate the connections between this interaction and the variations
in the EDL resulting from the addition of different salts, such as NaCl, KCl, CsCl, and CaCl2.
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Pore structure features govern the capacity of gas storage and migration in shales and are highly
dependent on the types of pores, i.e., interparticle (InterP) pores, intraparticle (IntraP) pores and or-
ganic matter (OM)-hosted pores. However, microstructures and fractal features regarding pore types
and their respective contributions to permeability have been rarely addressed. Based on SEM and
FIB-SEM imaging, fractal dimensions (Ds) have been determined from both pore size distributions
and digital rock to quantify the heterogeneity in pore morphology and spatial textures. Overall, OM-
hosted pores are smaller in size and more abundant in quantity, corresponding to a relatively high
D, while IntraP pores are mainly isolated and scarce, translating into lower D values. Additionally,
crack-like InterP pores with a moderate level of porosity and the D can play a pivotal role in shale
seepage potential. A comparison of the estimated permeability among different pore types highlights
that the contribution of interconnected OM pores to the overall permeability remains constrained
unless they can link neighboring pore clusters, as commonly observed in organo-clay composites.
Furthermore, pore morphology and fractal features of shale rocks can exhibit noteworthy variations
subjected to sedimentology, mineralogy, diagenesis and OM maturation.
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Previous studies have demonstrated that curvature-based capillary pressure and transducer-based
capillary pressure agrees well for both imbibition and drainage at equilibrium, if only connected fluid
interfaces were analyzed. In this study, we further demonstrate that as long as the system reaches
equilibration, curvature-based capillary pressure are representative for both connected and discon-
nected fluid interfaces regardless of whether the system is undergoing imbibition or drainage.

For a water-Soltrol 220 fluid system, we observed that the volume of disconnected nonwetting phase
blobs grew during both imbibition and drainage, and surprisingly, growthwas faster during drainage
than imbibition. We calculated the thickness of the non-wetting phase films using the approach
of Chester (1991), and based on this film thickness estimate, we calculated the flow rate of water
through a sheet of film, then using the measured change in volume, we estimated the time needed
for disconnected phase to equilibrate with the bulk phase via films. The results showed that the time
required was well-within the time allowed for equilibration between scans.
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This suggest that, due to the limitation in image resolution, some nonwetting phase blobs would be
classified as “disconnected”, while it appears they may actually be connected through an “invisible”
thin film of thickness below the image resolution. This has important implications for how we think
about trapping in multi-phase porous medium systems, and the relative importance of flow in films
with a thickness below the image resolution in equilibration processes.
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Quick clay is a young geological clay formation and has been formed during the last glacial ice age.
Due to the isomorphic substitutions in these phyllo-silicates, their flat surfaces are net negatively
charged (1). The Na+ cations which come from the main salt in the marine environment (35g/L)
is attracted by the negatively charged surface and neutralizes it. As a result, the particles have a
thin diffuse double layer (DDL), leading to flocculation in a “House- of-cards”structure (2,3,4). Due
to the isostatic rebound above sea level, fresh water can infuse into the marine deposits, causing
salts to leach out. With the loss of cations, the Coulomb forces between the clay platelets increase
and overcome the attractive van der Waals forces, and the structure becomes extremely sensitive
(5,4). When this structure is disturbed, the clay formation turns into a low-viscosity fluid, and a
catastrophic landslide occurs.

To stabilize quick clay, a deep mixing technology with lime and cement is used. Although this
technology has been improved over the past decades, it still has a high carbon footprint.
To provide a more sustainable stabilization, our project “Sustainable Stable Ground”investigates the
quick clay formation from an atomic scale and upscale to geological scale.

Here, our focus lies in examining the interaction between clay particles through experimental inves-
tigation of illite suspensions under different conditions, such as different ionic strength and adding
various additives. For our experiments we are using the Tiller-Flotten quick clay from the area
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around Trondheim, Norway.
Our process involves purifying the clay from the natural ground and characterize the physical- chem-
ical properties using diverse methods such as Scanning Electron Microscopy (SEM) and Elemental
Analysis (EDS). With the objective of identifying potentially sustainable stabilizers, we create dif-
ferent suspensions with diverse (sustainable) additives, allowing for a long-term observation of the
clay-rich ground.
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When a nonwetting fluid is forced to flow through an otherwisewater-saturated porous solidmedium
(e.g. as occurs in geologic CO2 sequestration and underground hydrogen storage projects), the move-
ment and ultimate fate of that nonwetting phase is dictated by a range of physio-chemical interac-
tions; including trapping within pore spaces due to capillarity, mobilization via viscous or buoyant
forcing, and dissolution and subsequent flow within the aqueous phase. Previous studies have con-
strained these transport processes, often using the explicit assumption that capillary trapping (or
mobilization) and dissolution are distinct mechanisms, occurring on disjoint length and time scales.
However, our recent experiments 1 suggest that there exists a strong coupling of these processes:
dissolution shrinks ganglia and changes bubble morphologies; and it may also induce a concentra-
tion gradient near the ganglion interface that locally decreases the fluid-fluid interfacial tension. We
observed that these impacts frequently destabilized previously trapped ganglia, ultimately inducing
buoyant displacement upwards 1.
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To further explore this coupled transport behavior, we have designed and deployed a novel exper-
imental protocol which allows us to visualize dissolution mass transfer across fluid-fluid interfaces
at the pore-scale. Here, we present preliminary results for CO2 gas bubbles dissolving within a
3D packing of spherical beads, refractive-index matched to water. The water phase is doped with
pH-sensitive fluorescent indicator. Once a CO2 bubble is introduced and capillary trapped within
the system, we apply Planar Laser Induced Fluorescence (PLIF) to visualize the pore-scale evolu-
tion of aqueous pH (i.e., aqueous CO2 concentration) during the dissolution process. Our results
demonstrate the variability of dissolved gas concentration at the pore-scale, and the influence of the
fluid-fluid interface on the dissolution process. This study thus builds on the foundational work of
Prof. Dorthe Wildenschild: focusing on interfacial dynamics of multiphase systems, and highlight-
ing potential impacts to the long-term behavior of capillary trapped ganglia.
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Tight gas reservoirs are the subject of interest to many researchers because of the large oil and
gas deposits concentrated in them. These low porosity and permeability sandstone reservoirs are
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widespread worldwide. Enhanced oil recovery methods are widely used in the industrial develop-
ment of such deposits. These methods require numerous preliminary coreflooding experiments on
rock samples, which are expensive and, in many cases, impossible to perform, having only one sam-
ple because coreflooding tests almost always consist of multiple steps.
Therefore, we assume replacing the structure of a real core void space with a similar artificially cre-
ated geometry inside a silicon microfluidic chip that can be used many times in flooding experiments
without damaging the core-prototype sample. However, it is crucial to take into account such pa-
rameters as wettability, pore size, pore distribution, length, width, and tortuosity of pore channels,
et al. A special role in studying such parameters is always assigned to the relationship between the
lithological and mineralogical characteristics of the rock with its structure of the void space accord-
ing to microtomography (MCT) data.
The current research aims to identify features of the mineral matrix of studied tight gas sandstone
reservoirs, which most intensively influenced the void space structure. The study represents prelim-
inary work before conducting flooding tests on microfluidic chips with heterogeneous wettability
to limit water inflow. We have used such methods as MCT data, lithological study rocks in cross-
sections, X-ray diffraction analysis, grain-size analysis, and mineralogical composition by scanning
electronic microscopy. As a result of current studies, we have determined that all rocks with different
permeabilities have almost the same mineralogical composition. The difference is that the mineral
matrix of rocks with low permeability has a higher content of secondary calcite minerals. Most of
the macropores (>2 µm) identified by MCT data were caused by secondary leaching of plagioclases.
Most of the microporosity (<2 µm) is associated with clayey chlorite cement. Primary porosity is
almost entirely replaced by secondary silicification due to the intense secondary transformation of
sandstones.
The second part of the current study was dedicated to the creation of void space structures in mi-
crofluidic chips using the complex of lithological, mineralogical, and, to a greater extent, MC data.
We have developed a new method of creating an artificial pore structure of microfluidic chips that
retains a large number of properties of the original core when moving from 3D to 2D structures.
Moreover, using mineralogical data, we developed a model of heterogeneous wettability of void
space in microfluidic chips to repeat the wettability in natural reservoir rocks. We assumed the
model with hydrophobic macropore space and hydrophilic micropores because of the capillarity
forces that retain water in smaller pores.
In conclusion, current research gave us complete information about mineralogy and the void space
geometry of the core samples from the studied tight gas reservoirs. With these data, we could extrap-
olate future results of microfluidic tests to nearby tight gas sandstones with the same mineralogical
composition.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

Russia

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

MS01 / 772

Methods for Hydrogen Storage Characterization in Porous Sub-
strates
Author: Vladimir Alvarado1

Page 623



InterPore2024 / Book of Abstracts

Co-authors: Erik Smith 1; Alexander Goroncy 1; Teresa Lehmann 1

1 University of Wyoming

CorrespondingAuthors: tlehmann@uwyo.edu, valvarad@uwyo.edu, agoroncy@uwyo.edu, smith15erik@yahoo.com

Hydrogen energy has been a subject of increasing interest over the past decade. The use of hydro-
gen for energy storage allows for a clean energy carrier that produces only water and heat after
oxidation. Focus has been hydrogen storage, which demands abundant and safe storage volumes.
Similar to the carbon dioxide storage campaign, subsurface formations offer large pore volumes for
gas storage, but characterizing porous substrates for this purpose is still in development. Depleted
oil reservoirs, salt dome caverns, and aquifers are prime subsurface candidates for this purpose.
There are associated issues with the injection of large volumes of the gas into these formations such
as unfavorable chemical reactions, leakage through the cap rock, and large capital expenses associ-
ated with suitable surface injection equipment. This research aims at testing our ability to estimate
adsorption capacity in synthetic or natural porous systems. To this end, materials were first charac-
terized via low-pressure adsorption isotherm analysis. Secondly, low-pressure nitrogen adsorption
results were compared to nitrogen and hydrogen high-pressure adsorption isotherms to determine
if surface area analysis suffices to estimate storage potential for hydrogen. Additionally, nuclear
magnetic resonance (NMR), first in its non-spectroscopic mode, namely Time Domain NMR (TD-
NMR), and subsequently in its spectroscopic mode, using a high-field NMR spectrometer, was used
to analyze hydrogen adsorbed in porous media. In this sense, we developed TD-NMR protocols that
enabled capturing data at relatively high pressure (up to 3000 psi) using a custom-designed NMR
tube in which the gas pressured was controlled with a pump. A similar setup was used on a Bruker
Biospin NMR spectrometer. Results show that low-pressure nitrogen adsorption isotherms provide
insufficient guidance to understand the hydrogen adsorption response at high pressure, which likely
reflect the fact that surface area is at best an incomplete characterization method for this purpose.
TD-NMR transverse relaxation time (T2) distribution shows some sensitivity to hydrogen adsorp-
tion in porous media at high pressure, which indicates the potential of this technique to characterize
hydrogen storage. High-field NMR, while being a more complex method, sheds light on hydrogen
behavior in porous media that complements the other two sources of information.
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Sedimentary rock is wet in situ and generally occurs at depths in the subsurface where pores are
saturated with water and hydrocarbons. The competitive adsorption of water and oil in nanopores
of shales is believed to influence the dynamic configurations of fluids, and therefore their wetting
and displacement behaviors and ultimately oil production. But its nature is poorly understood due
to nano-confinement induced challenges in performing both physical and numerical experiments.
In this study, the effects of water as a competitive adsorbate on the adsorption of n-heneicosane in
Na-montmorillonite (MMT) and illite slit nanopores, with a 5-nm aperture, are systematically inves-
tigated and elucidated using molecular dynamics (MD) simulations, under realistic conditions. For
each pore, water and oil molecules at selective concentrations (100%, 0), (25%, 75%), (50%, 50%), (75%,
25%) and (0%, 100%) are packed randomly into the pore at the same time and then are geometrically
optimized before a stable configuration in NPT ensemble is obtained to performMD simulation runs
for estimating the density distributions for both phases.
The results show that the water molecules are the preferred adsorbate to both minerals and form an
apparent wetting layer when both water and oil molecules enter the pore at the same time. These
appear relatively more distinctive for the MMT than illite pores, in particular, at low water concen-
trations. When the oil molecules enter a pore earlier than the water molecules, or vice versa, the
early-entering molecules are found to impede the late-entering ones from being absorbed onto the
pore wall of MMT.Themolecules, which are adsorbed to the pore wall, seem to adsorb the molecules
of the other phase in the pores, to yield a smooth transition zone between adsorbed and free phases.
The water molecules are found to disperse into the oil molecules, and when the water concentra-
tion is high enough, the former form bridges from one wall to another, and a film on the mineral
surface. At 75% oil concentration, the oil molecules are found to be adsorbed on the wall of both
MMT and illite pores but not appears as a flat film. This study offers new insight into the nature of
the competitive adsorption and discusses its impact on phase configurations in pores and wetting
behaviors.
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Previous experimental and theoretical studies revealed that the confinement of a substance in nanopores
causes an enhancement of its elastic moduli [1,2]. For example, using ultrasonic measurements we
have shown that the longitudinal modulus βads of confined liquid adsorbates (noble gases, nitrogen)
is higher than that of the corresponding liquid bulk substances (see, e.g., Ref. [3]). The strength of
this enhancement is related to the interaction between adsorbate and pore surface and consequently
it can also depend on temperature [3].
Apart from the values of the elastic moduli it is also of interest whether their pressure depen-
dence deviates from bulk behavior. In fact, curved liquid-vapor menisci of the adsorbate in the
nanopores cause a high negative Laplace pressure, pL, that can be varied [4]. We determine the de-
pendence of adsorbates’longitudinal moduli on this Laplace pressure, dβads/dpL, at various temper-
atures. Based on our experimental data we discuss the impact of nanoconfinement, i.e., we compare
dβads/dpL and its temperature dependence with the pressure dependence for the bulk substances,
dβbulk/dp (T ).
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The goal of this study lay in the evaluation of the asphaltene deposition on the artificial 2D porous
structure of the carbonate rock using high-pressure and high-temperature (HPHT) microfluidic tech-
nology. Such technology was utilized to evaluate the behavior of heavy oil quickly and effectively
under reservoir conditions, on par with traditional tests. Our workflow started with the designing of
microfluidic chip structure. Based on computed tomography data, a unified geometry of the porous
space was developed, with pores and pore throats close to the target formation. The resulting design
was realized as a silicon-glass microchip that can withstand high temperatures (up to 350℃) close
to the formation during steam injection. In the first step, the dead heavy oil was injected into the
whole microfluidic system at the ramped temperature. Later, high-viscous oil was displaced by the
solvent, and then the precipitated heavy fractions were analyzed with microscopy. The microfluidic
experiments were conducted under four different temperature conditions. At stages of 50 and 110℃,
during displacement of heavy oil with n-heptane, there was no attenuation of filtration or precipita-
tion of heavy fractions. The permeability of the microfluidic chip was found to decrease as deposits
formed in the filtration channels during the third stage of the experiment at 170℃. The deposition
of heavy fractions was confirmed by visual inspection of the microfluidic channels and analysis of
the deposited material using scanning electron microscopy (SEM). The nature of a deposition was
established by comparing the image in white and fluorescent light. Precipitation of an organic na-
ture (asphaltenes) fluoresced, while deposits that did not fluoresce were mechanical impurities. For
the last test, a new clean microchip was utilized, where displacement at 300 ℃ resulted in a similar
blockage of the channels by asphaltenes and fine mechanical impurities (particle size less than 3
microns). Overall, the results suggest that temperature plays a crucial role in asphaltene deposition
for heavy oil. These findings have valuable implications, since asphaltene deposition is a significant
problem during oil production and transportation. The conducted experiment has demonstrated its
effectiveness for studying the behavior of high-viscous oil at elevated temperatures using HPHT
microfluidic technology. Further studies are needed to investigate the underlying mechanisms of as-
phaltene deposition, develop effective strategies to mitigate this problem, and conduct the sensitivity
analysis to bring new insights to the effective heavy oil reservoir development.
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In this study, we explore the complex behavior of multiphase flows, exemplified by CO2 movement
in underground reservoirs, within the context of heterogeneous porous media such as carbonate
rocks. These materials display a wide range of pore sizes, posing significant challenges for imaging-
based models due to the inherent trade-off between image size and resolution. Often, finer details
are sacrificed in order to capture a comprehensive view of the pore structure in carbonates.
Addressing this issue, our approach involves the detailed analysis of sub-resolution porosity within
X-ray images. We employ differential imaging techniques to highlight the differences between dry
scans and scans of rocks saturated with 30 wt% KI brine. Building on this analysis, we have devised
a novel workflow that integrates this sub-resolution porosity into a network model, using elements
we refer to as ‘micro-links.’ These are based on Darcy’s law and link each grain voxel, identified with
sub-resolution porosity, to the nearest resolved pores through an automated dilation process.
Our modeling framework extends to both single-phase and multiphase flow simulations, incorpo-
rating these micro-links and corresponding empirical models. We have fine-tuned these models to
ensure that our predictions regarding effective permeability, formation factor, and drainage capil-
lary pressure are in line with experimental observations. The calibrated model is further employed
to predict relative permeability, with a particular focus on quantifying the associated uncertainties.
Moreover, we aim to thoroughly investigate and quantify how microporosity influences fluid distri-
bution and phase behavior within these porous media. This quantification of uncertainty is pivotal
in evaluating our model’s predictive accuracy and enhancing our understanding of multiphase flow
dynamics.
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Utilising depleted hydrocarbon reservoirs or aquifers for hydrogen storage shows promise due to
their substantial storage capacity. Efficiently managing hydrogen storage requires careful consid-
eration of hysteresis across multiple cycles. Hydrogen experiences both injection and production,
usually on a seasonal basis, impacting both hydrogen recovery and pore space entrapment. Our
study investigates the capillary pressure hysteresis induced by this cyclic injection and withdrawal
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process, employing X-ray tomography. This exploration holds potential for optimising subterranean
hydrogen storage systems. Conducting experiments under dynamic conditions, we analysed gas and
water distribution within distinct pore space geometries during drainage and imbibition cycles. We
injected the gas phase into 6 cm long samples of Bentheimer sandstone at ambient temperature and
8 MPa pore pressure, followed by three water flooding cycles. Varied gas saturation levels—high,
medium, and low—were achieved while maintaining a constant brine flow rate, allowing a compre-
hensive exploration of distribution dynamics. Throughout these cycles, our observations unveiled
intriguing phenomena: (I) capillary pressure hysteresis and (ii) hydrogenmigration throughOstwald
ripening. Contrary to conventional models, our results suggest the possibility of surpassing the pre-
sumed residual gas saturation through further injection and withdrawal, challenging the assumed
gas recovery limit. To further understand these phenomena, we analysed interfacial curvature and
area, conducted wettability assessments, and performed pore occupancy analysis. These insights
offer a pore-scale understanding of hydrogen storage dynamics, providing crucial image-based data
essential for modelling multiphase flow properties in reservoir-scale simulations.
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The characterization of electrical transport properties through porous media is commonly used for
reservoir formation evaluation, groundwater management, mineral exploration, and carbon capture
and storage (CCUS) monitoring. We discuss image-based characterization and prediction of a range
of transport properties including, but not limited to, flow/momentum transport, mass transport as
well as electrical properties, often in the presence of multiple fluid phases. We then present novel
data science methods and their impacts on prediction speed and accuracy. The data used in this work
is openly available as part of a benchmark dataset that includes complete geometric characterization
and simulations hosted on Digital Rocks Portal1.

Deep learning (DL) has emerged to be a powerful tool for modeling these transport properties while
reducing computation time by several orders of magnitude. Previously, we have applied convolu-
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tional neural networks (CNNs) to predict the electric potential field given a segmented x-ray micro-
tomographic image. We found that the set of input features used to predict momentum and mass
transport properties did not translate well to electrical transport and had to be redesigned. We
further found that because classical DL networks (including CNNs) typically provide a mapping be-
tween Euclidean spaces (e.g. image vector-to-scalar quantity, image vector-to-image vector, etc.),
they effectively only learning a single instance of the governing equation. If the discretization of the
partial differential equation (PDE) changes, the model needs to be retrained or can otherwise lead to
issues when applying the model to new domains. Here, we present new work on overcoming that
limitation by training neural operators.

Neural operators are a new subclass of scientificmachine learning in which data-drivenmodels learn
mappings between function spaces, thus learning entire families of PDEs. Here, we apply a Fourier
neural operator network to predict the electric potential through a 3D porous medium and contrast
them to classical convolutional neural networks (CNNs). The results show improved accuracy over
previously trained CNNs, particularly when introducing new types of porous media. Further, we
recognize that training a neural operator network typically requires large amounts of high-fidelity
data, and despite the existence of open data portals, such as Digital Rocks Portal, this is nevertheless
a bottleneck. To address this, we explore the development of a multiscale neural operator network.
We expect that the initial time-intensive training will be compensated by its ability to generalize to
new parameterizations and other transport problems in porous media.
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The precise representation of molecular motion near the three-phase dynamic contact line remains
a significant research challenge 1, with substantial practical implications 2. We investigate the two-
phase flow in a pressure driven micro channel (width ~ 1µm - 10µm) having a nanometric surface
roughness. The two phases are separated by an interfacial layer with surface tension, that meets
the moving pipe wall, hence, a three phase dynamic contact line is formed. Numerical simulations
are conducted by solving the 2D two-phase Navier-Stokes equation using the Basilisk flow solver.
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The Volume-of-Fluid method is employed to capture the interface, and the surface tension force is
computed using the Continuous Surface Force method. Additionally, curvature calculation is done
using height functions. To address the influence of surface roughness, we develop a hybrid Volume-
of-Fluid coupled embedded boundary solver. This hybrid solver enables the imposition of a contact
angle on arbitrarily shaped solids. We explore scenarios where (a) surface roughness exhibits peri-
odicity, (b) the surface is scratched or bumped with rough patches, and (c) surface heterogeneities
are present. The study quantitatively demonstrates the emergence of stick-slip behavior in these
scenarios allowing us to verify the thesis of Hocking [3] and Jansons [4]. Our findings serve as a
prerequisite for full pore-scale Direct Numerical Simulation (DNS), ensuring a high-fidelity repre-
sentation of dynamic wetting phenomena in porous media.

1 Lācis U, Pellegrino M, Sundin J, et al. Nanoscale sheared droplet: volume-of-fluid, phase-field and
no-slipmolecular dynamics. Journal of FluidMechanics. 2022;940:A10. doi:10.1017/jfm.2022.219

2 Liu C-Y, Vandre E, Carvalho MS, Kumar S. Dynamic wetting failure and hydrodynamic assist in
curtain coating. Journal of Fluid Mechanics. 2016;808:290-315. doi:10.1017/jfm.2016.594

[3]Hocking LM.Amoving fluid interface on a rough surface. Journal of FluidMechanics. 1976;76(4):801-
817. doi:10.1017/S0022112076000906

[4] Jansons KM. Moving contact lines on a two-dimensional rough surface. Journal of Fluid Mechan-
ics. 1985;154:1-28. doi:10.1017/S0022112085001392
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Modern 3D imaging provides a window to the microstructure of soil and rocks, and recent advances
in experiments, simulation and data science can improve our understanding of how these materials
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influence the world around us. The Digital Rocks Portal (DRP, https://www.digitalrocksportal.org) is
the first platform of its kind for porous media images’management. It has an impressive collection
of experimentally captured multiphase x-ray microtomography configurations. The open science
materials surrounding the platform follow Dr. Wildenschild’s vision closely.

History of the portal: It is less known is that the precursor of the portal was inspired by Dr. Wilden-
schild. Drs. Wildenschild, Peszynska and Prodanovic recognized in 2008 and had many discussions
on the need for validation and comparison of experimental, theoretical and numerical approaches.
We organized a Wiki page Pore Scale Benchmark project 2009-11 (now deprecated) with links and
descriptions of related data and code. The data required dedicated storage and support, however,
beyond what a wiki page is meant to provide: open science is not free, and requires resources. This
project was a pre-cursor of Digital Rocks Portal which went live in 2015 with the help of two Na-
tional Science Foundation (NSF) grants and you can find many of Prof Wildenschild’s datasets on
DRP.

History of short courses: Prof. Wildenschild is a visionary educator. Once upon a time in 2010,
and despite an explosion of available x-ray microtomography and SEM images providing insight
into rock microstructure, structured courses on image-based quantification within relevant gradu-
ate programs were mostly unavailable. Prof. Prodanovic approached Prof. Wildenschild and Prof.
Sheppard (Australian National University) with an idea to teach a short course on image analysis
in porous media in 2010. We together created the first short course and workshop in July 2011 at
The University of Texas at Austin. The course was repeated in 2013 at InterPore Society Annual
Conference 2013 and was one of the first InterPore short courses. We all separately developed full
length graduate courses at our home institutions, followed by the courses taught connected to both
Digital Rocks Portal platform and InterPore Academy.

Present: DRP has an active community that publishes and reuses the data, most recently in multiple
machine learning applications. We have 155+ published datasets (projects) cited in 210+ published
papers and are expanding the scope to curate energy storagematerials. The platform has been rebuilt
on the new infrastructure in Texas Advanced Computing Center from Jan to May 2024.

Future: We present the new digital porous media open source software tools related to the por-
tal. Those include: gray-scale image processing, and visualization; an automatic scale-independent
method for classifying rock heterogeneity of binarized images; (2) velocity field analysis and visu-
alization, (3) flow simulation and (4) machine/deep learning. We are thus close to having an open
science environment for cross-validation and data-driven upscaling of microstructure properties in
subsurface engineering, material science and geosciences.
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Model formulation of fluid flow in phase domain for fracturing-
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Multistage hydraulic fracture stimulation is commonly used with horizontal well technology as one
of key technologies for the economical and effective development of unconventional reservoirs such
as tight oil. The applicable method of numerical simulation will provide effective modeling tools for
quantitative studies of tight oil reservoir dynamics and performance, fractures and their effects on
oil production, well and stimulation design, and optimal production schedules in the field. The field
shows that the flowback rate of fracturing fluid in tight oil reservoir is related to increasing and
stabilizing production, and the technology of fracturing, shut in and production has achieved a pos-
itive effect on increasing production. However, there are few standardized and effective numerical
modeling approaches available for guidance. Based on the summary and analysis of recent research
results on the imbibition and flowback of fracturing fluid in tight reservoirs, a novel numerical model
of fluid flow for fracturing, shut in, flowback, and production process in tight oil reservoirs is pro-
posed considering the mechanism of spontaneous imbibition, hysteresis effects of capillary pressure
and relative permeability, osmotic pressure, stress sensitivity, fluid compression effect in fractures
and water-rock interaction. In this model, the multi-scaled fracture system of tight oil reservoirs is
described as a set of subdomains and handled by a multi-continuum conceptual model. To model
the effect of fluid compression, the pores and fractures of tight reservoir are classified and described
according to the different compressibility of tight oil and fracturing fluid. When considering the
stress sensitivity of different types of pores and fractures, the effects of fluid distribution difference
and fluid compressibility are considered. The model in this paper can describe the fluids flow in
pores and fractures in a more detailed and accurate manner, and has certain reference value for
understanding the mechanisms of fracturing fluid imbibition and retention, and enhancing tight oil
recovery.
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Machine/deep learning (ML/DL) have emerged as powerful tools for driving science innovation.
These methods tend to be data hungry, with large volumes that are not likely to be collocated. Fur-
ther, industry or professional companies typically have a vested interest in keeping their data private.
Recent work has shown the viability of federated learning (FL), a ML /DL framework where multi-
ple groups (called clients) collaboratively train a single model without exchanging locally stored,
private data. We apply this framework to a problem common in reservoir engineering and digital
rocks physics: we use a convolutional neural network with the specific task of predicting the flow
velocity field through a porous sample using its segmented x-ray microtomography image as input.
The results are nevertheless applicable to any task with spatial data stored across multiple locations
participating in training the same model.

As with any typical DL workflow, the quality of the training data plays a key role in the prediction
accuracy and the generalizability of a network model. Additionally, the interest in enabling the
reusability of these models is guided by the findable, accessible, interoperable, and reusable (FAIR)
principles. In the context of FL, the assurance that each client provides quality and representative
training data that adhere to the FAIR principles has proven challenging because the data and its
metadata remain private.

Here, we first explore how differences in local data can affect prediction behavior once individual
models are aggregated. We then propose several preprocessing metrics that can be quickly com-
puted and shared with the central server to assure the quality of the training set but without ability
to infer the entire dataset from them. For our specific task of predicting a flow field, we employ
common techniques of quantifying pore geometries based on their images. These include, but are
not limited to, pore space morphological and topological descriptors, heterogeneity characterization,
representativeness quantification, and resolution checks using morphological drainage.

We validate our trained models to test that the proposed metrics properly capture the representative-
ness of the new training data while still providing sufficient diversity to further the model’s learning.
The scope of this work is to show that a set of quality assurance metrics enables model reuse under
FAIR principles while maintaining clients’data privacy during FL. In a broader context, these metrics
are also useful for preprocessing classical machine learning training data and in developing constitu-
tive relationships between complex pore geometries and transport properties. Last but not the least,
we discuss how we apply this framework with two industry partners.
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Immiscible- and incompressible two-phase flow in porous media in the continuum limit can be mod-
elled in a wide variety of ways, many of which applies some form of averaging over a decomposition
of the porous media domain containing the two fluids. By a reduction in complexity via averaging,
the hope is that the set of variables can be reduced to a minimum, which again should facilitate the
construction of constitutive relations. Classical thermodynamics is the most well-known blueprint
for this procedure, in which one seeks a minimal set of macroscopic variables governing the system
behaviour. Immiscible and incompressible two-phase flow in porousmedia is an example of a system
where new insight can be from general thermodynamic relations, even though we are investigating
a “athermal” mesoscopic system.

Recently, a theory of immiscible and incompressible two-phase flow in porous media based on Euler
homogeneity has been proposed 1. The framework utilizes the same structure as classical thermo-
dynamics, but has its theoretical basis in statistical mechanics as formulated by Jaynes [2-3]. In this
framework, the notion of equilibrium in the sense of classical thermodynamics is interchanged with
a steady state flow condition. By applying the Euler homogeneous function theorem to the total vol-
umetric flow rate, one can find quantities that have an analogue in thermodynamics, albeit not easily
measurable by a flow experiment. One then defines a general relation between the physical seepage
velocities of the wetting- and non-wetting fluids as observed in experiment and the velocities ob-
tained the thermodynamic theory. In formulating this relation, a new quantity called the co-moving
velocity appears, which has been shown to have a very simple theoretical definition and a straight-
forward phenomenological constitutive equation. This constitutive equation has been verified both
experimentally and numerically [4], but the reason for its simplicity is still unknown.

It is the goal of this work to expand upon the theoretical foundation of the pseudo-thermodynamic
relations of immiscible and incompressible two-phase flow in porous media. In particular, we are
interested in a theoretical basis for understanding the simple behaviour of the co-moving velocity.
To do so, we build upon recent work [5] using a interpretation of the already known theory using
classical geometrical spaces and manifolds. The quantities of the theory are interpreted using vector
fields on simplified thermodynamic configuration space. This space is just the space of extensive
areas of wetting- and non-wetting fluid in a slice of a porous medium perpendicular to the overall
direction of total volumetric flow rate. We classify the co-moving velocity using differential geome-
try, and outline how the simple constitutive relation can be found from geometrical considerations
in projective space. It is possible to relate the theory presented here to already existing descriptions
of geometrical thermodynamics. We note that the relations presented here are general, and a similar
analysis might be possible to apply to other physical systems.
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Amid intensified global efforts to mitigate climate change, carbon mineralization in basaltic forma-
tions has emerged as a more prominent, secure, and permanent storage solution for anthropogenic
CO2. When CO2 is injected into basaltic rocks, displacing the in-situ pore fluid, the volume of
displaced fluid and, consequently, the injected gas depends on the interplay between relative per-
meability, capillary pressure, and fluid saturation. However, characteristic flow curves specific to
basaltic rocks are limited, emphasizing the need for a deep understanding of this multiphase trans-
port behavior to design effective carbon storage systems. Hence, this study addresses this critical
aspect by employing the Lattice Boltzmann Method (LBM) on X-ray computed tomography (XRCT)
scans of select basaltic rock samples, capturing the complex internal structures of the basalt. These
acquired images are reconstructed into digital models that represent the physical characteristics of
the basaltic rocks. We utilized these digital models and LBM, based on the sophisticated Shan-Chen
framework to compute key transport properties, including permeability, relative permeability, and
capillary pressure. This model enables us to accurately simulate the intricate interactions and dy-
namics of CO2 transport within basalt under varying temperature and pressure conditions. The
comparison of the LBM computational results with the limited experimental data revealed a high
degree of correlation, thereby validating the accuracy of our simulations. The strong agreement not
only attests to the reliability of LBM in the simulation of geological processes but also reinforces our
capability to accurately predict CO2 storage in basalt, further affirming its feasibility as an effective
carbon sequestration strategy. Overall, our findings provide valuable insights into the dynamics
of CO2 storage in basaltic formations, offering a robust foundation for ongoing efforts and future
research that will enhance our ability to combat climate change.
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Dissolution processes in porous media produce a diverse range of patterns, depending on the rela-
tions between flow, diffusion, and reaction rates. Determining the dissolution regimes is critical for
controlling contaminant migration, preventing CO2 leakage during geological carbon sequestration,
or assessing the long-term stability of hydraulic structures. In all of these cases, the emergence of
highly efficient flow paths within rock can dramatically alter its transport properties. To distinguish
between these regimes, we analyze a spatial flow focusing profile based on the focusing index de-
veloped by Jang (2011). We segment the medium into cross sections along the flow direction and
calculate the flow focusing index for each of them. Consequently, we obtain a profile which is a
function of distance from the inlet. Through the analysis of this profile and its temporal changes, we
observe various types of evolution, such as a front of increased flow focusing progressing from the
inlet in the wormholing regime or a decrease in focusing along the entire medium in the uniform
regime.

We employ this measure in numerical simulations of a dissolving porous medium using a pore-
network model. In this approach, we treat the porous medium as a system of interconnected pipes
(Budek, 2012) with the diameter of each segment increasing in proportion to the local reactant con-
sumption. By modifying flow and reaction rates in the simulations, we obtain a phase space diagram
displaying a variety of dissolution patterns, which we characterize using our quantitative flow fo-
cusing measure. Through this analysis, we identify the elusive channeling regime (Menke, 2023). To
generalize our findings, we investigate the impact of network heterogeneity on the emerging flow
patterns by varying its magnitude and spatial correlation. The findings elucidate the key parameters
that determine the dissolution regimes.
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The imperative to achieve net zero carbon emissions by 2050, aligned with global efforts to limit
temperature rise, emphasizes the urgent shift to low-carbon energy sources. Hydrogen is identified
as a key player in global decarbonisation however, concerns about the efficiency of hydrogen stor-
age accompany its expanding production. This study investigates underground geological hydrogen
storage in saline aquifers, emphasizing the impact of reservoir heterogeneity, flow function hystere-
sis, and injection/production flow rates on storage efficiency. The results show that hysteresis plays
a crucial role in affecting storage efficiency, leading to significant entrapment and a lower recovery
factor in initial production cycles. Reservoir heterogeneity leads to non-uniform gas movement in
heterogeneous systems and as a result, the efficiency of hydrogen storage is greatly compromised. In
addition, the optimal selection of production flow rates presents a challenge in balancing hydrogen
recovery and water management. The study highlights the need for customized approaches, em-
phasizing the importance of aligning flow rates with specific reservoir characteristics for efficient
large-scale hydrogen storage.
A set of simulations was conducted to investigate the influence of relative permeability hysteresis,
injection/production rates, and reservoir heterogeneity (permeability) on large-scale hydrogen stor-
age performance. The spatial continuity was established as omni-directional in the heterogeneous
model and the simulation was conducted in a two-dimensional cartesian system (Figure 1). Both
injectors and producers were controlled by the flow rate at reservoir conditions (0.015 PV/day), as-
suming the fracturing pressure would not be exceeded. The model’s end simulated a large aquifer
as a spill point, ensuring sufficient volume for input or output to maintain well flow rates in the
gas injection and production cycles. The simulation was designed to terminate as soon as the gas
reaches the spill point.
Both the homogeneous and omni-directional models exhibited similarities and differences in their
hydrogen injection and production behaviour. The homogeneous system, with a consistent injec-
tion rate of 6.01305 m3/day, showed higher primary production recovery (72.56%) compared to the
omni-directional system (56.60%), where high permeability in specific blocks led to rapid hydrogen
advancement and more hydrogen trapping during production cycles. The second injection cycle
demonstrated comparable trends in recovery factors for both systems, with the heterogeneous sys-
tem achieving a slightly higher final recovery of secondary production (97.1%) compared to the
omni-directional system (94%). In both systems, by decreasing the gas injection and production
rates the final recovery of primary and secondary production was lowered.
Lowering the production flow rate consistently reduces the gas-water ratio in both models due to
the decreased mobility difference between hydrogen and water. In the heterogeneous model, since
water was displaced unevenly throughout the system (viscous fingering), the waterfront progressed
faster towards the well during the production cycle. As shown in Figure 2, the waterfront eventually
reaches the production well, causing a significant reduction in the gas-water ratio, particularly in
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the second production cycle since a smaller amount of hydrogen was injected during the second in-
jection cycle. This dynamic transition holds substantial implications for storage operation efficiency
and becomes a pivotal factor in operational decision-making.
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We investigate the impact of multiphase fluid transport on nucleation and crystallization (precipita-
tion) reactions under pore confinement and the influence of that behavior on permeability and acces-
sible pore space in porous media. Experiments at the intersection of geochemistry and microfluidics
have the potential to enable a step change in understanding CO2 storage and mineralization mecha-
nisms by investigating the influence of transport on mineralization rates reported from batch reactor
experiments. To study precipitation of silicate and carbonate minerals in mafic/ultramafic forma-
tions for carbon storage applications, we create models of 3D unconsolidated or sintered glass bead
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“grains”in glass tubes and planar cells with varied reactive inclusion “grains”of (1) mafic/ultramafic
minerals includingMgO, brucite, and olivine and/or (2) water-soluble seed crystals (e.g., sodium chlo-
ride, sodium acetate, copper sulfate) that are mounted in a microfluidic setup. The latter form from
supersaturated brines at faster rates than geologic crystals and are used as mineralization proxies to
explore crystallization dynamics in a lab microfluidic setting on a reasonable timescale. Mineraliza-
tion reactions of mafic/ultramafic inclusions are slower, in part because gaseous CO2 must dissolve
into the brine and theminerals must dissolve to release ions before the crystal formation can proceed.
The microfluidic devices are pre-saturated with a brine of the necessary ionic concentration to pro-
mote crystallization. Then, either air or CO2 gas is injected depending on the desired reaction. This
multiphase flow produces liquid-gas interfaces that influence crystallization. Flow dynamics and
the habits of crystal nucleation and growth under pore-confinement in these engineered porous me-
dia are captured with time-lapse microscopy (e.g., stereomicroscope, confocal microscope, microCT)
while keeping the samples intact. On select samples, cross-sections (e.g., billets and thin sections) of
the samples are examined with microscopy (e.g., thin section, SEM, EDS) and bulk sample measure-
ments (e.g., helium pycnometer, imbibition capacity) are acquired after reactive transport to quantify
porosity changes with crystallization.

This presentation first details development of fabricated “lab-on-a-chip”miniature 3D synthetic rocks
with varied reactive properties. The workflow enables control of porosity, permeability, microstruc-
ture, mineral composition, and accessible reactive surface area and allows for easier in-situ obser-
vations and measurements as opposed to real core experiments. Next, the presentation provides
early insights on how formation of carbonates and carbonate mineralization proxies alters the mi-
crostructure of a rock and how to optimize injection strategies to maximize crystallization reaction
and minimize permeability reduction. Results suggest that precipitation favors diffusion-dominated
zones and that nucleation behavior and location will be influenced by liquid/gas interfaces and the
presence of thin films. Results are cast in terms of dimensionless transport numbers (e.g., Capillary,
Damkohler, Peclet numbers) and provide ideal benchmarks for numerical modeling and functional
relationships for accelerating or inhibiting carbon mineralization within a porous media. Going for-
ward, the 3D microfluidics setups will enable investigation of a host of coupled pore-scale alteration
phenomena, including dissolution, carbonation/precipitation, and swelling/shrinking as a function
of fluid flow/injection rates, pH, total dissolved solids, temperature, and pressure.
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This study quantifies the pore structures and reactive flow capacity of basalt rocks, specifically a
range of flow top (vesicular) and seal basalt samples fromNewberry Volcano drill core (Oregon, USA).
Dissolution and precipitation reactions in basalts and other mafic and ultramafic rocks (silicates rich
in Mg, Ca, and Fe) are the foundation for carbon mineralization, in situ mining, and geologic hy-
drogen technologies due to high contents of reactive minerals (e.g., pyroxene and olivine) or critical
minerals. However, despite their high reactivity, these rocks exhibit large variations in porosity and
permeability. In fact, many of these rocks are nanoporous (<1um) or poorly connected, thereby chal-
lenging fluid access to critical and reactive mineral surfaces. The bulk volumes of qualifying basaltic
and mafic/ultramafic rocks are vast, with the US’s Pacific Northwest alone estimated to have 10^5
Gt CO2 basalt storage/mineralization capacity, assuming pore space and reactive minerals are ac-
cessible to fluid flow. Towards addressing accessible pore space and reactive minerals surfaces, this
work examines the (a) pore size distribution and connectivity and (b) accessible mineral surface area
within Newberry volcano basalt samples.

The Newberry Volcano basalts provide a natural laboratory for understanding multiphase and reac-
tive flow potential of basalt pore structures. We collected 20 basaltic sandstone/volcaniclastic rocks
and basalt/basaltic andesite rocks from USGS Newberry volcano drill core. The studied samples have
been subjected to varied amounts of gases (CO2, H2S) and aqueous fluids in situ. The samples display
varied degrees of hydrothermal alteration, where rock properties (porosity, permeability, lithology),
temperature, and fluid composition dictate the extent of alteration. We characterize the macropores
(vesicles) and nanopores (clays and matrix) of samples with N2 adsorption-desorption isotherms
(BET surface area), TD-NMR T2, pycnometry, thin section and SEM/EDS, and microCT. The amount
of Fe2O3, MgO, and CaO ranges from 18% (volcanic siltstone)-25% (flow-top basalt), confirming the
reactivity of these Newberry volcano rocks. Direct numerical pore-scale simulations are used to
study fluid flow capacity in image- and process-based domains for characteristic sample pore-scale
features. We find distinct differences in pore structures among lithologies: for example, the volcani-
clastic siltstones are dominated by a bimodal distribution, fresh/seal samples are dominated by a
unimodal distribution, and multimodal distribution is significant in all hydrothermal altered basalts.
Combining these distributions with imaging and modeling supports that nanoporosity is a driver of
reactive flow capacity in basalts: Primarily nanoporous samples with extremely low permeability
remain relatively “fresh”(unaltered) over geologic time. In originally more porous samples, aqueous
fluids have altered primary minerals (plagioclase) into clays, quartz polymorphs, and carbonates
which fill the pore systems, resulting in a secondary nanoporosity system. All studied hydrother-
mal altered basalts have similar pore size distribution and mainly contain slit-shaped pores (per BET
analysis); the signal is likely dominated by clays. Overall, the natural CO2-fluid-rock system of the
Newberry Volcano can be leveraged to understand anthropogenic CO2 movement in basalts. The
alteration-nanoporosity-flow capacity feedback loop summarized in this work has implications for
basalt storage capacity and seal performance for the aforementioned energy transition applications,
especially CO2 storage and mineralization.
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The fluid dynamics of gas-brine flow within porous media play a crucial role in the recovery of hy-
drocarbon gas and the sequestration of CO2. Coal seams are targeted as a reservoir rock because of
their strong adsorption properties. However, permeability is an issue as they consist of matrix and
fracture components, present a complex flow channel system for competing fluids and gases. Dur-
ing production, the initial dewatering process reduces pressure and induces CH4 desorption from
the matrix into fractures, accompanying brine flow towards production wells. CO2 injection further
displaces CH4 and stores CO2 in the matrix due to competitive adsorption with CH4. Moreover,
Coal seams are dynamic during gas depletion and successive injection as the matrix shrinks and
then swells, altering the structure of the flow channels. This introduces additional complexity to the
transportation behaviour of the fluids. This study introduces an innovative approach to investigate
the dynamics of gas-water two-phase flowwithin fractured coal cores. Themethodology involves an
integration of unsteady-state two-phase fluid flow experiments, dynamic positron emission tomog-
raphy (PET) imaging, and high-resolution X-ray micro-computed tomography (micro-CT) imaging.
Under reservoir pressure conditions, micro-CT imaging is employed to capture the fracture struc-
ture of the coal sample. A gas-injection-based unsteady-state flooding test is subsequently conducted
on a water-saturated sample at the same pressures, with PET scanning used for dynamic imaging
of the displacement process. This flooding experiment is designed to emulate gas-water transport
behaviour in a coal seam during production, facilitating real-time data collection of gas injection vol-
ume, inlet-outlet differential pressure variations, and water production. The obtained data is utilized
to predict the relative permeability curves of the sample. Following the flooding experiment, a multi-
scale image analysis is performed by aligning low-resolution PET images at different time steps with
the high-resolution micro-CT image. it superimposes the flow path onto the fracture structure of the
sample, allowing for the determination of water saturation and characterization of flow behaviour.
This analysis leverages the unique advantages of PET’s dynamic imaging capabilities andmicro-CT’s
high image resolution to enhance the visualization of fluid transportation behaviour within the me-
dia. Overall, this approach offers significant potential for sensitivity analysis on relative permeability
of a porous media, including not only coal, but also reservoir rocks like sandstone and shale. It can
consider factors such as stress, temperature, and wettability, enabling a quantitative comparison
of relative permeability and offering visual insights into fluid flow behaviour as conditions change.
This contributes to precise predictions of relative permeability, aiding in the identification of optimal
scenarios for both hydrocarbon exploitation and carbon sequestration.
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Objectives/Scope（25-75words）
High-flux water displacement is one of the effective methods for low-cost development of mature
oilfields. The wettability alteration under high-flux water displacement is the crucial reason for
improving displacement efficiency, whichmakes complex flow characteristic in different pore-throat
structures. The objective of this paper is to establish a high-flux water displacement pore-scale
simulation method considering dynamic contact angle to determine the distribution pattern and
retention mechanism of residual oil.

Methods/Procedures/Process (75-100words)
Firstly, the physical models of different pore-throat structures (200mD and 50mD) were constructed
by the extraction of the casting thin-section images. Then, the pore-scale two-phase flowmathematic
model coupling the Navier-Stokes equation and the Phase-Field equation was established to track
the phase interface migration. Moreover, a dynamic contact angle equation was added to the model.
Finally, the commercial software COMSOL is used to solve the model by finite element method
(FEM). Especially, the injection rate set to 2.25×10-8m3/s, the simulation time of high-flux water
displacement set to 800s (about 200PV), and the contact angle change rate set to π/1200 rad/s.

Results/Observations/Conclusions (100-200words)
The results show that the displacement efficiency after high-flux water displacement is significantly
improved when considering the dynamic contact angle. For the high permeability reservoir (200mD)
with large pores and better connectivity, the oil in small throats near the main streamlines started
to be displaced when the contact angle drops to 4/9π. The cluster-type residual oil remain oil in the
weak sweep area is partially driven out when the contact angle dropped to 1/3π. The residual oil sat-
uration at 200PV is reduced by about 15% compared to that at 30PV (traditional water displacement
experiment). There are three main streamlines parallel to the injection-production direction, and
the residual oil is mostly cluster-type oil far from the main streamlines. For the low permeability
reservoir (50mD) with narrower pores and poor connectivity, the residual oil saturation at 200PV is
reduced by about 7% compared to that at 30PV. There is only one main streamline connecting the
inlet and outlet, and the residual oil is widely distributed near the main streamline.

Novelty/Additive Information (25-75words)
In this paper, a pore-scale long-time simulation method was established by coupling a dynamic con-
tact angle equation to characterize the retention mechanism of residual oil under wettability alter-
ation during high-flux water displacement. The impacts of pore-throat structure and displacement
flux on the distribution pattern of residual oil were analyzed, which could provide valuable insights
for improving the oil recovery (IOR) of mature oilfields developed by water flooding.
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Abstract：During the development process of high-sulfur gas reservoirs, sulfur deposition occurs,
which leads to formation damage and reduces the productivity of the gas wells. The current main-
stream sulfur deposition prediction models are mainly based on the Robert model or particle trans-
port model to simulate solid sulfur deposition. The various assumptions proposed by the above mod-
els ignore the sulfur-carrying effect of sour gas and the particle deposition environment in porous
media. This paper simulates the deposition process of solid sulfur particles under the influence of
airflow to address the above issues. Based on numerical and core experimental data, the deposition
rate of sulfur particles and the damage coefficient in the sulfur damage model are determined, and
a gas- water-solid three-phase mathematical model is established that comprehensively considers
sulfur- carrying and deposition damage. We apply this model to compare the actual production and
pressure of gas wells with obvious sulfur deposition phenomenon in Dawan, and the results show
that the model can accurately reflect the status of fluid mechanics in porous media during the sulfur
deposition process. Furthermore, through numerical simulation experiments, it is found that sus-
pended sulfur has a relatively low content in the reservoir and mainly accumulates in and near the
wellbore. The deposition range of sedimentary sulfur is larger than that of suspended sulfur, mainly
concentrated in the reservoir around the wellbore, and there is also deposition in areas far away from
the wellbore. The further away the distance is, the less sediment will be deposited. In addition, there
is a critical gas production rate, and when the gas production rate reaches 200000 cubic meters per
day, the formation damage generated in the wellbore or near the wellbore is relatively close.

Keywords：Sour gas reservoir，Solid sulfur deposit，Particle migration，Reservoir numerical sim-
ulation
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Emerging contaminants (ECs, or micropollutants) are a diverse group of compounds and substances
with significant environmental implications due to their potential toxicity 1. This category encom-
passes various substances, including active pharmaceutical ingredients. These specific contaminants
enter urban waterways primarily from diffuse sources (e.g. households) and point sources (e.g. man-
ufacturing plants, hospitals, clinics). Addressing these specific sources rather than solely relying on
wastewater treatment plants could vastly improve treatment efficiency, reduce remediation costs,
and prevent the creation of harmful byproducts downstream –a concept often referred to as “Turn-
ing off the tap”[2, 3]. Adsorption systems, commonly utilized in water treatment and purification,
offer a substantial advantage by effectively removing contaminants, thereby preventing the genera-
tion and discharge of harmful byproducts [4]. To this end, we investigated adsorption technology as
a potential mean of achieving high treatment efficiencies, both in batch and column lab-scale config-
urations, using simple as well as complex aqueous matrices. We also investigated the potential for
recovery of the adsorbed compounds from the spent sorbent material, achieving promising results
for future reuse and recycle-based approaches to pharmaceutical pollution.

1 J. L. Wilkinson and e. al., “Pharmaceutical pollution of the world’s rivers,” Proceedings of the Na-
tional Academy of Sciences, vol. 119, no. 8, 2022.
2 J. L. Kormos, M. Schulz, H.-P. E. Kohler and T. A. Ternes, “Biotransformation of Selected Iodinated
X-ray Contrast Media and Characterization of Microbial Transformation Pathways,” Environmental
Science & Technology, vol. 44, pp. 4998-5007, 2010.
[3] A. Nowak, G. Pacek and A. Mrozik, “Transformation and ecotoxicological effects of iodinated
X-ray contrast media,” Reviews in Environmental Science and Bio/Technology, vol. 19, pp. 337-354,
2020.
[4] A. Sengar andA. Vijayanandan, “Comprehensive review on iodinatedX-ray contrastmedia: Com-
plete fate, occurrence, and formation of disinfection byproducts,” vol. 769, no. 144846, 2021.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

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

Country:

UK

Porous Media & Biology Focused Abstracts:

References:

Page 645

http://Figure1.png
http://Figure1.png
https://i.postimg.cc/3xwbbmv3/Jidong2.jpg


InterPore2024 / Book of Abstracts

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 800

The displacement of immiscible two-phase fluids in a pore dou-
blet system
Authors: Fang Shan1; Zhenhua Chai1; Baochang Shi1; Meng Zhao1

1 Huazhong University of Science and Technology

CorrespondingAuthors: mzhao9@hust.edu.cn, fang_shan1996@163.com, hustczh@hust.edu.cn, shibc@hust.edu.cn

Multiphase fluid flow in a pore doublet is a fundamental problem and is important for understand-
ing the transport mechanisms of multiphase flows in porous media. During the displacement of
immiscible two-phase fluids in a pore doublet, the transport process is influenced not only by the
capillary and viscous forces, but also the channel geometry. In this work, a mathematical model and
numerical simulations are presented for the two-phase fluid displacement in a pore doublet with
considering the effects of capillary force, viscous force, and the geometric structure. These lead to
new andmore general analytical and numerical solutions for the pore doublet system, and it is found
that the displacement process is dominated by the capillary number, viscosity, and radius ratios. The
results can be used to explain and understand the preferential flows in porous media, such as for im-
proving oil recovery from porous media; these are usually observed in oil recovery, groundwater
pollution, and the geological sequestration of carbon dioxide.
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Currently, Carbon Capture, Utilization, and Storage coupled with Enhanced Oil Recovery (CCUS-
EOR) is a key solution for carbon dioxide sequestration and increasing oil field recovery rates. How-
ever, research on enhancing recovery rates through CO2 injection faces challenges of slow numerical
simulations and a substantial potential for improvement in deep learning capabilities. To enhance
efficiency, we have adopted the U-FNO neural network architecture, renowned for its exceptional
accuracy, speed, and data utilization efficiency. U-FNO is designed based on the Fourier Neural Op-
erator (FNO), which excels in solving partial differential equations (PDEs). In comparison to FNO
and DeepONet, U-FNO demonstrates superior accuracy in predicting saturation, production, and
CO2 storage quantities. The trained model serves as a versatile alternative for addressing 3D CO2
storage and enhanced recovery issues, outperforming traditional simulators in terms of speed. It
provides an effective tool for evaluating storage potential and production forecasts.
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CO2 geological storage, a prominent technology for mitigating greenhouse gas emissions, is often
accompanied by significant capillary trapping phenomena in saline aquifers, thereby influencing
reservoir utilization efficiency. In this study, the lattice Boltzmann method (LBM) based on the
single-relaxation-time model (LBGK) is employed, utilizing the pseudopotential (Shan-Chen) multi-
component model to simulate two-phase water-gas flow. Laplace’s law is employed to determine
the appropriate water-gas interfacial tension and the corresponding G values. The research investi-
gates the migration process of CO2 and reservoir fluids in saline aquifers, analyzing the impact of
capillary trapping on the CO2 storage capacity. The simulation explores various factors including in-
jection direction, fluid viscosity, injection velocity, and wall wetting properties.Results indicate that
as the fluid viscosity ratio increases from 5 to 10, the breakthrough time for CO2 decreases by 21.56%.
With an increase in the injection velocity of CO2 from lattice speed 0.1 to 0.3, capillary trapping of
CO2 significantly intensifies, resulting in a 34.09% reduction in CO2 spreading coefficient. As wall
wetting properties transition towards CO2, the contact angle continuously decreases, indicating a
weakening trend in CO2 capillary trapping. Within the contact angle range of 130° to 60°, the spread-
ing coefficient of CO2 increases by 15.73%. Compared to injection parallel to the dominant channels,
simulating injection perpendicular to the dominant channels results in a permeability that is 43.61%
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of the parallel case. The decrease in permeability helps suppress CO2 capillary trapping, with simu-
lation results showing a 27.61% reduction in the distance between the leading and trailing edges of
the water-gas interface when injecting perpendicular to the dominant channels.The study concludes
that low injection rates, lower water-gas viscosity ratios, lower permeabilities, and surfaces favoring
CO2 wetting are more suitable for CO2 storage in saline aquifers.
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This study aims to investigate the migration patterns of gas-solid particles in multiphase fluid within
a wellbore, with a subsequent exploration of the ultrasonic response characteristics of gas-solid parti-
cles based on these findings. Initially, simulation scenarios were designed using the response surface
methodology. Finite element analysis software was then employed for the numerical simulation of
coupled multi-physics fields, delving into the migration patterns of gas-solid particles in the annular
space near the drill bit.
Simulation results indicate that the density of drilling fluid has minimal impact on the migration
speed of bubbles and rock cuttings. As the flow rate of drilling fluid increases, the migration speed
of bubbles and rock cuttings proportionally rises. With an increase in bubble radius, the migra-
tion speed initially increases and subsequently decreases, while larger rock particle sizes result in
a gradual reduction in migration speed. Additionally, observations during the simulation revealed
that, upon reaching stable velocities, the speed of bubbles significantly surpasses that of rock cut-
tings, maintaining a consistent speed differential. Therefore, ultrasonic Doppler methods can be
employed for the identification of gas-solid characteristics.
Through Doppler recognition of gas-solid characteristics, analyzing the frequency spectrum and am-
plitude variations in ultrasonic signals, the results demonstrate the accurate identification of gases
and solids within the wellbore. This method holds potential applications in mitigating accident risks,
offering valuable empirical and theoretical support to the field ofmultiphase fluidmechanics.
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Countries around the world have increased the exploration and development efforts for unconven-
tional oil and gas resources, among which volcanic reservoirs as a considerable oil and gas resource
have gradually been taken seriously. Compared with conventional reservoirs, fractured volcanic
reservoirs have complex physical properties and developed natural fractures, making their devel-
opment more difficult. The main exploitation methods include water flooding, gas flooding, gas
injection and cyclic steam stimulation. CO2 injection has been proven to be an effective method
for developing volcanic reservoirs. Its exploitation mechanism mainly includes diffusion, reduc-
ing crude oil viscosity, extracting light hydrocarbons, and reducing interfacial tension. Therefore,
investigating the diffusion characteristics of CO2 in fractured volcanic reservoirs is of great signif-
icance for clarifying its exploitation effect and mechanism. In this paper, a high-temperature and
high-pressure diffusion experiment device designed independently was used to conduct diffusion
experiments of CO2 in saturated oil-bearing cores. A mathematical model for the diffusion of CO2
in saturated oil-bearing cores was established, and the diffusion coefficient of CO2 was calculated
based on experimental data. The diffusion law of CO2 under different pore characteristics was ana-
lyzed. The results showed that the diffusion of CO2 in saturated oil-bearing cores experienced rapid
diffusion stage, slow diffusion stage, and eventually reached equilibrium stage. The permeability
and pore characteristics of the rock had a significant impact on the diffusion of CO2. Fracture could
effectively connect isolated pores within the core. Under conditions with fractures, the diffusion
coefficient was in the order of 10-9 m2/s, while the diffusion coefficient of cores without fractures
was 10-10 m2/s. The size of the diffusion coefficient was positively correlated with permeability. In
addition, pressure and diffusion radius also had a certain influence on the diffusion of CO2.
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Aiming at the problems of low permeability reservoirs, such as ‘injection failure and production
failure’, incomplete fracture fluid backflow and rubber breaking, and reservoir plugging, the inte-
grated technology of plugging removal and oil recovery with bioenzyme system is proposed. Com-
pared with traditional fracturing fluid breaking agents and conventional water flooding, biological
enzymes have the advantages of high efficiency, green cleaning and so on, and have good appli-
cation potential in low permeability reservoirs. Based on the viscosity degradation experiment of
crude oil and guar gum fracturing fluid, two kinds of bioenzymes were screened for compounding,
and subsequent core plugging and oil displacement experiments were carried out with the combined
biological enzymes. Core permeability before and after plugging was measured by the core plugging
test to evaluate the plugging effect of the combined enzymes, and the oil displacement effect of the
biological enzyme system was evaluated by calculating the recovery rate. The experimental results
show that 0.8g/L biological enzyme (amylase: mannanase = 1:1, mass ratio) has a good plugging
and oil displacement ability. Under the condition of 50℃, after the combination of enzyme plugging,
the core permeability can recover to a certain extent, and the displacement pressure is reduced. In
terms of oil displacement, the experiment shows that the combination of enzyme can improve the
oil recovery. The results of laboratory study on the compound bioenzyme system can provide a the-
oretical basis for the field application of bioenzyme plugging removal and oil recovery integration
technology.
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With the global energymix predominantly fossil fuel based<sup>1</sup>, carbon dioxide (CO<SUB>2</SUB>)
capture, utilisation and geological storage (CCUS) is a key tool in reducing anthropogenic CO<SUB>2</SUB>
emissions. One of the main challenges facing CCUS in coal seams is the loss of injectivity due to
CO<SUB>2</SUB> coal swelling<sup>2–7</sup>. This work aims to improve the understanding of
CO<SUB>2</SUB> transport mechanisms in coal by applying in-situ Positron Emission Tomogra-
phy (PET) imaging to obtain direct images of CO<SUB>2</SUB> flow in coal, allowing for better
CO<SUB>2</SUB> geosequestration techniques.

This work presents a comparative history matching analysis between a one-dimensional Advection
Diffusion Equation (ADE) model and experimental data obtained from in-situ PET imaging during
core flooding. Traditional core flooding methods usually rely on assumptions that flow within sam-
ples is piston like, possibly leading to inaccuracies during modelling<sup>8</sup>. The use of PET
imaging provides an actual representation of gas flow behaviour and serves as a ground truth point
of reference during history matching. This comparative analysis focuses on determining how the
diffusion coefficient of CO<SUB>2</SUB> in coal changes vis-à-vis coal properties such as initial ad-
sorbate molecules, coal swelling and their effects on gas (particularly CO<SUB>2</SUB>) diffusion
within coal samples.

[<sup>11</sup>C]CO<SUB>2</SUB>was utilised as the PET radiotracer during core flooding exper-
iments to directly image carbon dioxide (CO<SUB>2</SUB>) diffusion dynamics and mechanisms
within coal samples. A 1-D ADE model in MATLAB was then history matched to experimental data
for the purpose of obtaining the diffusion coefficient that best represented what was observed. Ad-
ditionally, X-Ray μCT imaging technology was utilised to obtain high resolution (30μm) images of
the core samples. Machine learning algorithms were then applied to these CT images as a method
of digital image segmentation to obtain a good estimate of sample porosity, further improving the
accuracy of the 1-D ADE model. In-situ PET scans allow for a dynamic observation of gas flow dur-
ing the core flooding experiment as well as a source on which gas diffusion effects can be confirmed
through the use of history matching with a 1-D ADE model in MATLAB and subsequently back cal-
culating the diffusion coefficient of best fit from the ADE model that accounts for key core flooding
parameters such as coal porosity, gas flow rate and type of injected gas.

The results show that stable diffusion coefficients arise when samples are dry and an inert gas (He) is
used as the carrier gas. In the cases of competitive adsorption betweenmethane (CH<SUB>4</SUB>)
and CO<SUB>2</SUB> in samples that were CH<SUB>4</SUB> saturated show a decreasing diffu-
sion coefficient. Diffusion coefficients in CO<SUB>2</SUB> saturated samples were in the order of
100 times lower than in samples that were not exposed to CO<SUB>2</SUB> prior to injection. This
indicates that coal swelling has a significant impact on the ability of gas to effectively diffuse in the
coal matrix. These findings further develop the body of knowledge surrounding CO<SUB>2</SUB>
geosequestration in unmineable coal seams and contributes to the optimisation of CCUS processes
during the transition to low-carbon and renewable energy sources.
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In recent years, machine learning has become more and more widely used in petroleum. Accurate
production forecasting and efficient recovery of shale oil have always been the focus of oil devel-
opment. At the same time, the difficulty of long-term prediction of shale oil production and the
difficulty of parameter tuning caused by the nonlinearity of fracturing parameters are great chal-
lenges. In this study, a GRU-CNN model was proposed to predict the shale oil production in block
M, and the predicted value was in good agreement with the real value, which proved the feasibility
of the model. Then, the model is used to optimize the on-site fracturing parameters, and the simu-
lated predicted production is much higher than the actual on-site production. Then, the GRU-CNN
model is compared with other machine learning models, and it is found that the fit of this model
is the best for both long-term and short-term predictions. The accuracy of the GRU-CNN model
in predicting production and optimizing fracturing parameters makes it a promising model in the
petroleum field. Finally, it is concluded that the fracturing parameters obtained by this model can
improve the production of shale oil.
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CO₂ injection development in shale oil reservoirs, employed for enhancing shale oil recovery and
sequestering CO₂ underground, represents a promising synergy of bolstering oil extraction and envi-
ronmental preservation. With the development of nanoscale core scanning technology, the oil-CO₂
fluid movement characterization in CO₂ displacement under real shale porous media has needed
to be re-cleared. In this research, based on the pore network modeling (PNM), with different pore
structure network extractions in shale of different lithologies. We quantified the pore structure
characteristics and elucidated the effect of the oil and CO₂ flow capacities, and further specified the
mechanism of CO₂ movement to the oil phase.
Firstly, the digital cores of quartz-rich shale, carbonate-rich shale, and high clay content shale were
established using FIB-SEM scanning technology and extracted pore networks to analyze pore spatial
characteristics such as porosity, tortuosity, pore-throat ratio, and coordination number, with differ-
ent lithologies. And further quantified using a generalized extreme value distribution. Secondly, a
modified Young’s equation at the nano-scale was used for capillary pressure correction, which in
turn led to the construction of a pore network model applicable to nano-scale oil-CO₂ flow. Finally,
the microsimulation of oil and CO₂ flow within the three-dimensional shale porous medium was
carried out, the oil and CO₂ relative permeability and phase flow rate under different pore structures
was calculated, and the fluid mobilization mechanism of shale pores was analyzed, which led to the
evaluation of the development effect.
According to the results of the study, quartz-rich shale has the highest coordination number, the
largest porosity, and the best connectivity compared to carbonate-rich shale and high-clay content
shale. Among them, porosity and coordination number are positively proportional to the recovery
rate, while tortuosity and pore-throat ratio are inversely proportional to the recovery rate. The vari-
ation of oil and CO₂ flow capacity is more pronounced in nanopore sizes (especially less than 50
nm) than in micrometer pores. Compared with conventional aqueous media, CO₂ is more effective
in mobilizing crude oil within small pores, increasing oil phase permeability and further enhancing
crude oil recovery with an average recovery of up to 90.1 %.
In this paper, the spatial distribution characteristics and mobilization mechanism of oil and CO₂ un-
der different shale pore structures are analyzed by the pore network modelling for the nanoscale,
which helps to understand the two-phase flow law of oil and CO₂ in shale reservoirs from the micro-
scopic scale.
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The interface between liquid and vapor phases within porous media plays a pivotal role in enhanced
vapor diffusion and water evaporation. The liquid-vapor interfaces can be classified into internal in-
terfaces (pertaining to vapor diffusion) and external interfaces (associated with phase change) based
on their distinct mechanisms. However, the intricate geometric and topological complexities within
these interfaces pose challenges in discerning between their internal and external manifestations,
hindering a comprehensive understanding of heat and mass transfer mechanisms within soil pores.
In this study, a meticulously engineered Hele-Shaw cell integrated with patterned micropillars offers
an innovative approach for comparing interface evolution in pores with diverse patterns. A sophis-
ticated image-processing analysis was employed to accurately compute the evaporation rate of the
pore water from the micromodels. Equivalent lengths were obtained to determine interface areas
at distinct time intervals. Comparison of the continuous recession of the liquid-vapor interface in a
stable micropillar pattern to the air-entry of the internal interface and pinned external interface in
an unstable micropillar pattern provides an approach to quantitatively separate the internal and ex-
ternal interfacial evaporation rates. Furthermore, employing image processing during evaporation
enables the calculation of both global and local interface curvatures. Consequently, a correlation
between the characteristic curvature radius and the averaged interfacial evaporation rate was es-
tablished, consistent with prior experimental findings documented in the literature. The distinction
between internal and external evaporation rates offers a fresh perspective, shedding light on the
mechanisms that drive enhanced evaporation and diffusion within porous media.
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Abstract
Gas-liquid phase separation based on the porous media is vital for the stable operation of rocket en-
gines in microgravity. To reveal the mechanism of nonisothermal phase separation with the porous
media, a pore-scale numerical simulation is conducted to investigate the gas breakthrough at the
porous array structure. Liquid oxygen and oxygen vapor are taken as the working fluids. The phase-
field method is adopted to capture the gas-liquid interface. The influences of the inlet temperature
and solid-liquid heat transfer on the flow characteristics are investigated. The results show that the
bubble size increases rapidly under superheated inlet temperature when compared to that under
subcooled inlet temperature. Without considering heat transfer, the critical pressure increases with
the increase of the inlet temperature. Under subcooled inlet temperature, the condensation rate is
reduced with the increase of the heat flux, and even the evaporation rate is stronger than the con-
densation rate. The bubble breaks into small daughter bubbles easily under high heat leakage due
to the increasing size. The transit time is dependent on the bubble behavior, which is related to
the driving pressure, inlet temperature, and heat leakage. The synergetic effect of inlet temperature
and heat flux on the critical pressure shows that the critical pressure is more dependent on the inlet
temperature when compared with the heat leakage.

Keywords: cryogenic propellants, phase change, porous structure, critical pressure, phase-fieldmethod
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Carbonate reservoirs are a significant part of global energy systems. Acid stimulation is a com-
mon treatment technique for the effective development of carbonate reservoirs, in which the acid
solution is utilized under the formation fracture pressure to dissolve a low-permeability matrix and
connect isolated fracture and vug increasing formation permeability while bypassing damaged do-
mains around the wellbore. In this work, the classical two-scale continuum model is modified and
further extended to improve the accuracy and precision of the model to simulate the acid stimulation
process. The mass conservation equation of the acid fluid is modified to consider mass conversion
between acid fluid and solid matrix. The Naiver-Stokes-Darcy equation is employed instead of the
Darcy equation to comprehensively consider the interaction between acid fluid and the damping
effect of porous media on fluid momentum transfer. Furthermore, the modified two-scale contin-
uum model is also extended to consider the energy change within the acid stimulation system and
the mineral composition of the actual carbonate rocks. The pore-scale model is modified to capture
the more realistic change of core properties and the influence of pore structure on acid transport
processes. Eventually, the two-scale continuum is developed to consider the mass, momentum, and
energy changes during the acid stimulation process and the mineral composition heterogeneity. The
finite volume method and sequential decoupling algorithm are used to numerically solve and decou-
ple the governing equations on staggered grids. In particular, the improved velocity-pressure double
decoupled Mac (marker and cell) algorithm is employed to discretely solve the mass and momentum
conservation equations of acid fluid, which can overcome the incompatibility of boundary conditions
and the inability to consider the solid matrix heterogeneity with direct use of classical Mac algorithm.
The porosity and mineral mass fraction are combined as proxy variables to solve the mass conser-
vation equation of individual solid components. Apart from pore volume to breakthrough (PVBT),
acid mass to breakthrough (AMBT) is also added as an evaluation variable to study the influence of
the defining variable of pore volume to breakthrough and the acid injection concentration on the
acid stimulation results. Based on the developed two-scale continuum model, the changes in mass,
momentum and energy in the acid stimulation system are studied in detail. A series of numerical
cases are presented to discuss different processes influencing acid stimulation, including convection,
diffusion, and reaction and different models, including classical and new two-scale continuum mod-
els. A comprehensive parametric study is also conducted to study the effect of parameters with
respect to acid and rock physical parameters on the acid stimulation process. Besides, the two-scale
continuummodel is also used to study the acid stimulation process in two typical core-scale isolated
fracture and vug porosity systems.
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Hydrate-based CO2 sequestration in subsea sediments is a promising way to reduce carbon emis-
sions. However, current studies mainly focused on lab experiments and lacked long-term and field-
scale feasibility analysis. Here, we developed a novel multi-field coupled simulator CO2_HYD based
on the state-of-art TOUGH + HYDRATE code to study the evolution of multiphase and multicom-
ponent seepage during sequestration and effect of hydrate formation on sequestration performance.
Then we verified the feasibility of this sequestration method in South China Sea at field-scale and
quantitatively analyzed effects of key geological parameters (i.e., permeability, salinity and thermal
conductivity) on sequestration performance. Results revealed that CO2 component exists mainly as
liquid and dissolved phases during CO2 injection, with very little hydrate formed above the injec-
tion interval due to the high-temperature area around the well. After the end of injection (t > 5 y),
the temperature around the well decreases rapidly, and a large amount of hydrate forms and gradu-
ally expands to form a low-permeability cap. At t = 100 y, the mass fraction of liquid CO2 is ~17%,
dissolved CO2 is ~41%, and CO2 in hydrate phase is ~42%. The phenomenon of massive hydrate for-
mation during sequestration which greatly restricts upward CO2 migration verifies the long-term
stability of hydrate-based CO2 sequestration at field-scale. In addition, permeability, salinity and
thermal conductivity all have significant impacts on the sequestration performance. The conversion
of liquid CO2 to CO2 hydrate decreases with increasing permeability and salinity, and increases
with increasing thermal conductivity. Our work provides confidence for on-site implementation of
hydrate-based CO2 sequestration, and offers guidance for target area selection and sequestration
scheme optimization.
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Geological carbon storage is a promising and feasible technique for greenhouse gas mitigation. To
improve CO2 storage efficiency and develop monitoring techniques, it is important to know the CO2
flow behavior and capillary trapping mechanisms in subsurface rocks. Clay minerals, often found in
sandstone, may exert a vital impact on the displacement process. However, the diversity of rock com-
ponents, notably clay minerals, has been consistently overlooked in previous studies. In this study,
we presented a new concept, namely, digital rock physical chemistry, by integrating molecular-scale
and pore-scale simulations to investigate CO2 residual trapping mechanisms in porous systems, for
high-efficiency geological carbon storage. A digital rock with kaolinite clay minerals is used for the
porous media. The decane, CO2, and their mixtures are used as the fluid to be displaced. The intrin-
sic physicochemical properties, including the fluid viscosity, the fluid-water interfacial tension, and
the fluid-water-mineral wettability at varying CO2 concentrations, are investigated using molecu-
lar dynamics simulation. These molecular-scale properties are then upscaled into a core/pore-scale
system with the help of lattice Boltzmann simulation. The results are summarized into a 3D phase
diagram, which reveals the non-monotonic variations of the initial-residual (I-R) curves across dif-
ferent CO2 concentrations. Although the obtained I-R curves in oil and CO2 displacement exhibit
similar trends, the trapping characteristics, including residual saturation and fluid distributions, dif-
fer. These findings underscore the critical roles of molecular scale interfacial phenomena and rock
surfaces, particularly those related to kaolinite clay minerals, in subsurface multiphase seepage and
geological carbon storage, highlighting the importance of digital rock physical chemistry.
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Acid fracturing is a primary stimulation technique for carbonate reservoirs. Acid selectively etches
hydraulic fractures, forming high-conductivity channels capable of transporting oil and gas under
the influence of normal closure pressures. Numerous fracture acidization models have focused on
factors such as reservoir temperature, acid fluid type, and distribution of carbonate minerals, but
few have explored the impact of non-acid-soluble minerals, such as talc and quartz, on the fluid-flow
and reaction mass-transfer mechanisms within hydraulic fractures in carbonate reservoirs.
This study developed a hydraulic fracture acidization model that considers the influence of non-acid-
soluble minerals, and the model was validated through laboratory-scale API rock plate acidization
experiments. Furthermore, the study extensively discussed and analyzed the effects of non-acid-
soluble minerals on acid etching of fractures.
The results demonstrate that the model effectively captures the acid etching characteristics of hy-
draulic fracture walls containing non-acid-soluble minerals. Non-reactive minerals on the hydraulic
fracture walls influence the flow paths of the acid and the diffusion rate of hydrogen ion, leading
to non-uniform dissolution on the fracture surfaces and the formation of rough fracture faces. Non-
acid-soluble minerals retards the rate of acid-rock reaction, and as their content increases, the extent
of surface dissolution on the fractures gradually diminishes, resulting in a reduction in non-uniform
etching. However, non-acid-soluble minerals can act as a support for the fractures after closure, to
some extent enhancing both fracture conductivity and its sustaining capacity.
This study reveals the impact of non-acid-soluble minerals on the acid etching morphology and con-
ductivity of hydraulic fracture, providing valuable insights for the design of acidizing process design
in carbonate reservoir.
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In-situ conversion technology has emerged as a pivotal method for the exploitation of medium-low
maturity shale reservoirs. Upon thermal stimulation of the shale reservoir, there is a notable con-
version of unconverted kerogen and undischarged heavy hydrocarbons into valuable pyrolysis oil
and gas. This is a thermal-fluid-solid multi-field coupling process, accompanied by the expansion of
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existing fractures and the generation of new ones, resulting in changes in the pore structure and me-
chanical properties of medium-low maturity shale, which significantly affect the seepage of thermal
fluids and the release of pyrolysis oil and gas. In this paper, in-situ conversion experiments under
different pyrolysis final temperatures were conducted on medium-low maturity shale core samples
from the Chang 73 section of the Ordos Basin. The pore structure of shale before and after in-situ con-
version was determined by nuclear magnetic resonance means and the permeability was calculated.
Multiple testing methods were further employed to quantitatively characterize various mechanical
properties. A quantitative characterization model of pore structure evolution and mechanical prop-
erties during the in-situ conversion of medium-low maturity shale was derived through nonlinear
fitting. The results indicate that with the increase in the pyrolysis final temperature, pore space
becomes larger, the porosity and permeability of the medium-low maturity shale exhibit varying
degrees of enhancement, while the thermal conductivity, compressive strength, and tensile strength
decrease. The variation in the rock elastic modulus can be characterized in segments. This study elu-
cidates the response of the pore structure and mechanical properties of medium-low maturity shale
to pyrolysis temperatures, providing a foundational model for the evolution of various properties in
the multi-field coupled simulation of in-situ conversion.
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CO2 oil drive technology is one of the most promising methods to improve recovery in unconven-
tional reservoirs, but it is difficult to achieve CO2 mixed-phase in most of the reservoir conditions,
while nanoparticles can effectively improve CO2 oil drive and reduce mixed-phase pressure, so the
CO2-nanoparticle composite system composed of both has a broader development prospect. In this
paper, we propose to study the mechanism of CO2-nanoparticle composite system for oil repelling
in unconventional reservoirs. Firstly, we analyze the effects of different types, particle sizes and
concentrations of nanoparticles on rock wettability and oil-gas interfacial tension through wetting
angle and interfacial tension experiments under high temperature and pressure. Secondly, the effect
of SiO2 and ZnO nanoparticles on the effect of CO2 oil drive is investigated by micro-visualization
experimental simulation technique to reveal the micro-action mechanism of the composite system
to enhance the recovery of crude oil.
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In this paper, microscopic experimental simulations of multiphase fluid repulsion experiments in
real porous media of reservoirs are carried out on a two-dimensional glass etching model through a
high-temperature and high-pressure microfluidic experimental platform to obtain the contact angle
evolution on the pore walls, the parameters of interfacial tension of the formation and the interaction
between fluids, and establish the parametric relationships of inter-fluidmotion. The results show that
nanoparticles can effectively act on the two-phase interface during microscopic repulsion in porous
media, reducing the interfacial tension and improving the repulsion efficiency. Meanwhile, the di-
ameter of nanoparticles and different nanoparticles have different effects on CO2 repulsion. In this
paper, SiO2 and ZnO nanoparticles are used, and the reduction of nanoparticle diameter improves
the repelling effect; in terms of reservoir properties, the larger the porosity, the better the sealing
effect of nanoparticles, and the more obvious the effect of improving the recovery. By optimizing
the nanoparticle concentration, diameter, gas injection method and injection rate, the recovery rate
can be further improved by 5%-10%.
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In complex fracture networks, dynamic fluid-flow patterns arise already at flow velocities in the
centimetre-per-second (cm/s) range. Yet, these phenomena get ignored or underestimated when
such flows are modelled using Stokes’equation or steady-state approximations of the Navier Stokes
equation (NSE) are used.
Here we apply the Detached-Eddy Simulation technique to solve the NSE in rock fractures, carry-
ing out an investigation of the flow dynamics and flow micro-transitions in particular. Following
verification and validation of this approximative model with data collected from physical flow ex-
periments involving single Y- and X-shaped channel intersections, we have performed transient
simulations on discrete fracture models constructed of tens-of-metre sized natural patterns with
millimeter-wide open fractures. Our new results obtained on highly refined two-dimensional frac-
ture meshes with tens of cells spanning the width of each fracture reveal that fracture flow, that is
typically represented by streamlines and pressure distribution patterns, becomes unsteady at cm/s
velocities. Dynamic eddies emerge at various scales, occupying a substantial volume of the fracture
channels, increasing the tortuosity of the flow and fluid distribution in fracture branches. Associated
pressure fluctuations do not average out at the model scale but are detectable there, possibly reach-
ing magnitudes of ~10% of the total pressure drop across the network. The contribution of inertial
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losses to the hydraulic head gradient across the network is substantially increased with the onset of
non-stationary eddies, confirming that they are the primary source of flow nonlinearity.
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Groundwater contaminated with dense non-aqueous phase liquids (DNAPLs) such as chlorinated
hydrocarbons is difficult to remediate, and the effectiveness of conventional pump treatment tech-
niques is very limited due to its low contaminant solubility. Enhanced in-situ flushing has attracted
widespread attention as an alternative to the use of flushing fluid such as cosolvent and gas co-
injection. It is very important to understand the recovery mechanism of cosolvent and gas co-
injection into polluted aquifers to improve the recovery efficiency of polluted aquifers. In this study,
the removal process of residual PCE in a two-dimensional (2D) micromodel that is used to repre-
sent the porous media with different concentrations of ethanol + CO2 and different flushing rates
was observed by using a camera at room temperature and pressure, and the removal mechanism of
DNAPLs under cosolvent + gas co-injection was preliminarily understood. Firstly, it was verified
that increasing the concentration of ethanol solution could increase the dissolution rate of ethanol
to PCE and promote the dissolution of residual PCE. Secondly, when the ethanol solution and CO2
were co-injected into the micromodel, the residual PCE in the injected CO2 flow channel migrated
out of the micromodel, which also changed the distribution of PCE, but did not reduce the interface
area between PCE and flushing solution in the pore channel. It is well known that the interfacial
area is proportional to the dissolution rate, which means that the injected gas does not inhibit the
dissolution of the ethanol to the PCE, so the remediation efficiency of the contaminated aquifer can
be significantly improved. In addition, a small fraction of PCE remains in contaminated aquifers
that are troubles to remove in the small pore channels or the dead end channels, and are hard to
completely repair with only cosolvent flushing. In the case of co-injection of ethanol solution with
CO2, CO2 cannot enter these channels, but the ethanol solution can be sent into these channels to
contact with PCE, promote the dissolution of PCE, and thus improve the removal rate of PCE in the
aquifer. Finally, different experiments were compared, and it was found that when the injection
flushing rate ratio of 60wt% ethanol to CO2 was 1:2, the removal rate of DNAPLs could be improved
in a short time, and the amount of cosolvent could be saved, so as to obtain the best remediation
scheme, which is of great significance for rapid repair and cost saving in the actual field.
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The geological storage of CO2 has emerged as a critical pathway for decarbonization, where in situ
carbon mineralization in mafic/ultramafic rocks such as basalts is considered the most stable form
of CO2 storage. in-situ CO2 mineralization pilot projects in basaltic formations include the Wallula
project in Columbia River basalt and the Carbfix project in Icelandic basalt. Multiphase flow governs
the invasion and distribution of native brine, carbonated water, and injected supercritical CO2 and
will determine the accessibility and carbonation capacity of reactive mineral pore surfaces during
geochemical processes. As such, what is the mix of injectate or injection scheme that optimizes tons
of anthropogenic CO2 injected (storage) and mineralization capacity (security) for different forma-
tions?
We leverage pore-scale, multiphase computational fluid dynamics (CFD)models, enhanced by experimentally-
and theoretically-informed reactive transport relationships and mineral-fluid wettability values, to
assess the complex interplay between mineral hydrophilicity, capillary trapping, thin films, dissolu-
tion, precipitant nucleation, and mineralization. We simulate various injection schemes, including
supercritical (dry) CO2 invading in-situ brine andwater-alternating-gas (WAG) injection, within sev-
eral representative vesicular basalt samples (including one fresh basalt sample, one from the Carbfix
site, and two from different flow-top zones in the Wallula site). The pore-scale models are informed
by petrographic data of pore morphology (e.g., thin section, SEM, micro-CT), physical-chemical min-
eralization behavior (coupled with PHREEQC), and routine core analysis data. The models are tuned
with different boundary conditions and initial conditions to represent the basalt units in different
locations in the reservoir under the selected injection schemes. For each sample, we quantify crucial
dynamic relationships for geologic storage and mineralization, including porosity-permeability, ac-
cessible reactive mineral surface area, brine-CO2 capillary pressure-saturation (Pc-Sw), and relative
permeability (Kr-Sw) relationships. These relationships are explored as a function of native basalt
groundwater composition, mineral-specific surface area, and the sequence of pore-scale alteration
processes.
The aforementioned dynamic pore-scale relationships are integrated with fluid characterization and
core-scale measurements, including hydraulic tests, helium pyconometry, and NMR measurements.
Results indicate a strong correlation between the location of precipitated nodules and the menisci
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of CO2 bubbles under steady state, depicting a vital role of multiphase flow in understanding geo-
chemical processes.
Ongoing efforts involve extrapolating pore-scale functional relationships to gridblock-scale reactive
transport reservoir models (e.g., STOMP and MRST) to refine predictions of invasion depth, carbon
storage and mineralization capacity, with the consideration of evolving accessible reactive surface
area on a larger scale.
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The increasing global climate change phenomenon is aggravated by the emissions of substantial
amounts of greenhouse gases, including carbon dioxide (CO2). Capturing and safely storing CO2
in shale reservoirs not only offers a critical means to attain carbon neutrality objectives but also
bolsters shale oil recovery. However, conventional core experiments encounter difficulties in un-
covering the complex intermolecular interaction mechanisms during CO2 adsorption processes in
shale formations, primarily due to the confinement effect. Molecular dynamics simulation methods
show great potential as a valuable complement to core experiments for elucidating these mecha-
nisms. We have developed a model that considers the multi-component characteristics of shale
oil, such as methane, n-octane, and asphalt, for CO2 huff and puff in calcite pores. The analysis
encompasses a wide range of parameters, including density distribution, molecular number varia-
tions, diffusion coefficients, and intermolecular interactions of each component. Our key objective
is to unravel the underlying mechanisms of CO2 sequestration and its potential to boost shale oil
recovery through huff-n-puff injection techniques. Additionally, we examine the impacts of shale
oil components, CO2 injection pressure, and crude oil extraction pressure. During the injection
stage, CO2 molecules penetrate the pore through diffusion. In the subsequent soaking stage, the
robust interaction between CO2 molecules and the pore walls triggers the release of hydrocarbon
molecules from their adsorption sites on the calcite surfaces. This detachment process is facilitated
by competitive adsorption mechanisms, thereby facilitating the sequestration of CO2. In the pro-
duction stage, hydrocarbon molecules are displaced and extracted, while approximately 14% of CO2
molecules are sequestered within the pores. Notably, methane and n-octane, known for their excep-
tional diffusivity, are extracted in significant quantities. However, due to the alluring interactions
between asphalt molecules and the pore walls, coupled with the pronounced self-attraction among
adjacent asphalt molecules, the recovery of asphalt is minimal, and instead, it gradually undergoes
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contraction. Increasing the CO2 injection pressure, reducing the oil production pressure, and enlarg-
ing the pore size all contribute to the improved CO2 displacement effect. The crucial mechanism for
enhancing shale oil recovery is the ability of CO2 molecules to infiltrate pores with diameters that
are larger than that of CO2 molecules. During this process, CO2 molecules engage in interactions
with crude oil, leading to a decrease in interfacial tension and viscosity, along with the extraction
of lighter components. Consequently, the combined effects of CO2 diffusion, dissolution, and com-
petitive adsorption work synergistically to augment the recovery of shale oil. This study establishes
a solid theoretical foundation for the optimal exploitation of shale oil resources and the efficient
implementation of CO2 huff and puff technology to enable effective carbon sequestration in shale
formations.
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Obtaining high-resolution 3D images for rock samples is important for the quantitative characteri-
zation of their pore structures and is challenging while preserving samples. But this can be realized
cost-effectively by applying deep-learning multimodal style transfer model via GAN on paired im-
ages with suitable loss functions that helps archive super-resolution and encourage perpendicular
slice continuity at the same time on a given low-resolution 3D image and a few aligned slices of
high-resolution 2D images. We found this approach can be significantly enhanced aided by the
semantic information of slices of the low-resolution 3D image, which encourage the correct discrim-
ination of high frequency information at sub-images. Here we explain our new model in which
the semantic information is employed and show the effects on the reconstructed high-resolution
3D images, in particular, pore morphology with and without using the semantic information on a
synthetic image dataset, and reveal the implication of mis-reconstruction of pores on estimating the
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pore spatial connectivity and flow fields. Our work indicates a direction to improve deep-learning
based super-resolution 3D image reconstruction.
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In cardiac microvascular obstruction (MVO), vessels of the myocardial microcirculation are fully or
partially occluded such that the affected tissue is under-perfused. MVO may result from a catheter-
based removal of a larger thrombus in a coronary artery after a heart attack. During the intervention,
this thrombus may be broken up into small microthrombi, which are washed downstream with the
re-established blood flow potentially occluding vessels of 200µm diameter or less.
Blood perfusion of the myocardium with MVO is governed by the geometry of the myocardial mi-
crocirculation. Both the distribution of vascular branchings at different vessel diameters and the
network topology determine the location of the occluding microthrombi and their effect on blocking
the perfusion downstream of the occlusion. For example, the presence of collateral vessels (vascular
loops) at the level of arterioles may allow the blood to bypass a local obstruction, whereas an occlu-
sive microthrombus in a tree-like topology will block blood flow in the whole downstream region.
Unfortunately, there is only limited knowledge on the geometry of the myocardial microcirculation.
Microfluidic models rely on older histological data [1,2]. Moreover, there is even less knowledge
about the distribution of microthrombi in MVO and whether they are fully occlusive or only semi-
occlusive.
Therefore, we performed an imaging study using propagation-based phase contrast tomographic mi-
croscopy at the TOMCAT beamline of the Swiss Light Source (PSI, Würenlingen, Switzerland) on
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seven samples of pig hearts with and without MVO. These samples were obtained from a large ani-
mal trial with a porcine MVO model using microthrombi that were created by dissecting autologous
arterial thrombi into small fragments of 150-300µm [3].
The imaging data with an isotropic voxel size of 1.625µm is segmented using the nnUnet [4] al-
gorithm, which was trained with manually labeled data. Preliminary results indicate a complex
vascular network with larger arteriolar vessels on the outer side of the myocardial wall (epicardium)
that are branching into ever smaller vessels toward the inner side (endocardium). Furthermore, we
could identify local microthrombi in arterioles of 50µm diameter. It is the aim to use fully automated
segmentation to improve existing microfluidic models of MVO 2 which can help to develop novel
treatment strategies for MVO.
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Deep coal rocks normally have higher gas content compared with shallow to medium-depth coal for-
mations, showing great exploitation potential. However, they generally have complex pore structure
and exhibits poor gas transport capacity under high overburden stress. The utilization of massive
hydraulic fracturing can effectively release the productivity of deep coal reservoir. Nevertheless, the
high overburden stress enhances the rock elasticity. Thus, during fracturing fluid flowback and the
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later long gas production periods, coal permeability loss due to matrix creep deformation in addi-
tion to the effective-stress-induced permeability reduction. Accurate characterization of deep coal
rock permeability is an indispensable step toward precise simulation of gas transport and accurate
assessment of productivity.

Coal permeability is mainly offered by the cleat system. To fully consider the impact of multiple
gas transport mechanisms and creep on coal permeability evolution, this research presents a unified
apparent permeability model based on the poromechanical theory and flow regime correction. Mul-
tiple flow mechanisms, including viscous flow, Knudsen diffusion, desorption, and real-gas effects
are coupled in the single-fracture/cleat flux equation with dynamic viscosity. The fractal theory is
employed for permeability upscaling. Specifically, the dynamic fracture/cleat aperture incorporates
the impacts of desorption-induced internal swelling, full-stage/two-stage creep-induced compres-
sion and fracture/cleat aperture shrinkage depending on the actual stress state.

The proposed permeability model’s results show good agreement with experimental data and can
explain the time-dependent permeability evolution during the full-stage creep process. A newperme-
ability surface concept is established to better illustrate permeability evolution by including the time
dimension. During gas extraction, initially, permeability mainly influenced by the decelerated creep
with the permeability drop gradually slows down. Then, rock creep deformation enters the steady
stage, leading to a slight permeability change. The third-stage permeability evolution is caused by
the accelerated creep that only appears when the effective stress is excessed the yield stress. To
clarify the competitive effects of multiple gas transport and rock deformation mechanisms on deep
coal cleat permeability, a novel controlling mechanism diagram was proposed with three realms for
the creep-dominated region, gas-pressure-dominated region, and the desorption-dominated region,
respectively. The contributions of different gas transport mechanisms on permeability evolution
during different pressure and time scales were further analyzed. Due to the analytical feature, this
model can be easily inserted into fully-coupled numerical simulator to predict deep coal rock gas
production.
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The widespread use of plastics for various applications lead to their inevitable release into the envi-
ronment. The disintegrated microplastics particles may ultimately find their way into the subsurface,
thereby contaminating soil and groundwater. Hence, it is essential to understand the transport be-
haviour of microplastics in soil to protect drinking water wells from contamination. The presence of
natural colloids such as clays in the subsurface are known to alter the transport behaviour of several
contaminants. This study aims to understand the cotransport of clays and microplastics in satu-
rated soil through column experiments and mathematical modeling. Experimental results showed
enhanced transport of microplastics and retarded transport of clays during their cotransport as com-
pared to their individual transport. This contrasting transport behaviour of clays and microplastics
during their cotransport may be due to the competition between them in finding deposition sites on
grain surfaces and also due to the formation of clay-microplastics heteroaggregates which may have
different surface properties than individual clay andmicroplastics particles. The experimental results
were successfully simulated using mathematical model which accounted for clay and microplastics
retention in soil, heteroaggregation kinetics, and heteroaggregate retention in soil.
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A crucial aspect of maximizing hydrogen storage and recovery in aquifers is understanding the
flow dynamics of hydrogen-water. By gaining insights into these interactions at the pore scale, re-
searchers can develop more efficient strategies for optimizing storage capacity and extending the
production life span in aquifers. This progress ultimately contributes to advancing underground hy-
drogen storage technologies for practical applications. This study uses computational fluid dynamics
(CFD) simulation to investigate the impact of flow regime, pressure, compressibility, and hysteresis
on the pore-scale flow patterns of hydrogen-water and recovery efficiency during underground hy-
drogen storage. The findings indicate the hydrogen-water displacement efficiency is significantly
affected by the capillary number. We found that different flow rates are favorable during hydrogen
injection and production, and that a medium flow rate corresponding to specific capillary numbers
canminimize capillary and viscous fingering mechanisms, leading to improved storability and recov-
ery factor. It was shown that the expansion of gas near the outlet of the porous medium alters the
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local flow patterns, specifically at low-pressure systems. This highlights that during low-pressure ex-
periments, this effect may go unnoticed and that can potentially impact the storage and withdrawal
efficiency of hydrogen. Additionally, the research reveals that trapped hydrogen bubbles can create
a “self-cushion effect” during the cyclic process, which is eliminated at capillary numbers higher
than 10^(-4). While no consistent trend was observed for the effects of this phenomenon on the
hydrogen recovery factor, the results indicate a slight enhancement of hydrogen storability in the
3rd cycle due to the self-cushion effect.
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The shale in the Kongdian Formation, Bohai Bay Basin is one of the leading shale oil targets in
China and attracted attention from both industry and academics since the 2010s. Shale oil is known
to distribute in the µm to nm pores in the shale formations. The oil compositions and pore spaces of
shale formations strongly influence the shale oil production behavior for an efficient development.
The four components of shale oil (saturates, aromatics, resins, and asphaltene) and pore space of shale
have been studied separately in many previous researches. However, the combined distribution
of different shale oil compositions in the pore spaces has rarely been studied. To investigate the
storage space of different compositions of shale oil, t, this study combined organic geochemical and
petrophysical methods for core samples of Kongdian Formation. Extracts were collected after the 1st,
5th, 10th, and 30th day of solvent extraction, then analyzed by bitumen extraction and separation
and GC-FID to determine the composition changes vs. time. Shales were collected at the same
time interval to investigate the pore structure changes vs. time by mercury intrusion porosimetry
and nitrogen adsorption. Results show that as the solvent extraction time gets longer, (1) the main
composition of extracts changes from saturates to resins, and saturates gradually become heavier,
(2) the porosity of shale gradually increases, and pore space first mainly increases in the µm-nm
pore, then mainly increase in nm pores. In summary, this study is important to understand the
distribution of different shale oil compositions and provide fundamentally important knowledge in
reservoir evaluation.
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Abstract:
Coal is a porous medium material with a highly developed pore network inside. Nanopores domi-
nate gas adsorption and transport behavior in geological reservoirs. The fractal nanopore structure
of anthracite from the Qinshui Basin were characterized using synchrotron radiation small angle X-
ray scattering (SAXS). Based on the fractal theory of SAXS, the fractal characteristics of nanopores
were obtained by analyzing the scattering data. The results indicate that the nanopores at 10~70 nm
exhibit surface fractal characteristics, with irregular self-similar surfaces. The fractal nanopore struc-
ture of different sizes can be obtained by dividing the logarithmic curve into different regions. The
pores at 10~20 nm, 20~30 nm, and 30~40 nm exhibit surface fractal characteristics, with the greatest
contribution to the surface fractal characteristics of the overall pores (10~70 nm). However, the pores
at 40~50 nm, 50~60 nm, and 60~70 nm exhibit pore fractal characteristics, reflecting the self-similar
pore structure of the nanopores. Compared to the initial state, the surface fractal dimension of pores
at 10~70 nm with CO2 adsorption gradually decreases. There is a negative correlation between sur-
face fractal characteristics and adsorption pressure. From the initial state to 3 MPa adsorption, the
fractal dimensions of pores at 10~20 nm, 30~40 nm, and 60~70 nm decreased by 5.597%, 2.397%, and
8.214%, respectively. CO2 adsorption weakens the fractal characteristics most significantly. The frac-
tal dimensions of pores at 20~30 nm and 50~60 nm exhibit fluctuations under different adsorption
pressures. CO2 adsorption has a relatively small impact on the fractal nanopore structure. Specifi-
cally, the pores at 40~50 nm with CO2 adsorption have the maximum fractal dimension (up to 2.97)
and remain constant. It is difficult to alter the self-similarity of pore structure between 40~50 nm for
CO2 adsorption.
Key words: Coal; Nanopore; CO2 adsorption; SAXS; Fractal
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The rapid decline in production from shale gas wells necessitates the implementation of infill drilling
and refracturing technologies to effectively utilize the remaining reserves. These techniques are
crucial for maintaining long-term stability and increasing production in gas fields. As reservoir de-
pletion occurs and water injection is implemented, geo-mechanical parameters such as reservoir
pressure and in-situ stress undergo changes. These changes lead to distinct fracture propagation
behaviors between old wells and those that are newly infilled or refractured, significantly impacting
the strategies for future infill well deployment and refracturing operations. To predict the geom-
etry of fractures in refractured and infilled wells with precision, an in-situ stress evolution model
for the entire cycle from hydraulic fracturing to reservoir depletion in shale gas horizontal wells
was established. This model utilizes water injection methods to simulate the injection of fracturing
fluid and adjusts the stress-sensitive curves of fractures and matrix to match the fracturing opera-
tion pressure. It also reconstructs the pore pressure and saturation distribution field post-fracturing,
facilitating further dynamic simulation of post-fracturing production and enabling a comprehensive
depiction of the impact of in-situ stress throughout the entire fracturing and production process.
Research results indicate that the injection of fracturing fluid significantly affects the pressure and
stress variations both inside and outside the fractures, with different patterns of stress changes. The
differential horizontal stress increases inside the fracture, with the maximum increase occurring at
the fracture tips, and decreases along the sides of the fracture, returning to the initial value as the dis-
tance from the fracture increases. If the injection of fracturing fluid is not considered, the differential
horizontal stress decreases both inside and on the sides of the fracture, with a slight increase at the
fracture tips. Under both scenarios, the stress changes during reservoir depletion also differ: overall,
the principal horizontal stress decreases, with the minimum horizontal stress differential occurring
inside the fracture. Moving towards the sides, the horizontal stress differential gradually increases
and then decreases, approaching the initial value. When considering the injection of fracturing fluid,
the changes in stress magnitude are relatively smaller, and the deflection angle of stress direction
is correspondingly smaller. Pre-fracture water injection can significantly restore the pressure and
stress state of the depleted zone, but an increase in injection volume does not necessarily enhance
the fracturing modification effect. Optimizing the injection volume and the well soaking time before
fracturing are key to improving fracturing efficiency.
By utilizing a four-dimensional in-situ stress evolution numerical simulation method that takes into
account the entire cycle of fracturing production in shale reservoir horizontal wells, it is possible to
elucidates the effects of initial fracturing, subsequent production, and water injection on reservoir
in-situ stress. It offers crucial guidance for the design of refracturing in horizontal shale gas wells
and strategic infill well placement.
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The medium-low maturity shale reservoir has been paid more and more attention because of its
huge hydrocarbon generation potential. In-situ underground conversion technology is considered
as a kind of extraction technology that can maximize the utilization of medium and low maturity
shale. Compared with atmospheric water and steam, supercritical water has unique physical and
chemical properties such as low density, low viscosity, good fluidity and strong organic matter dis-
solution ability. As a pyrolysis medium for reservoir, supercritical water can dissolve all kinds of
organic matter, promote the transformation of organic matter and improve the pyrolysis efficiency.
In this study, the supercritical water pyrolysis experiment of Chang 73 medium-low maturity shale
was carried out through the self-constructed supercritical water high-temperature and high-pressure
pyrolysis experimental device. The evolution of pore structure of shale after supercritical water is
systematically analyzed by nitrogen adsorption/desorption and mercury intrusion porosimetry anal-
ysis. The results show that after supercritical water treatment, the specific surface area, pore volume
and average pore diameter of shale increase significantly. Supercritical water as a pyrolysis medium
is conducive to the development of shale pores. After supercritical water treatment, a large number
of unconverted kerogen and undischarged heavy hydrocarbon in the core are cracked into oil and gas
products, and escape from the core matrix to form a large number of organic pores. The expansion
of pores inside shale and the development of effective pores are conducive to the formation of more
seepage channels inside shale, thus increasing the connectivity of shale matrix. The above research
results provide an important theoretical basis for the application of in-situ extraction technology of
shale supercritical water.
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GeoBioMed uses transdisciplinary methods to study kidney stones, focusing on morphology, inter-
nal structure, and porosity using geoscience techniques. We demonstrate the use of X-ray microto-
mography to visualize kidney stone morphology and assess porosity and porous networks. Petro-
graphic analysis and X-ray diffraction helped determine chemical composition.

Our findings indicate a variation in the porosity coefficient of calcium oxalate stones, depending on
the presence of diverse impurities, including calcium oxalate dihydrate and apatite. According to the
GeoBioMed paradigm, these variations correspond to different stages in the development of renal
calcium oxalate stones. Initially, the stones exhibit significant heterogeneity; however, as crystal-
lization and dissolution processes progress, they evolve into a more homogenous, monolithic form
predominantly consisting of calcium oxalate monohydrate. Figure 1 illustrates these morphologi-
cal differences, as revealed by micro-CT and petrographic analysis. Specifically, Figures 1A and 1D
represent pure calcium oxalate monohydrate stones, whereas Figures 1B and 1E depict stones with
a calcium oxalate monohydrate and dihydrate mixture, and Figures 1C and 1F show mixed stones
with substantial proportions of calcium oxalate dihydrate and apatite. Investigations revealed a di-
rect correlation between the heterogeneity of a stone composition and its porosity. Figure 2A and 2B
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depict the pore network in a heterogeneous stone, which includes calcium oxalate dihydrate and ap-
atite inclusions. This network permeates the entire structure of the stone, making its texture spongy.
Conversely, the pore network in stones composed entirely of calcium oxalate monohydrate (Figure
2 C), is less pronounced. However, it still forms channels that extend throughout the entire stone.
Similar channel structures are observed in stones comprising a mixture of calcium oxalate mono-
hydrate and dihydrate (Figure 2D). Combined petrographic and micro-CT analyses further revealed
the existence of minute pores within stone layers, and larger pores in areas enriched with apatite
crystals.

In contrast, the morphology and pore network structure of uric acid stones were markedly differ-
ent from those of calcium oxalate stones. Through micro-CT and petrographic analysis (Figures
3A, 3B), we observed that uric acid stones exhibit pronounced layering, with pores predominantly
located within these layers. The formation characteristics of these stones resemble those of miner-
als that form through nodule growth, such as manganese nodules, characterized by distinct layers
and varying pore diameters along these layers. Figure 4 presents two-dimensional micro-CT slices
and three-dimensional porosity analyses of uric acid stones, revealing dense inclusions of uric acid
crystals surrounded by a less dense, pore-rich mass of uric acid crystals. These pores are primarily
aligned along the clearly discernible stone layers.

In conclusion, our research suggests that porosity may play an important role in the pathogenesis
of urinary stone formation. Porosity not only facilitates fluid transport, aiding in crystallization and
dissolution processes, but also potentially indicates different stages of stone development. Moreover,
stone porosity could influence the efficacy of lithotripsy, rendering it a clinically significant param-
eter. Hence, the phenomena identified in this study provide new perspectives in the investigation
of kidney stones within the GeoBioMed framework.

This researchwas supported by the Russian Science Foundation (grant number #22-75-10100).
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In this study, we present a new version of the multi-level discrete fracture model (MLDFM) for mul-
tiphase flow in complex fractured systems with features present at various scales. In MLDFM, two
levels of unstructured grids conforming with each other are constructed. In a fine-scale grid, both
large and small features are represented in conformal DFM manner, and in a coarse grid, only large
fractures are conformable depicted. The small-scale features in a coarse grid are dynamicly upscaled
as a third continuum similar to the Dual Porosity Dual Permeability model. The DFM treatment
for all fractures guarantees accurate solutions for simulations adopting fine-scale grid but unavoid-
ably increases the computational burden. In this work, we developed a computational framework,
where the conformal DFM is used to capture the small-scale flow response and homogenize it to the
coarse-scale unstructured model applied for forward simulation. An adaptive local-global upscaling
formalism is employed to couple the two scale solutions. In detail, we generate local boundary condi-
tions in the fine-scale domain following the basis function interpolation approach and subsequently
resolve the flow response. Then, we update the transmissibility for the triple continuum model
through the dynamic flow-based upscaling method. Finally, we test the MLDFM approach for sev-
eral realizations of complex multi-scale fracture systems against fine-scale solution, The simulation
results demonstrate the exceptional accuracy and performance of the proposed method.
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Bubble growth and induced flow characteristics in porous media
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The release of trapped bubbles from dead-end porousmedia filled with nonvolatile liquid holds exten-
sive applications in gas‒liquid reactors, CO2-assisted srteam flooding, ceramic sintering, and droplet
microcarriers. Since traditional pressure-driven flow fails to induce bubble transport in dead-end
pores, this study investigates the potential use of heating to control the release of bubbles from dead-
end porous media. This study addresses the issue of bubble retention in dead-end porous media and
designs various microfluidic chips with different porous structures, including upward sparse and
downward dense, upward dense and downward sparse, and isotropic porous media. The porosity of
the sparse and dense regions is 0.7355 and 0.8718, respectively. Using CO2 as the gas and dimethyl
silicone oil as the liquid, a self-built Micro-PIV visualization experimental system is employed to
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investigate the influence of porous media pore structures on the growth and release of bubbles, as
well as the induced flow field patterns under heating conditions. The results show that an increase
in temperature leads to the transfer of dissolved gas to the bubble, resulting in an increase in bubble
pressure, which serves as the driving force for the bubble to pass through the pore throat. Under
heating conditions, changes occur in the surface tension of the gas-liquid interface and the viscos-
ity of the liquid phase, while capillary pressure is a key factor for the bubble to pass through the
channel. Blockage occurs when the bubble interface capillary pressure is less than the threshold
pressure and breakthrough happens when it is greater. The structure of porous media with dense
upper and sparse lower regions impedes bubbles from entering low porosity zones, reducing the coa-
lescence probability. Conversely, the structure with sparse upper and dense lower regions increases
the coalescence probability, facilitating bubble expulsion. When bubbles seal pores, their continuous
growth causes the liquid velocity of corner film flow to rise. During bubble release, the surrounding
liquid accelerates to fill the original space, causing a simultaneous transition that induces vortices
along the microcolumn walls.
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Colloidal gas aphrons (CGAs) are layered microbubbles with sizes between 10 and 100 μm and a gas
fraction of 40-70% 1. CGAs can enhance contaminant removal from soil and aquifers due to their
low environmental impact, high surface area, versatility, and stability as an alternative to surfactant
solutions and conventional foams. Hence, it can physically remove organic contaminants and heavy
metals and deliver chemical additives, microorganisms, and oxygen to polluted zones 2.
Prior studies have investigated CGAs’ stability and the effect of surfactant-polymer concentrations,
salinity, and the impact of stirring rate and time were previously studied at the bubble scale [3], [4].
However, a complete understanding of CGAs’ stability and the effect of various physicochemical pro-
cesses on stability at the interface, specifically at the molecular level with and without contaminants,
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still needs to be made clear. In addition, understanding the relationship between the interaction of
molecules and bubbles requires further elucidation.
This study aims to address the knowledge gap by performing experimental research on the stability
of CGAs at a bubble scale and the impact of various surfactant-polymer concentrations. Addition-
ally, to numerically investigate the interactions between CGA components at the atomic level via
molecular dynamics (MD) simulations.
The experimental process involves generating CGAs using a base fluid designed by a specific con-
centration of xanthan gum (XG) polymer in demineralized water by mixing with a digital overhead
stirrer at 8000 RPM for 20 minutes [5]. Then, a concentration of sodium dodecyl sulfate (SDS), a sur-
factant, was added to the base fluid andmixed at the same rotation speed for twominutes to generate
CGAs. We performed CGAs with various concentrations for the surfactant (1–10 CMC) and polymer
(1000–10,000 ppm). CGAs’ bubble size variation was investigated using a Zeiss digital microscope
with a charge-coupled device (CCD) camera [6]. The images were analyzed using “ImageJ” software
to determine bubble size distribution as a function of time. MD simulations are conducted based on
similar surfactants, polymer segments, and water fractions using the GROMACS software.
As a result, the concentration of polymer and surfactant are the main factors affecting the stability of
CGAs. At polymer concentrations starting from 6000 ppm, optimal stability and a decrease in bubble
size are observed. As the polymer concentration increases, the effect of surfactant concentration on
the size distribution of CGA bubbles decreases. As polymer concentration increases, smaller bub-
bles result from decreased air penetration caused by increased base fluid viscosity. Moreover, MD
simulations revealed the intermolecular interactions among polymer segments, surfactants, and wa-
ter molecules and the detailed interfacial structure. This study concluded that selecting the optimal
concentrations of the polymer and surfactant is necessary based on the results of bubble stability
testing and MD simulations.
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considering fracture closure
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Tight reservoirs have low permeability, poor reservoir physical properties and strong inhomogeneity.
Complex fracture networks with strong stress sensitivity are formed by volume fracturing, which
leads to the difficulty of predicting the productivity of tight reservoirs. The semi-analytical solution
improves computational accuracy and shortens computational time, and overcomes the problems
such as the huge computational system of numerical simulation. Therefore, this study establishes
the mathematical model for the productivity of fractured horizontal wells in tight reservoirs. This
model which applied the source-sink theory, Green’s function, and Newman’s product method takes
into account the flow of reservoir, fracture and wellbore, and establishes the coupled flow equations.
Themathematical model are solved by semi-analytical method. the influence of main fracture param-
eters, the fracture closure and the complex fracture on the horizontal well productivity is analyzed.
The results show that the productivity of fracturing horizontal wells is largely influenced by the half-
length of main fracture and the number of main fracture, while the productivity is less influenced by
the fracture spacing and fracture conductivity; the productivity of horizontal wells increases with
the increase of the number of secondary fracture in SRV. the larger the angle between main fracture
and secondary fracture, the greater the productivity of horizontal wells; the productivity is largely
influenced by main fracture closure and is less influenced by secondary fracture closure.

Key words: fractured horizontal well; productivity prediction; semi-analytical model; fracture clo-
sure
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Fluid-rich chimney-like structures characterized by a high porosity and permeability are widely ob-
served in sedimentary basins. Thus, understanding the mechanisms leading to focused fluid flow is
crucial in predicting natural and human-induced fluid leakage, especially in geological sequestration
scenarios. Mechanical and reactive porosity waves provide a mechanism predicting spontaneous
localization of fluid flow within sedimentary, without relying on predefined flow pathways and frac-
ture structures.
In this study, we have developed a coupled hydro-mechanical model that allow to predict the sponta-
neous localization and wave-like propagation of porosity anomalies leading to spontaneous forma-
tion and evolution of high-permeability channels through lithological boundaries with sharp prop-
erties contrasts. The governing equations describe the filtration of pore fluid in deforming viscous-
elasto-plastic matrix. The proposed model considers the generation of (de)compaction-driven leak-
age pathways. We also consider the extension of the model to estimate the effect of reactive fluid
flow on leakage pathways formation. Our numerical implementation relies on Matlab prototype and
GPU-based code using the CUDA-C programming language to resolve flow localization and chan-
nels formation on high resolution solving the coupled hydro-mechanical model at reservoir scales.
Our results provide numerical predictions of fluid-rich chimney formation during geological seques-
tration for different rheological types of rocks and lithology layers. Results are shown as an appli-
cation to the Tornerose and the Snøhvit field in the South-West Barents Sea, and seismic imaging is
used as a proxy for chimney comparison.
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Permeability and capillary pressure curve are important to characterize hydrocarbon-bearing for-
mations. There are several laboratory approaches to estimate such petrophysical properties. Nev-
ertheless, one faces with the range of complications such as uncertainties during laboratory mea-
surements, treating micro- and nano-pore permeability and multi-scale geometry of the pore space,
complex mineral composition.
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Within this work, to provide petrophysical properties prediction we combined laboratory investiga-
tion and one- and two-phase fluid flow simulations using digital rock models. The workflow was
applied for low permeable samples from sandstone reservoir with measured complex mineral com-
position. We utilized the combination of high-contrast µCT scanning technique and Focused Ion
Beam milling with Scanning Electron Microscopy (FIB-SEM) to construct high quality 3D multiclass
digital rock models of sandstone samples. The constructed 3D multiclass digital rock models were
used as an input for simulations of one- and two immiscible fluid flow through such 3D multiclass
porous media and further analysis. Numerical approaches include the direct Navier-Stokes, the Lat-
tice Boltzmann methods. Permeability and drainage capillary pressure curves were experimentally
determined from laboratory measurements on core samples and compared to the simulation results.
Both predicted permeability and drainage capillary pressure curves were in a good agreement with
experimental values.

Acknowledgments: Authors thank the Ministry of Science and Higher Education of the Russian
Federation under agreement No. 075-10-2022-011 within the framework of the development pro-
gram for a world-class Research Center.
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Evaporation from porous media is a key phenomenon in the terrestrial environment and is linked
to accumulation of solutes at or near the evaporative surface. Such accumulation eventually leads
to salinization, soil degradation and weathering of building materials, topics with high economic
impacts. A thorough understanding of evaporation and the associated solute accumulation requires
the development of physical models describing the most relevant processes and their validation by
experiments.
In this context, the current study aims at the understanding of solute accumulation near evaporating
surfaces for model porous media at the cm-scale. Analytical and numerical modelling predict the
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development of local instabilities due to density differences during evaporation in case of saturated
porous media with high permeability, which eventually causes density-driven backflow through fin-
gering [Bringedal et al. TPM 2022]. To experimentally investigate this process, we performed evap-
oration experiments on sand packings with a diameter of 3.1 cm and a height of 4.0 cm prepared
with two types of porous media with 1 M NaCl solution: F36 (medium sand) and W3 (fine sand/silt)
with porosities of 0.37 and 0.39, respectively. The intrinsic permeability of the two packings differed
by two orders of magnitude, i.e. 2.9×10-11 m2 for F36 and 5.6×10-13 m2 for W3. Using magnetic
resonance imaging (23Na-MRI), we monitored the development of solute accumulation and subse-
quent backflow with high spatial (1 mm) and temporal (1 hr) resolution during evaporation with a
continuous supply of water at the bottom of the samples (wicking conditions).
Significant differences between the 23Na enrichment patterns were observed for the two types of
sand. F36 sand produced an initial enrichment at the surface within the first hour, but soon after
a downwards moving plume developed, hence redistributing NaCl back into the column. This was
attributed to density driven backflow made possible by the high permeability. The backflow caused
a good mixing of the solute during the observation period of 120 h. 1D concentration profiles with
depth obtained from the 3DMRI imaging showed that the average concentration reached only 2.5 M,
well below the solubility limit of 6.13 M. In contrast, for fine W3 sand with lower permeability, en-
richment only took place in a shallow near-surface zone of a fewmmwith a maximum concentration
of 5.1 M after 73 hours of evaporation. No fingering occurred although the mean evaporation rate
was similar to that of the F36 sand. These results highlight the major role that porous media proper-
ties play in solute redistribution near evaporating surfaces, which was predicted by theory and now
confirmed experimentally. The findings encourage further investigations involving different porous
media with systematic variation of hydrological properties and the coupling of experimental results
to numerical modelling.
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Yttrium oxide is a promising and poorly studied material for the field of catalysis. It can be used as a
support in catalytic processes such as carbon dioxide reforming of methane and CO2 methanation.
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Predicting changes in the texture of Y2O3 during temperature treatment is an important material
science and a computational task.

In this study, we applied a phase-field approach to obtain an accurate mathematical description of
Y2O3 sintering over a wide temperature range. The general principle of the phase-field method is to
describe physical quantities by a set of continuous fields that take constant values in specific regions
and smoothly change in the interfaces between these regions. In the case of sintering, such areas
are the individual grains of the material. The interface of the microstructure has a finite width along
which the sintering materials move. The Allen-Cahn and Cahn-Hilliard equation system is used to
describe changes in order parameters and mass density distribution.

To verify the mathematical model, yttrium oxide sintering experiments were carried out and data
on the textural and structural properties of Y2O3 were obtained. The developed model makes it
possible to calculate the decrease in the specific surface area and pore volume of yttrium oxide for
pores ranging from 3 to 70 nm and determine the growth rate of Y2O3 crystallites during sintering.
The model allowed us to determine that stepwise heating from 600° C to 900° C and then 1200° C
decreases the specific surface area of yttrium oxide from 54 m2/g to 15 m2/g and then to 5 m2/g,
respectively.

It should be noted that the obtained experimental micrographs of the cross sections of yttrium oxide
samples are in visual accordance with the model images. The approach used in work can be used
to predict the evolution of the textural properties of porous materials (catalysts, sorbents, ceramics)
under high-temperature conditions.

The study was carried out with funding provided by Russian Science Foundation grant number 21-
71-20003
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Physics for freezing temperature depression of solution in porous
media
Authors: Ningning ZhaoNone; Xin Lin1
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Water ubiquitously exists with dissolved salt in both natural and engineered porous media such as
soil, rock, concrete, and tissue, therefore its freezing temperature depression behavior is of particular
interest to various scientific communities tackling with mechanics and physics of porous media. We
devised a series of experiments on the freezing solution in glass tubes with varying tube diameters,

Page 684



InterPore2024 / Book of Abstracts

water volumes, water-solid interfacial areas, cooling rates, ion concentrations, and ion types. The
results reveal two main findings: (a) both the freezing temperature depression of pore water and
pore solution are governed by the heterogeneous ice nucleation (HIN) at the water-solid interface,
as evidenced by the observation that the freezing temperature decreases with decreasing solid-liquid
interfacial areas, regardless of pore diameter and pore solution volume; (b) the dissolved salts alter
HIN processes via changing the osmotic potential across the ice embryo-liquid water interface, as
indicated by the observation that the freezing temperature is mainly determined by the salt concen-
tration irrespective of salt types. Furthermore, the classical nucleation theory model is adapted for
the freezing behavior of pore solution by including an osmotic potential term. The model shows
excellent performance in capturing experimental data with various pore solution concentrations,
further substantiating the HIN as the physical mechanism governing pore solution freezing.
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CO2 flooding technology is currently one of the most promising methods for enhancing oil recov-
ery in unconventional reservoirs, but it is difficult to achieve CO2 miscibility under most reservoir
conditions. Oil and gas contact in large pores is mostly a single contact, and only a small amount
of CO2 is dissolved in crude oil, which is difficult to fully play the role of CO2 in increasing expan-
sion and reducing viscosity, and it may even be too late to extract light hydrocarbons.As a result,
it is difficult to form the displacement belt, the breakthrough time is too early, and the ultimate oil
recovery can not achieve the requirement. As a material to reduce the interfacial tension between
different media, the surfactant can solve the above problems.Aiming at the study on the law of low
permeability reservoir surfactant enhancing CO2 displacement effect and reducing oil and gas mis-
cibility pressure, the porous medium fine tube microfluidic chip which can replace the fine tube in
macro fine tube experiment was prepared. Five ultra-low interfacial tension surfactant, including
ethylene glycol buether, Span-80 and mixed styrene, viscosity reducing agent KD-45A and agent
HA007F, were selected.The effect of various agents on reducing the miscible pressure of CO2 and
crude oil was studied, and the effect of high temperature and high pressure interfacial tension disap-
pearance method was used to evaluate the interfacial tension of CO2 and crude oil respectively.The
experiments include the suspended drop method to measure the interfacial tension at 70℃ and atmo-
sphere pressure, and the high temperature and high pressure microfluidic experiment at 100℃ and
20-50MPa. The results show that adding 0.3% mass concentration reagent to crude oil can effectively
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reduce the interfacial tension of oil and gas, and with the increase of gas injection pressure, the solu-
bility of CO2 in crude oil increases, the degree of miscibility increases, more light hydrocarbons are
extracted, and the oil displacement efficiency can be improved.Among them, ethylene glycol butyl
ether, Span-80 and HA007F agents are the most effective, because at the front end of the oil-gas con-
tact, the crude oil will be bound to the lipophilic functional group of the surfactant, and the other
end, the CO2-philic end, will be bound to CO2 gas. In this way, the polar difference between crude
oil and CO2 will be reduced, the interfacial tension will be reduced, and the macro performance is
that the three phases of oil, gas and surfactant are mixed together to form amiscible oil displacement
belt, which not only enhances the diffusion rate of CO2, strengthens the mass transfer behavior and
extraction rate of oil and gas interface, but also significantly reduces the miscible pressure of CO2
and crude oil, so that the degree of crude oil use will be greatly increased.
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The pore-throat structure of the sandstone reservoir in Xinjiang is mainly composed of intergranu-
lar pores and intragranular dissolved pores. The overall permeability conditions deviate, with a clay
mineral absolute content of 2.93%, indicating a moderately weak water sensitivity. The reservoir
exhibits strong heterogeneity, and the state and mechanisms of residual oil after gas injection are
complex, limiting the effectiveness of reservoir development. In this study, the pore distribution of
rock cores was evaluated through high-pressure mercury injection. Gas displacement experiments,
combined with Nuclear Magnetic Resonance (NMR) technology, were used to quantitatively charac-
terize the gas-driven residual oil distribution at different pore-throat scales. The study analyzed the
dynamicmechanisms of residual oil under different gas injection conditions. The results indicate that
gas injection can alter the distribution pattern of oil phases in sandstone, effectively displacing resid-
ual oil. The recovery efficiencies with different injected gases (such as CO2, CH4, N2) were 40.54%,
37.76%, and 33.6%, respectively. Among them, CO2 primarily utilizes a mixed-phase displacement-
dissolution expansion mechanism, affecting nano-scale pores, especially micro and small pores. The
recovery contributions are mainly from medium to large pores with a radius greater than 0.1 μm, ac-
counting for 93.29% and 99.71%, respectively. CH4 utilizes a mixed-phase displacement-dissolution
extraction mechanism, affecting nano-scale pores, with recovery contributions mainly frommedium
to large pores with a radius greater than 0.1 μm, accounting for 79.21% and 97.19%, respectively. N2
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shows significant effects on medium to large pores, with minimal impact on micro pores. The re-
covery contributions from medium and large pores are 70.18% and 85.07%, respectively, while the
recovery contribution frommicro pores is only 3.01%. Increasing the injection pressure from 30MPa
to 40 MPa resulted in a 15.8% increase in crude oil recovery. Simultaneously, the water cut increased
from 20% to 60%, leading to a reduction of around 20% in gas-driven recovery efficiency.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS17 / 854

Investigation of the Effect ofThermal Stresses on Hydraulic Frac-
turing in Geothermal Reservoirs
Author: Abolfazl Ghadimi1

Co-authors: Mozhdeh Sajjadi 2; Mohammad Emami Niri 2; Milad Dastangoo 1

1 Graduate Student, Institute of Petroleum Engineering, School of Chemical Engineering, College of Engineering, Uni-
versity of Tehran

2 Assistant Professor, Institute of Petroleum Engineering, School of Chemical Engineering, College of Engineering,
University of Tehran

CorrespondingAuthors: sajjadi.mozhdeh@ut.ac.ir, emami.m@ut.ac.ir, dastangomilad@gmail.com, abolfazl.ghadimi@ut.ac.ir

Geothermal energy has been widely proposed as a potential green energy resource to replace tradi-
tional fossil fuels. The most ubiquitous form of geothermal energy is found in hot dry rocks which
are usually composed of granite (or other types of volcanic rocks) with very low permeability and
are developed as enhanced geothermal systems (EGS). Hydraulic fracturing is a powerful technology
to increase the permeability, enhance the water –rock contact and maximize the economic potential
of EGS.
Due to the high cost associated with hydraulic fracturing operations, it is important to build reli-
able tools for predicting how the formation will respond to water injection. Numerical modeling of
hydraulic fractures is an important method for studying fracture parameters such as length, width
and fluid leak-off. In enhanced geothermal systems, the typical temperature difference between the
reservoir and the injected fluid can range from 200◦C to 300◦C. As a result, the injected fluid rapidly
cools down the near wellbore area and the resulting thermal contraction generates thermal tensile
stress. This stress reduces fracture breakdown and extension pressure. Increase in injectivity near
injection wells resulting from thermal contraction has been reported by researchers [1, 2] at the be-
ginning of the injection process.
Hydraulic fracturing is widely used for improving permeability in hydrocarbon reservoirs [3], haz-
ardous solid waste disposal [4, 5], for leaching processes and fault reactivation in mining [6], and soil
and groundwater remediation [7] aswell. The studies have shown that even for such non-geothermal
applications, cryogenic effects help to reduce the water consumption, formation damage, and the en-
vironmental impact of water-based fracturing [8].
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Modeling of thermal stresses in hydraulic fracturing requires coupling of hydro-thermal physics
with fracture mechanics. In this study, a more accessible method than developing a complex finite
element code for this purpose has been proposed. Hydraulic fracturing was modelled by creating a
three-dimensional model using Abaqus software, and thermal effects were incorporated using heat-
sink boundary conditions. The results were validated against analytical and experimental studies.
Investigation of the influence of thermal properties of rock and the hydraulic fracturing design pa-
rameters, on fracture geometry and pressure showed that the temperature difference between rock
and injected fluid, thermal expansion coefficient of rock, and thermal conductivity of rock are the
most significant factors in defining hydraulic fractures’geometry and fracking pressure in geother-
mal reservoirs. In general, hydraulic fractures exhibit greater opening and less extension under
thermal stresses compared to non-thermal fracturing processes.
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Two-phase flow in porous media has applications in various fields of science and engineering, such
as oil and gas reservoirs, but also in areas such as geological CO2 sequestration, subsurface hydrogen
storage, and soil science. In continuum engineering, momentum balance is modeled by Darcy’s two-
phase law, which is phenomenological in origin and depends on input parameters such as relative
permeability and capillary pressure saturation functions. These parameters are difficult to measure
and are often determined by Digital Rock Physics (DRP) at the pore scale of the porous medium. In
the latter case, the fluid distribution and thus the flow depends on the exact pore morphology. The
main uncertainties lie in implementing the wetting properties of the mineral surfaces to the fluid
phases. Recently, it has been shown that the morphological method in DRP is a suitable method for
simulating relative permeability curves, especially for fluids with a clear wetting preference such
as CO2 (non-wetting phase) to mineral surfaces in an aqueous environment. Furthermore, it has
been shown that the trapping potential depends on the exact process, especially the degree of forced
imbibition.
In this study, we carefully analyze wetting properties, especially contact angles, using existing ex-
perimental data from literature. We compare those two-phase flow experiments with simulations
conducted using the morphological method on their corresponding digital twins. Our goal is to
understand the complexities of wetting properties and how the contact angle influences how fluids
behave in porous materials. Our aim is to improve our understanding of different wetting behaviors
and how to improve their implementation into DRP.
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Understanding the intricate pore structure of shale rocks across scales, from nanometres to microme-
tres, is crucial for optimizing the recovery of natural gas, geothermal energy, and potentially en-
abling future CO2 sequestration and subsurface hydrogen storage. This study leverages Small Angle
Neutron Scattering (SANS), a non-destructive technique, to precisely characterize pore properties in
Australian shale samples. By employing contrast matching experiments, we probe the accessibility
of these pores to deuterated methane (CD4).
Our in-situ SANS experiments, conducted on carefully chosen shale samples with diverse thermal
maturities and organic carbon contents, reveal how stress and fluid pressure influence the overall
pore structure. Notably, we observed that:
• Nanopore gas confinement exhibits sample-specific behaviour.
• Applying pressure to methane (CD4) at 500 bar induces condensation within accessible nanopores
(diameter < 10 nm), resulting in the scattering length density (SLD) of confined methane exceeding
that of the shale matrix by more than twice.
• Uniaxial stress, mimicking hydraulic fracturing pressure, enlarges some smaller pores and poten-
tially even forms larger ones through coalescence, while expelling confined methane.
These findings provide valuable input for advanced modelling and simulations, enabling us to bridge
the gap between submillimeter-scale laboratory data and reservoir-scale behaviours. This paves the
way for optimizing resource extraction and developing novel strategies for geological storage of
critical elements.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

Australia

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

MS19 / 858

Analyzinguncertainties of the instability of the anode /electrolyte
interface in solid state batteries
Authors: Ben Mansour Dia1; Guy Olivier Ndjawa2

1 CPG, KFUPM
2 King Fahd University of Petroleum and Minerals

Corresponding Authors: diabenmansour@gmail.com, g.ngongangndjawa@kfupm.edu.sa

Modern batteries must meet stringent performance standards to qualify for use in technological
solutions that seek to address current global environmental challenges. Such batteries should ex-
hibit high energy densities, fast charging, and long cycle lives while maintaining a high degree of
safety. Solid-state batteries (SSBs) exploit high-capacity anode materials such as Lithium or Sodium
metal and are expected to deliver high standards that meet the stringent needs of long-range elec-
tric vehicles and large-scale renewable energy storage. However, stability in these devices presents
important challenges. The interface anode/electrolyte interface is home to structural imperfections
that lead to heterogeneous stripping and plating during cell cycling, significantly reducing cell ca-
pacity and compromising cell safety. Although numerous studies have attempted to shed light on
the root causes of inhomogeneous electrochemical processes at metals anodes in SSBs, the detailed
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atomistic processes that lead to ubiquitous dendrites growth in metal anodes are not well elucidated.
Critically lacking is the detailed understanding of the thermodynamic driving forces that lead to
such degradation at the atomistic level.
We analyze the forward propagation of the imperfection parameters that are susceptible to highly
defeat the stability of the anode/electrolyte interface. The imperfections in inputs are parametrized
as random variable and Monte Carlo method and sensitivity analysis approaches allow a better un-
derstanding of Lithium plating and stripping behaviors.
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In the prevailing context of the 21st century, characterized by a predominant reliance on oil and gas,
or in the promising future where green energy shapes a human society committed to net-zero emis-
sions, the role of underground fractured formations in energy production (geothermal) and storage
remains pivotal and irreplaceable. In the past decade, hazardous consequences of failing to predict
the geomechanics behaviors of fractured formations has led to a pronounced focus on developing
simulation strategies that are both accurate and efficient for subsurface fractured formations.
As a widely used simulation method in fracture mechanics, the extended finite element method
(XFEM) provides a precise approach to simulate deformation and fractures propagationwithin highly
fractured media. It is also a convenient strategy as it allows for the use of structured grids. However,
the expensive computational cost of using classical XFEM in the simulation of fracture networks
makes this method not immediately suitable in the geoscientific community.
To resolve this challenge, a multiscale extended finite element method (MS-XFEM) is proposed to
provide a novel approach to simulate the highly fractured subsurface formations accurately and
efficiently. The deformation and fractures propagation are both simulated by interpolating the solu-
tions from a larger yet sparser coarse grid to the original fine-scale grid. This interpolation process
requires the construction of the basis functions matrix. The novelty of this work is to involve the
fractures into basis functions only, thus the coarse scale system is constructed based on a standard
finite element method. More importantly, this construction of basis functions is fully algebraic and
can be updated locally and adaptively for the simulation of propagating fractures. This method has
been implemented and tested to prove its efficiency and accuracy. All test results prove the good
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qualities of solutions computed from MS-XFEM when compared to fine scale XFEM solutions. Ba-
sis functions are constructed successfully with the algebraic method since they capture all different
types of discontinuities. These tests reveal the potential of MS-XFEM in simulating real-world sub-
surface fractured formations.
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Direct liquid fuel cells have become an ideal power source for rapidly emerging miniaturized and
portable electronic products due to their advantages of cleanliness, environmental friendly, high
efficiency, safety, long endurance, and fast “charging”. However, at present, the cathode catalysts
for oxygen reduction reaction (ORR) of such fuel cell are still mainly platinum or platinum-group
noble metals, which leads to the high cost. In addition, these precious catalysts may be poisoned
and inactivated during the operation of the fuel cell, seriously affecting the output performance and
stability.
In recent year, covalent organic frameworks (COFs) have emerged as a potential materials for en-
ergy storage and electrochemistry conversion due to their high porosity, atomically precise struc-
tures and designable topological architectures. Thus, COFs material was synthesized in this study
to serve as the support for FePc by facilely sovolthermal process, forming highly active Fe-N-C cat-
alyst to boost ORR in direct formate fuel cell (Fig. 1a). Different load of FePc into COFs (Fig. 1b)
was investigated and one could see that the most active COFs-supported catalyst (FePc1@COFs5)
exhibited higher onset potential of 0.929 V (vs. RHE) and half wave potential of 0.862 V (vs. RHE)
than that of commercial Pt/C (0.928 and 0.845 V (vs. RHE)) (Fig. 1c). Further, the direct formate
fuel cell with FePc1@COFs5-coated cathode also archived higher power density and limiting cur-
rent than that with Pt/C catalyst (Fig. 1d). The facile synthesis process and high performance of
COFs-supported catalyst broaden the development for COFs application in electrochemistry energy
conversion.
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Fig. 1 (Seen in attachment) (a) Schematic illustration of membrane-free direct formate fuel cell with
Pd-deposited Ti mesh anode and COFs-supported catalyst-coated air cathode, (b) Fe content in differ-
ent samples, (c) Linear sweep voltammetry scanning for different samples in 0.1 M KOH by scanning
rate of 10 mV/s, (d) power density curves of membrane-free direct formate fuel cells with 2 mg/cm2
Pt/C-coated cathode and 2 mg/cm2 COFs-supported catalyst-coated cathode.
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Objectives/Scope:
Geological storage of acidic gases can reduce atmospheric emissions of CO2 and H2S, thus serving as
a critical part of low-carbon energy systems. Depleted shale gas reservoirs are good storage candidates
owing to their intrinsic gas storage capacity. However, shales exhibit complex structural characteristics
and abundant micro- and nano-scale pores, where gases primarily adsorb. Consequently, comprehend-
ing gas adsorption mechanisms in shale nanopores is imperative for shale gas geological storage. In this
study, we simulated CO2, H2S and CH4 adsorption in organic/inorganic shale nanopores under vari-
ous pressures using grand canonical Monte Carlo (GCMC) simulations. We calculated their adsorption
quantities and selectivity coefficients under assorted conditions and analyzed competitive adsorption.
This work elucidates shale gas adsorption from a molecular perspective and lends insights into storage
assessments.Methods/Procedures/Process:
We constructed molecular models of shale nanopores with diverse structures, encompassing hy-
droxylated quartz nanopores and graphitic organic nanopores. We examined CO2, H2S and CH4
adsorption in these pores under various pressure conditions (373.15K). The molar ratio of CO2, H2S
and CH4 was fixed at 4:1:5. CLAYff and Steele 10-4-3 potential models described quartz and graphite
correspondingly, while the TraPPe and Nath force field models represented CO2/CH4 and H2S in-
dividually. Component densities and chemical potentials were computed based on gas composition.
CO2, H2S and CH4 insertions, translations and rotations were conducted over 20 million MC cycles,
equalizing pore gas chemical potentials to calculated values. The first 12 million cycles achieved
chemical potential equilibrium, and the subsequent 8 million cycles collected gas distribution data.
The Langmuir-Freundlich adsorption model fitted the isotherms. Competitive gas adsorption was
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examined by quantifying adsorption quantities and selectivity coefficients.
Results/Observations/Conclusions:
Gas adsorption capacities were superior in organic versus inorganic pores across all gases examined.
Graphite ostensibly furnished additional adsorption sites, whereas hydrogen sulfide and carbon dioxide
occupied further sites in quartz nanopores. Therein, CH4 adsorption selectivity was markedly inferior
to CO2 and H2S. Excess CH4 adsorption approached 0 as pressure rose, however excess CH4 adsorp-
tion in organic pores increased with pressure. H2S displayed the maximal adsorption selectivity coeffi-
cient universally, imprinting the strongest competitive adsorption capacity, which intensified in organic
nanopores. Under certain quartz pore conditions, CO2 adsorption selectivity closely approximated H2S
and exceeded CH4 substantially, unveiling comparable CO2 and H2S competitive adsorption capacities
in inorganic pores given natural gas presence in reservoirs.Applications/Significance/Novelty:
This study elucidates the competitive adsorption between acidic gases and natural gas in depleted
shale gas reservoirs from amolecular vantage, thus facilitating augmented comprehension of CO2/H2S
adsorption mechanisms in natural gas-laden formations while steering acidic gas geological storage
in shale.
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Numerical Simulation Study of Hydrogen Storage Critical Factor
in the H Gasfield
Author: Xueling MaNone

Corresponding Author: 2803790013@qq.com

To address the issue of seasonal imbalances in supply and demand for renewable energy, under-
ground hydrogen storage has become a crucial technology for balancing the energy structure and
promoting diversification in energy utilization. Although the study of the permeation characteristics
of the hydrogen-rock system is gaining attention, the understanding remains insufficient. Addition-
ally, the cap rock plays a crucial role in sealing capacity and exhibits potential microbial activity
and geochemical reactions in the underground environment. The byproducts and effects of reac-
tions impact the hydrogen recovery rate, hydrogen purity, cap rock corrosion, and plugging. This
study conducts a numerical simulation research on the hydrogen storage process in H gas reservoirs.
Based on the geological model of the H gas reservoir, a fluid PVTmodel is established. The numerical
simulations include studies on capillary hysteresis, wettability, geochemical reactions, and microbial
reactions, investigating their impact on hydrogen injection and extraction efficiency as well as cap
rock sealing integrity. The results indicate that the hydrogen losses within the cap rock caused by
geochemical and microbial reactions can be negligible. The hydrogen reactions occurring have a
minimal effect on the sealing integrity of the cap rock, only influencing a few meters of the reser-
voir. Capillary hysteresis has no significant impact on hydrogen storage efficiency but significantly
affects extraction rates and reservoir pressure. Lowering the temperature can increase the contact
angle of the hydrogen-rock system.
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Feasibility Study on Alkali-Surfactant-Polymer Alternating Gas
Injection to Enhance Oilfield Recovery
Author: shide Yan1

1 Xi’an Shiyou University

Corresponding Author: ysd13201880997@163.com

Currently, most oil fields have entered the high-water-cut development stage, and traditional water
flooding yields low recovery rates, leaving a significant amount of residual oil unexploited. Water
Alternating Gas (WAG) injection has improved the effectiveness of CO2 flooding, leading to an in-
crease in recovery by approximately 10-15%. However, WAG still faces challenges such as uneven
gas distribution, gravity effects, and decreased oil relative permeability.
This paper proposes a method called Alternating Surfactant-Polymer-Alkali and CO2 Gas Injection
(ASPAG) to address the aforementioned issues. The approach involves alternately injecting a solu-
tion of polymer-surfactant-alkali (ASP) and carbon dioxide (CO2) during core displacement experi-
ments to enhance the efficiency of Water Alternating Gas (WAG) injection. The uniqueness of this
method lies in the miscibility of CO2 with the oil phase, the ability of surfactants to reduce oil-water
interfacial tension, and the assistance of polymers in adjusting the reservoir profile.Currently, re-
search on ASPAG is limited, and the following questions remain unanswered: (1) Can the ASPAG
method increase recovery rates? (2) What are the main mechanisms by which ASPAG technology
enhances recovery?
This study conducted five sets of core displacement experiments, comparing and analyzing the dis-
placement effects of water flooding, Water Alternating Gas (WAG), Polymer Alternating Gas (PAG),
as well as Polymer-Surfactant-Alkali (ASP) and Polymer-Surfactant-Alkali Alternating Gas (ASPAG).
The analysis considered various alternating cycles, slug sizes, and injection rates. Simultaneously,
the study delved into the mechanisms behind ASPAG’s enhanced oil recovery. The research also ex-
plored the feasibility of ASPAG in reservoirs with different average permeabilities, heterogeneities,
and fluid compositions. The results demonstrate that: (1) Compared to traditional WAG, PAG, and
ASP methods, ASPAG effectively increases oil recovery rates; (2) The primary displacement mech-
anism of ASPAG lies in the ability of the ASP composite agent to reduce interfacial tension and
improve the mobility ratio of oil and water.
This study aims to provide a comprehensive understanding of the mechanisms behind polymer-
surfactant-alkali-alternating gas (ASPAG) enhanced oil recovery. It introduces a novel technology
applicable to medium to high permeability reservoirs, with the potential for achieving higher recov-
ery rates.

Acceptance of the Terms & Conditions:

Page 695



InterPore2024 / Book of Abstracts

Click here to agree

Student Awards:

Country:

China

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 865

Improving the prediction accuracy of numerical simulation in
high water cut period using dynamic residual oil saturation
Authors: Yifan He1; Yue Wang1

1 CNOOC

Corresponding Authors: wangyue10@cnooc.com.cn, heyifan0@126.com

For oil fields in the ultra-high water cut period (fw>90%), the numerical simulation water cut is
higher than the actual production water cut, which cannot represent the true potential. Water flood-
ing experiments with high displacement pore volume（PV）multiple confirmed that the residual
oil saturation continued to decrease with the increase of displacement PV. The relative permeability
used in conventional numerical simulations is the result of smaller displacement multiples (within
50 PV). A further decrease of residual oil saturation at high displacement multiples (500 or even 2000
PV) will result in larger prediction errors. Since the residual oil saturation is constantly changing
with the development of the oil field, the fine numerical simulation in the ultra-high water cut period
requires dynamic residual oil saturation to improve the accuracy and reliability of model prediction.
In order to solve the above problems, we carried out 2000PV displacement experiment, and a set of
fine reservoir numerical simulation process integrating core experiment, logging, performance and
geological knowledge was established. The following is the detailed workflow:
1)Using 27 sets of 2000PV high-multiple displacement experimental data, combined with the corre-
lation between irreducible water saturation and permeability, the formula for the change of residual
oil saturation Sor with PV number under different physical properties and crude oil viscosity was
established. Comparing the calculation result of this formula with the experimental data not partic-
ipating in the formula fitting, the error is less than 10%.
2)In the process of numerical simulation, calculate the displacement PV multiple of each time step
and bring it into the residual oil saturation expression in step 1, recalculate the interphase infiltration
endpoint, update the interphase infiltration, and perform cyclic calculation.
3)In the ultra-high water cut period, use the logging data of key wells to perform saturation fitting,
modify static parameters, and adjust the final residual oil saturation change formula to complete the
entire history fitting.
Studies have shown that the oil saturations behind the flood is reduced from 0.26 to 0.15. Through
dynamic fitting of residual oil saturation, the fitting effect of the oilfield in the ultra-high water-cut
period becomes better, the remaining oil distribution has changed from the previous understanding,
the sweep height becomes smaller than before, the oil saturation in the flooded area decreases. The
research results have supported the addition of 20 wells in the oilfield, which is expected to increase
recoverable reserves over 10Million barrels.
This paper establishes a time-varying fine reservoir numerical simulation technology in the high
water-cut period. Using dynamic residual oil saturation and fitting process control, the fitting ac-
curacy of the model in the high water cut period is improved, and get deeper understanding of
remaining oil.
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Experimental Study, Model Characterization and Application of
Anisotropic Water Drive Oil Relative Permeability Curve
Author: Yifan He1

1 CNOOC

Corresponding Author: heyifan0@126.com

Thewater-oil relative permeability is the key parameter of reservoir numerical simulation. Tradition-
ally, the core plunger of parallel formation is used to carry out the water displacement oil experiment
and calculate the normalized relative permeability cure. But the reservoir has strong anisotropy, and
single relative permeability curve masks the anisotropy of the actual reservoir, so it is necessary to
establish a new method for testing and characterizing the water-oil relative permeability curve and
apply it in the numerical simulation.
In this paper, a method for testing, characterizing and numerical modeling the relative permeability
curve of anisotropic water drive oil is proposed, and it applied to the analysis of offshore fluvial
facies oil fields. The distribution of residual oil is highly matched with the logging interpretation
results.
1. The representative cube core is intercepted by the wire cutting technology, and the cube holder is
introduced to carry out the water displacement oil experiment in the three directions, and calculate
the relative permeability curve of displacement in each direction (Fig. 1).
2. Based onmineral inversion, a two-dimensional digital core of fluvial facies reservoir is established,
and water displacement oil simulation experiment is carried out when the water flooding direction
and bedding direction are at different dip anglesto determine the characteristics of anisotropic rela-
tive permeability curves of different sedimentary facies (Fig. 2) .
3. In the mathematical model, different groups of anisotropic phase permeability curves are called
for calculation in sedimentary facies different zones, and each group contains three water-oil rela-
tive permeability curves with different displacement directions.
The research shows that the angle between the water drive direction and the bedding affects the
microscopic sweep coefficient, resulting in the different oil displacement efficiency of the phase per-
meability curves in different directions. The Z direction phase permeability curve has the highest
oil displacement efficiency, and the X and Y directions are lower; The difference of displacement
efficiency between the X and Y directions of the phase permeability curves in the high angle oblique
bedding reservoirs is large, but the difference between the X and Y directions of the phase perme-
ability curves in the parallel bedding reservoirs is small; After considering the anisotropic water-oil
relative permeability curve, the vertical and horizontal differences of remaining oil are more obvious.
For the numerical simulation of the actual oilfield, through the comparison of logging interpretation
of 25 passing wells, it is confirmed that the residual oil saturation after the application of this method
is more consistent with the logging interpretation results.
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The innovation of this paper is to propose a method for testing and characterizing the relative per-
meability curve of anisotropic reservoir and its application in numerical simulation.
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AI assisted prediction of Sweep Efficiency of Hydrogen –Water
Displacements in Porous Media
Author: Amirsalar Manouchehri1
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In the present era of escalating global energy consumption, there has been a marked shift in the dy-
namics of energy supply and demand, resulting in significant disparities between these two variables
throughout the year. To address this imbalance, energy storage technologies have emerged as a po-
tential remedy to facilitate the integration of renewable energy sources. Among these technologies,
underground hydrogen storage has received considerable attention as a viable option for large-scale
energy storage. Hydrogen can be stored in various subsurface structures, including aquifers, de-
pleted oil and gas reservoirs, and salt caverns. Aquifers, defined as layers of permeable and porous
rock containing fresh or saline water at considerable depths, are widespread in sedimentary basins
worldwide. Therefore, exploring the potential of utilizing aquifers for hydrogen storage may help
overcome the geographical constraints associated with alternative storage options.
The retrieval of stored hydrogen is a critical consideration that can significantly impact feasibility
assessments and performance projections of the storage process. Factors such as hydrogen dilution
with cushion gas, chemical reactions, and entrapment within the aquifer can lead to reduced hy-
drogen recovery. These phenomena are influenced by pore structure, interfacial properties between
hydrogen and water, and flow dynamics.
Accurate modeling of the injection-production cycles to estimate the residual hydrogen saturation,
and consequently the recoverable amount of hydrogen, necessitates time allocation and multi-phase
flow parameters, often unavailable. As a result, machine learning methods have been explored for
sensitivity assessment and displacement efficiency estimation. In this study, a machine learning
approach was employed to predict the sweep efficiency of hydrogen –water displacement in syn-
thetically designed porous media.
To achieve this objective, artificial porous environments with varying particle size distributions and
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random spatial arrangements were generated and incorporated into the simulation software. A nu-
merical model was developed to simulate displacement processes within these environments. The
simulation results, including the image of the porous medium, and the parameters defining the
displacement scenario such as injection rate, fluid properties, and interfacial characteristics, were
utilized as input data to the algorithm. During the training phase using machine learning, two
approaches based on image processing of the porous medium—Multi-Layer Perceptron (MLP) and
Convolutional Neural Network (CNN)—were employed. The primary goal of both algorithms was
to predict displacement performance and saturation profiles within the porous space. The results
show the aptness of these algorithms for prediction of recoverable hydrogen in terms of the porous
medium’s description and two-phase flow parameters.
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Theunderstanding of themultiphase flow of fluids in porous rocks is important inmany applications,
particularly for oil recovery from petroleum reservoirs due to viscous, gravitational, and capillary
forces. This study examines the spontaneous imbibition process, which is the invasion of the wetting
liquid into a porous solid displacing resident non-wetting fluid by capillary action. In this work, we
present a numerical solution in 1-D using fractional flow theory assuming horizontal displacement
in co-current mode. It can be understood as the capillary analog to the classical Buckley Leverett
solution and is valid with arbitrary fluid viscosities, as well as for capillary pressure and relative
permeability curves dependent on saturation. We measure the saturation profiles as a function of
distance and time with some initial wetting fluid saturation for strongly water-wet, mixed wet, and
weakly water-wet cases. The simulation results obtained using MATLAB Reservoir Simulation Tool
(MRST) show a good match with the results of the analytical solution provided in the literature.
We observed that the fluid propagates with different velocities in non-interacting layers of different
wettability conditions and with different petrophysical properties such as permeability and porosity.
We also examined the effect of the interactions of the layers in two- and three-layered reservoirs on
the fluid flow and saturation front. For a single layered case, using a particular dataset the WWW
(Weakly Water wet) reservoir has a leading front, and the MW (Mixed Wet) reservoir has a lagging
front. However, when both these layers are in interaction with each other, the front of the layer

Page 699



InterPore2024 / Book of Abstracts

which has MWwettability (having a lagging front when non-interacting), has a sharp increase while
the layer which has WWW wettability (having a leading front when non-interacting), the front
has reduced length. Also, in the case of the interacting layers, both fronts are almost at the same
location. The solution can also be used to understand fluid flow behavior when capillary forces are
dominant i.e., after the gas injection stops during the geological CO2 sequestration in the petroleum
reservoirs.
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Hydrogen is a low-carbon fuel that has the potential to contribute to the large-scale decarboniza-
tion of different sectors, including power generation, heating, transportation, and industry. Blend-
ing hydrogen into national gas distribution networks can also help decarbonize distributed carbon
emissions from domestic consumers where carbon capture is not feasible. However, the reliable
and robust operation of a gas network at the national scale would critically require safe and effi-
cient large-scale hydrogen storage. For example, to meet the UK’s seasonal demand and production
variations from intermittent renewable energies, 0.37-1.58 billion cubic meters of hydrogen storage
capacity is required, representing 25-105% of the current UK strategic natural gas storage capacity 1.
This means large-scale repurposing of current storage sites (salt caverns and depleted gas reservoirs)
and developing new sites.

To increase confidence in the large-scale storage of hydrogen in depleted gas reservoirs and saline
aquifers for efficient hydrogen storage, understanding the multiscale flow and trapping mechanisms
of hydrogen is critical. As part of a comprehensive study, cyclic flow experiments of hydrogen in the
Sherwood sandstone reservoir at pore and core scale were performed. Here we share the results of
cyclic core scale flow experiments we performed at reservoir conditions (108 bars and 50℃). Three
sets of flow experiments were conducted. Experiment 1, started with rock fully saturated with H2
and continued for eight injection periods of alternating hydrogen and brine. A similar sequence of
fluids was injected in Experiment 2, however, the injection started with the core fully saturated with
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synthesized formation brine. Experiment 3 was performed to check the repeatability of Experiment
1. In this experiment, four injection periods were considered sufficient.

These experiments are designed to explore hydrogen capillary trapping and relative permeability
hysteresis during cyclic fluid displacements representative of seasonal storage and production of
hydrogen in subsurface reservoirs. The choice of experimental conditions as well as rock sample
and brine composition were informed by wellbore logs provided by the British Geological Survey.
The rock sample selected was Sherwood sandstone with high porosity (~28.5%) and permeability
(~700mD).The mineralogy of the rock type ensured negligible geochemical reactivity with hydrogen
(e.g., the lack of FeS2 - pyrite). This helped us isolate the active trapping mechanisms of capillary
forces. To ensure gravity-stable fronts, hydrogen is injected from the top and brine from the bottom
of the core holder. The alternate injection of hydrogen and brine is then performed until no signifi-
cant change in saturation is observed along the sample (typically 2 pore volumes except for the first
injection period where injection rates were ramped). During each injection period, pressure drops
along the core, hydrogen and brine production and injection rates are monitored. This data was then
used to calculate the average hydrogen saturation and trapped quantity after each brine injection.
The production data is history matched with a compositional model to allow measurement of flow
functions. Hysteresis of relative permeability was observed in all experiments. The change in flow
function trends and trapping provided reliable input to our reservoir scale model.
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The escalating challenge of global warming has intensified the pursuit of effective carbon manage-
ment strategies. In this context, underground CO₂ sequestration, particularly in deep saline aquifers,
emerges as a promising solution, offering a safe and substantial storage capacity for captured car-
bon emissions. This study provides an in-depth pore-scale investigation into the phenomenon of
salt precipitation during CO₂ storage in saline aquifers, a critical factor affecting the efficiency and
sustainability of CO₂ sequestration.

Our research embarked on an extensive exploration of the processes and impacts of salt deposition
within pore spaces, which occurs when CO₂ is injected into saline aquifers. This deposition is capable
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of altering the petrophysical characteristics of the formation rock, potentially decreasing permeabil-
ity and triggering pressure build-ups, thereby impeding the CO₂ injection process. To address this,
we developed a sophisticated high-pressure, high-temperature µ-CT core flood experimental appa-
ratus. This setup, featuring an X-ray translucent core holder, facilitated in-situ 3D imaging of flow
dynamics under conditions resembling those in natural subsurface environments.

We meticulously studied the structural changes in a Doddington sandstone sample, saturated with a
highly saline brine, under conditions that simulate typical saline aquifers (90 bar and 50℃). The use
of µ-CT imaging allowed us to observe the precipitation mechanisms and assess their impact on the
pore structure and flow dynamics within the rock. This investigation revealed a significant porosity
reduction, particularly around the injection point, leading to a substantial decrease in the effective
CO₂ permeability of the sample.

In addition to structural analyses, our study delved into the primary forces driving salt precipitation
within the pore spaces. The interaction of viscous displacement, evaporation, and capillary move-
ments dictated the drying patterns, which are integral to pinpointing the locations of salt accumula-
tion. Notably, while some regions exhibited a decline in effective CO₂ permeability, others showed
an increase due to the formation of new CO₂ pathways as a result of brine evaporation.

Our results indicated a general reduction in porosity by up to 11% from the initial value. This de-
crease, although seemingly moderate, had profound implications for the CO₂ storage capacity of the
rock sample. The time-series analysis of the sample’s internal structure uncovered a non-uniform
salt distribution, with pronounced accumulation near the inlet. This heterogeneity in salt distribu-
tion is particularly crucial for understanding and predicting CO₂ injectivity over time.

Furthermore, the study brought to light the dynamic nature of salt redistribution within the pore
space. Under the influence of the CO₂ drag force, precipitated salts tended to migrate, accumulating
within pore throats and potentially impacting the long-term efficacy of CO₂ storage.

In conclusion, our research offers a comprehensive pore-scale perspective on the dynamics of salt
precipitation during CO₂ storage in saline aquifers. The insights gained from this study are instru-
mental in enhancing our understanding of subsurface CO₂ storage mechanisms.
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CCUS-EOR (Carbon Capture, Utilization, and Storage- Enhanced Oil Recovery) has been used suc-
cessfully in the field of exploration and development. However, there is less use of CCUS-EGR
(Carbon Capture, Utilization, and Storage- Enhanced Gas Recovery) in various countries. CO2 (car-
bon dioxide) has certain advantages in improving the recovery rate of natural gas reservoirs. (1)
Injecting CO2 into the formation is helpful to increase formation pressure and supplement forma-
tion energy. (2) CO2 has greater viscosity and density than CH4 (methane), which is beneficial to
the mobility ratio of displacement. (3) CO2 and CH4 are both supercritical under formation con-
ditions and are more likely to be miscible. (4) CO2 mixes with formation water to form carbonic
acid bridge plugs with greater viscosity, which is beneficial to slowing down water invasion. (5) The
adsorption potential of CO2 in the formation is greater than that of CH4, so it can replace CH4 in
the reservoir. However, CO2 displacement gas reservoirs also have many problems. (1) The rapid
breakthrough of CO2 makes the recovery efficiency of water-containing gas reservoirs less effec-
tive. (2) The long-term interaction mechanism of CO2-formation water-rock and its impact on rock
structure are not clear. (3) The mechanism of fault activation and fracture extension induced by CO2
injection is unclear. At present, numerical simulations to evaluate the EGR effect focus on shallow
and middle-layer tight sandstones to evaluate CO2 injectability, gas injection rate, gas injection pres-
sure, breakthrough time, and recovery degree. There are few studies on EGR in deep and ultra-deep
carbonate rocks. This study establishes a dual-pore dual-permeability mechanismmodel to optimize
the technical development strategies for EGR in deep carbonate reservoirs with developed fractures
and cavities, such as well pattern, injection pressure, injection rate, and recovery degree. The in-
fluence of reservoir fracture development and gas injection location on gas channeling is studied.
The influence of CO2-water-rock reaction and gas adsorption and diffusion on seepage should be
considered as much as possible in the simulation. The distribution and variation of gas component
concentration during CO2 displacement of CH4 in different types of reservoirs are studied. The
influence of geological factors such as the degree of fracture and cavity development and fluid prop-
erties (influenced by temperature and pressure conditions) such as fluid viscosity on the EGR effect
is summarized.
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The low salinity water-flooding technique in enhanced oil recovery (EOR) has the potential to al-
ter the equilibrium of the initial crude oil/brine/rock (COBR) system, enabling further mobilization
of oil within porous media. However, uncertainties arise, particularly with realistic crude oils con-
taining polar components and highly reactive rock surfaces. While extensively demonstrated in
sandstones and some carbonates, its application faces significant challenges when dealing with car-
bonate reservoirs, especially chalk formations. Chalk reservoirs present hurdles due to their low
matrix permeability, high porosity, substantial heterogeneity, and propensity for surface reactions
with both crude oil and brine.
A comprehensive study was conducted on low salinity waterflooding in Danish Chalk reservoirs,
revealing contrasting findings compared to existing literature. Notably, the study highlighted the
detrimental impact of sulfate ions in injected brine on oil recovery. To delve deeper into these
outcomes, experiments were performed on various chalk samples, encompassing outcrop material,
dry-stored reservoir core plugs, and preserved reservoir core samples. It’s essential to note that ex-
isting literature primarily relies on experiments conducted on outcrop samples, potentially limiting
their applicability to reservoir conditions.
Coreflooding results indicated that preserved core samples initially displayed an oil-wet state, re-
flective of reservoir conditions, but this state changed after waterflooding and cleaning procedures.
Consequently, direct comparisons of results from the same core become challenging, rendering cores
non-reusable. Conversely, dry-stored reservoir core plugs exhibited no alteration in their wetting
state across multiple experiments, ensuring their reusability and enabling repeatable, comparable re-
sults. However, results derived from outcrop samples were fundamentally dissimilar to those from
reservoir samples, making them inadequate analogs. The wetting condition and the process of wet-
tability alteration observed in outcrop samples differed significantly from reservoir samples. This
discrepancy explains why the negative impact of sulfate ions was only evident in reservoir sam-
ples.
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Storage of carbon in the form of compressed CO2 in the subsurface represents a potentially viable
and cost-effective way to reduce emission of heat-trapping CO2 to the atmosphere. The feasibility of
a CO2 storage scheme depends on many factors, including CO2-induced corrosion and scale; avail-
ability of inexpensive CO2 sources, available pipeline, pipeline integrity, temperature and pressure
conditions, caprock integrity, biological activity in the subsurface, injectivity, mineral trapping and
interactions with the rock surface amongst others. All these factors are potentially affected by the
presence of impurities in the CO2 supply. The chemical composition of the CO2 stream will depend
on the fuel sources and capture methods, and CO2 with impurities is much more widely available
in sufficient quantities for transport to offshore facilities as capture processes and transport gener-
ally lead to some content of impurity. The effects of major impurities (SO2, N2 and O2) on phase
behavior as well as corrosion in pipelines are quite well understood and widely reported in litera-
ture. Some studies have addressed the geochemical effects of impurities on the matrix in the well,
mainly for shales and sandstone reservoirs. However, the geochemical effects of long-term storage
of impurity-containing CO2 are not well known, particularly for carbonates, including chalk. The
theoretical and experimental predictions of the interaction energies for complexes of CO2 with rele-
vant impurities (aminoethanol, ethylene glycol, methanol, ethanol, water, H2S, NH3, CO, NOx and
SO2) suggest that the interactions with CO2 vary and some of the species interact strongly even in
small quantities compared to small gaseous impurities like N2, Argon and O2. Injection testing of
these impurities in Danish North Sea Chalk cores are conducted in core flood experiments combined
with chemical analysis of the effluent fluids and chalk surfaces to investigate the alterations caused
by impurities.
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Geothermal drilling operations are frequently challenging, owing to the harsh downhole conditions
encountered in geothermal wells, specifically the high temperatures (HT) together with the tough-
ness of the rock found in many geothermal formations. Drilling in such environments requires
specialised drilling fluid formulations that have high thermal stability, good rheological properties,
excellent lubricity and low formation damage. In our recently published literature review 1, we have
attempted to answer the question: “to what degree can developments in oil and gas drilling fluids
be transferred to drilling fluids for geothermal wells?”Here we specifically focus on one key aspect
of drilling in HT geothermal formations: the Rate of Penetration (RoP) and the effect of fluid design
on RoP. Currently, it is poorly understood how RoP is related to the porous media properties of
geothermal rock formations and the maintenance of desirable fluid rheological properties at high
temperatures.
To complement our literature research, we analyse the Daily Drilling Reports (DDR) kindly provided
by Eden Geothermal 2. The recent drilling campaign in Cornwall used standard oil and gas drilling
fluid formulations which resulted in low RoP, accompanied by rapid wear of expensive drill bits and
associated increased non-productive time.
The key questions that we have tried to answer are
1. What are the key parameters governing RoP?
2. Does RoP depend on rheology / composition of drilling fluid?
3. Can we make recommendations for new drilling fluid formulations to enhance RoP?
Our review has identified gaps in both fundamental understanding and in existing technology:
1. RoP depends on the rheology / composition of the drilling fluid.
2. RoP increases linearly with decreasing Plastic Viscosity (PV), solid content, and mud weight for
both sedimentary and geothermal rock formations.
Furthermore, in agreement with Najjarpour et al. [3], we observe that RoP management has mainly
focused on using (semi-)analytical and machine learning models, with several correlations being de-
veloped for this purpose.
We provide here, for the first time, a comparison of the field data obtained by Paiaman [4] with the
DDR provided by Eden Geothermal 2. Both trends confirm, as identified in our literature review,
that RoP decreases linearly with increasing fluid PV and increasing solid content / mud weight.
From these insights we conclude that RoP can be improved using low viscosity and low-density flu-
ids. To address this challenge, we recommend that foams [5] and aphron systems [6] be investigated,
as both types of fluid have a low density while showing shear thinning behaviour with increasing
shear rate. It should be noted, however, that such systems to date have only been studied at rel-
atively low temperatures and the challenge of increasing the thermal stability of the formulation
components needs to be addressed.
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Dengying Formation gas reservoir of Sinian system in Central Sichuan is a large karst weather-
ing crust type carbonate gas reservoir and its declared proved, probable and possible reserve is
1.13×1012m3. The gas reservoir is characterized by low porosity and low permeability. The reser-
voir space is mainly small-scale fractures and vugs, with strong heterogeneity of the reservoir. The
development of gas reservoir faces many difficulties such as reservoir fine characterization, scien-
tific well location deployment and high efficiency development. Starting from the reservoir genetic
mechanism, using the research means of geological engineering integration, some new perspectives
which were useful to understand the gas reservoirs have been proposed, and several key technolo-
gies for efficient development of gas reservoirs have been developed. The new perspectives include
the following three points. Based on the karst characteristics, the differential control mechanism of
superimposed karst was put forward to clarify the reservoir development characteristics. Starting
from the genetic mechanism, the control mechanism of dissolution facies to the reservoir quality was
advanced to characterize the reservoir heterogeneity. According to the characteristics of gas reser-
voir, the development model of stacking single well indicators to expound and prove gas reservoir
scale was proposed, which has played a significant role in guiding the scale construction of gas reser-
voirs. The key technologies include the following three aspects. The paleo geomorphic restoration
and quantitative characterization method of double interface was innovated to guide the selection of
development areas on the plane. The proportion of classⅠand classⅡwells was increased from 40% in
the evaluation period to 100% in the construction period. The small-scale fracture hole identification
and characterization technology was created to guide the drilling trajectory design. The proportion
of testing production of one million m3 gas wells was increased from 41.6% in the evaluation period
to 60% in the construction period. The segmented acid fracturing process technology was improved
to efficiently use high-quality reservoirs and to liberate low-quality reservoir. The reservoir perme-
ability was increased from 0.62mD before to 6.77mD after acid fracturing. During the “14th five-year
plan”period, the development prospect of Sinian gas reservoir in Central Sichuan is broad. Anyue
gas area is changing from efficient development of the fourth member of Dengying Formation on
the platform edge to long-term stable production and the benefit development of multi-layer within
the platform. Penglai gas area is changing from single well high-yield to block high-yield and gas
reservoir scale construction and production. It is expected to achieve the production target of more
than 12 billion m3 to support the Southwest Oil and Gas Field Company of Petrochina to achieve
the production target of 50 billion m3 by 2025.
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Direct 3D imaging of natural or synthetic porosity below ~1μm in diameter often requires the ap-
plication of Focused Ion Beam Scanning Electron Microscopy (FIB-SEM). This technique has several
limitations: high cost and time demands, instrument availability, complex sample preparation and
low field-of-view (FoV), restricting its suitability for operational industrial studies. SliceGAN, a gen-
erative adversarial network algorithm developed by Kench and Cooper (2021) reconstructs 3D pore
space based on a 2D image input (Fig. 1). In conjunction with 2D SEM imaging, SliceGAN has
the potential to generate representative porous media images considerably faster and cheaper than
FIB-SEM. However, the original work (Kench and Cooper, 2021) did not validate the methodology
against 3D images to check whether the synthetic reconstructed media replicate the original porous
materials porosity, permeability, and pore size distributions.
The microporous layer (MPL) of the Gas Diffusion Electrode (Fig. 2), used for the electroconver-
sion of CO2 into ethylene, methanol and other products (Weekes et al., 2018), was selected for the
validation of the pore space reconstruction algorithm. Fully resolved images of the MPL porosity
are necessary for subsequent modelling of electrode physical properties: permeability, diffusivity
and conductivity (McLaughin et al., 2022). For this study, four FIB-SEM validation volumes from
two scans at 5 and 10nm resolution and FoV varying from 51 to 94μm3 were analysed. Raw data
was segmented, porosity calculated, and permeability of each volume modelled using a steady state
single-phase direct numerical simulation in OpenFOAM (Fig. 3). Permeability variation from 4.04e-
16 to 8.03e-16 m2 between different volumes is attributed to an insufficient FoV of individual scans,
leading to unrepresentative models. A large image aspect ratio, inherent to FIB-SEM scanning, also
led to variation of permeability in three principal orientations in the absence of any noticeable ma-
terial anisotropy.
The open-source network architecture of SliceGAN was adapted to accommodate varying training
data crop sizes. Two orthogonal SEM images at 1.7nm resolution and FoV of 315 μm2 were used
to prepare training datasets. Ten different studies, combining different crop sizes and input image
resolutions, were trained to assess the effect of the 2D training image FoV on the quality of the re-
constructed 3D volume. For each study, inference volumes with a maximum FoV of 163μm3, limited
by RAM capacity, (Fig. 4) were generated, and their porosities and permeabilities calculated (Fig. 5).
While properties vary between studies and between inferences within each study, an overall good
match of porosity, permeability, and pore size distributions with FIB-SEM data was observed, with
further research to be done on multiphase flow properties of the artificial volumes.
This study shows the verification of the 2D –3D reconstruction algorithm, which, while not creating
an exact copy of the real pore space, is able to replicate properties necessary for larger-scale physics
modelling. It is also capable of generating significantly larger volumes when compared to FIB-SEM
validation data. This, together with the fact that the network is trained on 2D data with a large FoV,
addresses the representability issues observed during the FIB-SEM image analysis.
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This research provides an in-depth analysis of the immiscible displacement process within porous
media, focusing on the interaction between water and supercritical CO2 in porous media. The study
is unique in its dual approach, incorporating both experimental and numerical methods. The ex-
perimental component utilizes a transparent micromodel, representing a porous medium, where
supercritical CO2 is injected into a water-saturated environment. This setup allows for direct ob-
servation of the displacement patterns and the formation of preferential pathways. In parallel, the
numerical analysis is conducted using COMSOL Multiphysics, simulating the same scenarios for a
comparative study. The primary aim of this research is to observe and understand the dynamics
of water displacement by supercritical CO2 and the development of preferential flow paths in the
porous media. These pathways are of significant importance in various fields such as carbon seques-
tration, enhanced oil recovery, and environmental studies. The study specifically examines how
injection pressure and the wettability of the porous medium influence the creation and evolution of
these pathways and the overall efficiency of the displacement process. A key finding of this study is
the close resemblance between the displacement patterns observed in the experimental micromodel
and those predicted by the numerical simulations. This similarity validates the accuracy of the nu-
merical models used in the study. The research reveals that the injection pressure is a critical factor
in determining the displacement efficiency of water by supercritical CO2. Furthermore, the wetta-
bility characteristics of the porous medium significantly affect the formation and structure of the
preferential pathways. The comparative analysis between experimental and numerical findings pro-
vides a comprehensive understanding of the immiscible displacement phenomena in porous media.
This study not only enhances fundamental knowledge in fluid dynamics within porous structures
but also offers practical insights for applications in environmental and energy sectors. The research
demonstrates the effectiveness of combining experimental observations with numerical modeling
for a more thorough understanding of fluid behaviors in subsurface environments. It underscores
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the significance of factors such as injection pressure and wettability in governing fluid interactions
and pathway development in porous media. The study’s results are relevant for improving tech-
niques in carbon sequestration, enhancing oil recovery methods, and devising better strategies for
groundwater contamination prevention.
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The shift from fossil fuel-based energy sources and toward more environmentally friendly, renew-
able alternatives highlights how important it is to properly plug and abandon oil and gas wells. Most
depletedwells in the energy industry have been allocated for initial-phase abandonment, and cement
has long been an appropriate material for permanently plugging these wellbores. Permanent plug-
ging might not be appropriate everywhere, though, as depleted well sites provide a promising option
for underground CO2 storage.

This work investigates the possibilities of short-term plugging solutions, with a particular emphasis
on the application of novel thermal-sensitive polymer gels as an alternative sealing material. These
gels provide a reversible and safe way to seal wellbores, keeping them intact for potential CO2
storage. The investigation of the polymer gel’s flow through fractured chalk formations has been
performed using X-ray computed tomography.

A wide range of experimental studies have been carried out in conjunction with real-time CT scan-
ning to track the evolution of the polymer gel in chalk formations. The objective of this investigation
is to ascertain the ideal concentration of the polymer gel and evaluate its efficacy in providing a tem-
porary closure for the wellbores while ensuring their appropriateness for CO2 storage in the future.
The research’s conclusions have significant consequences for the oil and gas sector, especially when
it comes to environmental sustainability and the shift to cleaner energy sources in the future.
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Microbial Impact on Subsurface Hydrogen Methanation:

“Investigation of Growth-Relevant Parameters of Methanogens and their Impact on Hydraulic Prop-
erties and Substrate Conversion in Porous Media”

The prediction of subsurface hydrogen methanation is crucial for large-scale hydrogen storage, thus
enabling carbon dioxide utilization. To describe and model subsurface carbon dioxide reduction in
the presence of hydrogen, a detailed understanding of substrate transport mechanisms and their
impact on microbial growth in porous media is necessary. Accumulated microorganisms’ impact
on hydraulic properties, especially porosity and permeability, is central to access risks such as bio-
clogging. This study aims to address these complexities by performing microfluidic experiments un-
der saturated flow conditions, using a realistic microbial consortium from a pilot site in Austria and
Methanobacterium formicicum, a hydrogenotrophic model species the most abundant methanogen
found in the reservoir brine.
The study specifically emphasized the impact of headspace gas composition (i.e., substrate gas con-
centrations), total pressure, nutrient availability, and the addition of organic substrates. The goal
was to unravel the effects of these factors on microbial growth and methanation rates. Microflu-
idic experiments involved colonizing pore spaces with microorganisms and studying their growth
and hydraulic properties. Biomass accumulation was characterized using high-resolution optical
time-lapse images, and intrinsic biomass permeability was quantified through numerical pore-scale
simulations. Despite biomass accumulation, a distinctive channel formation was observed, vastly
retaining the original permeability. Matching simulation results to experimental pressure responses
revealed a biomass permeability of approximately 100 ± 50 mD in all cases. These findings have
significant implications:
(1) Clogging may be prevented by the observed channel formation, which allows nutrients to reach
the biomass. (2) The high intrinsic biomass permeability may allow for an advective rather than
diffusive nutrient supply, which may maintain high gas conversion rates. (3) Methanobacterium
formicicum shows higher growth rates and a greater impact on permeability than the consortium,
which explains the field observation and can be used as a design parameter for subsurface hydrogen
conversion.
While preliminary results indicate disparities in conversion rates between the microbial consortium
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and isolated species, independent investigations in incubated core reactors align with the simulated
methane yield on the field scale and analytically determined conversion rates during the microfluidic
experiments.

Keywords:
Biofilm, microfluidics, reactive transport, biomass permeability, Archaea, Methanobacterium formi-
cicum, geo-methanation, porosity-permeability relationship, hydrodynamics.
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Abstract
Salt crystallization and dissolution induced by changes in air relative humidity stand out as a signifi-
cant contributor to damage in construction materials [1, 2]. Aside from the visual impact on building
structures, appearing as efflorescence, subflorescence may significantly influence the durability and
structural integrity of materials as a result of stress-induced crystallization pressure [3]. Drying of
building stones filled with salt-containing moisture is a common example of salt weathering [4]. De-
spite extensive studies on drying processes, precise forecasts of the evaporative drying rate and a
comprehensive understanding of the various stages in drying remain major challenges, particularly
when drying is coupled with salt deposition [5]. Effectively addressing the respective challenges
requires a thorough understanding of the salt crystallization mechanisms within porous media [6].
In this study, we explored the response to humidity cycles in PDMS transparent micromodels and
sedimentary porous rocks containing brine solutions of various compositions [7]. We specifically
consider the case where air with different levels of humidity and at a constant temperature passes
along one side of the porous media, leading to the formation of a drying front—a defined interface
separating liquid-saturated and partially gas-filled domains. Digital optical microscopy, confocal Ra-
man microscopy/spectroscopy, and 4D X-ray micro-computed tomography (µ-CT) [8] were used to
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visualize and characterize salt crystals in the porous media. We successfully detected the crystalliza-
tion of the solution upon evaporation and the deliquescence of the crystal with increasing humidity.
Systematic investigations were carried out to understand how the conditions for crystallization and
deliquescence depend on pore space morphology and type of salt solutions. The results revealed the
formation and growth of monocrystals as well as of opaque polycrystalline aggregates in the form
of both efflorescence and subflorescence. The observed partial and complete pore blockage was
restricted by throat and pore size and topology. The image data enabled us to accurately observe
the interface between air, brine, crystal, and grain assisting in quantification of phase morphology.
The findings highlight the potential of various visualization techniques for enhanced understand-
ing of the transport-crystallization-dissolution coupling through in-situ experiments and hence for
constructing more accurate prediction models and conservation strategies.

Keywords: Salt crystallization; Relative humidity; Evaporation; Micromodel; Confocal Raman spec-
troscopy; µ-CT; Porous media.
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Membrane fouling and filtercake formation during static micro-
filtration harvesting of microalgae using thin glass fibre filters
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Micro-algae are being considered increasingly as an economic source for the sustainable production
of biodiesel, food (additives), pharmaceuticals and nutraceuticals. However, the excessive cost and
low efficiency of current microalgal harvesting processes limit the potential large-scale uptake of
microalgal farming to transform industrial applications. Absence of universal separation methods,
excessive energy inputs and hazardous chemical additives required are the main obstacles 1. In spite
of these limitations, membrane filtration techniques dominate the harvesting of oil-rich microalgae
2. Filtration conditions have been adapted to optimize microalgal dewatering, including crossflow-,
dynamic-, submerged membrane-, micro- and ultra-filtration. However, it has been suggested that
static filtration may provide a simpler and more economical separation alternative, independent of
cell motility, morphology, and surface charge. As a result, membrane filtration for the harvesting
of microalgal cells has shown great promise and economic utility in recent studies. A challenging
problem, however, in the filtration harvesting of algal suspensions is fouling of the membrane, lead-
ing to a continuous decrease of the filtrate flow rate. The foulants include suspended microalgal
cells and their presumed Extracellular Polymeric Substances (EPS). To investigate this problem, we
perform static microfiltration experiments, using thin glass fibre filters, to harvest oil-rich marine
microalgae Nannochloropsis oculata [3]. Batch filtration experiments of microalgal suspensions us-
ing glass-fibre membranes are conducted under filtration pressures varying between 0.5 and 200 kPa.
Here we investigate the relative importance of potential fouling mechanisms reported in the litera-
ture, including pore plugging, entrance blocking, and filter cake formation. 2 We examine variations
in filtrate flux, using numerical differentiation of the filtrate volume to identify its scaling relation-
ship with time and compare with the traditional root-time behaviour. These results are analysed
with reference to the blocking filtration laws to determine the potential fouling mechanism. Rheol-
ogy tests of both filtration feeds and filtrate are performed, and both optical and scanning electron
microscopy are used to observe the filtercake. Our results show a significant drop in the filtrate
flux after a spurt loss phase under pressure. Scaling analysis demonstrates a power law relationship
between cumulative filtrate volume and time in the post-spurt phase. We show here, for the first
time, that the scaling exponent varies with time, approaching a value close to 0.5, i.e. root-time
behaviour, only late after the initial spurt phase. Furthermore, our findings suggest that filtration
of fresh microalgal suspensions experience a larger spurt loss compared to aged suspensions. This
difference may be attributed to the limited production of EPS and microalgal debris during shorter
cultivation periods. The microscopic observations reveal the invasion of microalgal cells into the
porous membrane, which evidence the formation of an internal filtercake suggested by the block-
ing filtration laws. The invasion of microalgal cells results in significant membrane contamination,
and the contamination rate increases with higher filtration pressures. Finally, we demonstrate that
Fe3+ coagulant can be used to increase the microalgal particulate size before filtration, resulting in
a much higher filtrate flux compared to uncoagulated suspensions. This result provides tremendous
opportunities to reduce membrane contamination to a negligible level.
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Viscous fingering is an instability that occurs when a less viscous fluid displaces a more viscous fluid
from a porous medium 1, 2, 3, 4. The viscous fingering instability results in small perturbations at
the fluid-fluid interface (either a sharp, distinct, immiscible fluid-fluid interface or a fuzzy interface
between two miscible fluids), which progressively grow into distinct fluid fingers with time 1, 2.
The instability can be triggered by differences in viscosity, fluid density and chemical reactions and
hinders the operation and efficiency of various processes. For example, viscous fingering patterns
can decrease the efficiency of oil recovery through water flooding 5, 6 and “dendritic growth”caused
by viscous fingering leads to significant defects in crystals 7, 8. In chromatography, the viscosity
of the solution being separated is dependent on the concentration and degree of adsorption of vari-
ous components of the mixture. Visualization and tracer experiments have shown that preferential
adsorption of the more viscous components leads to a viscously driven instability and deleterious
mixing of the chemical fronts 9. Active and intentional control of interfacial instabilities is, therefore,
an attractive area of investigation for many engineering applications 10, 11.

In this work, we investigate the interactions between viscous instabilities and the transport of mis-
cible fluid species through diffusion and advection. Miscible rectilinear displacement experiments
involving the displacement of glycerol solutions (20, 30, and 40 %) by water were conducted in a
microfluidic chip with a homogeneous network of pores as shown in Figure 1 below.

In addition, we also investigate the impact of different fluid flowrates (0.5, 5 and 20 µL/hr) on the time-
dependent evolution of the mixing front, changes in the concentration of the attenuating species
(water), as well as variations in finger count, areal sweep efficiency and displacement kinetics. The
finger count was seen to increase with increasing fluid viscosity contrast (M) as seen in Figure 1.
Changing the fluid velocity did not have any significant effect on the finger count. Altering the fluid
viscosity contrast also resulted in exponential changes in the kinetics of the displacement process,
with fluid breakthrough occurring several orders of magnitude faster in advection-dominated dis-
placement than in diffusion-dominated displacement. Our findings show that the concentration of
the attenuating species in the mixing front is less than 30% for diffusion-dominated displacement
and as high as 75% for advection-dominated miscible displacement (not shown in Figure 1). The
mixing-zone width (ω) was found to be at least 7 times greater in diffusion-dominated displacement
scenarios than in advection-dominated displacement scenarios.
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The design of micro-porous carbons with desirable pore size distributions is of extreme importance
for optimising the performance of battery and supercapacitor electrodes, as well as vehicular hydro-
gen storage. In the experimental synthesis of porous carbon materials, the porous characteristics
can be controlled to some extent via varying pyrolysis temperature, chemical reagents, template size,
and precursors. In many cases, however, it is very difficult to characterize the detailed microscopic
structure of experimentally manufactured porous carbons. Atomistic simulation methods with re-
active potentials have shown promise to fill this knowledge gap by creating realistic porous carbon
structures. However, thus far such models have been unable to reproduce low-density microporous
carbon structures due to clustering of atoms in high density regions, resulting in a small number
of mesopores [Ranganathan et al.,2017]. Recently, we presented a new method using virtual voids,
generating excluded volume by a soft repulsive potential which is progressively decoupled from the
carbon atoms (Luo et al., 2021). This allows us to prevent densification and to create disordered car-
bonmodels with porosities up to 90%. We vary the size and density of the virtual voids and show that
the mean of the pore size distribution and the accessible surface area can be controlled. By choosing
the desired porosity and virtual void size, we create amorphous carbon models with mean pore sizes
ranging from 10 to 32 Å, which agree favourably with experimental pore sizes for low-density mi-
croporous carbons. Our key findings were as follows: 1. Using virtual voids, the carbon atoms and
pores can be distributed uniformly over the whole system to generate microporous carbon with an
approximately Gaussian pore size distribution and porosity up to 90%. The addition of virtual voids
produced no significant effects on the short-range bonding structure characteristics; 2. Using differ-
ent sized virtual voids, we gain control over the pore size distribution and surface area of the final
structure. A Gaussian function was fit to the pore size distributions, which worked particularly well
for smaller virtual void radius. Almost entirely microporous structures, with pore sizes < 20 Å, could
be obtained using a virtual void radius of 3-4 Å. At a density of 1 g/cc, mean pore sizes ranging from
10.3 Å to 21.6 Å were found using virtual void radii from 3 Å to 10 Å, respectively. Here we present
our recent work generating multi-modal pore size distributions for low-density porous carbons, us-
ing multi-modal distributions of virtual voids. This allows us to make more accurate comparisons
with experimentally generated micro-porous carbons, which often have a wide distribution of pore
sizes. Indeed, by using a combination of up to three different virtual void diameters, see Fig.1, we
can create amorphous porous carbon structures with pore size distributions closely resembling ex-
perimental results. This enables us to create a comprehensive library of porous carbon structures
using our multi-modal virtual void method, complementing the limited number of experimentally
generated porous carbons. In turn, this enables the design of optimal carbon structures with respect
to electrolyte permeability and carbon surface area.
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The Vanadium Redox Flow Battery (VRFB) is one of the most promising Electro-Chemical Device
(ECD) technologies for large scale local storage of renewable energy, such as wind and solar. Com-
mercial exploitation of this technology has emerged, but a lack of fundamental understanding regard-
ing VRFB operation is limiting the development of this new technology. In particular, the energy
density must be improved. For this reason, we investigate here the performance of carbon fibre
electrode materials using a combination of computational modelling and experimental characteri-
sation. In particular, the surface area of the porous electrode is critical to the device performance.
To optimize electrochemical reactions in the electrode, the reactive surface area has to be as large
as possible. In terms of micro-structure, this means that the felt fibres must be distributed homo-
geneously. In current VRFB technology, however, the felts are woven bundles of fibres yielding a
large local variation in voids and bundles. Recently, synchrotron micro-CT scanning was used 1 to
image the 3D pore structure of a graphite felt in-operando. However, the resulting alteration of the
actual flow field could not be quantified, as it is very difficult to measure in-situ due to limited spatio-
temporal resolution. Also, it is difficult to obtain the altered flow field from average tortuosity and
porosity calculations, as the relation between permeability and tortuosity / porosity is only known
empirically. Here we calculate the relation between flow and altered micro-structural properties us-
ing direct flow calculations in pore space images as a function of Representative Elementary Volume
(REV) of a carbon fibre material obtained from micro-CT imaging. In Figure 1 we present a 3D fibre
felt geometry, obtained from micro-CT experiments, and the corresponding flow field, as a test for
large volume calculations. The flow field was computed using our home-grown Lattice-Boltzmann
(LB) code (see [2,3]) on a big data set of 15 billion voxels using HPC facilities, in comparison with
OpenPNM pore network calculations [4].

From this figure, we observe that the flow field is concentrated in local areas (“hot spots”), thus
limiting electrochemical reactions. The heterogeneity of the commercial soft carbon fibre material
therefore may reduce the efficiency of the electrode, as it may cause high voltage spots and there-
fore damage in the electrode. We carried out a detailed Representative Elementary Volume (REV)
analysis, in terms of coefficients of variation of porosity and permeability as a function of increasing
subsample size.
In addition, under certain electro-chemical conditions, H2 and O2 gas bubbles may develop in the
pore space of the heterogeneous electrode, which has a detrimental effect on VRFB performance
1. Therefore we extend our multi-phase LB code to investigate the development of gas bubbles
in the electrode (Fig.1b), initially by seeding random gas bubbles, based on our previous work on
multi-phase flow in natural porous materials [5,6]. To mitigate problems associated with the hetero-
geneous nature of carbon fibre graphite felts, we propose a rational design approach to develop new
carbon materials with superior properties.
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Abstract: The emission of greenhouse gasses, especially carbon dioxide (CO2) is a major contribu-
tor to the global climate and the ecological environment. Geological storage of CO2 in deep saline
aquifers is currently a widely recognized method with its stable storage and strong feasibility. How-
ever, researchers focus on the CO2 storage in saline aquifers, and there are few studies on the factors
affecting the long-term stable storage of CO2 in brine. Therefore, the purpose of this study is to de-
velop a long-term storage model and evaluate the performance of CO2 storage potential. First, we
applied PC-SAFT (Perturbed-Chain Statistical Associated Fluid Theory) equation of state in phase
equilibrium of CO2-H2O system. Results were validated against experimental data, indicating that
PC-SAFT can well describe the phase behavior. Relevant property parameters of CO2-brine mixture
were then modified and incorporated in the numerical simulation model. After that, the migration
and distribution of CO2 stored in deep saline aquifers were simulated, examining the contribution
of each mechanism over a 1000-year time scale. The correlations between reservoir temperature,
residual gas saturation, horizontal permeability heterogeneity, the ratio of vertical to horizontal per-
meability, and pHwere analyzed using Spearman’s rank correlation coefficient method. Five storage
efficiency indexes, including the Stratigraphic Trapping Index (STTI), Residual Trapping Index (RTI),
Solubility Trapping Index (STI), Mineral Trapping Index (MTI), and Stable Trapping Efficiency (STE),
were utilized as output parameters. The results indicate that different factors have varying degrees
of influence on storage efficiency at different monitoring periods and mechanisms. Residual gas
saturation is the main controlling factor for STTI, RTI, and STE at 100 years. At 500 years, the ratio
of vertical permeability to horizontal permeability becomes the primary controlling factor for STI,
and pH emerges as the dominant factor for MTI at the 1000-year mark.
This study provides a theoretical basis for evaluating CO2 storage potential in saline aquifers and
selecting the optimal storage reservoir.
Keywords: Saline aquifers, CO2 sequestration, PC-SAFT, Storage capacity, Correlation analysis
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1. Objectives/Scope Steam huff and puff is an important development method for heavy oil reser-
voirs. An accurate description of the remaining oil distribution after steam huff and puff is crucial
for guiding subsequent reservoir development. In this study, a new experimental apparatus was
used to simulate the multiple cycles of steam huff and puff process more realistically. The occur-
rence state and distribution of remaining oil after different cycles of steam huff and puff were
investigated.

2. Methods, Procedures, Process Laboratory experiments usually employ displacement to simulate
steam huff and puff. In this study, a low-density and temperature-resistant material was used
innovatively as the sand pack model, enabling multi-cycle steam huff and puff and in-situ CT
scanning. The experimental procedures include steam injection, soaking, and recovery, with CT
scanning of the sand pack model after each cycle. Based on characterization parameters such
as shape factor and Euler number, the microscopic remaining oil is classified into network-like,
cluster-like, film-like, and isolated droplet-like remaining oil. The proportions of these different
types of remaining oil are compared after each cycle.

3. Results, Observations, Conclusion The viscosity of the heavy oil used in the experiment is 800
mPa·s (25℃). The statistical results indicate that as the number of cycles increases, the propor-
tion of network-like remaining oil decreases, while the proportions of cluster-like, film-like, and
isolated droplet-like remaining oil increase. From the first to the seventh cycle, the proportion of
network-like remaining oil decreases by 34.11%, while the proportions of cluster-like, film-like,
and isolated droplet-like remaining oil increase by 12.84%, 14.48%, and 6.76% respectively. The
remaining oil transitions from a continuous distribution to a discontinuous distribution. This is
because during steam injection, steam and heavy oil enter the intermediate container. During
the soaking phase, steam is converted into hot water, forming an oil-water mixture with the oil.
In the production phase, the oil-water mixture enters the sand pack, causing the network-like
remaining oil to transform into cluster-like, film-like, and isolated droplet-like remaining oil, re-
sulting in the discontinuous distribution of remaining oil. With an increase in the number of
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cycles, the water saturation increases, and the distribution of remaining oil becomes more dis-
persed.

4. Novel/Additive Information In this study, a new physical experimental model was developed to
simulate themulti-cycle steam huff and puff process of heavy oil realistically. In-situ CT scanning
technology was employed to quantitatively characterize the distribution of microscopic residual
oil. This research guides the subsequent cold production of heavy oil.
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In this work, we present a macroscopic model for the flow of two immiscible and incompressible
fluid phases in inhomogeneous porous medium. At the scale of pores, the flow is governed by the
Navier-Stokes equations and the evolution of the phase interface is governed by the Cahn-Hilliard
equation. Using the method of volume averaging, the upscaling equations describing the averaged
behaviour of both fluids at the so-called Darcy scale associated with unknown spatial deviation vari-
ables are obtained. Then, we assume that spatial derivations of interested variables are related to
the averaged quantities with undetermined coefficients. But, the values of all the undetermined co-
efficients can be evaluated by solving the closure problems associated with related boundary-value
problems in each representative volume element. In particular, the derived model can be greatly sim-
plified for the two fluids with matched densities. The differences between the resulting equations
and the empirical two-phase flow model widely adopted in oil industry are also discussed. Finally,
a multiphase lattice Boltzmann model is developed for simulation of such multiphase flow, and nu-
merical results highlight the importance and necessity of incorporating pore-scale information into
the macro-scale equations.
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Geochemical reactions are crucial for in-situ CO2 mineralization underground associated with CO2-
enhanced oil recovery (CO2-EOR) in a hydrocarbon reservoir. However, the presence of formation
water and adsorbed oil on rocks generates physical barriers to CO2’s access to mineral surfaces,
which may yield impedance to CO2 mineral trapping that has yet to be accounted for. In this study,
we mimic the dynamic oil detachment process using molecular dynamic (MD) simulations and ana-
lyzed the influence of an adsorbed oil film on supercritical CO2 (scCO2) diffusion towards themineral
surface in the presence and absence of a water phase. CO2-oil-water-rock reaction experiments are
performed to substantiate the simulated data. Our results demonstrate a negative impact of water
on oil film detachment by scCO2, which may give rise to a substantial delay in mineral reactions
or even impede their occurrence and is unfavorable for mineralized CO2 storage underground. Car-
bonated water, regardless of whether it is saturated, showcases the same inhibitory effect on the
miscibility of scCO2 and oil, thereby restraining oil film detachment and the contact of CO2 with
the rock surface.
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Microfractures are commonly developed in natural rock cores, such as tight or shale reservoirs,
which significantly influence the displacement patterns, front morphology, and residual phase sat-
uration. Analyzing the impact of microfractures on the permeability and fluid dynamics of porous
media is essential for understanding these complex physical phenomena. In this study, we first
established the matrix structure of porous media using Voronoi polygons and spline interpolation.
Subsequently, the Lattice Boltzmann method was employed to compare and analyze the effects of
microfractures on the apparent permeability, preferential channel evolution, pressure field, and ve-
locity field distribution in porous media. The research findings demonstrate that the spatial informa-
tion of microfractures, such as fracture length, aperture, connectivity, and orientation, significantly
affect the improvement of matrix permeability and the development characteristics of preferential
channels in porous media. By conducting a comparative analysis, we have determined the rank-
ing of the influence of these factors. When characterizing the relationship between porosity and
permeability in fracture-porous media using the Kozeny-Carman equation, it is crucial to consider
the information about microfractures for more accurate results. This study contributes to enhanc-
ing our understanding of fracture-porous media and the gas and oil supply capabilities during the
single-phase flow stage in gas and oil reservoir development.
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CO2 flooding is becoming significant due to unconventional oil recovery enhancement and global
warming gas storage. The mass transfer of the CO2-oil system generates multiple phase zone dis-
tribution between the injection well and the production well. However, the definition methods and
dynamic characteristics of multiple phase zone distribution are not clear, which is critical to the pro-
duction plan design in the CO2 flooding process. To solve this problem, the slim tube experiments,
long core displacement experiments, gas chromatography experiments, and numerical simulation
were carried out to investigate the effect of different CO2 front migrations on the multiple phase
zone distributions in the ultra-low permeability oil reservoir. Besides, the definition methods of the
original oil phase zone, the oil phase transition zone, the different miscible zone, the CO2 phase
zone, and the residual oil phase zone were presented by four CO2 front types. The results show
that the CO2 concentration gradually decreases along the direction from the injection well to the
production well, the boundary between the original oil phase zone and oil phase transition zone
exists at the CO2 component front where the CO2 concentration is zero. The location of the CO2
component front does not coincide with the contact interface of CO2 - crude oil, which means that
the dissolution effect of CO2 in the oil phase transition zone makes the CO2 component front move
farther. Besides, the increase of pressure expands the different miscibility zones bounded by the CO2
effective phase front and the CO2 effective component front. When the injection pressure reaches
MMP, the miscible zone range is enlarged by 13.2% higher than that of the near miscible zone, lead-
ing to a 6.92% higher oil recovery. Additionally, the increment in pressure weakens the velocity of
CO2 front migration, resulting in the breakthrough time of miscible flooding 0.08 PV later than that
of near miscible flooding. These results can furnish an in-depth understanding of the complicated
mechanisms and phase behavior in CO2 EOR in the ultra-low permeability oil reservoir.
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The Impacts of Miscible Degree and Pore-scale on the Seepage
Capacity of Fluids in the Oil Reservoirs Due to the CO2 Injec-
tion
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Supercritical CO2 (ScCO2) injection is a potential way to enhance oil recovery (EOR). The displace-
ment effect varies significantly with the differences of the miscible degree and pore scale. However,
studies in this field are rarely reported. In this paper, the relative permeability curves of three mis-
cible types are first measured. Interestingly, the ultimate oil recovery of near-miscible flooding is
found to be comparative with that of miscible flooding due to the obvious decrease of gas relative
permeability under higher residual oil saturation. On this basis, four main zones in the vicinity of oil-
ScCO2 contact are divided in view of the multiple contact miscibility mechanism. A new threshold
pressure gradient (TPG) considering both pressure sensitivity and oil properties, is proposed as the
indicator of the seepage capacity for the reservoir fluids. The results showed that based on higher
pressure than MMP, dynamic migration of interface between oil and ScCO2 generates four phase
zones, namely original oil phase zone, displacement front zone, miscible phase zone and residual
oil phase zone. Besides, the existence and range of four phase zones are affected by miscible de-
gree. Compared with immiscible flooding, near-miscible flooding has stronger seepage capacity and
greater recovery efficiency. Compared with miscible flooding, residual oil saturation of immiscible
flooding was increased by 13%. However, falling gas permeability under residual oil improved sweep
efficiency, leading to a similar recovery to miscible flooding. In addition, the pore scale effect can
significantly reduce the seepage capacity of fluid in unconventional reservoirs. ScCO2 injection can
greatly improve the seepage capacity of reservoir fluids, but an improvement in the seepage capac-
ity was not obvious when the mobility was higher than 8.22×10-3 μm2/mPa.s. Besides, the longer
contact time between oil and ScCO2 can increase oil production in ScCO2 injection progress. The oil
production of CO2-SAG flooding was 6.7% higher than that of simultaneous CO2 injection. The ap-
propriate soaking measure can improve the development effect of CO2 flooding in unconventional
reservoirs.
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Various studies have confirmed that water salinity and composition significantly impact the effi-
ciency of the waterflooding process. Field-scale operation of low-salinity water injection has been
proven to be a cost-effective enhanced oil recovery (EOR) method as well as compatible with en-
vironmental regulations. The success of this technique relies on the contact of low-salinity water
with the rock surface to alter the wettability of the rock to more water-wetting conditions. How-
ever, the salinity of the injected water increases, as it contacts the resident high-salinity reservoir
brine which then significantly impairs the efficiency of this technique. Under flowing conditions,
two main mechanisms affect the mixing phenomena: hydrodynamic dispersion and molecular diffu-
sion. Our preceding laboratory research has clearly shown that if a small amount of polymer, such
as HPAM (partially Hydrolyzed Polyacrylamide) is added to the injection low-salinity water it can
significantly reduce the mixing zone by suppressing the diffusion and dispersion phenomena and
increase the integrity of the fluid-fluid front. To gain a more in-depth understanding of this process,
molecular dynamics simulations were performed to investigate the system at an atomic scale. Poly-
mer molecules were introduced into the low-salinity water and the high-salinity and low-salinity
waters were made laterally in contact, under no-flow conditions, to start mixing. Sensitivity analy-
sis was performed on the main factors affecting this phenomenon such as the presence of polymer
molecules, the effect of polymer concentration, the salinity of low salinity water, and the salinity
of resident brine (i.e., the salinity difference). The results indicate that the time for full mixing is
controlled primarily by the effective diffusion coefficient. By adding polymer, the polymer strands
and their chemical interaction with the brine ions would act as a diffusion barrier and reduce the
diffusivity of low-salinity water, enhance the viscosity, and delay the ionic diffusion phenomenon;
thereby reducing the growth rate of the mixing zone. In all cases the mixing zone grew linearly
with the square root of time; indicative of Fickian diffusive mixing. Once the diffusivity is reduced,
the salinity profile becomes sharper, leading to a more effective low-salinity water effect, and less
volume of injecting EOR agent is required at large scales.
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Due to the limited fossil fuels resources, the global warming concerns, energy diversification, and
the relatively high energy content of hydrogen, it is anticipated that hydrogen will soon assume a
pivotal role as an energy source. In order to compensate for the imbalance between energy supply
and demand, it is advisable to store the excess energy as hydrogen. This research primarily focuses
on underground hydrogen storage in aquifers and depleted gas reservoirs because of their potential
for storing hydrogen due to proven seals and well-developed infrastructure. A certain amount of
gas (cushion gas) is typically injected into the storage site before the cyclic injection and production
of hydrogen. While cushion gas can enhance hydrogen recovery, it may also lead to hydrogen con-
tamination during the withdrawal cycles. Hence, it is crucial to conduct thorough research studies
to examine the extent of hydrogen contamination by cushion gas during the injection and with-
drawal periods. This paper aims to investigate the pore-scale mixing of hydrogen and cushion gas
using computational fluid dynamics (CFD) methods to optimize hydrogen recovery in cyclic injec-
tion and production periods. The simulations use the Eulerian approach with COMSOLMultiphysics
software. The simulation scenarios were established based on 2D geometries in which hydrogen is
injected from one side, and a mixture of nitrogen (as cushion gas), and hydrogen is produced from
the other side. The effect of flow rate, tortuosity and boundary conditions were specifically exam-
ined. Our results demonstrate that there exists asymmetric breakthrough curves or non-Fickian
transport even for a homogeneous geometry without stagnant zones. The privileging modeling ap-
proach in the literature attribute this to local heterogeneity as the cause of asymmetric or long-tailed
breakthrough curves. Examples include fractional advection-dispersion equations, continuous time
random walk (CTRW) method, or multi-rate mass transfer models. However, these approaches may
result in unrealistic interpretations because concentration-dependent diffusion, and variable spatial
and temporal velocity vectors may enhance breakthrough curves (BTC) asymmetrical shape. There-
fore, an in-depth understanding of gas-gas dispersion behavior is vital for correctly interpreting
experimental BTC results and achieving more realistic input parameters (such as dispersivity) for
field-scale simulations.
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Reactive flows in porous media play an important role in our life and are crucial for many industrial,
environmental and biomedical applications. Very often the concentration of the species at the inlet
is known, and the so-called breakthrough curves, namely the time dependent concentration at the
outlet, are the quantities which could be measured or computed numerically. The measurements
and the simulations could be time-consuming and expensive, and machine learning and Big Data
approaches can help to predict breakthrough curves at lower costs. Machine learning (ML) meth-
ods, such as Gaussian processes and fully-connected neural networks, and a tensor method, cross
approximation, are well suited for predicting breakthrough curves.
In this presentation we discuss species transport with homogeneous or heterogeneous reactions for
flow in porous media. The discussed ML methods are applicable for a broad class of single phase
and multiphase, pore scale or Darcy scale reactive flows. Here we illustrate our developments in the
case of pore scale single phase flow. The transport of species is modeled by a convection-diffusion
equation, the flow is described by incompressible Stokes or Navier-Stokes equations. The surface
kinetics is included via Robin boundary conditions in the case of heterogeneous reaction, or via
source term in the case of homogeneous reaction. We present results on predicting breakthrough
curves using the above approaches. Next, we discuss the application of the developed algorithms for
deriving surrogate models to be used for solving parameter identification problems. We are inter-
ested in identifying the reaction coefficients, i.e. solving inverse problem. Solving inverse problem
requires solving the direct problem many times (e.g. thousands). Replacing numerical solution of
the problem by a machine learning model significantly speeds up the computational times. We use
a number of numerical solutions to train the machine learning model and then use them to generate
new curves, required to identify the parameters.
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Biological materials are designed by nature as complex porous structures with sophisticated physical
properties [1,2]. The porous composition serves as a supporting structure that supplies (i) mechan-
ical strength and durability against external loads; (ii) long-range transport of fluids via specific
networks of channels (blood and lymphatic vessels, lungs and gills, xylem and phloem veins, and
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many others); (iii) short-range diffusive transport; (iv) specific nano-scale transport with molecu-
lar motors, membrane channels, and others. The mass transfer phenomena at different scales of
the tissues (from macro- to meso- and micro/nano scales) is a process that is connected with heat
transfer. The latter is determined by metabolism and high body temperature in humans and the
warm-blooded animals, and the ambient temperature conditions for the cold-blooded animals and
plants. The main feature of biological cells and tissues is a wide range of coupled physical processes
as diffusion, chemical reactions with metabolic heat production, fluid flows, active contraction of
molecular fibers, biological growth (a new mass production, pattern formation and morphogenesis),
magnetic and electric properties. Therefore, thermodynamics of biological cells, extracellular struc-
tures and tissues must ground in the thermodycamics of small-scale systems (nanothermodynamics)
[3].
In this work a comprehensive classification of porous structures of different plant and animal tissues
is given. The common features and differences are analyzed. Coupled heat-mass-electric phenom-
ena are observed. Some of the most important problems of transport in biology will be discussed
with emphasis on how to obtain a macroscale description.
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In this research, we present a novel numerical framework for hydraulic fracturing that incorpo-
rates thermo-hydro-mechanical coupled effects. Unlike previous studies that have employed the
phase-field method for hydraulic fracturing modeling, our work introduces a THM coupling scheme
grounded in the variational phase-field approach, a significant advancement in the field. The THM
coupling is crucial for understanding underground fracture propagation, and our study extends the
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variational phase-field model to a thermoporoelastic medium. This integration enables the inclusion
of fluid flow and heat transfer elements in fractured materials. We model fluid flow and heat transfer
in the matrix and fracture independently and derive unified flow and heat transfer equations using
phase-field calculus. To solve the THM coupled system, we develop an iterative solution algorithm
based on the fixed stress method. This algorithm effectively addresses the challenges associated
with the coupled system. We discretize the proposed equations using the finite element method and
employ a generalized Streamline Upwind Petrov Galerkin method for 8-node elements to mitigate
numerical oscillations in advection-dominant issues within the heat transfer model. The accuracy of
our model is validated by comparing the numerical results of fracture propagation with an analytical
solution under the K regime. Additionally, we investigate the heat transfer process in a fractured
domain, known as the Barends problem, using our model.
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The decrease in current fuel sources and their detrimental effects on the environment and climate
have prompted a transition toward renewable energy sources. Since renewable energy sources are
dependent on weather and seasonal changes, they could result in supply-demand imbalance. Hydro-
gen, as an energy carrier, can fulfill this energy gap. Storing hydrogen in underground formations,
such as aquifers, has been the subject of extensive research recently. In these storage reservoirs,
hydrogen can contact the resident brine and can be lost via the dissolution-diffusion mechanism.
Therefore, successful designs of these storages require in-depth knowledge of hydrogen transport
properties in reservoir brine. Experimental data on hydrogen diffusion coefficients in aqueous reser-
voir solutions are scarce. Additionally, there are significant discrepancies between the reported data,
which makes it necessary to calculate reliable diffusion coefficient data. Molecular dynamic simula-
tions have been applied in recent years to calculate hydrogen diffusivity in water. However, most
of the available data relate to hydrogen diffusivity in pure water or NaCl-based solutions. Although
NaCl is the dominant salt component in many aquifer waters, the presence of other salts could influ-
ence the hydrogen diffusivity as well. In this study, molecular dynamics simulations under realistic
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conditions of hydrogen storage reservoirs were conducted to calculate the hydrogen diffusion coef-
ficient in various brines, containing monovalent (NaCl) and divalent salts (MgCl2 and CaCl2). The
simulations were performed at various temperatures ranging from 323 to 373 K, a pressure of 200
bar, and salinities of 1 to 5 molal. The results show higher diffusivities at elevated temperatures and
lower diffusivities in more saline solutions. For instance, for a 1 molal solution of NaCl, the hydro-
gen diffusion coefficient was found 7.29×10-9 m2/s at 323K, increasing to 13.53×10-9 m2/s at 373K.
This phenomenon is related to the higher kinetic energy of ions/molecules and the lower density
and viscosity of solutions. The diffusivity is reduced by more than 38% at 353 K if the salinity rises
from 1 to 5 molal. This diffusivity reduction is attributed to the presence of ions’hydration shells,
which restrict the freedom of hydrogen molecules movement. Additionally, the hydrogen diffusion
coefficient is smaller in solutions with divalent salts. This difference is more pronounced at elevated
salinities. The results were analyzed in-depth to reveal the underlying mechanisms and provide new
insight into the study of hydrogen loss in aquifers or water-saturated caprocks.
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The key characteristics of complex oil and gas reservoirs include high heterogeneity in the porous
space, ultra-low permeability resulting from the nanoscale dimensions of pores, and the presence of
solid insoluble organic compounds in the rock. These factors complicate the application of existing
physical and mathematical flow models with sufficient accuracy. This causes challenges in accu-
rately predicting producible hydrocarbon reserves and impedes the development of unconventional
formations.
To enhance the characterization of the gas flow in low-porosity and low-permeability media, a de-
tailed study of mass transfer is essential. This involves obtaining the relative permeability for multi-
phase systems that is typically determined from laboratory filtration experiments using rock samples.
However, assumptions made during relative permeability determination, including methodological
ones, often prove invalid when describing mass transfer in low-permeability porous media, resulting
in quality of the field hydrodynamic model and increase development risks.
The objective of this study is to develop an enhanced laboratory-based method for determining gas-
water and oil-water relative permeability in medium- and low-permeability reservoirs using NMR
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relaxometry under high-pressure conditions. NMR relaxometry enables the quick and accurate de-
termination of sample saturation in tight rocks without additional contrasting during the core flood-
ing experiment. The study considers surface phenomena in liquid-gas, liquid-solid, liquid-liquid,
and gas-solid systems, determining their impact on mass transfer during filtration in rock samples.
Experimental study was conducted using pressure-pulse decay porosimetry for obtaining reservoir
properties, low-field NMR relaxometry (2 MHz) on 1-inch core plugs and X-ray computed microto-
mography. Probes of degassed oil samples, deuterium oxide, carbon dioxide and methane were used
as fluids in experimental modeling of the relative permeability.
As result, the method for determining the relative permeability in two-phase systems using NMR
relaxometry was proposed. The current study also reports the results of fluid adsorption on crushed
rock samples containing clays and organic matter using high-pressure NMR experiments. The anal-
ysis of results include the three-dimensional pore-network model based on experimental work. Val-
idation of the model was conducted using values of reservoir properties (porosity, permeability, and
pore size) determined by computed microtomography, as well as permeability values from the ob-
tained relative permeability curves. In addition, sensitivity analysis of the developed pore-network
model highlights the influence of pore connectivity, pore size distribution, gas phase diffusion on
the absolute and relative gas permeability.
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The production forecasting of shale gas wells is an important research topic in the natural gas indus-
try. The underground pore structure is extremely complicated after hydraulic fracturing. Conven-
tionally, researchers try to construct forecasting models via theoretical or experimental approaches.
However, both theoretical and experimental approaches are faced with difficulties. Firstly, many
parameters required during the theoretical computations cannot be timely or accurately measured,
which limits the usage of theoretical models. Secondly, experiments can hardly match the real scale
since a typical shale gas well has several thousand meters in length and depth. As a result, machine
learning has become a popular modelling approach in the production forecasting of shale gas wells
under complex pore structures induced by hydraulic fracturing.
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With the large-scale development of shale gas blocks, an increasing number of production records as
well as geological and well completion data is becoming available. This enables the construction of
shale gas production forecasting models using dynamic time series data as well as static geological
and well completion data. The former represents the historical production features of a well while
the latter reflects the underground pore structure. Nevertheless, most existing methods do not in-
corporate static parameters into the modelling process. Moreover, most existing methods apply a
single-well modelling scheme where a model specifically trained for a target well is constructed.
This scheme has two major flaws when it comes to field application. Firstly, it overlooks useful in-
formation from other existing wells in the same production block. Secondly, it requires a long piece
of initial data for training and therefore cannot be used on newly developed wells. The problems
faced with single-object methods have also been addressed in many other fields where the use of a
long piece of initial data is impractical 1.

Considering the problems in existing shale gas production forecasting models, we propose a multi-
well long-term forecasting model with static parameters. The proposed model is built on recurrent
and fully connected neural networks and is trained on both production and static data frommultiple
existing wells. Since the training process does not need a long piece of production history from
the target well, the proposed model can be used on a newly opened or re-opened well after a short
initial period (for example, 14 days). Then, the long-term forecasting can be carried out iteratively
using previously forecasted values. Therefore, the proposed model can achieve timely forecasting of
shale gas production with both time-series data and pore structure after fracturing taken into con-
sideration. The accuracy and usefulness of machine-learning-based shale gas production forecasting
models are thus improved.
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There are abundant shale gas resources in China. The technological recoverable resources amount to
21.8 trillion cubic meters, with a proven rate of only 4.8%, and the resource potential is huge. Shale
reservoir permeability is very low. It must be fractured to obtain effective productivity. Moreover,
the research on the special seepage law of shale gas reservoir is far behind the production practice:
the complex multi-scale reservoir and flow space and various modes of existing of shale gas reservoir
lead to strong non-linear and multi-transport mechanism characteristics of gas in the flow process,
and lack of comprehensive flowmodel to characterize the multi-scale flow law of shale gas reservoir;
At the same time, complex fracture network is formed around horizontal wells. How to accurately
simulate and predict the production performance after fracturing become the technical bottleneck
of restricting the efficient development of shale gas reservoirs.
Considering the non-linear seepage mechanism of adsorption-desorption, slippage, Knudsen diffu-
sion, surface diffusion, stress-sensitive effect, the mathematical models of shale gas seepage at differ-
ent scales were established. The multi-scale seepage mechanism was coupled with the continuous
medium-discrete fracture model, and the gas-water two-phase synthesis of multi-stage fractured
horizontal wells in shale gas reservoirs were constructed. In order to avoid the large increase of
mesh number and computation caused by local refinement around fractures by traditional orthogo-
nal grids, based on unstructured triangular mesh and tetrahedral mesh, combined with the control
volume-finite element (CVFE) method, a fully implicit numerical model of gas-water two-phase seep-
age was constructed. Finally, the effects of shale reservoir properties, multi-scale seepage, fracture
network geometry and production system on the production performance of multi-stage fractured
horizontal well and the optimization of parameters were studied.
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Digital rock physics (DRP) is a robust tool to predict rock properties, investigate flow mechanisms
in rocks, and figure out the impact factors of petrophysical properties. Nevertheless, a compre-
hensive analysis of the effects of diagenesis on rock properties using DRP has not been reported.
During the formation of sedimentary rocks, they may experience various diagenesis events, e.g., ce-
mentation and dissolution, which lead to chemical and physical reactions. Such reactions have a
significant effect on rock properties. In this talk, we present a comprehensive investigation of the
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effects of diagenesis events and diagenesis pathways on rock properties. Firstly, we will propose a
robust method to construct the original rock model which integrates the discrete element modeling
method, quartet structure generation set algorithm. Then, the original model similarly undergoes
four diagenesis events (two cementations and two dissolutions) along with two different diagenesis
pathways for generating new models. Finally, some properties of pore space, transport, and elastic
properties of all the models are analyzed and compared to investigate the effects of diagenesis events
and pathways, including porosity, fractal dimension, two- and multiple-point correlation functions,
pore and throat size distributions, coordination number distribution, tortuosity, absolute permeabil-
ity, velocity field distributions of single-phase flow simulation, formation factor, and elastic moduli.
The comparisons indicate that the sample that experiences the cementation and then dissolution
exhibits larger porosity, fractal dimension, aperture, coordination number, and permeability, and
smaller tortuosity, formation factor, and elastic moduli than the one that undergoes the dissolution
and then cementation. Thus, understanding the sequence and magnitude of the diagenesis process
can help us to better predict the flow and mechanical properties of rocks without conducting exten-
sive experiments and computations.
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Corresponding Author: dmczhaojn@163.com

Fractured reservoirs are more non-homogeneous, and micro-fractures are mainly used as seepage
channels in the matrix rock mass, the traditional core replacement experimental method can not
analyze the problems of replacement process and residual oil distribution characteristics within the
core, etc. In this paper, we use the digital core technology to numericalize the core, classify it accord-
ing to the degree of development of fractures and porosity, and simulate the results of replacement
in the saturated oil state using LBM method, and analyze the effects of rock By adjusting the pa-
rameters, we analyze the influence of wettability, the degree of crack development and the driving
pressure on the driving effect, and the results show that: for the dense bedrock, only a very small
number of microcracks are developed, and the porosity is small and difficult to be communicated,
so it can’t be mobilized in the actual development; for the microcracks and dissolved pore cores, the
water-wet is better than the oil-wet driving effect, and some of the small pore space can be mobi-
lized, so surfactants and other surfactants can be adopted to optimize the development effect in the
process of three times of oil recovery. The connectivity of cracks and pores has more influence on
the replacement effect than the development degree, when larger cracks are developed, the water
will be seen too fast, and the remaining oil will be enriched in the surrounding micro-cracks and
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pores, and the connectivity and homogeneity degree of crack development can affect the replace-
ment effect even more. The fluctuation of the replacement pressure is not linear on the effect of
replacement, when the replacement pressure is too large, the water flushing is more obvious, and
the microfracture utilization is poor, through the regular adjustment of the replacement pressure,
the microfracture utilization can be improved, and this study is of certain reference significance to
the submerged fractured reservoirs in the current water injection development.
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Storing hydrogen in depleted gas reservoirs is a viable method for balancing seasonal energy de-
mand fluctuations. However, these reservoirs harbor a diverse population of microorganisms. H2
are considered one of themost important electron donors for subsurfacemicrobial respiration. Under
high salinity, high temperature, and high pressure conditions, microbial reactions such as methane
generation, sulfate reduction, and acetate production are most common 1. These reactions result in
hydrogen loss, gas acidification, pore plugging by metabolic biofilms, and alteration of the hydrogen-
brine-rock three-phase interface properties due to the generation of organic acids 2. Currently, there
is very little research on the impact of microorganisms in depleted gas reservoirs.
This study was conducted on a specific depleted gas reservoir, utilizing the CMG-STARS to simu-
late the impact of microorganisms on hydrogen storage. Firstly, the diffusive distribution of solid-
phase microorganisms (biofilms) on porous media was designed, and Fick’s law was employed to
characterize the concentration-driven microbial transport process. Subsequently, based on reaction
conditions, four reactions were designed to generate CH4 (PH>7), H2S, acetic acid (PH<7), and mi-
crobial growth. The microbial population within the community was considered to control the rates
of hydrogen uptake and microbial growth. The shedding of biofilms was influenced by the number
of microorganisms and shear rate. Multiple sets of relative permeability curves were designed to
match changes in wetting angle caused by acetic acid generation. Finally, the injection pressure was
limited by reservoir fracture pressure and capillary forces causing leakage to the overlying forma-
tion. Seasonal hydrogen storage was conducted over four cycles, with a cycle consisting of 6 months
of injection and 6 months of production.
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The simulation results revealed the presence of high microbial saturation zones in near-wellbore re-
gion and higher parts of structure. The generated CH4 and H2S account for a maximum of 1.4% and
0.1% of the injected hydrogen volume, respectively, and accumulated below the H2 layer. The loss
of hydrogen gas was highest at 5% in first cycle and decreased to a minimum of 0.6% in third cycle.
As cycling period increased, the purity of hydrogen in produced gas became higher. Throughout the
entire process, the effective porosity of the gas reservoir decreased by a value ranging from 0.1% to
0.5%, while the pH remained relatively unchanged.
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Geological storage of hydrogen (H2) and carbon dioxide (CO2) is pivotal for a successful energy
transition toward a diversified low-carbon economy and a net-zero emission future. The wettability
of reservoir rocks in the presence of formation fluids and H2 or CO2 is a controlling factor of gas mo-
bility, residual trapping, and efficient storage. However, the influence of different brine types (salt
type and concentration) and gas contamination on wettability is rarely reported in the literature.
Therefore, we present the results of a set of experiments using a microfluidic chip of different diame-
ters (50, 70, 90, 110, and 130 µm) measuring CO2/brine, N2/brine, and He/brine advancing, receding,
and static contact angles for the same brine type and mixing ratios (20%, 50%, and 80%) at constant
conditions (P=14.7 atm and T= 22 ℃). The helium was used as an analogy for hydrogen to avoid any
safety complications. The experiments were conducted using a constant brine rate at 0.1 µL/min
during imbibition. A sophisticated Matlab code was built to measure contact angles from live videos
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of the microchips, allowing the generation of multiple data points with controlled upscaling.
The measurements indicate the channels are strongly water-wet for all gases with CO2 being the
highest water-wet. All the dynamic contact angles decreased with increasing channel diameter from
50 to 130 μm. The measurements were validated with similar experimental approach in the litera-
ture. The CO2, N2, and He contact angles increased with increasing the mixing ratios from 10% to
50%. Higher hysteresis was observed with a higher mixing ratio, indicating a significant impact of
contamination on the storage process.
The presented experimental approach depicts a time-effective technique to investigate crucial influ-
encing parameters using microfluidic chips for effective and successful underground H2 and CO2
sequestration.
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Large-scale (TWh) renewable energy storage is crucial to achieve a net-zero green world. To accom-
plish this, renewable energy can be converted into hydrogen (H2) and stored in large-scale volumes
in giant subsurface geological reservoirs. The feasibility of underground hydrogen storage in porous
reservoirs highly depends on the flow and transport behaviour of hydrogen during subsequent in-
jection and withdrawal cycles in the reservoir, which is governed by complex pore-scale processes
[1-3].

Recently, several experimental studies [4-8] have taken place, which allow for the characterization
of hydrogen transport properties in the subsurface. However, some discrepancies were found in con-
tact angle characterization results using different measurement techniques and solid surfaces. The
roughness of the solid surface is a possible explanation for this [9]. To date, no study has investigated
the impact of roughness on the characterization of H2-brine flow.
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To help shed new light on the characterization of this crucial property, the Basilisk flow solver is
used to conduct numerical simulations by solving the 2D two-phase Navier-Stokes equation. The
H2-brine interface is captured using the Volume-of-Fluid method, and the Continuous Surface Force
method is employed to compute surface tension forces. The calculation of the curvature is done using
height functions. To investigate the influence of surface roughness on H2-brine flow in sandstone
channels, a hybrid Volume-of-fluid coupled embedded boundary solver is used. Within this solver,
an intrinsic contact angle can be imposed on solids with diverse shapes, facilitating the replication
of a rough sandstone surface. Dynamic contact line motion and apparent contact angles can be
analysed.

By comprehending the influence of surface roughness on the contact linemotion, wewill gain insight
into the reported experimental measurements and assess the appropriateness of using specific data
as input for larger-scale simulations.
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The development of oil deposits is carried out with the injection of water to maintain reservoir pres-
sure. At high values of layered reservoir heterogeneity and oil viscosity, the likelihood of uneven
advance of the displacement front through formations with low filtration resistances and premature
watering of production wells increases. The water cut of wells is also influenced by the development
system and technological operating conditions of wells. The change in water cut in more than 100
production wells was monitored after the start of water injection into injection wells. The follow-
ing data were recorded: the permeability coefficient of rocks in the area of the production well, the
distance between production and injection wells, pressure at the bottom of production and injec-
tion wells, the dynamic viscosity of reservoir oil and the dynamic viscosity of injected water. The
duration of water movement from the injection well to the production well decreases significantly
with increasing permeability. The permeability of rocks is the main factor influencing the time of
watering. With a pressure difference at the bottom of injection and production wells of 8 MPa and a
dynamic oil viscosity of 30 mPas, the period of water movement between wells over a distance of 400 m
is less than five years with a mobility of more than 7 μm2/Pas. A model for operational prediction of
watering time was obtained. The model allows you to plan measures to isolate water-bearing layers.
The research was supported by a grant from the Russian Science Foundation (project no. 19-79-
10034). https://rscf.ru/project/19-79-10034/
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Nonlinear advection diffusion equations model diverse physical phenomena.
Some examples include flow through porousmedia (as found in subsurface and reactive flows),biological
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processes, Stefan problem and permafrost models; and many others. In this work, we investigate
numerical methods for nonlinear parabolic equations that show doubly degeneracy, i.e. for example
the diffusion coefficient of the equation is allowed to vanish (degenerate diffusion) at zero concen-
tration which leads to hyperbolic equation with free-boundaries as observed in nature, and become
singular at full concentration leading to an elliptic problem. First we propose a semi-implicit (Back-
ward Euler) time discretization. Implicit time stepping methods are popular due to their stability,
allowing to avoid severe restrictions on the time step. This leads to nonlinear, time-discrete ellip-
tic equations, for which linear iterative schemes are needed for approximating the solution, which
combines the features of the Newton method and the L-scheme, i.e., a modified L-scheme. The lin-
earization scheme is shown to be globally convergent (even for double degenerate cases). Moreover,
it is linearly converging in the non-degenerate case accelerate with a small time-step. Numerical
results will present which revealed that it is robust and stable when compared to the standard lin-
earization schemes.
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In recent years, the share of unconventional reserves in global oil production has been growing that
leads to the development of efficient methods in exploration and development of tight reservoirs.
The key features of low-porosity and low-permeability reservoirs are the high heterogeneity of the
void space, the ultra-low rock permeability due to the nanoscale pores, and the presence of clays or
solid insoluble organic compounds.
At the present stage of the experimental petrophysics, there is no standardized set of laboratory-
based techniques for assessing the porosity, permeability and water saturation of such rocks. Thin
layering, lenticularity, unpredictable changes in lithological characteristics (for example, heteroge-
neous clay distribution and carbonatization), reservoir properties and oil saturation of tight rocks
create uncertainty in the petrophysical model, which, in turn, does not enable the accurate assess-
ment of producible oil volumes.
Study of the composition (mineral, elemental and fractional) and structure of the void space can
help to reduce this uncertainty in further modeling. The microstructure of the rock is determined by
the geometry of the fluid flow channels, the size of these channels and their distribution. In other
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words, the characteristics of the reservoir properties of the tight rocks are always related to the
parameters of the void space structure. Understanding of the void space structure can be obtained
from theoretical calculations of various pore-pore connection models and from experimental works
using direct and indirect laboratory methods. In this work, to examine and visualize the structure of
the void space of low-permeability rocks, a set of modern techniques and equipment including gas
porosimetry, computed microtomography (microCT), mercury porosimetry (MICP), nuclear mag-
netic resonance (NMR) and low-temperature adsorption / BET was used. Reservoir properties were
determined for the rock collection of 45 core plugs and duplicate core samples. Additional tests
include the X-ray diffraction analysis for determining the mineral composition and petrographic
analysis of thin sections.
Results include the comparison of reservoir properties (porosity, permeability and pore size) deter-
mined by different techniques and discussion on advantages and limitations of each method for tar-
get low-permeability sandstone reservoir. The structure of the void space was characterized by pore
size and pore throat distributions:the pore throats varies from 0.001 to 0.3 μm, the sizes of the pores
ranged from 0.01 to 10 μm. The porosity of rock the collection varied from 6 to 14%, gas permeability
did not exceed 0.2 mD. The contribution of the clay components and heavy hydrocarbons to the to-
tal porosity of samples in some intervals was demonstrated by results of NMR, microCT and MICP.
Pore size distributions for the same samples by different methods were plotted jointly to illustrate
the limitations of MICP, NMR thin section analysis and microCT at two resolutions. In conclusion, it
is demonstrated how the reservoir properties and the void space (pores and pore throats) should be
analyzed based on the results of both routine (gas porosimetry, liquid saturation, centrifuging, thin
sections) and high-precision methods (NMR, microCT, low-temperature adsorption, etc.).
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We investigate a sink-driven three-layer flow in a radial Hele-Shaw cell performing numerical simu-
lations. The three fluids are of different viscosities with one fluid occupying an annulus-like domain,
forming two interfaces with the other two fluids. Using a boundary integral method and a semi-
implicit time stepping scheme, we alleviate the numerical stiffness in updating the interfaces and
achieve spectral accuracy in space. The interaction between the two interfaces introduces novel dy-
namics leading to rich pattern formation phenomena, manifested by two typical events: either one
of the two interfaces reaches the sink faster than the other (cusp-like morphology) or they touch
each other (interface merging). In particular, the inner interface can be wrapped by the other to
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have both scenarios. We find that multiple parameters contribute to the dynamics including the
width of annular region, the location of the sink, and the mobilities of the fluids.
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The use of CO2 for secondary oil recovery has become a crucial means to achieve emission reduction.
However, the microscopic transport mechanisms of water-oil-CO2 during this process, as well as the
regulations governing CaCO3 precipitation in porous media leading to pore clogging and reduced
permeability, remain unclear.

This experiment conducts a visualized study of CO2-oil-water percolation in homogeneous porous
media, examining the impact of displacement factors such as flow rate and pressure on recovery.
We quantify stable displacement, capillary fingering, viscous fingering, and other modes. Based
on CO2-oil-water percolation experiments, a buffer solution is injected under different flow rates
and pressure conditions to catalyze and accelerate CO2 mineralization reactions. The experiment
observes the microscopic aggregation and distribution patterns of CO2 mineralization crystals in
porous media, exploring the resulting changes in pore volume and their corresponding effects on
permeability and fluid mobility.

This experiment employs a specialized pressure-resistant microfluidic chip with a CaCO3 coating,
accurately simulating the geometric structure and surface properties of underground rocks. The
chip initially exhibits an oil-wet surface, and upon injection of low-concentration desalinated sea-
water (referred to as desalination water), cations in the desalination water transform the wettability
of the rock crystals, causing certain coatings to transition to water-wet characteristics. Before the
breakthrough of desalination water, there is a positive correlation between the internal pressure
of the chip and the injection flow rate, while it exhibits a negative correlation with pore size. The
heterogeneity of pore shapes and sizes in heterogeneous media results in higher injection pressure
compared to homogeneous media. After the injection of supercritical CO2 (ScCO2) into the chip, the
remaining water dissolves some CO2, creating an acidic environment within the chip, and corrod-
ing the CaCO3 coating within the channels. However, the chip also contains ScCO2-encapsulated
media, preventing corrosion and forming a protective phase. ScCO2 can similarly alter the crystal
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wettability, transforming it into CO2-wet. Injection of a buffering solution to adjust the internal
environment of the chip to alkaline conditions results in the formation of CaCO3 crystals adsorbed
on the surface of the porous media. Nevertheless, Some crystals tend to aggregate, indicating that
CaCO3 might bridge at the pore entrance, potentially causing blockages.

This study focuses on the fundamental mechanism analysis of CO2 multiphase flow and sequestra-
tion, researching improvement measures for CO2 enhanced oil recovery and storage technologies.
It lays a crucial research foundation for enhancing petroleum recovery, contributing to the achieve-
ment of carbon peaking and carbon neutrality goals.
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Nanoporous materials provide high surface area per unit mass and are capable of fluids adsorption.
While the measurements of overall amount of fluid adsorbed by a nanoporous sample are straight-
forward, probing the spatial distribution of fluids is non-trivial. For macro-porous media the effect
of partial saturation on acoustic properties is described by the theory of poroelasticity.

To test applicability of poroelastic patchy saturation models to nano-porous materials, we consider
ultrasonicmeasurements during adsorption and desorption of n-Hexane vapor on nanoporous Vycor
glass (Page et al., 1995). As vapor pressure is increased from zero to the saturation pressure, the
vapor is adsorbed on the pore walls, resulting in gradual increase of the liquid fraction. The reverse
process occurs when pressure is decreased, but the ‘drying’of the nanopoorus glass is heterogeneous,
resulting in a very different velocity-saturation relationship.

On adsorption, we model ultrasonic properties of partially saturated glass using Continuous Ran-
dom Model (CRM) of Müller and Gurevich (2005), also known as the Dynamic equivalent medium
approach (DEMA). In this model, the liquid fraction is considered a random function of position,
controlled by the correlation length d (“patch size’), which may itself vary with saturation.
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As noted by Kobayashi and Mavko (2016), during imbibition, some significant portion of the liquid
fraction should be uniform. In other words, if we consider the medium to be saturated with a binary
mixture of two fluids, one of these fluids should be liquid, while the other should be a uniform
mixture of liquid and vaporwith liquid fraction SL0, which itself increaseswith the increasing overall
liquid saturation SL. This is even more so for nanoporous media, where adsorption tends to produce
rather uniform patterns. Our modelling shows that there is a strong coupling between the patch size
and uniformly saturated fractions, which cannot be resolvedwith ultrasonic data only. However, this
can be resolved using light scattering data (Ogawa and Nakamura, 2013). Very weak light scattering
during adsorption shows that 99.3% of the increase of the saturation is uniform. Yet the saturation
is not entirely uniform, as shown by the deviation of the longitudinal modulus from the unform
saturation limit (as discussed in the next section).

The desorption process results in macroscopic liquid patches, and cannot be modelled with CRM.
We model this process with elastic finite element methods.

Our calculations show that on adsorption the characteristic patch size is of the order of 100 pore
diameters, while on desorption the patch size is comparable to the sample size. These results are
supported by optical data for similar systems. Our analysis suggests that one can employ ultrasound
to probe the uniformity of fluid spatial distribution in nanoporous materials.
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In the field of carbon-free heat power generation, there is a growing interest in the design of compact
and long-life high-temperature energy systems (HTES), such as thermochemical reactors, volumet-
ric solar receivers and radiant tube inserts, among others. These energy converters have long been
based mainly on porous reticulated ceramics (porosity ~75-95%, cell size ~0.1-10 mm) which can be
described as a continuous ligament network delimiting open cells throughwhich a heat transfer fluid
(reactive or not) can flow. The rapid development of processes based on the principle of additive man-
ufacturing (AM) has recently extended the possibilities of fabricating new 3D periodised geometries
ranging from hierarchical structures with different sets of unit cells to triply periodic structures with
minimal surfaces. From a thermal modelling perspective, one of the main challenges is to accurately
account for the exact contribution of thermal radiation from these new geometries in the HTES heat
balance, both in transient and steady state. To tackle this challenge, two main numerical modelling
approaches can be used today to determine the temperature and/or heat flux fields within the 3D
structures. The first class of approach, at the continuous macroscopic scale, requires the radiative
transfer equation to be solved rigorously as long as the ceramics studied follow a radiative behaviour
governed by the Bouguer-Beer-Lambert law, i.e. the extinction of thermal radiation is characterised
by a negative exponential function of the optical thickness. This integro-differential equation can
then be simplified into an equivalent - but approximate - thermal conduction equation by respect-
ing the appropriate Rosseland conductivity assumption if the medium is optically thick. When the
optical thickness becomes smaller (<3), other more advanced analytical and numerical approaches
can be used: P1 approximation, discrete ordinate method, Monte Carlo method. However, the re-
cent regular 3D architectures obtained by AM processes clearly show, unlike the more conventional
open-cell foams, a radiative behaviour that clearly deviates from the well-known beerian behaviour,
which leads to the thermal problem being solved by calculations carried out at pore scale. The con-
cept is to treat elementary heat exchanges at the pore scale using a representative 3D image of the
ceramic, beforehand obtained by X-ray µ-tomography or by computer-aid based generation. Using a
scheme implemented in a solver based on vectorial finite elements, we here propose a 3-step method
for cases where convective transport is neglected: (i) solving the heat equation in the solid skeleton
(ii) solving the radiative transport in the fluid phase (iii) solving the conductive-radiative coupling at
the fluid-solid interface. This presentation will show the results of temperature fields calculated in
periodised structures and will allow us to discuss how to model radiative transport on a continuous
scale when beerianity is not satisfied.
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Carbon capture and storage (CCS) holds immense promise for mitigating climate change, but its
full potential remains largely untapped due to challenges in sourcing CO2 and constructing an ex-
tensive infrastructure across Europe. To address these limitations, we present a workflow and an
open-source Python package that assesses the material, energy, environmental, financial, and opera-
tional aspects of pan-European CCS networks. Our tool leverages a spatial map of European emitters
based on the E-PRTR database, incorporating flue gas composition information to tailor capture tech-
niques to each emitter’s industrial sector and proximity to existing or potential pipelines and storage
sites.
Our computational model employs a Graph data structure to construct a network that connects emit-
ters along existing European gas pipelines and power cables, simulating potential future pipeline
routes. Multiple transportation routes, represented as Directed Graphs, link emitters to subsurface
storage sites in the North Sea. The tool performs detailed sizing calculations for pipelines, designs
compressor and pumping stations and temporary storage tanks, and calculates compression energy
and cost for subsurface storage. Energy consumption is determined based on process models, and
correlations are applied for capital cost estimation. Operating costs are projected using the spatial
cost of fuel and electricity across Europe. A multistep approach to database analysis and design and
energy analysis steps ensures the computational efficiency of the package for sensitivity analyses
and case studies for minimizing cost and energy demand.
Preliminary results from our model indicate that a German-Danish CCS network, with storage in
depleted Danish North Sea reservoirs, will demand electricity and heat equivalent to two- and one-
fold Danish consumption, respectively. This network, connecting emitters with annual emissions
exceeding 50,000 tons, is projected to store approximately 350 Mt of CO2 annually. However, due
to the carbon intensity of the grid and heat, this network will also emit an equivalent of 30% of
the stored CO2. A substantial capital investment exceeding EUR 90 billion, primarily allocated to
pipeline construction, is anticipated. An annual operating cost ranging from EUR 6 to 18 billion,
depending on electricity prices, is also projected.
Our software is distinguished by its utilization of updated emitter databases, fundamental process
models, and state-of-the-art efficiency factors and costs provided as process equipment databases.
These features minimize user input and ensure realistic network design and accurate estimations of
environmental footprints, energy demand, capital, and operating costs, facilitating informed plan-
ning and decision-making by taxpayers, investors, operators, and policymakers.
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Multiphase flow with phase change is ubiquitous in many industrial applications including Enhance
Oil Recovery(EOR) , Carbon Capture Storage(CCS) and fuel cell. In this work, we present a lattice
Boltzmann model(LBM) for multiphase flow with phase change. Coupling color-gradient model
and pseudo-potential model, current model is capable of capturing phase change in porous media
spontaneously as well as immiscible multiphase flows. A new correction term is introduced into
the color-gradient LBM. The proposed model is comprehensively verified via multiple benchmarks.
Pore-scale simulations are conducted after benchmarks. Our results indicates the significance of
considering phase change in pore-scale studies.
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To comprehensively understand and predict the behavior of CO2 storage, the development of pre-
cisemathematical models and advanced numerical schemes for large-scale simulations is demanding.
The advection and diffusion or even interaction between injected supercritical CO2 and other fluids
in the storage reservoirs should be able to be described by multiphase flowmodels. Notably, the con-
sideration of CO2 dissolution introduces dynamic changes in the density of fluid phases, instigating
density-driven flows. Most discretization schemes are explicit or semi-implicit which restricts the
time step size of the simulations. In this work, a fully coupled and fully implicit scheme for large-
scale simulations of miscible multiphase flow in heterogeneous porous media is proposed. Vertex
Centered Finite Volume Method is employed for the spatial discretization. The linearly implicit ex-
trapolation method (LIMEX) is adapted for temporal discretization. The arising linear system of
equations is solved by BiCGSTAB with Geometric Multigrid (GMG) preconditioner. The parallel im-
plementations are based on the open-source software: UG4. The validation of the proposed scheme
is verified by the comparisons with analytical solutions in benchmark cases. The weak and strong
scaling tests are performed on the supercomputer Shaheen II with up to 4096 processor cores. Due
to the stable numerical treatment and efficient implementation, the proposed scalable solution is
suitable for large-scale simulation over long periods.
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Polymer electrolyte membrane fuel cells (PEMFCs) have emerged as ideal energy-conversion devices
for hydrogen energy applications. The performance of PEMFCs is significantly affected by the ac-
cumulation and transport of water inside porous components and flow channels. Here, we focus
on investigating the role of surface roughness on the fluid transport and droplet impact behaviours
in the porous components of PEMFC. We start by examining the fluid transport characteristics at
the interfacial region of microporous layer (MPL) and catalyst layer (CL), considering the effects of
compression stress, porosity, and wettability. Liquid and gas permeabilities are also investigated to
assess water drainage and fuel supply efficiency with different compression conditions. Then, sur-
face roughness effects of gas diffusion layer (GDL) on liquid droplet removal inside a flow channel
are investigated. We simulated the complete process of droplet removal in flow channel, including
emergence, growth, detachment, and removal. We also identified different regimes of detachment
modes based on the droplet breakup location and detachment ratio. Finally, we experimentally exam-
ined the liquid droplet impact dynamics on rough surfaces with various topological parameters. We
observed different modes of droplet spreading and bouncing behaviour, and droplet impact outcome
transition from bouncing to no bouncing is identified. To quantify the influence of surface wetting
area on the bouncing-wetting transition, we proposed a modified Weber number that incorporates
a combined effect of droplet kinetic energy, surface energy, and adhesion force. We found that the
droplet impact outcomes in the transition regime can be accurately described by a single curve as
a function of the modified Weber number. The results can provide valuable insights into selecting
appropriate parameters of diffusion media for optimising water management and fuel supply during
fuel cell operation processes.
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In this work, the transition zone is understood as the volume of a productive formation with water
saturation (Kw) varying from 100% at the free water surface to residual water saturation (Krw) in
the oil part of the reservoir. Accordingly, the height of the transition zone is determined above the
level of free water saturation (Hfw).
The action of capillary forces at the oil-water interface leads to the rise of water, and in areas with
a small radius of capillaries, where the pressure is higher, the water rises to a greater height. As a
result, the structure of the transition zone takes on a complex appearance, and the values of the oil
saturation coefficient (Koil) in the reservoir volume change from zero to maximum oil saturation,
where all open porosity is filled with oil.
For hydrophilic reservoirs, electrical resistivities are related to their fluid saturation and can be used
in estimating the water saturation coefficient (Kw). Capillarimetric studies in estimating Kw are
based on conducting experiments on core samples with determining the dependences of capillary
pressure curves Pk=f(Kw).
The problem of 3D distribution of parameters Kw and Koil can be solved on the basis of a compre-
hensive accounting of well logging data and capillarimetric core studies. To solve the problem posed,
the complex parameter of the squared ratio of permeability to porosity √(k/Kp) was used as the main
parameter, the physical meaning of which is proportional to the radius of the pore channels for an
ideal environment. In this case, methods of multidimensional mathematical modeling were used
using the Scipy.optimize software package.
As a result, the distribution in three-dimensional space of the complex parameter Kw/√(k/Kp) was
obtained depending on the filtration-capacitance properties and Hfw. The mathematical model of
the change in the parameter Kw/√(k/Kp) obtained on the basis of sequential quadratic programming
according to capillarimetry data is described by the equation:
Кw/√(k/Kp) =200 • (8.981 • exp(-10.47 • √(k/Kp))+0.13 • exp(-9.46 • Нfw /100)+1.82 • exp(- 1.65 •
√(k/Kp)) • exp(-0.59 • Нfw /100)+0.007) at R=0.98; n=7644.
Based on the obtained water surface elevation, the values of the parameter Kw/√(k/Kp) were calcu-
lated for each point in the 3D space of the deposit. As a result, an increase in the undersaturation
zone is observed in the upper part of the reservoir, within which Koil increases from zero at the level
of the clean water table to the value of the residual oil saturation. The zone of extreme saturation,
where all water is capillarily bound, occupies only the uppermost central part of the deposit. Tak-
ing into account the parameters of transitional oil-water zones during 3D modeling shows that the
idea of the distribution of oil saturation has fundamentally changed, which significantly affects the
performance of technological calculations in geological and hydrodynamic modeling.
The research was funded by the Ministry of Science and Higher Education of the Russian Federation
(Project No. FSNM-2023-0005).

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

Page 750



InterPore2024 / Book of Abstracts

Russia

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

928

Understanding theRole ofWettabilityDistribution inUnderground
Hydrogen Storage (UHS) in Heterogeneous Aquifers
Authors: Mansour Nazari1; Matin Bagheri1; Hassan Mahani1; Shahab Ayatollahi1

1 Sharif University of Technology

CorrespondingAuthors: hmahani@sharif.edu, matinbagheri2378@gmail.com, shahab@sharif.edu, mansournzi3@gmail.com

Hydrogen is recognized as a clean energy carrier and plays a key role in energy transition. Subsur-
face structures, such as aquifers with enormous storage capacity and global abundance, are economi-
cally viable and highly promising for hydrogen storage. However, the formation rocks of such struc-
tures bear various complexities, including different minerals contributing to the rock structure, as
well as complex pore structures such as microporosity, microfractures, etc. Therefore, understanding
the flow dynamics of hydrogen andwater in these formations is essential to optimize hydrogen stora-
bility and recovery. The goal of this paper is to investigate the effect of flow regime and wettability
distribution on flow pattern, trapping mechanisms, and hydrogen recovery efficiency through direct
computational fluid dynamics simulations. To do so, by applying direct numerical simulation (DNS)
and finite volume techniques, the governing flow equations were directly solved in realistic pore-
scale geometries while considering various types of wettability distribution in the porous medium.
The results reveal that moving toward a less water-wetting state during the primary drainage (or
storage) process reduces hydrogen trapping, allowing for more pore space to be available for hy-
drogen storage. This is because hydrogen faces less capillary resistance and gains higher effective
permeability. However, during the imbibition (or recovery) process, it slightly increases hydrogen
trapping in relatively large pores due to the larger capillary pressure in pore throats, which reduces
the efficiency of hydrogen withdrawal. Therefore, changing the wettability of the storage system
to a less water-wetting state favors the initial distribution of hydrogen for underground hydrogen
storage operation. This modification reduces residual hydrogen saturation, increasing the ultimate
hydrogen recovery factor. This paper also presents and discusses further simulation results on the
effect of initial wettability distribution on the UHS process.
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In porous media science and engineering permeability is one of the key properties, which defines the
capacity of porous structure to be penetrated by a fluid. Fibrous materials used as reinforcements of
structural composites can be considered as the most general and complex class of porous media due
to their anisotropic and multi-scale character: an engineering textile is composed of yarns at meso-
scale, themselves composed of thousands of fibers at micro-scale. Experimental determination of
permeability of fibrous textiles is a tedious task. It is time-consuming, requires a specialized and of-
ten costly equipment, and almost impossible to be conducted at micro-scale. Virtual characterization
of permeability using numerical methods has important advantages over the measurements. It al-
lows to reduce material waste, to analyze the influence on permeability of material microstructural
parameters, while being capable of addressing high variability inherent to this class of materials.
At present there is no widely accepted numerical approach for permeability prediction yet due to
modeling challenges such as the choice of the RVE (representative volume element), boundary condi-
tions, permeability identification technique, as revealed in the first international virtual permeability
benchmark on fibrous media 1. This motivated the development of a novel scientific software named
‘PoroS’ 2, which includes a set of numerical solvers specifically designed for anisotropic multi-scale
materials for the prediction of permeability.
This scientific software can calculate the saturated permeability of a porous material based on real
3D images of its micro/mesostructure. Alternatively, digital twins of the material can also be used
as input to PoroS.
The first version of the software PoroS 1.0 has been developed to compute the permeability of mate-
rials with single-scale porosity. The Stokes flow problem is solved using the finite element method
and specifically designed matrix-free iterative solvers to reduce the computational cost. The pseudo-
compressibility formulation is employed, and the full-field homogenization method [3] then allows
the full 3D permeability tensor to be calculated using only the computed velocity fields, giving the
advantage of reducing the number of degrees of freedom without having to compute the pressure
field.
After having validated the flow solvers using a set of test-cases from the literature, PoroS predic-
tions were compared with the results of the first stage of the virtual permeability benchmark 1. The
input geometry was a 3D image with a nominal resolution of 0.5 µm/voxel representing the mi-
crostructure of a yarn composed of ~400 slightly misaligned fibers (available on the repository at
https://doi.org/10.5281/zenodo.6611926). The results obtained using PoroS 1.0 fell within the main
cluster of results of the benchmark (Figure 1) and are close to the mean value defined after elimina-
tion of outliers.
The second version of the software PoroS 2.0 [4] addresses the permeability of materials with dual-
scale porosity by using the Stokes-Brinkman flow problem formulation. PoroS 2.0 is officially in-
volved in the second stage of the virtual permeability benchmark [5] dedicated to permeability of
the material at the mesoscopic scale of the textile, in particular, a textile for which experimental
measurements were available. The comparative analysis of results is ongoing.
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Super-resolution imaging, a transformative technique spanning various scientific disciplines, holds
the potential to revolutionize our understanding of complex porous structures within the realm of
porous media and modeling. Traditional imaging approaches often struggle to capture the intricate
details of porous media’s intricate structures. To overcome this limitation, our research employs
advanced AI-driven super-resolution methods, aiming to transcend inherent resolution constraints.
Our goal is to bridge the gap between large-scale imaging methods, which excel at capturing macro-
scopic features, and small-scale techniques known for their detailed focus. By developing techniques
to reconstruct high-resolution representations from lower-resolution inputs, our study promises a
profound characterization of porous media’s internal architecture, critical for applications such as
filtration, oil recovery, and groundwater flow.

Our research journey embarked with a meticulous exploration of AI-based super-resolution tech-
niques. Initially, we employed the ESRGAN model with the rrdb net as the generator. While it ex-
hibited commendable performance, the model’s large size posed practical challenges. Subsequently,
we transitioned to the SwinIR model, which delivered results characterized by their remarkable
smoothness and sharpness. Building on this progress, we leveraged GAN-assisted Swin transform-
ers, an approach that not only yielded exceptional outcomes but also presented a significantly re-
duced model size. This transition not only streamlined GPU memory usage during training but also
accelerated the training process.

Our methodology included in-depth examinations of various loss functions, highlighting the signif-
icance of a hybrid approach that combines GAN loss and pixel loss. This novel approach proved
instrumental in effectively training the model and enhancing the quality of super-resolution results.
Throughout our research, we meticulously studied the individual impact of each loss function and
established relevant metrics, providing a robust foundation for our study’s methodology.
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Beyond the advancements in super-resolution techniques, our research culminated in the develop-
ment of a model capable of achieving super-resolution beyond current technological limitations.
This breakthrough allowed us to push the boundaries of resolution in porous media imaging, and
we validated our findings on new datasets with resolutions of 1μm, 4μm, and 16μm.

The results were nothing short of groundbreaking. We observed that our AI-driven super-resolution
approach consistently outperformed conventional methods, producing images with unprecedented
clarity and detail. Notably, our model achieved remarkable results even at resolutions previously
considered unattainable. This newfound capability opens doors to a wealth of possibilities in the
fields of porous media analysis, offering insights that were once hidden from view.

In conclusion, our research demonstrates the immense potential of AI-driven super-resolution in
revolutionizing porous media imaging. By unveiling hidden details and pushing the boundaries of
resolution, our findings hold promise for a wide range of applications, from enhancing filtration
processes to optimizing oil recovery and improving our understanding of groundwater flow dynam-
ics.
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There is a growing recognition of the need to reduce the atmospheric concentration of Carbon Diox-
ide (CO2) to slow the effects of climate change. Many sedimentary basins, which host prolific hy-
drocarbon resources, are now being reassessed for their potential role as subsurface storage sites,
including the East Irish Sea, UK. However, there are implications for subsurface CO2 geological stor-
age, such as mineralogical alterations due to the acidic character of pore fluids and potential changes
in pore space and grain character. Such rock-fluid interactions may have consequences for the ge-
omechanical behavior and petrophysical parameters.
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In this study, we undertake an integrated method through hydrothermal and mechanical experi-
ments to assess the impacts of CO2 storage by comparing the pre- and post-reacted samples in
terms of mineralogy, petrophysical parameters and geomechanical behavior of Triassic sandstone
core from the Sherwood Sandstone Group, South Morecambe Field, (110/8a-C5) East Irish Sea, UK.
The Triassic Core samples are subarkosic arenites made up mainly of quartz, K-feldspar, dolomite
and illite which are determined using optical microscopy, SEM and XRD. Detailed SEM images and
SEM-EDXmapping illustrate dolomite cement, partial alteration of K-feldspars and illite coating the
quartz grains, which was largely responsible for porosity preservation. The density and porosity
of the pre-reacted samples are 2.1g/cc and ~15 - 20.5% respectively. The confined permeability is
1.9e-19m2. In terms of the rock’s geomechanical behavior, the Young’s Modulus obtained after the
triaxial loading test is 5.3GPa. Hydrothermal reactor experiments were carried out in a cylindrical
stainless steel Parker Autoclave Engineers with 500 ml volume, the vessel was heated by a ceramic
band heater at 80℃ and the pressure was raised and kept constant at 20 MPa. In each experiment,
the vessel was partially filled with a seawater-like fluid, the Triassic sandstone core was immersed
in this fluid, CO2 was injected into the remaining space and the autoclave was pressurized. The
remaining fluid was analysed for key chemical species using ICP-OES to help the understand min-
eralogical alterations and potential authigenesis.
Carbonate dissolution, increase of the alteration degree of K-feldspar, subordinate Illite precipitation
or even dissolution in the hydrothermal reacted sample can be expected leading to the modification
of pore space and rock cohesion. Considering that mineral dissolution is the main rock alteration
process, an increase in porosity and permeability can be expected. Conversely, the density and
Young’s Modulus can have smaller values mainly due to the loss of dolomite cement and consequent
rock weakening.
Investigating the potential physical changes in porosity, permeability and rock strength and compar-
ison of the results from pre- and post-experiments, is crucial to assess which are the main reactive
minerals and classify the best and safest rock facies for a subsurface CO2 geological storage. The
results presented will be used to predict the best petrophysical facies and improve our understanding
of injecting CO2 to avoid fractures and fault reactivation.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

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

Country:

United Kingdom

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 932

Comparisons between a dual-pore-network model and a hybrid
pore-network-continuummodel for predicting permeability and
formation factor of multiscale carbonate digital rocks
Authors: Bowen Shi1; Chao-Zhong Qin1; Xingyuan Zhao1

1 chongqing university

Many underground rocks have been found to possess complex multiscale porous structures with
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bimodal/multimodal pore size distributions, such as carbonate rocks, tight sandstones, and shales
(Bultreys et al., 2016; Shan Wang et al., 2022; Nijat Hakimov et al., 2022). Flow and transport in
these rocks play an important role in many subsurface applications. In addition to in-situ core ex-
periments, several pore-scale numerical models have been developed to simulate flow and transport
in multiscale porous structures, including dual-pore-network, micro-continuum and pore-network-
continuum models (Francisco J. Carrillo et al., 2020; Zhang et al., 2021; Tom Bultreys et al., 2015).
Compared to micro-continuum and pore-network-continuummodels, a dual-pore-network model is
computationally efficient and can be used to the full core analysis. However, the effect of smearing
heterogeneity of microporous domains (i.e., sub-resolution domains) on numerical predictions needs
to be studied.
In this work, absolute permeability and formation factor of Estaillades carbonate rocks are modelled
by both a dual-pore-network model and a hybrid pore-network-continuum model. We show the
key difference between the dual-pore-network model and pore-network-continuum model for treat-
ing microporous domains. By comparing numerical predictions of the two models, the influence
of microporous heterogeneity on seepage characteristics of carbonate rocks is extensively explored.
Moreover, the dual-pore-network model is used to study the influence of image resolution on the
prediction of permeability and formation factor. As reducing the resolution of the original image, it
is observed that more and more resolved pores are identified as microporosity, while the modelled
permeability decreases.
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1.0 Introduction
Over 50 % of reservoirs worldwide contain water-sensitive shale formations containing exorbitant
compositions of clay minerals 1. Over 70 % of shale is composed of smectite (montmorillonite) re-
sulting in over 90 % of the wellbore instabilities in the drilling worldwide2,[3]. Gautam et al. [4] also
reported that mud systems are significantly destabilized while drilling deep and ultra-deep shale
reservoirs with bottom hole temperatures (BHTs) above 200 oC due to the disintegration of their
additives.
Due to the toxicity of oil-based drilling fluids, water-based drilling fluids (WBDFs) are being used for
drilling activities because they are non-toxic, cheaper, and easier to prepare and use2,[4]. However,
when water molecules from WBDFs come into contact with shale formation, they interact with clay
minerals leading to the swelling of the formation[5]. This results in the leakage of mud into highly
porous and poorly consolidated formations, the collapse of the wellbore, reduction in the rate of
drilling by the bit, abnormal viscosity of mud, bit balling, sticking, and reduction in the permeability
of the reservoir 2,[6].
The physicochemical properties of “green”and “designer”ionic liquids (ILs) such as compatibility
with different compounds, favorable solvating potential, excellent thermal stability, high ionic con-
ductivity, high solubility, and higher surface activity have made them excellent potential additives
for preventing swelling of clay minerals under high pressure and high temperature (HPHT) condi-
tions [7],[8]. This is because conventional inhibitors for example polymers, surfactants, and ionic
salts decompose at higher temperatures which negatively affect their performance in preventing the
swelling of shale[9],[10]. Therefore, more research is required to establish the type of ILs that has
optimal performance at HPHT conditions.
2.0 Methods
Rheological and filtration properties at 250 oC and shale cuttings recovery experiments at 250 oC,
linear swelling experiments, were utilized to establish the performance of imidazolium, ammonium,
and pyrrolidinium-based ILs in a 4wt% sodiummontmorillonite (Na-Mt) dispersion. Mechanisms for
shale swelling inhibition were established by X-ray diffraction analysis, zeta potential tests, particle
size distribution, contact angle measurements, and molecular dynamics simulations with Material
Studio software version 2019.
3.0 Results
The addition of ILs in the Na-Mt dispersion at 250 oC was associated with an improvement in the
rheological properties, better filtration properties, an increment in the percentage of shale cuttings
recovered, a reduction in the rate of swelling, higher values of contact angle, and a reduction in
the d-spacing between the sheets in Na-Mt due to strong electrostatic and van der Waals forces of
attraction between the cationic group and the surface, interlayers, and edges of Na-Mt sheets. Their
performances at HPHT conditions are strongly controlled by the nature of the cationic group with
imidazolium > Ammonium > pyrrolidinium cations due to varying strengths and polarity of bonds
formed during adsorption onto the active sites of Na-Mt.
4.0 Conclusions
Imidazolium-based ILs reported the best shale inhibition performance at temperatures above 250 oC.
They are the most stable ILs at temperatures above 250 oC.
Keywords: shale swelling inhibition, water-based drilling fluid, Ionic fluid, High temperature and
high-pressure conditions.
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Enhancing CO2 foam performance with micrometer-sized parti-
cles and studying their transport behavior in rock pore spaces
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The current heavy reliance of the global energy system on fossil fuels has led to persistently high
levels of CO2 emissions. As one of the major greenhouse gases, CO2 contributes to global warm-
ing. Carbon capture, utilization, and storage (CCUS) is considered an effective method for reducing
greenhouse gases in the atmosphere.
Compared to direct CO2 injection, CO2 foam has been found to be more effective for enhanced
oil recovery and CO2 storage. Many studies have shown that nanoparticles can strengthen foam
and significantly enhance its performance. However, the high cost of nanoparticles has hindered
their large-scale application. As a response, this research focuses on testing industrial-grade fine ce-
ment, fly ash, and bentonite, studying the combinations of high-performance surfactants with these
particles to understand their foam stability and interfacial mechanical properties. Through core
flooding experiments, we explore the optimal systems for plugging and oil displacement, as well as
the transport behavior of micrometer-sized particles. The experiments conducted thus far have re-
vealed that the median particle size of these particles ranges from 1000-1800nm. The self-developed
high-performance surfactants, when combined with selected particles, have shown a meaningful
enhancement effect only at concentrations above 2wt%. At a particle concentration of 4wt%, the
surfactant demonstrated a performance of over five times that of the surfactant alone, similar to the
performance of around 1wt% nanoparticles, but with a simpler configuration process and the use of
safer reagents.
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This research contributes to the understanding of transport behavior of new foam systems in rock
pore spaces and the principles of gas storage. Investigating the plugging effect of micrometer-sized
particles on rock cores is equally significant.
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The role of bio-geotechnics in reducing greenhouse gas emissions
from constructional slope stabilization
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In the last few decades, the concepts of sustainable development and the net-zero commitment im-
posed by the United Nations have become the subject of various research and emerging eco-friendly
technologies worldwide. The principles of two concepts have also expanded to geotechnical engi-
neering, where innovative biological-based techniques were found promising in future development.
Vegetation as a genuinely compatible element with the environment plays a crucial role in ecological
restoration and rehabilitation efforts through offering numerous environmental benefits. Previous
research proved that plant root system and its hydrological interactions with soil and atmosphere
can effectively modify the engineering properties of soils. The alterations induced by plant influence
highlight vegetation as a widely embraced method for slope stabilization. To conduct a comprehen-
sive examination, vegetation is contrasted with traditional construction techniques, including nail-
ing and anchorage. This comparative analysis consists of two stages. Initially, the evaluation of slope
stability is carried out using a numerical model across various slope geometries, with a specific focus
on the impact of the 10-year return rainfall. In the second stage, the environmental and economic
aspects are assessed. This involves the utilization of life cycle assessment (LCA) and life cycle cost
(LCC) analyses to ensure a comprehensive evaluation. According to a calibrated numerical model,
it has been determined that vegetated slopes, up to a specific height of 8 meters, can effectively sta-
bilize the slope, irrespective of the slope angle. Under these circumstances, even negative carbon
emission can be achieved, attributed to the carbon-absorbing capacity of plants. For heights exceed-
ing 8 meters, the recommendation is to employ traditional stabilization methods. For slopes with
a moderate angle (30°-60°), the preference is for anchored method, primarily due to reduced carbon
emissions resulting from the use of fewer elements. With an increasing number of elements, a pref-
erence for the nailed slope emerges. This choice is driven by the observation that as the number of
elements in an anchored slope rises, the associated carbon emissions surpass those of a nailed slope,
owing to the utilization of materials with higher carbon emissions. The main contributors to carbon
emissions in the nailed and anchored slopes were steel bars and cement. In an economic evaluation,
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vegetation emerges as the most cost-effective method, and, in general, the nailing method proves to
be less expensive than anchoring. The findings of this study highlight the effectiveness of integrat-
ing vegetation-based approaches in reducing carbon emissions and enhancing the environmental
sustainability.
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Coarse-grained modeling of fluid transport in swelling porous
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Fluids can induce solid adsorption and swelling in porous materials when they infiltrate pores. For
example, alkaline liquids created after water mixing with alkali metals can react with minerals like
quartz or feldspar and form a new substance called alkali calcium silicate hydrate. Fluid flow fa-
cilitates the damage of concrete as this new substance can swell upon adsorbing water and crack
the concrete. In carbon sequestration, CO2 injectivity can significantly decrease with time as gas
adsorption induces swelling of the rock matrix and reduces pore spaces for the flow pathway. How-
ever, the coupling between fluid flow and solid deformation remains challenging to be captured by
numerical models.
Coarse-grained molecular dynamics (CGMD) bridges nano- and micro-scales by mapping a group
of atoms/molecules into a single coarse-grained (CG) particle. Compared with all-atomic molecular
dynamics (MD), it overcomes the difficulty of simulating multiphase flow with multiphysics in com-
plex pore networks. This study introduces a novel CGMD model to achieve the coupling between
fluid transport and solid deformation at the microscale. This model accurately simulates the inter-
actions between fluids and solids, and between fluids and solids themselves. The solid comprises
bead-spring chain networks considering bonding and non-bonding interactions and reproduces a
broad range of Young’s moduli and swelling ratios. The fluid is modeled by dissipative particle dy-
namics (DPD) and calibrated against density and viscosity at different pressures.
The proposed CGMD model has been adopted to study fluid transport through deformable and non-
deformable nanochannels of varying sizes (35.4 nm~123.9 nm) and a simplified nanoporous medium
composed of spherical solids. The results are analyzed using the Hagen-Poiseuille equation and the
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Kozeny-Carmen equation for validation. The effect of swelling on reducing fluid permeability is
justified, and a relationship is established between fluid permeability and solid swelling. This study
provides a straightforward new approach to modeling fluid transport in swelling porous media at
the microscale within the framework of CGMD, with potential applications in concrete design and
energy storage technologies.
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After the reservoir enters the high-water content stage, the development of dominant seepage chan-
nels due to reservoir non-homogeneity leads to a small wave volume of injected water and a low
crude oil recovery rate. Based on Microbial Induced Calcium Carbonate Precipitation technology,
using microorganisms to break down urea and generate calcite precipitation with calcium ions to
plug the water-driven dominant channels formed at the late stage of reservoir development, ex-
pand the wave and volume of the medium and low permeability reservoirs, and thus improve the
recovery rate. The paper verifies the ability of microbial mineralization systems to improve non-
homogeneous reservoirs and evaluates the effect of microbial mineralization system injection pa-
rameters on enhancing oil recovery by alternately injecting microbes and cementing fluids through
indoor experiments. The experimental results showed that the permeability was reduced by 83.53%
after 4 treatment cycles compared to the non-injected microbial mineralization system; when the
reservoir becomes more inhomogeneous and the permeability contrast increases to 10.42, the water
absorption capacity of the hypotonic reservoir can still be reversed from 10% to 25%, and the cal-
cium carbonate crystals formed can be kept in the reservoir for a very long time; In the enhanced oil
recovery experiments, the microbial mineralization system injection volume of 0.3 PV, optimal de-
velopment can be achieved by injecting 3 times alternately with water, its mineralization post-phase
increased the degree of recovery by 14.51%, with a final oil recovery of 43.25%.
Keywords: High-water content reservoir, Microbial mineralization, Heterogeneous reservoir, En-
hanced oil recovery
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Compared to continuous media materials, porous media materials have the characteristics of low rel-
ative density, high specific strength, large specific surface area, lightweight, good sound absorption
and sound insulation performance, good thermal insulation, and good permeability. Its preparation
methods are diverse, from template method to 3D printing technology, and its applications are also
diverse, from new energy to biology. By controlling the porous structure, we can obtain more porous
materials with excellent performance, and the application of metamaterial structures provides new
opportunities for the development of porous materials. To understand and control the performance
of porous materials, it is necessary to grasp the basic physical properties of porous materials and
establish their theoretical models and analysis methods. This article studies the basic physical pa-
rameters that affect the sound propagation characteristics of porous media (such as porosity, airflow
resistivity, tortuosity, viscosity and thermal characteristic length, Young’s modulus, Poisson’s ratio,
damping loss factor, etc.) through the theory of sound propagation in porous media (Biot theory),
and further elaborates on the classic Biot acoustic model. These parameters not only affect its acous-
tic performance, but also its thermal, optical, and electrical performance. Finally, we will introduce
the techniques and methods for obtaining these physical parameters, as well as their applications in
engineering.
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Active nanofluids are colloidal systems composed of water-based active nanoparticles, garnering sig-
nificant attention for their outstanding performance in enhancing the recovery efficiency of ultra-
low permeability oil reservoirs. Currently, the mechanisms underlying the adsorption and oil film
detachment at the oil-water interface by active nanoparticles remain unclear. Simultaneously, the
lack of precise and efficient methods for the design and performance prediction of nanoparticle ma-
terials constitutes the core issue inhibiting the enhanced oil recovery potential of active nanofluids..
This study aims to dissect the behavioral rules of active nanoparticles at the oil-water interface and
establish a predictive model for the interface-regulating performance of nanoparticles.
Conducted molecular dynamics simulations to investigate the adsorption and oil film detachment
rules of active nanoparticles at the oil-water interface, introducing the binding energy ratio for the
evaluation of adsorption contact angles. Concurrently examined the influence of different oil phase
components on the regulatory rules of nanoparticle behavior at the interface and established a quan-
titative relationship between adsorption contact angles and oil film detachment effects. Utilizing the
aforementioned simulationmethodology, constructed a database of nanoparticle-regulated oil-water
interface samples. Subsequently, trained an artificial neural network model, establishing a machine
learning-based predictive model for the interface-regulating performance of nanoparticles.
The simulation results dissected the regularities of adsorption and oil film detachment of active
nanoparticles at the oil-water interface, offering guidance for the design of active nanoparticles. The
adsorption and oil-stripping effects were found to increase initially and then exhibit a diminishing
trendwith the augmentation of alkane chain length and density. Through the training of a neural net-
work on a sample database, a machine learning-based predictive model for the interface-regulating
performance of nanoparticles was established. Predictive comparisons with practical examples vali-
dated the model’s effectiveness and accuracy. The model is designed to investigate and predict the
adsorption and oil-stripping effects of active nanoparticles at the oil-water interface.
The primary significance of this study lies in the coupling of molecular dynamics simulations with
machine learning, dissecting the behavioral rules of active nanoparticles at the oil-water interface.
Simultaneously, it establishes a predictive model for the interface-regulating performance of active
nanoparticles. This work is poised to facilitate the application of active nanoparticles in enhanc-
ing oil recovery in ultra-low permeability reservoirs, enabling more effective decision-making in oil
displacement and recovery strategies.
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The FIB-SEM imaging technique has opened the door to understanding the pore structure of shale.
However, a large portion of subresolution pores of a few nano meters still challenge the modeling
of gas flow capacity. In this work, the pore-size distribution information by low pressure gas (N2
and CO2) adsorption tests is integrated to a FIB-SEM digital shale core, and the controlling effect
of subresolution pores on permeability is extensively studied by using a pore-network-continuum
hybrid model. Our results show that the connectivity of resolved pores by FIB-SEM is poor. The
core permeability is mainly determined by subresolution pores with the pore sizes between 2 nm
and 5 nm. By using the proposed pore-network-continuum hybrid model to respectively describe
the flows in FIB-SEM resolved pores and subresolution pores, we can accurately calculate the shale
permeability, and advance the digital core analysis of shale gas flow. This is of great significance for
reservoir evaluation and production rule evaluation of shale gas reservoirs.
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This study introduces a groundbreaking Autonomous Adaptive Meta Model (AAMM) as an innova-
tive solution to meet the escalating demand for precise and reliable oil prediction rates over a 20-year
horizon. By leveraging machine learning algorithms and edge computing techniques, the AAMM
dynamically adapts and optimizes its prediction model in real-time, responding to changing oilfield
conditions. It integrates Extremely Gradient Boosting (XGBoost), Random Forest (RF), Bidirectional
Long Short-Term Memory (BiLSTM), and Artificial Neural Network (ANN) to autonomously learn
and adjust its parameters based on real-time feedback from the oilfield data. This adaptive capabil-
ity enhances the predictive accuracy and reliability in dynamic and complex oilfield environments.
Additionally, the AAMM incorporates edge-computing technologies to process and analyze data
directly at the source to reduce latency and expedite decision-making. Utilizing a comprehensive
dataset comprising historical oil production data, geological information, well characteristics, and
other relevant factors, the AAMM remains up-to-date with the latest information through real-time
integration of streaming data. Validation and test on real-world oilfield data demonstrate the AAMM’
s superiority over the traditional standalone models and static meta models. It’s autonomous adapta-
tion is proved crucial inmaintaining accuracymidst changing conditions, providing a robust solution
for oil production optimization.
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One of the poorly studied phenomena is decompression failure of pore material, when the combina-
tion of an instantaneous decrease in stress in the rock matrix and high pressure in the pores leads to
the stress exceeding critical values. This phenomenon most often occurs in ultra-low permeability
rocks such as shale or coal. Shale core samples from productive intervals are completely destroyed
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during core recovery to the surface.A similar process occurs in coal mines when rapid decompres-
sion leads to the growth of a network of cracks, which causes a catastrophic leak of methane.
The author developed a unique computational tool by implementing a numerical method of hydrome-
chanical coupling with dynamic cracks. As the cracks propagate, they interact with each other, even
merging under certain conditions. Fractures coalescence drastically increase mass coverage, which
exponentially increases the outflow of fluids. Numerical modeling shows that rock material during
decompression in most cases undergoes shear failure, instead of tensile failure, which is typical for
hydraulic fractures. Highly efficient parallelization on GPU using CUDA allows you to simulate
direct accounting of fractures using the “continuous destruction”method. This makes it possible to
consider fractured rocks in a single computational domain with fluid flow both in fractures and in
porous media. Non-zero crack stiffness takes into account stress transfer through crack surfaces.
Numerical modeling revealed the critical role of the mechanism of decompression failure of rocks,
which had not been previously studied. Only the highly efficient parallel GM coupling algorithm
allows the investigation of such a problem due to the ultra-high resolution (~1 µm) of the core sam-
ple.
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The influence of grain size on permeability in porousmedia based
on digital core technology
Author: Xiaobin Li1

Co-authors: Liwei Song 1; Rupeng Ma 1; Ying Shi 1

1 Northeast Petroleum University

Corresponding Author: lixiaobin@cug.edu.cn

The grain-filled porous materials are widely used in earth science, chemical engineering and other
fields. The grain size distribution affects the size, shape, connectivity and heterogeneity of pore
space, and has a significant impact on permeability. The relationship between pore structure and
permeability is studied based on grain packing model. Firstly, the process-based method is used to
simulate the grain packing materials, and different pore space structures are obtained by changing
the grain size distribution. The pore networkmodel is used to simulate the fluid flow and calculate the
permeability of these models. The results indicate that the permeability of the model increases with
the increase of the average grain radius. The exponential equation can fit the relationship between
porosity and permeabilitywell. In addition, the relationship between the specific surface area and the
permeability can be fitted by the exponential equation. There are inseparable relationship between

Page 766



InterPore2024 / Book of Abstracts

permeability and pore structure parameters in granular porous materials. The study provides a
reference for understanding the permeability of porous materials.
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Principles of Shale Acidizing Reservoir Transformation Technol-
ogy
Author: xuesong LiNone

Co-authors: Ning Qi 1; Xuhang Su ; Yixin Lu 2

1 China University of Petroleum (East China)
2 China University of Petroleum (East China) China University of Petroleum (East China)

CorrespondingAuthors: suxuhang@163.com, 864956765@qq.com, qining@upc.edu.cn, neon_drizzle@163.com

Compared to conventional hydraulic fracturing reservoir reforming techniques, acid fracturing emerges
as a promising alternative due to its remarkable permeability enhancement effects, reduced difficulty
in fracturing deep shale formations, enhanced propensity for intricate seam network formation, and
effective propping without the need for proppant. This comprehensive review presents an in-depth
analysis of the existing literature on shale acidizing.
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Experimental study on hysteresis during cyclic injection in hier-
archical porous media
Authors: Shuo Yang1; Si Suo2; Johan Revstedt1; Yixiang Gan3; Lei Wang1; Shervin Bagheri4

1 Lund University
2 usyd
3 The University of Sydney
4 KTH

Corresponding Authors: yixiang.gan@sydney.edu.au, xjtu_ss@163.com, yangshawn65@gmail.com

Hydrogen (H2) energy is being developed as a promising alternative to fossil fuels in response to
growing energy demand and the urgent need to mitigate climate change. However, the significant
obstacle to its wide application is the storage problem. Underground hydrogen storage (UHS) in
depleted hydrocarbon fields and aquifers underground holds great promise. UHS includes tempo-
rary storage and later-on extraction (use) processes, corresponding to alternating displacement of
hydrogen injection (drainage) and withdrawal (waterflooding). In UHS, a certain quantity of H2 may
be inevitably lost due to residual trapping. Throughout the cyclic injection process, the trapped H2
might reconnect owing to hysteresis of saturation (Wang, Pereira, Sauret, & Gan, 2023) and relative
permeability (Lysyy, Føyen, Johannesen, Fernø, & Ersland, 2022). Therefore, hysteresis effect during
gas-liquid cyclic injection in porousmedia play an important role in application of UHS.Most current
research efforts have primarily concentrated on cyclic injection in uniform porous media. However,
in natural subsurface rock formations, porous structures typically exhibit multiple levels of pore
sizes. There is an absence of experimental studies on the pore-scale mechanism by which geometry
affects saturation hysteresis in the existing literature. In this work, based on 3D printing technology,
we designed and fabricated the hierarchically structured porous media chip with dual permeability.
Gas-liquid cyclic injection in uniform and hierarchical chips was studied by a high-speed imaging
system emphasizing the impact of hierarchical structure on invasion behavior. The fingering mor-
phology illustrates preferential invasion in 1st-order structure and significant capillary trapping in
2nd-order structure, which are reconfirmed by phase saturation at each level of the hierarchical
structure. The hysteresis effect was quantified based on Land model, and the result shows weaker
saturation hysteresis effect during cyclic injection in hierarchical structure compared with uniform
structure. To explore the causes, ganglion mobilization was investigated. Unlike uniform structures,
inhibition of ganglion mobilization was observed in the hierarchical structure. Through the analysis
of local invasion behavior, the connect-jump invasion method is identified as the primary reason
for this suppression. Further, the mechanism behind the hysteresis difference was uncovered from
two aspects: topology connectivity assessed by measuring normalized Euler number and relative
permeability estimated by employing Lattice Boltzmann method (LBM). The results show the hier-
archical structure has higher connectivity and relative permeability, which helps explain its limited
hysteresis effect. The findings in this study enhance the understanding of the hysteresis effect when
optimizing strategies for storage and extraction in Underground Hydrogen Storage (UHS).
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Synergistic Effect of Hybrid Nanofluids, Low Salinity Water and
Natural Surfactant on the Enhanced Oil Recovery
Authors: Azin Khajeh kulaki1; Seyed Mojtaba Hosseini-Nasab2

1 Semnan University
2 School of Chemical, Oil and Gas Engineering

Corresponding Authors: azinnkhajeh@gmail.com, hosseininasab@iust.ac.ir

Hybrid enhanced oil recovery (HEOR)methods are a combination of two ormoremethods that could
displacement more trapped oil than each stand-alone technique and cause greater improvement for
the oil recovery actor. In this paper, silica and gamma alumina nanoparticles (NPs) dispersed in low
salinity water with gum arabic which is a green surfactant, were applied to investigate stabilizing
formulated solution. Due to the presence of divalent cations in brine, solution with nano-particles
become very unstable. Solution nanofluids were prepared by dispersing gamma-alumina and silica
NPs (0.1wt%) in deionized water, synthetic seawater by 2, 5 and 10 times diluted samples of syn-
thetic seawater. Next, interfacial tension (IFT) and micromodel flooding tests were conducted for
nanofluids that were stable for a longer period of time. IFT measurements revealed important role
of temperature, where increase in temperature causes decrease in IFT of the injected fluid, which
affects the sweep efficiency in porous media. It was found that the micromodel flooding of dispersed
NPs in brine with improves the oil recovery factor, which was due to the ability of modified NPs to
reduce the IFT between crude oil and injected nanofluids. Throughout micromodel flooding it was
observed that, combination of the hybrid nanofluid gamma-alumina and silica with mass fraction
10:90 had the highest incremental oil recovery among the other nanofliuds. IFT analysis results in-
dicated that, combination of the hybrid nanofluid gamma-alumina and silica with a mass fraction of
50:50 dispersed in 10 times diluted brine had the lowest value.
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InvestigatingAquiferThermal Energy Storage in theTexasCarrizo-
Wilcox Aquifer using Numerical Simulations
Author: Ipsita Gupta1

Co-author: Richard Budiman 2

1 LSU Professor
2 Louisiana State University Petroleum Engineering

Corresponding Authors: igupta@lsu.edu, rbudim1@lsu.edu

Aquifer Thermal Energy Storage (ATES) is an innovative and newly implemented geothermal tech-
nology in the US to mitigate global warming and reduce carbon emission from convention energy
source generation. The technology was first put in place in Europe around 20 years ago, particularly
in the Netherlands. ATES works by injecting warm water during summer and cold-water during
winter.
The Texas Carrizo-Wilcox Aquifer is predominantly composed of brackish aquifers underlying fresh
aquifers that can potentially be used to develop ATES without interfering with the existing fresh
groundwater supply. The temperature range in this aquifer varies from 60℃ to 80℃ all year long
which makes it attractive particularly for space-heating and greenhouse farming purposes. Numeri-
cal studies are conducted using SUTRA (Saturated-Unsaturated Transport) simulation software from
USGS. Steady-state and transient models of Carrizo-Wilcox Aquifer are constructed and simulated
with different set of variables to analyze the effects of several parameters such as well location, flow
rates, boundary conditions, cyclic durations, as well as multi-well system utilizing dual aquifer layers
in heat energy storage and production. Simulations show that injection, rest, and production period
together with the flow rates are the most prominent factors affecting the thermal recovery efficiency
in this study. The highest thermal efficiency is obtained by separating the injection and production
well into different aquifer layers ensuring the temperature isolation between the two wells. This ef-
ficacy is attributed to the complete isolation of fluid temperature from the injection well, preventing
any thermal degradation at production well resulting from cold fluid injection. The research demon-
strates the feasibility of geothermal energy implementation in areas where high temperatures are
not readily available. The results from this study can facilitate other studies for investigation into
green geothermal energy resources in the US.
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Liquid hydrodynamics in porous structures manufactured by ad-
ditive technic
Author: Andrey Lukyanov1
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Cheverda V.V., Lukyanov A.A, Vozhakov I.S.
Kutateladze Institute of Thermophysics SB RAS, Novosibirsk 630090, Russia
Novosibirsk State University, Novosibirsk 630090, Russia

Flow and heat transfer in porous media for liquids and gases are widely encountered in nature and
industrial applications. In nature, during the flow of oil and gas in porous rocks. In pharmaceuticals,
pore flow occurs during the filtration of solutions. In the energy sector, heat exchange in pores is
used in heat pipes for effective cooling of heat-loaded devices. This solution is used in microelec-
tronics, on spacecraft, and for cooling LEDs.
Using a photopolymer printer, several porous cylinders were made from star-shaped structures (Fig.
1a). The size of the stars was changed so that the diameter of the inscribed sphere was 0.2, 0.4 and 0.8
mm. From these elements, cylinders with a diameter of 14 mm and a height of 24 mm were created
(Fig. 1b and c).
This cylinder was fixed into a tube through which liquid was pumped at a given flow rate. The pres-
sure difference is recorded using pressure sensors.
The obtained experimental results are compared with the numerical model. The calculation is car-
ried out using the OpenFOAM open source code using the simpleFOAM single-phase solver. The
porous cylinder simulation in OpenFOAM was carried out using the Darcy Forchheimer porous
media model, which allows you to add a porosity zone to the fluid domain without any additional
numerical effort. Knowing the velocity-dependent pressure values, we can calculate the model coef-
ficients and set the required porosity. In our case, we use the assumption that the flow direction has
only one preferred direction. Then the model coefficients were set high in the other two directions
to completely block the flow through them. The computational domain was a cylinder 24 mm long
and 14 mm in diameter. The speed at the channel inlet and outlet was set in accordance with the
specified pressure drop. The conditions of non-leakage and slippage were established on the walls.
The total number of grid elements is 100 thousand. Satisfactory agreement is shown.
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Experimental investigation of fractured caprock breakthrough
pressure under different proportions of sequestered gas condi-
tions
Authors: Chuanjin YaoNone; Xiuqing ZhangNone; Yuyuan SongNone; Jia ZhaoNone; Yiran ZhouNone

CorrespondingAuthors: cy375@upc.edu.cn, xqzzz997@163.com, zyr4452016@163.com, syy10456@163.com, vick-
izj_upc@163.com

CO2 geological storage technology is an important means of mitigating the greenhouse effect, and
reducing the risk of caprock leakage is a prerequisite for ensuring safe and efficient CO2 storage.
In the process of storage, the fluctuation of underground pressure and the change of the original
water-rock equilibrium will lead to the destruction of the caprock, thereby inducing the creation
of cracks and subsequently increasing the risk of caprock leakage, which is a serious threat to the
safety of groundwater and human. In order to ensure the safety of CO2 geological storage, it is
particularly important to evaluate the leakage risk of the caprock, and breakthrough pressure is
the most intuitive and effective parameter for caprock safety evaluation. In this study, the effect
of different proportions of sequestered gas on the breakthrough pressure of fractured caprock is
systematically discussed through step-by-step experiments. The experimental results show that the
breakthrough pressure of the gas mixture of N2 and CO2 was greater than that of the gas mixture of
CH4 and CO2, and the breakthrough pressure decreased with the increase of the molar percentage of
CO2 in the gas mixture, which is due to the interfacial tension between CO2 and caprock fluid is the
smallest, and it is easiest for gas seepage to occur. And the smaller the dip angle between the crack
and the horizontal lamination of the caprock, the higher the breakthrough pressure and the lower
the risk of CO2 leakage. This study can provide theoretical support for the safe implementation and
leakage risk assessment of CO2 geological storage engineering.
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Relative motion of fluid flow in poroelasticity: Implication for
cancellous bone
Author: Young June Yoon1

1 Hanyang University

Corresponding Author: yoon05297@gmail.com

In porous materials, ultrasound propagates in two forms, namely fast and slow waves. The fast and
slow waves are described by the bulk equation and poroelastic dynamic equation, respectively. In
cancellous bone, the relative motion between the solid bone matrix and fluid is believed to generate
slow waves. This paper explains the slow wave generation numerically.

Previous papers suggested that the fast wave of ultrasound penetrates through cancellous bone and
passes through the solid bone matrix, and that the relative motion between the solid bone matrix and
pore fluid generates the slow wave of ultrasound. The results of this study show that the relative
motion between the solid bone matrix and pore fluid generated the slow wave of ultrasound in
cancellous bone. Poroelastic calculation shows that the relative motion is exactly same as the second
wave propagation.

Relative motion is very important in bone cell communication because the relative motion induces
the shear stress on the bone membrane surface. However, high-frequency wave propagation holds
the fluid flow because of fluid inertia. Thus, this result is for low-frequency wave propagation and
induces the bone fluid flow inside the cancellous porous spaces.
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Why does bone respond to high-frequency stimuli?
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Bone responds to low-amplitude high-frequency mechanical stimuli, but the underlying mechanism
is not clear. Here, we explain the mechanism in terms of charged ions and poroelasticity. Charged
ions accumulate on the surface of a cancellous bone matrix when a low-magnitude high-frequency
stimulus, and they attract osteoblasts and cause their aggregation on the bone matrix surface.
The ultrasound generates two longitudinal waves- fast and slow compressional waves in porous ma-
terials. Charged ions accumulate on the surface of the trabecula because of the fast compressional
wave. The charge density increased significantly with an increase in the frequency and a decrease
in the wavenumber. While the slow compressional wave causes the relative motion between the
solid matrix and fluid in pores, the fast compressional wave goes through as the solid bone matrix is
stationarywith fluid. High-frequencymechanical stimuli induces only a small amount of relativemo-
tion between the solid matrix and fluid in pores because of the fluid’s inertia. Thus, high-frequency
mechanical stimuli mainly generate the fast compressional wave in the cancellous bone.
Let us suppose that positively charged ions are present on the surface of cancellous bone. In this
case, a large number of osteoblasts attracts on the surface of the cancellous bone, similar to the case
where a positively charged hydrogel on the surface of cancellous bone attracts a large number of
osteoblasts to the surface. However, there is a need to clarify whether the calculated charge den-
sity is positive or negative. Negative charges promote osteopontin production and thereby inhibit
hydroxyapatite crystallite growth.
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Characteristics of pore-fracture structure of anthracite reservoir
in the southern Qinshui Basin, China
Author: Shiqi 世奇1

Co-author: Shuxun Sang 1

1 China University of Mining and Technology

Corresponding Authors: liushiqi@cumt.edu.cn, shxsang@cumt.edu.cn

The structural characteristics and topological properties of the coal seam pore-fracture network is
a key scientific issue that urgently needs to be addressed in coalbed methane (CBM) development,
which control the continuous process of CH4 adsorption/desorption-diffusion-seepage-production
in the coal seam. Taking the Fanzhuang and Zhengzhuang block in the southern Qinshui Basin,
China as an example, based on the X-ray CT scanning and FIB-SEM scanning results, the three-
dimensional digital characterization andmodeling methods of coal structure are applied to construct
a three-dimensional digital structure relationship model of micro-nano-scale pore-fracture network
in anthracite, and the development characteristics, genesis types, and connectivity of the pores and
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fractures in anthracite are discussed. The results indicate that the pore volume of anthracite in the
southern Qinshui Basin is mainly composed of macropores and micropores, while mesopores are
underdeveloped, which constrain the connectivity between macropores and micropores. There are
exogenous macro-fractures, endogenous macro-fractures (cleats), and microfractures in anthracite.
The macro-fractures are relatively developed, with 2-3 stages visible, while the microfractures are
widely developed, improving the connectivity of micro-scale pore-fracture network. There are two
genesis types of pores in anthracite, which are metamorphic pores, common secondary gas pores,
differential shrinkage pores, and macromolecular structural pores, and mineral-related pores, pri-
marily including dissolution pores and intergranular pores. The macropores are mainly composed
of microfrcture and secondary gas pores, the development degree of mesopores depends on the dif-
ferential shrinkage pores and ultra-microfractures, while micropores are mainly macromolecular
structural pores. The pores cross-section of anthracite in the southern Qinshui Basin is mainly irreg-
ular in shape, with significant capillary resistance. The pores have good connectivity, with various
connectivity pathways, which are conducive to gas migration and production. However, with the
decreases of the pore-fracture scale, the connectivity and permeability of pore-fracture decrease ac-
cordingly. Ultra-microfractures (including differential shrinkage pores), microfractures, and cleats
play a major role in coal connectivity. Cleats are the main connected fractures at the micrometer
to millimeter scale, microfractures are the main connected fractures at the micrometer scale, while
differential shrinkage pores and ultra-microfractures are the main connected pores and fractures at
the nanometer scale. In comparison to the Fanzhuang block, the development of mesopores (differ-
ential shrinkage pores and ultra-microfractures) in the Zhengzhuang block is poorer, resulting in
lower connectivity at the micro-nano scale of pore-fracture networks, which may be related to the
temperature and rustal stress during the thermal maturation phase, negatively impacting the CBM
recoverability in the Zhengzhuang block.
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What is the co-moving velocity and why should we care?
Author: Alex Hansen1

1 NTNU

Corresponding Author: alex.hansen@ntnu.no

When two immiscible fluids move through the same pore space, they interact. It is therefore hard to
believe that the relative permeabilities describing the mobility of each fluid should be independent of
each other. Yet, ever since 1936 when the concept of relative permeability was born, they have been
treated that way. It is the aim of this talk to demonstrate that the intuition however is correct; they
are indeed related. To do so, I introduce the co-moving velocity [1-8]. This is the average velocity
change of the immiscible fluids when the average fluid velocity changes.
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It turns out that plotted against the derivative of the average seepage velocity with respect to the
saturation, it is a straight line. This result translates into a differential equation relating the two
relative permeabilities. In clear language: Knowing one, we know the other.

I will explain why the co-moving velocity is linear in the derivative of the average seepage velocity.
What I cannot explain at this point is why it is so insensitive to the parameters describing the flow
[8].

The relative permeability approach is valid as long as the capillary number does not enter as a param-
eter affecting the relative permeabilities. The validity of the theory behind the co-moving velocity
goes beyond this constraint. I will discuss this non-linear flow regime and the co-moving velocity
also in this context.

Lastly, I will explain how the co-moving velocity is an example of a new class of variables in the
thermodynamics of mixtures.
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media
Author: Ivan Lunati1

1 Empa

Corresponding Author: ivan.lunati@empa.ch

Page 776

https://i.postimg.cc/76hptr1H/image.png
https://i.postimg.cc/3xwbbmv3/Jidong2.jpg


InterPore2024 / Book of Abstracts

Theoretical and computational models of flow through porous media typically ignore inertial effects
and use Darcy’s law (and extensions thereof) to approximate momentum balance. This contrasts
with experimental observations of rapid fluid movement in the pore space, such as Haines jumps
that occur in presence of multiple flowing phases. Also, neglecting acceleration may lead to contra-
dictions analogous to those encountered when Fourier’s law is used as constitutive equation in the
heat equation.

We review the role of local inertial effects in shaping the morphology of invading fluid fronts,
paying particular attention to the effects of surface energy instabilities, spontaneous reconfigura-
tion of the interface, collective pore filling, and hysteresis. Then, we discuss how a macroscopic
momentum-balance equation can be introduced to model multiphase flow in porous media and de-
scribe salient flow features that are observed in the experiments but cannot be captured if Darcy’s
law is used.
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Advancedmulti-scale andmulti-modal 3D imaging andmodelling
of porous anodemicroarchitecture and shape changes in recharge-
able zinc-based batteries
Author: Lucia ManciniNone

Corresponding Author: lucia.mancini@zag.si

The increasing need of reliable and sustainable energy supply, storage and portability, combined
with global industrial competition, imposes a stringent schedule for battery research and develop-
ment. Among the different technologies available nowadays, rechargeable zinc-based batteries are
promising candidates owing to their comparatively high specific energy, abundant and distributed
raw-material resources, moderate cost, environmental friendless and safety. The successful applica-
tions of rechargeable Zn batteries are still hindered by various technical pitfalls, a crucial one being
their limited cycle life due to uncontrolled morphological changes of the anode upon applying dis-
charge/charge cycles. The textural and geometrical properties of the pore network, including pore
size distribution, shape, connectivity and tortuosity, as well as the anode shape changes brought
about by cycling, play a crucial role in ionic transport in batteries and electrolyte flow in particulate-
anodes, controlling their final electrochemical properties. These properties depend on the anode
microstructure, electrolyte composition, use of chemical additives and are a function of the power
applied to the battery, representing significant challenges for battery characterization and energy
storage applications. An accurate estimation of the percolating networks of ionic conductors and
fluid transport properties in the porous electrode material is essential to decipher the battery perfor-
mance in terms of capacity losswhen cycling and can be derived through the integration of optimized
anode manufacturing processes, electrochemical characterization and morpho-textural analyses of
the battery components and assembled cells. The recent advances in X-ray and neutron 3D imaging
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techniques, in static and dynamic conditions, through a multi-scale approach coupled with compu-
tational modelling simulating the cycling behaviour of batteries, can offer a deeper understanding
of how the pore network properties influence fluid transport and their impact on the battery opera-
tion.
In this talk the result of investigation of Zn-based batteries cycling for traditional and innovative
electrolyte chemistries and electrode configurations, at current densities and depths of discharge of
practical interest, will be presented.
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Validating computational models for carbon storage

Author: Jan NordbottenNone

Corresponding Author: jan.nordbotten@uib.no

As is common for subsurface applications, the planning and operation of geological carbon storage
relies heavily on computational models. Arguably, several decades of experience from the extraction
of subsurface resources support the validity of these tools, in particular during the active carbon
dioxide injection and early post-injection phase. However, validation of long-term carbon storage
performance, on the time-scales of hundreds of years after injection, cannot directly be justified by
either existing engineering practice nor natural analogues.

The FluidFlower validation and forecasting studywas specifically designed to provide validation data
for carbon storage. Moreover, by conducting amulti-institutional andmultidisciplinary double-blind
study, we were able to address the forecasting skill of the carbon storage simulation community. In
this talkwe give an overview of the results of the study, both from the perspective ofmodel validation
and assessment of forecasting skill.
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Orthogonally different mineral reactions, same outcome of per-
meability reduction: How can this be?

Author: Catherine PetersNone

Corresponding Author: cap@princeton.edu

Sustainable energy technologies that involve subsurface gas storage require reliable containment
of buoyant fluids. An example is geologic carbon sequestration in which large volumes of CO2
are injected deep underground into porous formations with overlying caprocks. Storage security
could be jeopardized if fractures exist, so strategies are needed to seal permeable flow paths. In our
work, two orthogonally different mineral reaction scenarios were explored. In one case minerals
precipitated and in the other caseminerals dissolved, but both cases had the same outcome of reduced
fracture permeability. How can this be? In the first case, vein minerals from a mudrock sample of
the Wolfcamp formation provided insights about syntaxial mineral growth in a fracture. Dolomite
and other carbonate minerals had precipitated in the fracture, closing it off to fluid flow. In the
second case, a carbonate-rich shale was reacted leading to calcite dissolution along fracture surfaces.
Subsequent compression from normal stress collapsed the altered layer, sealing the fracture and
reducing permeability. These studies show that multiple mineral reaction mechanisms can achieve
fracture sealing and permeability reduction, a favorable outcome in subsurface applications where
the goal is to reduce leakage risks.
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Single-phase and multi-phase flow and transport in porous media are central to a wide range of
natural and industrial processes, including geologic CO2 sequestration, enhanced oil recovery, and
water infiltration into soil. Petroleum engineers use reservoir simulation models to manage exist-
ing petroleum fields and to develop new oil and gas reservoirs, while environmental scientists use
subsurface flow and transport models to investigate and compare for example various schemes to
inject and store CO2 in subsurface geological formations, such as depleted reservoirs and deep saline
aquifers. One basic requirement for accurate modeling and simulation of multiphase flow is to have
the predicted physical quantities sit within a physically meaningful range. For example, the pred-
icated saturation should sit between 0 and 1 while the predicated molar concentration should sit
between 0 and the maximum value allowed by the equation of state. Unfortunately, popular simula-
tion methods used in petroleum industries do not preserve physical bounds. A commonly used fix
to this problem is to simply apply a cut-off operator. However, this cut-off practice does not only de-
stroy the local mass conservation but it also damages the global mass conservation, which seriously
ruins the numerical accuracy and physical interpretability of the simulation results. Another major
issue with common algorithms for two-phase flow, especially common semi-implicit algorithms, is
that they are (locally) conservative to just one phase only, not all phases. Moreover, stability of the
algorithms has been shown to be crucial to certain multiphase flow scenarios.
In this talk we present our work on both fully implicit and semi-implicit algorithms for two-phase
and multi-phase flow in porous media with capillary pressure. Our proposed algorithms are locally
mass conservative for all phases. They are able to accurately reproduce the discontinuity of satu-
ration due to different capillary pressure functions, and they enjoy the merit that the total velocity
is continuous in the normal direction. Moreover, the new schemes are unbiased with regard to the
phases and the saturations of all phases are bounds-preserving (if the time step size is smaller than
a certain value for semi-implicit algorithms). We also present some interesting examples to demon-
strate the efficiency and robustness of the new algorithms. The semi-implicit algorithms are based
on our novel splitting of variables, and the fully implicit algorithms are based on the two nonlinear
preconditioners of active-set reduced-space method and nonlinear elimination, as well as the linear
preconditioner of overlapping additive Schwarz type domain decomposition. The semi-implicit part
of this presentation is based on our joint work with Huangxin Chen (Xiamen University), Jisheng
Kou (Shaoxing University), Xiaolin Fan (Guizhou Normal University), and Tao Zhang (KAUST), and
the fully implicit part is based on our joint work with Haijian Yang (Hunan University), Chao Yang
(Beijing University), and Yiteng Li (KAUST).
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Simulatingflowand solute transport in subsurface environments:
From pore-scale to beyond
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Research of the multi-scale, multi-phase, and multi-processes system is of great interest in under-
standing subsurface environments. However, the coupled flow and transport processes are complex
yet challenging for model development and utilization. There have been numerous object-oriented
and easy-to-use models/codes across scales to facilitate consistency, continuity, and reproducibil-
ity in subsurface research. In addition, pioneer efforts on upscaling also inspire the development
of hybrid multi-scale models. It is then critical to intercompare codes and approaches for their
evaluation or validation, and propel discussions for optimizing the codes and the development of
the next-generation numerical approaches. In this talk, we present a suite of at-scale and multi-
scale models that we developed and utilized in recent years for simulating flow and transport pro-
cesses, with intercomparison and benchmarking cases, including: (1) pore-scale models for simulat-
ing flow, solute transport and biofilm growth in porous media; (2) Darcy-scale models for simulating
thermo-hydrological processes in frozen soils; (3) regional-scale groundwater models for simulating
groundwater-surface interactions; (4) hybrid multi-scale models (pore- to Darcy-scale) for numerical
upscaling.
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Physical Insights into Phase Transition and Capillary Transport
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Author: TieJun (TJ) ZhangNone
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Interfacial transport and phase transition are essential for a large variety of energy and sustainability
applications, while in-situ characterization provides instrumental ways of probing and enhancing
thermal-fluid transport in porous media. In this talk, I will share our recent progresses on water
evaporation and ice melting in homogeneous and heterogeneous opaque porous media, by utiliz-
ing non-destructive nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI). By
characterizing the amplitude variation of NMR transverse relaxation time T2, we find that cavitation
occurs across the entire porous media along with the water evaporation from open surface. Discon-
nected void clusters at different depths in the porous medium are also observed from MRI scanning
and optical images. These evidences confirm the occurrence of cavitation in porous media because
the water is stretched to metastable state by large capillary pressure from the evaporating meniscus.
Moreover, transient T2 distributions from NMR enable us to reveal the substantial role of inherent
throat and pore confinements in ice melting among various porous media. The increase in minimum
T2 offers new findings on how the confinement between ice crystal and particle surface evolves in-
side the pores of mushy zone. The evolution of melting front and 3D spatial distribution of water
content are directly visualized by a stack of temporal cross-section images from MRI, in consistency
with the associated NMR results. For heterogeneous porous media like lunar regolith simulant, the
T2 curves show two distinct pore size distributions with different pore-scale melting dynamics, and
the maximum T2 keeps increasing throughout the whole ice melting process instead of reaching
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steady for homogeneous porous media. These transport and phase change physics opens up new
avenues to develop novel solutions for water-energy-food nexus and in-situ resource utilization to-
wards deep space exploration.
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Reservoir Simulator Development: The Past, Present and Future

Author: Zhangxing (John) ChenNone

Corresponding Author: zhachen@ucalgary.ca

Reservoir simulators have been developed in the past 70 years. They have been widely used to
predict, understand, and optimize complex physical processes in modeling and simulation of mul-
tiphase fluid flow in petroleum reservoirs. These simulators are important for understanding the
fate and transport of chemical species and heat and maximizing the economic and environmental
performance of exploration and production of fossil fuel energy.

The development of reservoir simulators has been concentrated on conventional oil and gas reser-
voirs in the last century, and efficient black oil, compositional and thermal simulators have been
successful in their application to the recovery of conventional oil and gas resources. As these con-
ventional resources dwindle, the recovery of unconventional oil and gas (such as heavy oil, oil sands,
tight and shale oil and gas, and coalbed methane) resources is now at the center stage. While the
development of unconventional reservoir simulators has been focused on in this century, a lot of
challenges still exist because of the significant differences between conventional and unconventional
reservoirs in their multi-scale phenomena, fluid occurrence states, flowmechanisms, and production
technologies.

The speaker has engaged in the development of reservoir simulators for over 30 years. His group has
developed parallel and intelligent simulators that can efficiently simulate complex fluid flow prob-
lems with giga (billion) grid block cells and reduce simulation time from days to seconds. For over
ten years, his group has also incorporated artificial intelligence (AI) and quantum computing algo-
rithms into these reservoir simulators. Fast and accurate simulators can increase energy production
due to full utilization of available data and better understanding of the chemical and physical mecha-
nisms involved, process designs and uncertainty analyses. In this plenary presentation, the speaker
will give an overview on the development of conventional and unconventional reservoir simulators,
the incorporation of parallel and AI algorithms into these simulators, and the quantum computing
potential to solve reservoir simulation problems. The present status, existing challenges, and future
prospects on reservoir simulators will be emphasized in this plenary presentation.
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Chemistry and Application of Soft Porous Crystals
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With the Industrial Revolution in the 19th century, humans began to create technologies that con-
sume huge amounts of energy. Initially, people used solid coal as an energy resource. In the 20th
century, the focus changed to liquid petroleum. In the 21st century, where the depletion of petroleum
has become a critical concern, gases (e.g., natural gas and biogas, and even air) should play impor-
tant roles—an “age of gas”is dawning. However, a gas is a form that is difficult to handle because it
is easily dispersed, creates mixtures, has a low concentration under normal conditions, and is invis-
ible. In particular, new porous materials are indispensable for advancing science and technology to
control gases at will.
As the promising materials to address global issues of clean energy technologies and environmental
sustainability, the emerging class of crystalline microporous materials, porous coordination poly-
mers (PCPs) or metal-organic frameworks (MOFs), have been applied in fields of gas storage and
separation, delivery vessel, sensors, catalysis, supercapacitors, FETs, batteries, proton conduction,
and so on. We have found the 3rd generation (3G) PCPs/MOFs (Soft porous crystals, SPCs) that pos-
sess flexible or dynamic porous frameworks reversibly respond to external stimuli, not only chemical
but also physical, unlike robust PCPs/MOFs (2G). In particular, by controlling the local motion of or-
ganic ligands that construct the framework, we discovered and developed an effectivemechanism for
separating gas mixtures with very similar properties, such as oxygen/argon, and light water/heavy
water isotopologue mixtures.
This talk provides an essential and accessible overview of the chemistry of SPCs, their current fea-
tures, and the outlook of further developed materials as 4th generation PCPs/MOFs which exhibit
multi-functions simultaneously or alternately in combination.
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Nanosized Zeolites with Exceptional Adsorption Properties

Author: Svetlana MintovaNone

Corresponding Author: svetlana.mintova@ensicaen.fr

The transition of the global energy system from traditional fossil fuels to renewable and sustainable
energy sources and processes necessitates the development of new materials and the reinvention
of existing ones. Zeolites will play a key role in facilitating this transition due to their exceptional
qualities, which make them valuable in essential catalytic and adsorption processes, such as carbon
capture and storage. The zeolites used in these processes consist of micrometer-scale particles. Con-
sequently, small molecules must diffuse a distance approximately tens of thousands of times their
own size through the particles. This results in a relatively large mass transfer zone within a fixed
bed configuration, limiting the usable capacity in separation processes.

Nanozeolites offer several key advantages over their conventional micron-sized counterparts, such
as high surface-to-volume ratios that provide greater access to more active sites, rapid diffusion
properties, and rich chemistry. Furthermore, the direct synthesis using inorganic structure-directing
agents ensures the formation of nanozeolites with uniform elemental composition and desirable
adsorption properties, eliminating the need for post-synthetic calcination treatment.

In this presentation, I will discuss the synthesis of nanosized zeolites with various sizes, morpholo-
gies, and framework structures by tailoring the crystallization process. The diffusion properties of
the nanosized zeolites were studied through breakthrough curve analysis, revealing exceptionally
sharp curves indicative of rapid diffusion due to the nanosized crystals and desired morphology. The
unique adsorption properties of nanozeolites make them interesting candidates for gas separation
applications in humid streams.

Acknowledgments:
This research was co-funded by the European Union (ERC, ZEOLIghT, 101054004). The views and
opinions expressed are solely those of the author 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. The author acknowledges the Label of Excellence: Centre for
Zeolites and Nanoporous Materials supported by the Region of Normandy (CLEAR).

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:

France

Porous Media & Biology Focused Abstracts:

References:

Conference Proceedings:

I am not interested in having my paper published in the proceedings

Page 784



InterPore2024 / Book of Abstracts

Plenary/Invited / 972

Multiscale Considerations on Porous Media Heat Transfer
Author: Changying ZhaoNone

Corresponding Author: changying.zhao@sjtu.edu.cn

Heat transfer in porous media is ubiquitous in many industrial applications, such as heat exchang-
ers, heat pipes, heat storage system, and porous coatings for thermal radiation. Thus, it is of great
importance to understand in depth the heat transfer in porous media. This, however, is still a huge
challenge, mainly attributed to the following fact. First, heat transfer in porous media is a process
involving multi scales. The pores in porous media can be multi scales, ranging from nano to milli me-
ters; and the heat transfer in each pore of porous media controls the continuum- (macro) scale heat
transfer in porous media. Second, heat transfer in porous media include multiple interactions, e.g.,
the interaction at the interfaces between fluids and solid matrix of porous media in single phase con-
vection, interaction at the interface between fluids of different phases in phage change heat transfer,
and heat transfer between solid matrix in thermal radiation. Thus, a multi scale exploration, from
interface- to pore- and continuum-scale, is needed so as to disclose in detail the mechanisms of heat
transfer in porous media. In this talk, we will introduce our recent multi-scale studies on the sing-
phase convection, phase change heat transfer, and thermal radiation in porous media. As for the
single-phase convection, the thermal non-equilibrium effects in forced and natural convection in
porous media are clarified from the pore- and continuum-scale perspectives; and the permeability
for natural convection is discussed. As for the gas-liquid and liquid-solid phase change heat transfer
in porous media, the movement of phase interfaces in the nano- and micro-pores of porous media
is disclosed, and its effects on the continuum-scale heat transfer is revealed. As for the thermal
radiation heat transfer in porous media, a multiscale framework is established, which can account
for the dependent scattering effects at microscale and the coherent effects of multiple scattering at
mesoscale; based on this framework, an accurate prediction of macroscale radiative properties of
various densely packed porous media is achieved. Furthermore, the role of far-field and near-field
interferences in the wave aspects of thermal radiation transfer is quantitatively revealed.
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We present a theoretical study of viscous slug motion inside a microscopically rough capillary tube,
where pronounced stick–slip motion can emerge at slow displacement rates. The mathematical
description of this intermittent motion can be reduced to a system of ordinary differential equations,
which also describe themotion of a pendulum inside a fluid-filled rotating drum. We use this analogy
to show that the stick–slip motion transitions to steady sliding at high displacement rates. We
characterize this crossover with a simple scaling relation and show that the crossover is accompanied
by a shift in the dominant energy dissipation mechanisms within the system.
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In this paper, a numerical approximate analytical model is established for the production perfor-
mance of a number of Wells in a closed rectangular reservoir with constant bottom-hole flow pres-
sure. It is obtained by a series of mathematical methods such as superposition principle, Laplace
transform, Dirac function, convolution theorem and Green function. The model is verified by reser-
voir numerical simulation software CMG.The results show that themodel can predict the production
performance of multi-well system under bottom-solid flow pressure in a closed rectangular reservoir
quickly and accurately.
The results show that in a certain period of time, with the increase of the number of Wells and the
decrease of the bottom hole pressure of adjacent Wells, the production of a single well decreases,
while with the decrease of the bottom hole pressure of adjacent Wells, the total production of the
reservoir increases. In a certain period of time, the greater the distance between the observation
well and the adjacent well, the smaller the interference from the well, then the greater the output
of the observation well and the cumulative output. The rate of production decline depends on the
number of Wells, well spacing, production mode of adjacent Wells, opening time of adjacent Wells
and reservoir scale.
Compared with the empirical or semi-analytical models in other literatures, the model proposed in
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this paper is completely analytical and has a solid theoretical basis, which can accurately and quickly
predict the production performance of multiple Wells under constant bottom-hole flow pressure.
Key words: multi-well system; Principle of superposition; Analytical model; Laplace transform;
Green function
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As conventional chemical flooding is used in medium-low-permeability reservoirs, the injectivity of
the oil-displacing agent will be low, and the reservoir’s productivity will also be low. In addition, the
chemical agents will have high viscosity losses and low utilization rates. Therefore, we propose a
“hydraulic fracturing assisted oil displacement” (HFAD) technology based on large-scale fracturing.
Field tests show that this technology is effective in improving oil recovery by exploiting the residual
oil in medium and low permeability reservoirs. However, the micro-displacement mechanism of this
technology is not clear, which limits its large-scale application. However, the microscopic oil dis-
placement mechanism of this technology is still unclear, which limits its large-scale application. In
order to solve the above problems, three sets of displacement experiments under different displace-
ment pressures were carried out in this research. On this basis, porosity and permeability under
overburden pressure test, constant velocity mercury injection test, scanning electron microscope
test and wettability test were respectively conducted to analyze the changes of core pore permeabil-
ity, pore throat radius distribution, fluid seepage resistance, pore size, pore throat connectivity and
wettability before and after HFAD, and to clarify the microscopic oil displacement mechanism of
HFAD technology. The research shows that HFAD technology can provide an efficient flow channel
for HFAD agent, thus expanding the displacement phase sweep volume. At the same time, under the
scouring action of the high-pressure injected fluid, the original line contact or point contact mode
between the mineral particles gradually changes into free particles, the pore throat size increases,
some large pores are formed, and the overall flow resistance decreases. Due to high pressure fluid
injection, the formation energy increases, the core wettability changes from oil wet to weak water
wet, and the residual oil on the pore surface is washed away. At the same time, the adsorption of oil
displacement agent on the rock surface reduces the liquid-solid interfacial energy and changes the
wettability, thus improving the oil displacement efficiency.

Page 787



InterPore2024 / Book of Abstracts

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

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

Country:

China

Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 977

MODELINGOFRESERVOIROILVISCOSITYDISTRIBUTIONBASED
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Assessing production capabilities and effectively developing oil reserves requires an understanding
of changes in fluid properties. Oil viscosity has a significant impact on oil recovery when developing
hard-to-recover reserves. For oil deposits for a number of objects, the density, viscosity, content of
asphalt-resinous substances, paraffin and sulfur increase as the depth of the formation increases, i.e.
from the arch to the wings and from the roof to the sole. The viscosity value is used when choos-
ing development technology, methods for intensifying production, and correctly solving systems of
equations when constructing a hydrodynamic model.
The first task of this work is to develop a methodology for determining viscosity based on the results
of integrating GIS and studies of oil samples based on the use of neural networks.
The formation of highly viscous hydrocarbons is associated with the processes of anaerobic oxida-
tion of oil and dissolution of reservoir rocks. The intensity of these reactions is maximum at the level
of contact with water (on the surface of the clean water surface) and decreases upward towards the
roof of the deposit as water penetrates and rises above the contact surface.
A model was created using neural networks using two methods, taking into account intrinsic polar-
ization potentials (PS) and the gamma GK method. The results of field studies of 32 wells with a full
range of well logging and analysis of formation fluid samples were taken as initial data.
The use of the obtained forecast values made it possible to simulate and obtain three-dimensional
viscosity distributions throughout the entire volume of the deposit using a 3D model.
The processes that contribute to the hydrophobization of reservoirs are considered, and an analysis
of the change in viscosity over the area is carried out using the construction of a three-dimensional
geological model and along the section. When analyzing changes in dynamic viscosity along the
section and accumulated correlation coefficients for electrical resistivity and water saturation coef-
ficient, zones of extreme saturation, the level of the clean water table were identified and described,
the level of paleocontact location (oil-water) and the boundaries of hydrocarbon migration cycles
were identified.
The use of approaches based on neural networks made it possible to obtain an understanding of
the change in viscosity, build a 3D geological model, analyze the change in viscosity with depth,
systematize the main processes of increasing viscosity and the associated causes of reservoir hy-
drophobization.
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Underground hydrogen storage (UHS) in porous environments is a key component in balancing the
supply and demand of renewable energy on a large scale. This research aims to understand pore-
scale flow dynamics of hydrogen-water in fractured porous media. This is crucial for estimating
storage volume and recoverable hydrogen. In this regard, microfluidic experiments were conducted
in silicon-based micromodels with an embedded fracture orthogonal to the main flow direction to
study the cyclic imbibition and drainage stages in hydrogen-water systems. We also examined the
impact of the capillary number, indicative of the rate of hydrogen injection. The results show that
reducing the capillary number dampens the gas fingering during the drainage process and increases
the final hydrogen saturation. The presence of a fracture in the porousmediumwas found to improve
the sweep efficiency, particularly during the imbibition or production stage by 25%. It was also found
that the formation of a wetting phase fluid layer on porous track walls and the occurrence of the Roof
snap-off phenomenon at pore throats are among the main factors that affect hydrogen trapping in
the imbibition process. These findings contribute to the development of efficient hydrogen storage
solutions, supporting the large-scale implementation of hydrogen.
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Pore connectivity is a critical factor influencing the migration and production of shale gas (Sun
et al., 2017). However, the inherent heterogeneity of shale, characterized by the development of
various pore types (Loucks et al., 2012; Ma et al., 2017), renders the detailed and quantitative char-
acterization of shale pore connectivity challenging (Zhao et al., 2020). The advancement of imaging
technologies at different scales has facilitated the assessment of pore connectivity. In this study, we
aim to investigate the pore structures and pore connectivity of the Longmaxi Formation shale in
the Sichuan Basin. Imaging data include scanning electron microscope (SEM) and focused ion beam
scanning electron microscopy (FIB-SEM). Machine learning algorithms were applied to shale image
segmentation, revealing the development of distinct pore types. Additionally, high-pressure mer-
cury intrusion and nitrogen adsorption experiments were employed to evaluate pore distributions
and connectivity. The results demonstrate that machine learning-based image segmentation tech-
niques effectively delineate various pore types on MAPS, including organic matter and clay ratios,
as well as facial size characterization. The connectivity of organic matter pores is intricately linked
to pore types, with honeycomb-like organic pores exhibiting the largest average pore diameter and
good connectivity, followed by mixed organic pores. However, the latter lacks permeable channels
at the FIB-SEM resolution. Sponge-like organic pores exhibit the poorest connectivity and porosity.
Pores with a size smaller than 30 nm, which FIB-SEM cannot identify, significantly contribute to the
connectivity of organic pores.
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Recently developed image-based computational fluid dynamics (ICFD) techniques have revolution-
ized the study of pore-scale porousmedia flows (PSPMFs) by allowing for simulations within realistic
porous structures extracted directly from images. Pore-scale fluid dynamics delve into the fundamen-
tal physics governing flow, transport, reaction, adsorption, and deformation within heterogeneous
porous materials, marking a significant leap towards establishing heterogeneous porous media flow
as a standard analytical tool. The applications of this advancement are diverse and far-reaching,
encompassing scenarios such as tracking chemical contaminant propagation in underground reser-
voirs, understanding ink permeation dynamics, modelling sedimentation processes, optimizing haz-
ardous waste storage, and predicting fluid flow behaviours in oil reservoirs and biological tissues.
Traditionally, porous media flow was approached through temporally and spatially averaged mod-
els, relying on phenomenological and empirically derived equations such as Darcy’s law. However,
these conventional methods often fell short in capturing the intrinsic complexity of porous media
due to the lack of suitable research tools. In this context, we present InPore, a groundbreaking
computational platform that employs a kinetic-based volumetric lattice Boltzmann method to solve
PSPMFs within image-derived porous structures. InPore stands out for its integrated modelling ap-
proach, seamlessly combining image extraction and fluid dynamics simulation, thereby eliminating
the need for additional grid or mesh generation steps and simplifying data transfer across software
packages. Furthermore, InPore leverages state-of-the-art GPU (Graphic Processing Units) parallel
computing technology to enable rapid and localized computations, facilitating high-fidelity simula-
tions. During our presentation, we will showcase InPore’s capabilities through application studies
and discuss its integration with supplemental mechanisms such as mass/heat transfer, interfacial
dynamics, and chemical reactions. These enhancements aim to broaden InPore’s functionality for
tackling real-world porous media flows, thereby advancing our understanding of intricate phenom-
ena within porous materials.
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Effect discussion and workflow establishment of machine learn-
ing algorithm in logging classification: A case study from the
classification of sepiolite bearing strata in the first member of
Maokou Formation
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The carbonate reservoir in the first member of Maokou Formation (Maokou-1 Member) of Middle
Permian in Sichuan Basin have the characteristics of self-generating and, self-storage. Maokou-1
Member is expected to become a new field of unconventional gas reservoir exploration in carbonate
rocks. The organic matter and pore development of Maokou-1 Member carbonate rocks are closely
related to sepiolite bearing strata. Aiming to predict the sepiolite bearing strata from logging data,
with core observation, microscopic analysis, XRD analysis. After sensitivity analysis, CNL, DEN,
GR, RT, RXO and AC logging curves are selected as features. To overcome the imbalance among
different features, this work introduces SMOTE algorithm. Comparison of classification and content
prediction for sepiolite bearing strata amongCatBoost, XGBoost, LightGBM, random forest andANN
models indicates CatBoost has good performance in binary and multi classification and XGBoost
has a good performance in the regression. The prediction process of sepiolite bearing strata is put
forward. The prediction process of sepiolite bearing strata is as follows: (1) Binary classification
via CatBoost to judge the existence of sepiolite bearing strata; (2) Multi classification via Catboost
to discriminate the type of sepiolite bearing strata; (3) Regression via XGBoost to predict the talc
content; (4) Using talc content to calculate effective thickness of sepiolite bearing strata in different
types.
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Simulations of multi-phase flow at the pore scale in porous media require accurate modeling of
fluid and flow properties to depict realistic fluid behavior. One such property is the contact angle,
which is defined as the angle formed at the interface where the fluid meniscus and the solid surface
meet with each other (Blunt, 2017). Modeling of the contact angle is incorporated in simulations
as a way of accounting for the wettability of the solid surface. A suitable contact angle algorithm
specifies the contact angle, and it must be free fromnumerical artifacts such as distorted fluid transfer
across the solid surface (Leclaire et al. 2016, Chen et al. 2019). The objective of this work is to
understand the effect of fluid-fluid viscosity ratio on simulation of contact angles under various
wettability boundary conditions in lattice Boltzmann simulations of multi-phase flow. We employed
a color gradient model (Guntensen et al. 1991, Reis and Phillips, 2007) to simulate multi-phase
flow at the pore scale. Two contact angle modeling algorithms are compared: the standard “virtual
densities”approach (Latva Kokko and Rothman, 2005), and the geometric boundary condition (Xu
et al. 2017). We performed a series of benchmarking tests for static contact-angle modeling and
subsequent non-wetting phase fluid invasion (i.e., drainage) in a porous domain. In this presentation,
we will summarize the strengths, weaknesses, and capabilities of the two algorithms considered.
Moreover, the effect of viscosity ratio on accuratelymodeling contact angle is emphasized. Therefore,
the results of this work can help lattice Boltzmannmodelers to adopt the algorithm that is best suited
for their application of interest.
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Managed phreatic zone recharge with marginal water, using (existing) drainage systems, raises
the water table and increases water availability for crops. This nature-based solution uses the soil,
groundwater, and rainwater between the drains and root zone as a buffer zone for biodegradation
and adsorption; due to biodegradation and adsorption, the soil functions as a bioreactor. This is
a newly developed method of freshwater conservation and marginal water treatment and disposal,
but risks crop and environmental contamination. The fate of contaminants of emerging concern
(CECs) within the irrigated water is addressed. We introduce numerical and analytical models, in-
spired loosely by a field site where treated domestic wastewater is used for subsurface irrigation.
The treated wastewater would otherwise have been discharged into rivers, thereby spreading down-
stream. Model results show that minimal amounts of CECs are transported to deeper aquifers. Crops
are not contaminated, except during dry years where small amounts of mobile CECs rise to the root
zone, but then only directly above each irrigation drain. Under an annual precipitation surplus,
less-mobile solutes are thus unlikely to ever enter the root zone. The primary mechanism of solute
transport is lateral advection within the phreatic aquifer. Despite spatio-temporal heterogeneity
in water flux magnitudes and directions, contaminant retardation does not significantly alter mass
balance outcomes, only how fast it gets there. Therefore, persistent CECs pose the greatest risks,
though overall environmental and crop contamination risks appear low. To maximize complemen-
tarity with subsurface irrigation systems, future advances in water treatment technologies should
focus on removing persistent CECs. However, the system may be unsuitable for climates with an-
nual precipitation shortages, as CECs may accumulate in the root zone and crops.
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As a green and innovative desalination process, hydrate desalination has attracted wide attention.
However, the slow dynamics of hydrate formation and the difficulty of separating solid hydrates
from liquid brine have hindered the industrialization of this technology. It is found that porous me-
dia can enhance hydrate formation. Hydrates have a water absorption effect and can form above the
silica sand bed to facilitate separation. Unfortunately, the mechanism of self-drive and continuous
directional transport of water during hydrate formation is not well understood. In this study, the spa-
tial and temporal behavior of hydrate formation in quartz glass beads was observed using a nuclear
magnetic resonance system. The results show that not all guest molecules that can form hydrates
exhibit the water absorption effect of hydrates. The interfacial tension between hydrate and bound
water provides the capillary driving force for water migration. Large granular sand has larger water
migration channels, and low initial water saturation will inhibit water migration. The results of this
study deepen our understanding of water migration during hydrate formation in porous media. Our
results have great potential applications in seawater desalination, sludge dewatering processes and
gas capture.
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METHODOLOGY FOR MODELING RESERVOIR OIL VISCOSITY
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In recent years, heavy oil production has gained more weight in the structure of total oil production
in the world. This process is due to the fact that light oil reserves are being depleted. Current residual
reserves of light oil of low and medium viscosity are 5 times lower than reserves of high-viscosity
heavy oil. Therefore, quite a lot of attention is paid to the development of the latter.
Assessing production capabilities and effectively developing oil reserves requires an understanding
of changes in fluid properties. Oil viscosity has a significant impact on oil recovery when developing
hard-to-recover reserves. For oil deposits for a number of objects, the density, viscosity, content of
asphalt-resinous substances, paraffin and sulfur increase as the depth of the formation increases, i.e.
from the arch to the wings and from the roof to the sole. Sometimes inactive petroleum substances
form a monolithic layer at the bottom of the deposit, which completely or partially seals the deposit,
isolating it from the aquifer zone. Often the density of oil above the insulating layer is almost con-
stant.
The paper examines the main reasons for the occurrence of high-viscosity oils, predicting dynamic
viscosity based on data from more than 800 wells and distribution in a three-dimensional geological
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model. The influence of redox reactions is described, the hydrogeological component and chemi-
cal composition of the underlying waters are considered. The processes that contribute to the hy-
drophobization of reservoirs are considered, and an analysis of the change in viscosity over the area
is carried out using the construction of a three-dimensional geological model and along the section.
When analyzing changes in dynamic viscosity along the section and accumulated correlation coeffi-
cients for electrical resistivity and water saturation coefficient, zones of extreme saturation, the level
of the clean water table were identified and described, the level of paleocontact location (oil-water)
and the boundaries of hydrocarbon migration cycles were identified.
Highly viscous hydrocarbons are associated with the processes of anaerobic oxidation of oil and dis-
solution of reservoir rocks. The intensity of these reactions is maximum at the level of contact with
water (on the surface of the clean water surface) and decreases upward towards the roof of the de-
posit as water penetrates and rises above the contact surface. During the study of the field, a number
of authors noted that the reservoirs in the field are predominantly hydrophobic. And in the process
of dissolution of the reservoir in contact with water, the rocks become hydrophilic and formation
waters penetrate higher and higher up the section, reacting with other hydrophobic reservoirs. The
rise of water up the section is also facilitated by the capillary effect, which results in a transition
zone between oil and water.
The work was carried out using the example of one of the fields in the Komi Republic, which is char-
acterized by the presence of highly viscous oil and a complex geological structure.
The reported study was partially supported by the Government of Perm Krai, research project No.
СЭД-26-08-08-30 from 24.01.2024.
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Subcooled water flow boiling experiments were carried out in flat mini- and microchannels under
intense local heating (up to 1600 W/cm2) for different heater surface morphology. Two different
heaters were used: 10x10 mm2 heater and 3x3 mm2 heater. In total, 4 different types of heating
surfaces were used: 1) smooth copper, 2) rough copper, 3) porous coating, 4) graphene coating. The
structure of surfaces was studied in detail using atomic force and electron microscopy methods, as
well as spectroscopy Raman scattering of light. The DSA100 KRUSS automated measuring system
was used to study wettability of the surfaces. In experiments on flow boiling it was found that with
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an increase in the channel height in the range of 0.2 –3.7 mm, the heat transfer rate and critical
heat flux increases significantly. For a given fluid flow rate and channel height, the critical heat
flux on the 3x3 mm2 heater exceeds the heat flux on the 10x10 mm2 heater, and with increasing
channel height this difference increases. Boiling curves were obtained for different water flow rates
at different channel heights for heaters measuring 3x3 and 10x10 mm2. The behavior of the boiling
curves is generally similar for both heater sizes - over the entire range of water flow rates and channel
heights. It was found that at high values of mass flow rate of water, the critical heat flux for porous
surface exceeds by approximately 30% the critical heat flux for smooth surface. On porous surface
the heat transfer coefficients are significantly higher than on smooth surface. Moreover, at relatively
small values of overheating, the difference in the heat transfer coefficient is two times and more. A
series of experiments were carried out to study the effect of the heater coating on the frequency of
formation of vapor bubbles. It was found that at relatively low heat fluxes, the specific frequency
of bubble formation on rough surface, and also on surface coated with graphene, is higher than on
smooth one. However, as the heat flux increases, the difference in the frequency of bubble formation
on these surfaces practically disappears. Whereas the formation of bubbles on the porous surface
occurs with twice the frequency compared to other surfaces in the entire range of heat fluxes. The
results obtained can explain the recorded significantly higher heat transfer coefficients and critical
heat fluxes on the porous surface.

The work was supported by the Russian Science Foundation (grant no. 22-49-08018).
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The study employed the Washburn capillary rise method to explore the wettability of three con-
ventional cationic, anionic, and nonionic surfactants - CTAB, SDS, and TX-100 - on powders with
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varying polarities and the resultant behavior of droplets under capillary force. For kaolin, illite, and
silica nanoparticles, CTAB’s hydrophilic portion interacted with the powder through electrostatic
forces. TX-100 molecules adhered to solid particles via hydrophilic epoxy groups and hydrogen
bonding interactions. SDS molecules attached to hydrophilic particles through hydrophobic groups
and Lifshitz-van der Waals interactions. Moreover, in the case of hydrophobic oil sands, CTAB, SDS,
and TX-100 exhibited adsorption through hydrophobic interactions. Notably, at the critical micelle
concentration (CMC), surfactant molecules aggregate to form micelles, impacting solution mobility
and altering wetting properties such as contact angles. This study highlights the dynamic interplay
between surfactant solution surface tension, solid-liquid interfacial tension, and their effects on wet-
ting behavior at varying solution concentrations. The competitive relationship between dynamic
adsorption and microscopic surface tension influences the wetting dynamics of the solution.
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The global demand for oil continues to rise, requiring the optimization of hydrocarbon extraction
from existing mature fields through advanced enhanced oil recovery (EOR) technologies. Emulsions
offer a promising method to enhance oil recovery by modifying fluid interfacial properties. This
work presents a comprehensive review of emulsion-based EOR, focusing on the emulsion behav-
ior and efficacy in porous media and encompassing following aspects: (1) physical simulations of
the emulsion flow in porous media in the lab, (2) in situ emulsion formation in porous media, (3)
emulsion flow characteristics and factors influencing, (4) emulsion rheology in porous media, and
(5) numerical modeling of emulsion flow in pores.
First, various laboratory techniques for studying emulsion flow, ranging from core flooding exper-
iments to microscopic observations and imaging, are discussed, providing insights into emulsion
behavior and its distribution within pore structures under controlled conditions, thereby aiding in
the optimization of EOR strategies.
Then, the phenomenon of in situ emulsion formation within reservoirs and its underlying mecha-
nisms, which involve oil snapping and emulsifier shearing, are elaborated. By elucidating the flow
characteristics of in situ-formed emulsions and possible blockage mechanisms, we can gain a deeper
understanding of their performance in porous media. Furthermore, the work explores the factors
influencing emulsion flow dynamics, ranging from dispersion phase size and concentration to for-
mation water salinity and pH.
Furthermore, a mathematical model for emulsion effective viscosity to capture this variability is de-
scribed considering that the apparent viscosity of emulsions undergoes changes as it flows through
porous media. A comprehensive understanding of the mechanisms governing emulsion viscosity in
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complex pore structures is essential to devise strategies to mitigate flow resistance and enhance oil
recovery rates.
After understanding the characteristics of emulsions, we discuss numerical modeling approaches
for simulating emulsion flow in porous media, including models such as the homogeneous model,
droplet retardation model, filtration model, and capillary network model. These modeling tools fa-
cilitate the prediction of emulsion behavior under varying reservoir conditions, offering valuable
insights for optimizing EOR operations.
In conclusion, this work sheds light on the intricate interactions between emulsions and porous me-
dia, providing valuable information and perspectives for further studies and efficient application of
emulsion-based EOR methods.
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The development of oil deposits in clastic reservoirs is accompanied by a deterioration in the per-
meability of the near-wellbore zone, which leads to a decrease in production rates, failure to meet
design production indicators and the appearance of undrained areas in the productive formation.
To ensure that reservoir production indicators are met, inflow stimulation methods are used that
help restore the permeability of the reservoir zone and maintain the mechanical integrity of the
reservoir. Such methods include acoustic vibrations that clean and restore the permeability of the
near-wellbore zone while preserving the pore structure and rock characteristics, which is important
at any stage of reservoir development.
Many kinds of acoustic methods demonstrate an increase in the influx of formation fluid to the
production well. In engineering practice, this phenomenon is usually explained by various effects
associated with the mobilization of capillary trapped oil, a decrease in fluid viscosity, and others.
Such effects are widely covered and physically substantiated in theoretical works. However, there
are very few laboratory studies demonstrating the performance of mathematical models.
In this work, experimental studies on paraffin mobilization in pore channels of a rock sample from
acoustic vibrations are performed using an experimental laboratory rig. The rig uses piezoelectric
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actuators which sends the oscillations to the sample matrix, a system of pore channels and a filtering
liquid containing paraffins. Frequencies from 17 kHz to 120 kHz are used in the experiment.
Due to the resulting relative displacement of the rock matrix and paraffin particles, the paraffin ac-
cumulations blocking the pores are broken up. The criterion for the effectiveness of treatment is the
ratio of permeability at the end of treatment to permeability before the first treatment. The model
based on energy approach is presented reflecting the mechanism of permeability restoration under
acoustic vibrations.
The results of the studies indicate that acoustic vibrations restore the permeability of rocks. The fre-
quency of 28 kHz is the most effective frequency among the others. The results obtained can be used
when treating the near-wellbore zone, in which deterioration in reservoir properties is observed due
to blocking of the pore space by paraffin particles.
The authors would like to acknowledge the generous financial support from the Russian Science Founda-
tion (Project No. 22-19-00447, https://rscf.ru/project/22-19-00447/).
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In this paper, we propose a pore-scale lattice Boltzmann model to treat heterogeneous surface reac-
tions coupled with mineral dissolution. The primary innovation lies in the transformation of surface
reactions, originally treated as boundary conditions, into volume source terms through dimensional-
ity augmentation within the framework of sharp liquid-solid interfaces. This significantly simplifies
the implementation, particularly for reactions occurring in porous media with intricate geometric
structures. Several benchmark tests were performed to validate the accuracy of this model, including
a reaction-diffusion problem in a rectangular domain, a two-dimensional reaction and dissolution of
a circular grain, as well as a three-dimensional calcite crystal dissolution in a micro-channel. All the
obtained simulation results agree well with the reference solutions. In addition, a dissolution prob-
lem in a three-dimensional porous meida bulit with the sandpack is then investigated. Cases with
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different Peclet numbers (Pe) and Damkohler numbers (Da) were simulated, and five dissolution
modes were obtained, which were finally summarized in a diagram of Pe and Da.
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In unsaturated flow studies, water saturation is commonly used as the sole descriptor for macroscale
flow models. However, this approach often results in hydraulic hysteresis in capillary pressure and
relative permeability during drainage and imbibition processes. Furthermore, the effects of these be-
haviors on solute diffusion remain unclear. To address this knowledge gap, we conducted microflu-
idic experiments to investigate these hysteresis relationships. We firstly implemented drainage and
imbibition processes in the micromodel to establish pore-scale water configurations. Subsequently,
we upscaled the capillary pressure and diffusion coefficients to the Representative-Elementary-Volume
scale. Our results revealed that, at the same saturation levels, the unsaturated diffusion coefficients
during drainage were at least 6.1% higher than during imbibition, indicating the presence of diffu-
sion hysteresis. We observed that this hysteresis was influenced by capillary number and residual
water saturation. An increase in the capillary number reduced diffusion hysteresis, similar to the
capillary pressure hysteresis. While a decrease in residual saturation rose diffusion hysteresis. We
also proposed a quadratic polynomial model that effectively predicts the diffusion coefficient by
incorporating both saturation and capillary pressure. This research emphasizes the importance of
historical changes in unsaturated water flow, which hold significant implications for modeling solute
transport processes.
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Facies based sedimentological, mineralogical, and textural studies can provide important geologi-
cal database for the assessment of parameters controlling the reservoir quality. This study deals
with the upper fourth member of Eocene Shahejie Formation (Es4s) to evaluate the quantitative and
qualitative evaluation to determine the reservoir characteristics and formation mechanism. Core
description, petrological and petrophysical analyses including petrography, scanning electron mi-
croscopy (SEM) and mercury injection capillary pressure (MICP) have been applied for the purpose
of detailed examination as well as the physical properties appraisal. Fine grain size, poor sorting,
continuous thin interbedded mud layers with siltstone/fine sandstone having argillaceous material
in regular intervals and low sedimentological maturity are main causes of depositional heterogene-
ity. Despite of the dissolution of grains and matrix, and having numerous fractures, destruction
of porosity by cementation and compaction are main causes of diagenetic heterogeneity. The Es4s
reservoir experienced multiple alkaline and acidic digenetic environment evolution. The influenced
of the early alkaline diagenetic environment caused significant cementation of carbonate cement.
The influence of acidic formation fluids caused many dissolution pores in the feldspar and carbonate
cement, forming the co-occurring characteristics of primary intergranular pores and acidic disso-
lution pores. Secondary pores are developed with the increasing effect of diagenesis causing the
dissolution of carbonate and feldspar grains. Authigenic clays around the grains, pore filled with
clays and secondary cementation destruct the overall porosity and permeability. The depositional
and diagenetic characteristics made the reservoir as medium to low porosity andmedium to very low
permeability with low compositional and structural maturity. The current study provides a better
understanding of the target formation coupled to other reservoir attributes identification.
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Precise and fine mapping of minerals, pores and microporous phases with 3D X-ray micro-computed
tomography (3D μ-CT), 2D back-scattered scanning electron microscope (BSEM) imagery and 2D
quantified, automated SEM-EDS mineral analysis (QEMSCAN) can play a significant role in reser-
voir characterization. Subsequently, it aids to identify and elucidate pore types, connectivity, and
distribution in a texturally low maturity, thin bedded, medium to low permeability silt to sand sized
clastic reservoir. In this paper, an integrated core to pore scale approach is adopted to compute
macro scale petrophysical rock parameters such as porosity, permeability, formation factor, and
pore throat size and distribution directly from 3D digitized rock images. A sub-plug of a sandstone
was imaged in 3D μ-CT in dry and saturated states. A quantified, 3D pores space map, including mi-
croporosity, was created by registering into perfect geometric alignment the two tomograms. Quan-
tified, 3D mineralogical mapping along with association of pore and grain structure was performed
by registering the high-resolution BSEM image and quantified 2D mineral map with the 3D μ-CT
images. The association was characterized by the identical microporosity to elucidate the mineralog-
ical information. The nature of interconnect primary and secondary pores were also determined and
quantified. Computational digital rock results of porosity and permeability reveal good agreement
with conventional laboratory core measurements. The computed properties from this technique are
reliable and can be used for reservoir quality assessment and field development programs. 3D μ-CT
through imaging and visualization of core material at the pore scale and subsequent analyses gives
substantial understandings into properties of low permeability reservoir core material. Furthermore,
subsequent developments will make this technique more common and easy to use.
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Numerous studies 1 have been conducted on using surfactant solutions for soil remediation, but
their implementation has been limited by the high cost and consumption 2 of surfactant solutions.
Moreover, CGA fluids have been shown to be more effective than surfactant solutions in terms of
contaminants eliminated per gram of surfactant [3]. An innovative approach to address these chal-
lenges is the use of colloidal gas aphrons (CGA) fluid, which aims to reduce the cost of the operation
compared to traditional surfactant-based soil remediation. The first investigation into the stability of
CGA fluid for soil remediation was done in 1994, where volume fraction and bubble size distribution
of microbubbles in sample solutions were measured over time [4].
CGAs were first introduced by Sebba in the 1970s [5] as a new form of dispersion characterized by
gas bubbles dispersed in a continuous liquid phase. Colloidal gas aphrons are stabilized by a viscous
water layer and surfactant shells, creating a microbubble system [6]. However, CGA-based fluids
must remain stable to prevent the destruction of bubbles when injecting them into porous media for
soil remediation purposes. This ensures their effectiveness and benefits [7]. The size of the bubbles,
which is determined by the surfactant, is one of the most critical factors influencing CGA stabil-
ity. Although previous studies have examined the use of CGA for oil industry applications such as
drilling fluid or injection into depleted reservoirs, its application for soil remediation studies is not
yet clear [8]. Furthermore, the impact of additional stabilizers and thickeners, such as polymers, has
not been thoroughly investigated. Therefore, it is crucial to investigate how quantitative parameters
like surfactant and polymer concentrations at high levels affect the stability of CGA.
The primary objective of this research study is to investigate the impact of a particular biopolymer
and anionic surfactant at high concentrations on the stability of CGA using image analysis based on
microscope images at varying concentrations.
The stability of CGA dispersion was analyzed by quantifying the bubble diameters using micro-
scopic observation. Zeiss CCD camera was placed on a microscope slide to capture images of CGA
fluid samples. Our study incorporated varying concentrations of xanthan gum polymer (ranging
from 1000 to 10,000 ppm) and sodium dodecyl sulfate surfactant (ranging from 1 to 10 CMC). Subse-
quently, ImageJ software was used to analyze the images and determine the bubble size distribution
(BSD) over time. Our evaluation involved determining the BSD at intervals of 0 to 10 minutes over
60 minutes.
The effects of SDS surfactant concentrations and XG polymer concentrations on BSD CGA were in-
vestigated experimentally using optical microscopy. The findings demonstrated that while the BSD
of CGAs decreased at first with increasing XG polymer concentration, it eventually increased slowly.
On the other hand, the diameter of CGAs increased with the concentration of SDS surfactant. Fur-
thermore, the greater viscosity of the base fluid due to higher polymer content led to reduced air
penetration and smaller bubbles, resulting in slow gas diffusion and a lower gas fraction.
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A geomaterial with a microstructure is considered. A geomaterial is described on the basis of a non-
Euclidean model of a continuous medium. In equilibrium, the total stress field is represented as the
sum of elastic and self-balanced stresses, the parameterization of which is given through the scalar
curvature of the Ricci tensor. It is proposed to use the spectral biharmonic equation to calculate the
scalar curvature. Using the example of a plane strain state of a geomaterial, it is shown that the
amplitude coefficients of elastic and self-balanced fields can be chosen so that singularities of the
same type compensate each other in the full stress field.
Using the obtained relations to describe the plane strain state of the geomaterial, we obtained an
analytical representation for the total stress field. The condition of the absence of singular contribu-
tions in it led to consistent choice of amplitude coefficients in the solution for the fields, providing
compensation for singularities in the total stress field. The performed procedure allows to construct
a nonsingular solution for a plane strain state of a continuous medium based on a non-Euclidean
model.
The reported study was partially supported by the Government of Perm Krai, research project No.
СЭД-26-08-08-28 from 24.01.2024.
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Manual interpretation of geophysical logging data can be a tedious and time consuming task in the
case of the non-linear behavior of well-logging signals. In this study, we introduced three novel algo-
rithms including GrowNet, Deep-Insight and blender in the classification of rock facies. To compare
the performance of these models, we used algorithms such as XGBoost, Random Forest and Sup-
port Vector Machine. The data employed is from the South and North Viking Graben, comprising
twelve lithological rock facies. Deep-insight was used to convert tabular data into images and these
generated images were employed as inputs for a convolutional neural network. It demonstrated
better performance in lithology classification compared to traditional models such as Decision Tree
and Logistic Regression. The GrowNet and blender models for lithology classification successfully
increased the penalty score and accuracy compared to the FORCE2020 competition. This study high-
lights the value of a hybrid approach, integrating the SMOTE and NearMiss algorithms in order to
balance the data. Addressing missing data is crucial for dependable analysis; employing regression
models, rather than simplistic techniques such asmean imputation, enhances accuracy. Additionally,
knowledge-based feature augmentation techniques are selectively applied based on the availability
of relevant features, thereby enhancing the effectiveness of the overall model learning process. To
more efficiently evaluate and compare the performance of the models in a multi-class classification,
we introduced the class prediction error plot instead of using confusion matrix.
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Low-salinity waterflooding (LSWF) is a promising enhanced oil recovery method that has shown
exciting results in various experiments conducted at different scales. With the development of imag-
ing technologies, micro-CT is also employed to investigate LSWF and the synergistic effects of low-
salinity brine and polymer. Micro-CT enables the observation of fluid behaviors and the explanation
of mechanisms, providing a comprehensive understanding of the pore-scale displacement process
during LSWF.
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Sandstone reservoir has good porosity and permeability, which is one of the main oil and gas reser-
voirs and the focus of oil and gas resources development. Water injec-tion development is the main
way of sandstone reservoir development, but with the continuous increase of development time, the
water cut of the reservoir is increasing, a large number of reservoirs are in the high water cut stage,
and the efficiency of water injection development is decreasing. Therefore, it is very important to
master the formation and distribution characteristics of remaining oil in high water cut reser-voir
and its producing mechanism for the further development. In this paper, the remaining oil in the
core pores of the high water cut stage is visualized on the micron scale by CT scanning, and the
oil-water flow simulation and the remaining oil produc-tion simulation are carried out based on the
digital core technology. The results show that the distribution of remaining oil in high permeabil-
ity reservoirs is less but more dispersed, and the remaining oil in low permeability cores is more
connected. The remaining oil content of high viscosity crude oil reservoir is high. By reducing the
in-terfacial tension, the water phase can invade more pores to achieve the effect of remaining oil
production. This study is helpful to guide the high water cut sandstone reservoir to take measures
to further improve the recovery rate and realize the further development of the reservoir.
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In oil-gas-water three-phase systems, CO2 can be distributed either as a non-wetting phase, or as an
intermediate-wetting phase. The morphology and distribu-tion of CO2 clusters under different wet-
ting sequences are different, which has a complex influence on CO2 dissolution process. Based on
phase distribution ob-tained from three-phase flow experiment, we constructed the physical models
of initial CO2 phase distribution, subsequently simulated the CO2 dissolution pro-cess when CO2
is non-wetting phase and intermediate-wetting based on the VOF framework and CST method. The
dynamic evolution of CO2 clusters and dis-solved CO2 distribution during dissolution process was
tracked. The effect of wettability on CO2 dissolution trapping in three-phase systems was revealed.
The characteristic parameters of CO2 dissolution process were also analyzed quantita-tively. Our
results showed that CO2 clusters exhibited different dissolution states under different wetting con-
ditions in three-phase systems. When CO2 serves as intermediate-wetting phase, the initial phase
distribution is more dispersed, and the size of CO2 clusters is smaller, the CO2 saturation decreases
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more within the same time period, indicating that CO2 has a higher dissolution ability. The ini-
tial CO2 saturation determines the final CO2 concentration in the other phase. Disso-lution caused
the originally connected large CO2 clusters to decompose into mul-tiple small clusters. When CO2
serves as intermediate -wetting phase, the mass of dissolved CO2 is higher, and thus the dissolution
ability is higher.
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The complex phase behavior of hydrocarbon mixtures is encountered in miscible flooding in the oil-
saturated reservoir and liquid dropout in gas-condensate reservoir. In pore-network models, phase
equilibrium calculations (Michelsen, 1982) have been coupled with convective-diffusion equations
to evaluate the influence of hydrocarbon phase behaviors to flow and transport at given hydrocar-
bon mole compositions and temperature, as reported by Chen et al. (2020) and Santos, M.P.P.C. et
al. (2020) where a fully implicit Euler method is implemented to get the set of non-linear algebraic
equations at each time step solved by Newton’s method.
Thenumber of convective-diffusion equations varieswith pseudo-components number, which brings
great inconvenience to the analytical programming of Jacobian matrix. In this work, the reverse
derivation technique based on the chain derivation rule (Baydin et al., 2017) is applied to evaluate
Jacobian matrix using a open source C++ library named fadbad++ and the program is comparable
in time to the analytical programming of Jacobian matrix.
In addition, the GPU parallelization is promising to the numerical studies of multi-component flow
and transport with computationally intensive nature. In our test, a graphic card RTX 3060 with 12GB
memory together with CUDA library is used to speed up the steady-state and transient simulation
process. The program is compared with the one running on a CPU i5-12400F with the Eigen mathe-
matical library. The comparison results show that the acceleration rate can be about 5 times in the
single-phase dynamic simulation with a pore network of 8000 pore elements, and about 10 times in
the single-phase steady-state simulation with 2 million pore elements.
The coupledmodel is used for gas-condensate reservoir simulation to investigate the effect of droplets
on gas production processes. In future work, a more efficient coupling way will be explored (Collins
et al., 1992), and the existing model will be advanced to two-phase flow simulation (An et al., 2023).
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The South China Sea, endowed with abundant natural gas hydrate resources, presents exceptional
conditions for gas hydrate formation and exploration prospects. Gas hydrate-bearing sediments are
characterized by methane saturation in pore waters, fostering rich and distinctive microbial ecosys-
tems. These microorganisms play crucial roles in methane production, consumption, and global
carbon cycling. This study focuses on 117 sediment samples from 11 sites across the Qiongdongnan
Basin, Shenhu area, and Xisha Trough of the South China Sea , employing high-throughputMiSeq se-
quencing of the 16S rRNA gene to investigate the archaeal community structures and diversity. Our
findings highlight significant microbial diversity variance across samples from the three geographic
regions, with distinct differences noted between samples from the Qiongdongnan Basin and Shenhu
area. The archaeal population is dominated by Halobacterota, Hadarchaeota, Lokiarchaeota, Eur-
yarchaeota, and Woesearchaeota. Notably, methane-metabolizing taxa are prevalent, with a signifi-
cant abundance of methanogenic archaea over anaerobic methane-oxidizing archaea (ANME). Addi-
tionally, the structure of methane-metabolizing groups varies significantly across the three regions,
with ANME predominantly identified in the Qiongdongnan Basin. Methanogens show differing
dominance in the Shenhu area compared to the Qiongdongnan Basin, and only a few methanogenic
groups were observed in the Xisha Trough samples. This study provides the characteristics of ar-
chaeal community diversity within sediment cores from gas hydrate-bearing sediments in the South
China Sea, contributing to our understanding of microbial group characteristics in these regions.
Understanding these microbial populations and their functions is crucial for the comprehension of
the biogeochemical processes involved in the formation of natural gas hydrates in the South China
Sea.
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The fracture-caved porous media contains numerous irregular natural fractures and caves, leading
to multiscale pore structures. The geometry of these pore structures can impact the mechanical
characteristics of the porous media, and also significantly affect the hydraulic fracture propagation
path. This study presents an innovative hydraulic fracturing model designed to simulate the fracture
propagation within fracture-caved poroelastic media, leveraging the capabilities of the phase-field
method. Initially, the fracture-cave-reservoir flow governing equations are established through cou-
pling generalized Reynolds flow in the fracture domain, Darcy flow in the reservoir domain and free
flow in the cave domain. Biot poroelasticity theory and fracture width serve as the links for hydro-
mechanical coupling. To address sharp fractures and cave edges, a smooth phase-field method is
introduced. The fully coupled model is solved using a staggered scheme, which independently ad-
dresses the pressure and displacement fields in the inner cycle, and then addresses the phase-field
in the outer cycle. In contrast to prior research, our model eliminates the need for supplemen-
tary enrichment functions to characterize natural fractures and caves. It can naturally detect and
simulate the behavior of hydraulic fracture propagation in the presence of natural caves. This al-
leviates the complex calculations of stress intensity factors as hydraulic fracture nears caves. The
efficacy of the proposed model in addressing two-dimensional scenarios is thoroughly demonstrated.
Subsequently, the model is expanded to encompass three-dimensional scenarios and multiple cave
instances.
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Hydraulic fracturing technology improves the productivity and economic benefits of an oil and gas
wells, but there are many factors affecting productivity and it is difficult to evaluate productivity. In-
formation amount theory (IAT) method is using to evaluate and analyze the factors affecting produc-
tion capacity after hydraulic fracturing of the wells. Based on the statistics simulation of productivity
influencing factors of wells fractured in carbonates deposits of Perm region fields, the information
amount theory method is used to analyze geological and technological parameters. In order to cre-
ate a multi-variable model to estimate the oil production post-fracking increase, the well sample is
divided into two roughly parts. The productivity increases with increasing the oil production rate
after fracking and the fracture width.
A multiple linear regression model was constructed using input features fracture length, fracture
width, Propant Height and other parameters. The developed model provided a R2 value 0.8792. The
result indicated that the model was able to explain 63.7% of the oil production variance in the study
area.
The reported study was partially supported by the Government of Perm Krai, research project No.
СЭД-26-08-08-32 from 25.01.2024
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AReviewof theApplication ofMetaverseTechnology inPetroleum
Engineering
Authors: Jing LuNone; 聂庆None

Co-author: Erlong Yang

Corresponding Author: 871789003@qq.com

In the context of accelerating digital transformation in the energy industry, the metaverse, as an
emerging concept of virtual world, is becoming a crucial foundation for the new revolution in oil
and gas fields. Metaverse technology offers novel digital solutions for oil and gas fields, driving
the development of smart oilfields and enabling the industry to explore and produce oil and gas
more intelligently and efficiently. This paper aims to delve into how the metaverse, as a digital space
integrating virtual and real worlds, is applied in the domain of oil and gas fields to address challenges
in exploration, production, and other processes. It explores the current status and prospects of
metaverse technology application in oil and gas fields, thoroughly analyzes its application in oil and
gas exploration, discusses the feasibility and advantages of metaverse services and integration with
oil and gas fields, and summarizes existing challenges.

Keywords: oil and gas exploration, smart oilfield, metaverse
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Abstract: The microbially induced calcite precipitation (MICP) technique holds promising applica-
tions in groundwater remediation, gas storage, soil improvement, and rock fracture sealing. In this
study, a two-dimensional pore-scale numerical model is developed to simulate the coupled flow, re-
active mass transport processes, and precipitation processes in MICP. In the presented model, the
lattice Boltzmann method (LBM) and finite element method (FEM) are employed to solve the incom-
pressible Navier-Stokes equations and the advection-diffusion-reaction (ADR) equation, respectively.
The presented model considers the processes of bacterial transport and attachment, ureolysis, and
the bacterial and calcite detachment induced by the shear effects of the flow. With the presented
model, multiple field profiles including the flow field, concentration field, and the calcite distribu-
tion can be obtained in the pore space. The presented numerical model is validated based on the
experimental data from the literature. To investigate the effect of heterogeneous pore structures on
calcite distribution, different scenarios are carried out. The simulation results demonstrate that the
pore structures with large pore throats result in more calcite accumulation. For heterogeneous pore
structures with upper or lower distribution, the calcite distribution is dominated by the flow direc-
tion. Moreover, the quantitative results are presented in the evolution curves of calcite proportion,
and the trend of evolution curves in different areas can reflect the homogeneity of the calcite distri-
bution. The distribution of the evolution curves in various areas is aggregated, indicating a uniform
calcite distribution.
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RESEARCH AND APPLICATION OF QUANTITATIVE CHARAC-
TERIZATIONMETHODSFORRESERVOIRSUNDERTHESHIELD-
ING OF IGNEOUS ROCKS
Author: Dong MaNone

Co-authors: Chao Li 1; Hanqing Zhao 1; Ming Yang 1; Jianli Yan 1

1 (Tianjin BRANCH of CNOOC)

Corresponding Author: dixinzhixing@163.com

BozhongAOilfield is the first sandstone reservoir discovered and put into development in an igneous
rock development area in Bohai. The main oil bearing layer in the oilfield is the Paleogene, which
is affected by igneous rocks and has strong reservoir heterogeneity. The development situation of
production wells at the edge of igneous rocks is poor, and it is affected by the high-yield strategy
of offshore sparse wells. The well spacing is large, and quantitative characterization of reservoirs
is difficult. On the basis of summarizing the development characteristics of igneous rocks, this ar-
ticle comprehensively describes the micro pore structure characteristics of sandstone reservoirs in
different regions of the oilfield through various analysis and testing methods such as petrography,
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high-pressure mercury injection, and nuclear magnetic resonance. Based on this, the quantitative
transformation of sandstone reservoirs by igneous rocks is carried out based on the thermal solid
coupling effect. According to the distribution pattern of igneous rocks and the mutual positional re-
lationship between reservoirs, Extracting a model of the contact relationship between igneous rocks
and reservoirs, considering the influence of parameters such as thermal conductivity, reservoir skele-
ton deformation, and stress sensitivity, a mathematical model for quantitatively characterizing the
permeability of sandstone reservoirs under the influence of igneous rocks was established. Finite
element deformation was used to solve the problem, and a quantitative characterization diagram of
the degree of volcanic activity on sandstone reservoirs was drawn. The research results indicate that
the thermal baking effect of igneous rocks in Bohai A oilfield reduces the permeability of reservoirs
around 100m of igneous rocks. The closer to the boundary of igneous rocks, the more severe the
decrease in reservoir permeability. Based on the research results, the three-dimensional geological
model has been updated, and the numerical simulation accuracy has been improved from 70% to
92%. This provides a reference for reservoir evaluation and development plan design in similar oil
fields.
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Effect of interfacial tension reduction agents on fluid flow and
oil production in reservoirs with low permeability layers
Author: JACQUELINE NANGENDO1

Co-authors: Aifen Li 1; Li Tianhao 1; Hu Zhuocheng 1; Fu Shuaishi 1; Gloire Imani 1; Guoqiang An 1; Huapeng
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1 China University of Petroleum (East China)
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The application of interfacial intension reducers (surfactants) in oil recovery has been widely ap-
plied because of the ability to reduce the interfacial tension in immiscible displacement. They also
can change the wettability of the porous media to more water-wet and emulsify the oil to displace
it in the subsurface porous media. Using surfactants to improve the performance of steam-assisted
gravity drainage (SAGD) has been an intriguing idea for decades. This has been attributed to the
ability of surfactants to form emulsions with oil and reduce interfacial tension (IFT) of the oil-water
system which allows more oil to drain out of the reservoir. According to earlier research, surfactants
increase oil’s relative permeability by decreasing the IFT, de-wetting the surface, and emulsifying oil
droplets, which increases oil mobility and displacement. In addition, this phenomenon can reduce
the capillary pressure and enhance spontaneous imbibition. Therefore, some surfactants may in-
crease production in reservoirs with barrier layers if carefully selected. Surfactants reduce interfacial
tension (IFT) in the oil-water system, making the barrier layer extremely water-wet. In this study,
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numerical simulation using CMG-STARS backed up by experimental studies has been conducted.
Several selected surfactants have been used to investigate their ability to overcome the challenges
and impedance of the barrier layer on steam chamber expansion and the flow of oil across them to
production. The simultaneous injection strategy was employed in both experimental and simulation
studies. The surfactant played a great role in overcoming the barrier layers’ effect on steam cham-
ber expansion, oil production, and production rates increasing the flow of steam and oil across the
barrier layer. From the experimental and simulation studies, the project with surfactant co-injection
produced more oil and had greater oil production as compared to the pure-SAGD projects for vari-
ous barrier layer thicknesses of a given permeability. The ability of the surfactant to enhance steam
chamber growth, oil production, and production rate was seen to decrease with increasing and de-
creasing barrier layer thickness and permeability respectively. The residual oil results also showed
significant differences in residual oil saturation (unproduced oil) for a given reservoir thickness and
permeability under the same operation parameters. The steam flow and oil drainage across the low
permeability layer were significantly greater and therefore reduced the amount of unproduced oil
by over 50% compared to the pure SAGD process. The oil recovery rate also increased by almost
two-fold while the oil production rates were one and a half times higher than pure SAGD at any
given production time.
Keywords: Surfactant-aided SAGD, Steam chamber growth, Improved SAGD, Chemical-SAGD, Chemical-
aided, thermal oil recovery, low permeability layers
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Theory of electrolyte solutions in a slit charged pore: Effects of
structural interactions and specific adsorption of ions
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The study of electrolyte solutions in confined geometries is crucial for developing energy storage de-
vices and water purification systems. One challenge in this field is accurate modeling ion behavior
while considering the interplay between ion-specific effects and electrostatic interactions. Although
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self-consistent field theory enables the simulation of ionic fluids, it overlooks several effects, such as
short-range correlations of the ions. Recent research 1 incorporates into the grand thermodynamic
potential of ionic fluid the short-range correlations of the ions and derives the mechanical equilib-
rium condition using the Noether’s theorem formalism. In particular, the authors have derived the
total stress tensor of ionic fluid taking into account electrostatic and steric interactions alongside
the structural effects (short-range correlations).

In this work, we use themodel developed by Blossey et al. 2, which takes into account both structural
and steric interactions between ions. The structural interactions are described through a bilinear
form of the gradients of the local ionic concentrations, while the steric interactions are modeled
using the lattice gas approach.This framework allows for a phenomenological description of the
molecular properties of ions, such as steric interactions due to their non-spherical shape, changes in
configuration, and the influence of the solvent. Additionally, we investigate the specific interactions
between ions and pore surfaces by incorporating external attractive forces.

Our main interest lies in analyzing how ionic concentration profiles and disjoining pressure are
influenced by variations in pore size. Starting from the local mechanical equilibrium condition, we
derive a general formula for the disjoining pressure.
Our findings [3] indicate that taking into account the structural interactions between ions leads
to a pronounce minimum in the disjoining pressure curves at small pore widths. This minimum
is attributed to the formation of electrical double layers on the electrically charged surfaces of the
pores.In addition, our results indicate that the attractive interactions between ions and the pore walls
contribute to the formation of this minimum and shift it to smaller pore sizes. These theoretical
findings have practical implications for researchers in the field of electrochemical engineering for
supercapacitors, particularly in applications involving porous electrodes filled with concentrated
electrolytes and room temperature ionic liquids.

1 Brandyshev P. E., Budkov Y. A. Noether’s second theorem and covariant field theory of mechanical
stresses in inhomogeneous ionic liquids. The Journal of chemical physics. –2023.–Т. 158. –No. 17.
2 Blossey R., Maggs A. C., Podgornik R.Structural interactions in ionic liquids linked to higher-order
Poisson-Boltzmann equations. Physical Review E. –2017
[3] Victoria A. Vasileva, Daria A. Mazur, Yury A. Budkov. Theory of electrolyte solutions in a slit
charged pore: Effects of structural interactions and specific adsorption of ions. Journal of Chemical
Physics. 2023. Vol. 159. No. 2. Article 024709
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The Future of Core Analysis: Estimating of Effective Porosity via
µCT & Transfer Learning
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Currently, µCT has emerged as a valuable tool for analyzing rock samples on a standard core plug
scale. Typically utilized in Special Core Analysis (SCAL) as an assessment instrument before the
filtration experiment, µCT serves to examine core samples and identify any potential defects, cracks,
or heterogeneities that could influence flow behavior during the procedure. Despite the relatively
low resolution of such µCT images, they contain valuable information on lithological features and
reservoir properties. This study focuses on the development and validation of an integrated method-
ology that combines µCT scanning of core plugs with machine learning algorithms to predict effec-
tive porosity values. For this work, we created a dataset of microtomographic images for standard
samples of various types of reservoir rocks and annotated all images based on experimentally deter-
mined values for the samples. Utilizing a transfer learning approach, we trained a ResNet50 model
to predict effective porosity values for standard core plugs. The results demonstrated high validation
scores for the obtained values. This approach can be used to optimize Standard Core Analysis (SCA)
procedures, reducing the time and financial costs associatedwith hydrocarbon extraction procedures
from core plugs.

Acknowledgments
This work was supported by the Ministry of Science and Higher Education of the Russian Feder-
ation under agreement No. 075-15-2022-299 within the framework of the development program
for a world-class Research Center “Efficient development of the global liquid hydrocarbon reserves”.
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The issues of carbon sequestration in natural porous media have recently received increasing atten-
tion in the scientific community. Scientists have obtained laboratory results, and carbon sequestra-
tion projects are already being implemented in a number of countries (Norway, USA, the Netherlands
and Australia). One of the priority and most logical directions for the development of carbon seques-
tration in Russia is the additional extraction of hydrocarbons from fields that are at a late stage of
development. Most hydrocarbon fields in the Perm region are at the final stage of development and
could potentially be targets for carbon sequestration and additional oil production. However, the in-
fluence of carbon on natural porous media (rocks) is poorly understood and requires both laboratory
research and the subsequent development of mathematical models of the influence of carbon on the
filtration and mechanical characteristics of the formation in the long term. For the predicted result
of carbon sequestration in rocks, it is necessary to justify the modes of injection of carbon dioxide
into reservoir layers and long-term storage modes under which gases are absorbed by the rock.
China is also interested in the development and implementation of carbon sequestration, since it,
like Russia, is in the top five countries for carbon emissions per year and is looking for new solu-
tions to improve the quality of atmospheric air in industrial regions, in particular, in the direction
of using waste coal mines .
The results of the present studies contribute to the development of carbon sequestration in coal
rocks.
The reported study was partially supported by the Government of Perm Krai, research project No. СЭД-
26-08-08-26 from 23.01.2024.
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In various research fields such as hydrogeology, environmental science and energy engineering,
geological formations with fractures are frequently encountered. Accurately characterizing these
fractured media is of paramount importance when it comes to tasks that demand precise predictions
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of liquid flow and the transport of solute and energy within them. Since directly measuring frac-
tured media poses inherent challenges, data assimilation (DA) techniques are typically employed
to derive inverse estimates of media properties using observed state variables like hydraulic head,
concentration, and temperature. Nonetheless, the considerable difficulties arising from the strong
heterogeneity and non-Gaussian nature of fractured media have diminished the effectiveness of ex-
isting DA methods. In this study, we formulate a novel DA approach known as PEDL (parameter es-
timator with deep learning) that harnesses the capabilities of DL to capture nonlinear relationships
and extract non-Gaussian features. To evaluate PEDL’s performance, we conduct two numerical
case studies with increasing complexity. Our results clearly demonstrate that PEDL outperforms
three popular DA methods: ensemble smoother with multiple DA (ESMDA), iterative local updating
ES (ILUES), and ES with DL-based update (ESDL). Sensitivity analyses confirm PEDL’s validity and
adaptability across various ensemble sizes and DL model architectures. Moreover, even in scenarios
where structural difference exists between the accurate reference model and the simplified forecast
model, PEDL adeptly identies the primary characteristics of fracture networks.
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Author: Dong Zhou1
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In order to investigate the influence of water gas domain distribution on the relative permeability of
water and gas during the injection of hot water into coal, this paper establishes a two-dimensional
pore cavity throat model based on fractal theory, and uses the water gas dynamic equilibrium equa-
tion as the judgment condition for seepage calculation. The water and gas balance control equation
of the cavity throat network was derived, and the distribution law of the water gas domain during
coal seam thermal injection and drainage gas production process was clarified. Finally, the rela-
tionship between water injection pressure, fractal dimension, temperature and relative permeability
was obtained. In the study of constant temperature water injection process, it was found that as
the injection pressure increases, the gas chamber is constantly occupied by water, the saturation of
water continuously increases, and the relative permeability of water significantly increases. The in-
jection pressure is positively correlated with the relative permeability of water. During the constant
pressure heating and drainage process, the increase in free methane leads to an increase in gas pore
pressure in the model, overcoming capillary forces to discharge water. The higher the temperature,
the water chamber is occupied by the gas chamber, and the distribution of the gas domain is wider.
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When percolation occurs, the relative permeability of the gas increases sharply, which is positively
correlated with temperature and conducive to the discharge of water.
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The undesired CO2 hydrates formation in wellbores or pipelines often poses a significant risk to
production safety. CO2 hydrates can develop during numerous processes, such as CO2 injection
for geological or saltwater storage, production wells in CO2 flooding for enhanced oil recovery, and
CO2 pipeline transportation. These hydrates form when gas-water two-phase conditions are met
within the hydrate stability zone. Particularly during the transition of supercritical CO2 into the gas
phase, the decrease in temperature promotes the hydrate formation. Once these hydrates accumulate
on a large scale and form blockages, the bulk hydrates significantly compromise the safety and
efficacy of CO2 storage or hydrocarbon production. To address the challenges posed by hydrates, an
effective alternative solution is to develop a new generation of passive anti-hydrate surfaces that can
prevent hydrates from accumulating over time. These new surfaces can incorporate smart properties
such as anti-hydrate nucleation on the surface initially and possess low hydrate adhesion strength
if hydrate deposition inevitably occurs. Therefore, it is necessary to understand the fundamental
interactions between CO2 hydrates and solid surfaces. To achieve this, the current study employs
systematic atomistic modeling and large-scale molecular dynamics (MD) simulations to explore the
underlying mechanisms and key factors influencing hydrate adhesion. The results indicate that the
gas concentration in the vicinity of solid surfaces plays a crucial role in determining the structures of
the hydrates intermediate layer formed on those surfaces. By increasing the gas content near solid
surfaces, it becomes possible to weaken CO2 hydrate adhesion, enabling the automatic detachment
of hydrates under the influence of shear flow. With a better understanding of these mechanisms, it is
conceivable to develop more effective anti-hydrate strategies and enhance the safety and efficiency
of CO2 utilization process.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Page 821



InterPore2024 / Book of Abstracts

Country:

Canada

Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

Conference Proceedings:

I am interested in having my paper published in the proceedings.

Poster / 1016

Pore-Scale Insights into Freshwater Displacement Dynamics in
Brine-SaturatedBerea SandstoneUsing 4DMicrotomography
Author: Rail Kadyrov1

Co-authors: Evgeny Statsenko 1; Thanh Hung Nguyen 1

1 Kazan Federal University

Corresponding Authors: rail7777@gmail.com, e.statsenko@yahoo.com, thanhtu154@gmail.com

In recent years, oil and gas companies operating in regions with high-salinity reservoirs have shown
a growing interest in the processes occurring at the pore scale during the displacement of brine with
freshwater. This interest is driven by the potential for freshwater injection to alter the physicochem-
ical properties of the rock-fluid system within the pore spaces of the reservoir, thereby improving oil
recovery. Such alterations can lead to changes in surface tension between oil and water, enhancing
the mobility of oil within the porous medium and consequently increasing its extraction. Addition-
ally, the interaction between the fluid and the rock matrix can affect the wettability of the rock;
a transition towards more hydrophilic conditions could facilitate the easier displacement of oil by
water. This study employs 4D microtomography to experimentally investigate brine displacement
by freshwater in Berea sandstone at the pore scale under reservoir conditions using an X-ray trans-
parent Hassler core holder. The in-situ visualization allowed for the mapping of salt concentration
distribution within the fluid during displacement, capturing the main front of concentration drop
within the pore space of the sample. These observations were corroborated by breakthrough mo-
ment determination based on the measurement of electrical resistance at the sample’s output. The
findings provide direct insights into fluid mixing in complex porous media, offering both data and
validation for pore-scale process modeling.

Acknowledgements
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In order to investigate the influence of movable oil on the pore structure of various shale types, this
study systematically selected 19 shale samples from Well X in the Mahu Sag of the Junggar Basin.
Initially, X-ray diffraction (XRD) analysis was conducted to classify the shale samples. Subsequently,
the geochemical properties and pore structures of the samples, both pre and post oil extraction, were
comparatively analyzed through Total Organic Carbon (TOC) content measurement, rock pyrolysis,
and nitrogen adsorption experiments. Additionally, fractal theory was employed to quantitatively
describe the impact of movable oil on the pore structure of different shale types.
The findings reveal that siliceous shale exhibits a higher content of movable oil compared to cal-
careous shale. Following oil extraction, there was a notable increase in both specific surface area
and pore volume across all shale samples, with a more pronounced variation observed in the pore
structure of siliceous shale as opposed to calcareous shale. Calcareous shale predominantly displays
H2-H3 type hysteresis loops, indicative of ink-bottle-shaped pores, suggesting a relatively uniform
pore structure. Conversely, siliceous shale exhibits a diverse range of hysteresis loops, reflecting
its complex pore structure. The fractal dimension of calcareous shale samples appears primarily in-
fluenced by pore structure, exhibiting no significant correlation with TOC content before or after
oil extraction. Conversely, the change in fractal dimension of siliceous shale samples demonstrates
no clear correlation with either TOC content or pore structure, suggesting that variations in fractal
dimension may arise from the combined effects of TOC and pore structure.
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Selective laser melting (SLM), an additive manufacturing (AM) technique utilised for metals, is at-
tracting increasing interest in creating complex and high-quality components. Compared to the tra-
ditional welding of bulk materials, the powder bed melting process in SLM presents a more complex
physical profile arising from the molten-material flow in the interparticle voids. This work employed
a numerical method to explore the evolution of the interfaces between different phases and under-
stand this complexity. The interface features influence the defects of SLM-produced parts, including
pore formation, fatigue life, and mechanical strength. Computational fluid dynamics (CFD) and dis-
crete element method (DEM) were used to reproduce the melting and layering process, respectively.
Compared with the CFD-DEM coupling method, the sequential method ignores the motion of par-
ticles during the melting while overcoming the inherent limitations of mesh size in the coupling
method. In a fully resolved fashion, this CFD model can use a smaller mesh and accurately simulate
the interactions between the laser beam and powder bed with fine-size particles. The simulated re-
sults were validated by benchmark experiments using the Ti-6Al-4V (Ti64) powder. This validated
work further investigates the influence of packing quality, laser power, and surface tension model
on the evolution of interfaces, and provides an effective way to evaluate the effects of processing
parameters.
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Shale gas development is relied on long horizontal drilling. But shale is typical formation that well-
bore instability often occurs, restricting long horizontal drilling in shale reservoir. Hydration dam-
age is a major trigger of borehole collapse in shale. During drilling process, spontaneous imbibition
(SI) is one of main methods of water phase entering into shale. After this invasion, hydration be-
tween water and clay happens, forming damage effect. Currently, there are plenty of works about
shale hydration mechanism, but research of connection between SI and hydration is rare. The un-
derstanding of shale hydration evolutionary law during SI is not deep enough, restricting the im-
provement of drilling quality in shale reservoir.
Therefore, in combination with SI test and rock mechanical test, based on damage mechanical the-
ory, characteristics of shale SI and hydration damage evolutionary law during SI have been clarified.
The dynamical model of shale SI has been established considering hydration damage. Also, consti-
tutive model of shale hydration damage during SI has been built. The analysis of shale SI process
and energy response law in loading have been conducted. Results indicate that shale has strong SI
in earlier stage, and the imbibition gradually becomes stable at later stage. Due to the influence of
hydration, driving forces of SI (capillary force and osmotic pressure) are both in dynamical process.
Resistance of SI gradually declines due to hydration damage, which is beneficial for shale SI. Besides,
compared to conventional model, dynamical model of SI is more consistent with test results, proving
hydration is a major factor of shale SI. In addition, shale damage degree is consistent with degree
of SI. During SI process, hydration crack starts to propagate, decreasing mechanical strength and
leading to the change from brittleness to plasticity. With increasing imbibition time and hydration
degree, total energy, elastic energy and dissipated energy all show decline, indicating the decreasing
mechanical stability. Outcomes improve the understanding of shale mechanical behavior, offering
theoretical support for high efficiency and safety of long horizontal drilling technique in shale gas
reservoir

Reference:
1 Meng M, Ge H, Shen Y, et al. The effect of clay-swelling induced cracks on imbibition behavior of
marine shale reservoirs[J]. Journal of Natural Gas Science and Engineering, 2020, 83: 103525.
2 Fanhui Z, Zhang Q, Jianchun G U O, et al. Mechanisms of shale hydration and water block re-
moval[J]. Petroleum Exploration and Development, 2021, 48(3): 752-761.
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In carbon sequestration projects, ensuring the safe management of reservoir pressure is essential
for long-term security. The injection of CO2 can lead to pressure build-up, risking safety issues like
caprock damage, induced seismicity, and potential leaks. While brine extraction offers a practical
solution to mitigate those safety issues, it is crucial to optimize the location of the brine extraction
well, especially in heterogeneous reservoirs.

Optimizing the brine extraction well location is computationally expensive, requiring numerous sim-
ulation runs to identify the most effective configuration. To perform robust optimization, which em-
ploys multiple reservoir models representing reservoir uncertainties, the computational complexity
further increases.

In this study, we propose a machine-learning-based surrogate model that accurately predicts the ef-
fectiveness of the input well location with low computational cost. The proposedmodel incorporates
the fast-marching method (FMM) to calculate the hydraulic connectivity and convolutional neural
network (CNN) to extract the features of the connectivity map and predict the net present value
(NPV). NPV is used as an objective function that represents the effectiveness of a brine extraction
well. We applied this model to a CO2 injection site in the Pohang basin, Korea. Our model showed
strong predictive performance, significantly reducing the computational costs by utilizing only 5%
of the total location candidates.
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Accurately predicting future well response is crucial for making investment decisions in developing
subsurface reservoir resources. Future well responses have been forecasted using history-matching
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methods, but traditional history-matching methods often incur high computational costs in calibra-
tion steps and have difficulties in maintaining geological constraints. Recently, data-driven forecast
methods like data-space inversion (DSI) and learning-based data-driven forecast approach (LDFA)
have been introduced to mitigate the computation cost and geological constraint issues of history-
matching methods. However, DSI and LDFA have extrapolation, conditioning, and prediction vari-
ance issues. In this study, we propose two simple approaches, a learning-based pattern-data-driven
forecast approach (LPFA) and an ensemble conditioning step (ECS), to resolve the issues associ-
ated with DSI and LDFA. For the extrapolation issue, LPFA provides accurate predictions by scaling
prior data using observed data, even when the observed data are outside the prior data range. ECS
resolves the conditioning and variance issues of LDFA and LPFA by selecting the predictions of en-
semble learning that honor the observed data. The prediction performances of DSI, LDFA, LPFA, and
ECS are compared using two well-known benchmark models (Brugge and Olympus models). All the
forecast approaches showed reliable performance in predicting future well responses, achieving an
average median relative error of 2~3% under a 2% noise level of the observed data. However, LPFA
was the only approach that provided the most accurate predictions for future well responses when
the prior data did not contain data close to the observed data. ECS improved the prediction perfor-
mances of LDFA and LPFA in both the Brugge and Olympus models as it selects only the predictions
from multiple learning models honoring the observed data.
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Estimation the capacities for CO2 storage plays a pivotal role in carbon capture and storage (CCS)
projects. Thematerial balance equation (MBE) approach, commonly applied in this domain, provides
direct estimations of CO2 storage potential. Traditional MBE techniques, however, often compute
the original fluid in-place volume via volumetric assessments without subsequent validation, pos-
ing challenges to estimation accuracy. Recognizing the impact of precise original fluid in-place
volume calculations reflective of the reservoir’s pore volume on storage capacity, our research intro-
duces an enhancedMBEmethodology. We evaluated the effectiveness of our enhancedMBEmethod
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through comparisons with a commercial reservoir simulator, applying it to both a constructed syn-
thetic aquifer scenario and the Sleipner field model. The application to the synthetic aquifer scenario
resulted in a notably precise CO2 storage capacity estimate, with a relative error of just 2.085%, based
on data from a single year of injection. This high level of accuracywas similarly observed in the Sleip-
ner field application, where the method achieved a relative error of 1.6873%. Our developed MBE
method further demonstrates its reliability in accurately forecasting CO2 storage capacities across
a range of conditions, including variations in grid sizes, rock properties, injection rates, operational
strategies, and geological heterogeneity.
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Objective/scope

In the realm of searching for oil and gas accurately pinpointing ‘sweet spots’ —or regions, with re-
sources and ideal drilling conditions—remains a crucial puzzle. This research presents a method that
combines Gradient Boosting Decision Trees (GBDT) and Generative Adversarial Networks (GANs)
to transform the identification of spots, in unconventional reservoirs. By leveraging the capabilities
of GBDT and the data generation skills of GANs the study aims to improve the accuracy and effi-
ciency of exploration activities leading tomore successful drilling operations and optimized resource
extraction.

Methods

The methodology focuses on an approach; Initially, GBDT models undergo training using a range
of geological, geophysical, and petrophysical data to forecast reservoir characteristics that signify
favorable locations. These models leverage their capability to navigate linear connections, within
multidimensional data providing in-depth forecasts on reservoir quality and potential output. Sub-
sequently, GANs are utilized to create data in scenarios where authentic data may be limited or
incomplete enhancing the reliability and precision of the models. This innovative blend enables an
examination of subsurface data pinpointing locations, with exceptional precision.

Results

The combination of using both GBDT models and GANs has led to outcomes; The GBDT models,
which have an understanding of reservoir data greatly improve the accuracy of predicting optimal
drilling locations while the GANs enhance the dataset effectively ensuring that the models are well
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trained evenwhen data is scarce. This collaboration not only increases the success rate of exploration
endeavors by identifying drilling spots but also optimizes resource allocation thereby reducing both
environmental impact and financial risks associated with exploration activities. Moreover imple-
menting these AImethods, for identifying drilling locations has resulted in significant enhancements
in operational efficiency and notable cost savings, in exploration and development processes.

Novelty

The innovative application of GBDT and GANs, in this study to pinpoint locations marks a break-
through in the realm of oil and gas exploration. Combining the capabilities of machine learning with
the abilities of generative modeling it establishes a fresh benchmark, for precision and productivity
in the sector with the potential to transform exploration tactics and bolster the eco-friendliness of
hydrocarbon extraction practices.
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Objective/scope

The emerging area of drilling optimization has increasingly acknowledged the role of predicting
Rate of Penetration (ROP) in improving operational efficiency and cutting costs, within the oil and
gas sector. This research project aims to utilize machine learning (ML) techniques to forecast ROP
with precision by analyzing drilling data and current operational variables. By incorporating ML
algorithms into the ROP prediction process the study intends to develop a forecasting tool that en-
hances drilling strategies streamlines drilling activities and notably reduces both time and expenses
associated with drilling projects.

Methods

Our method involves taking an approach using a range of data that includes geological features
drilling methods and operational details to teach and confirm various machine learning models, like
decision trees, neural networks, and ensemble methods. These models are created to understand the
linear connections, between different factors that influence ROP. The training process is carefully
planned to make sure the models are accurate and can be applied in drilling settings. One important
aspect of our method is using feature engineering and selection techniques to find the variables
improving howwell themodel works and how easily it can be understood. Additionally, we carry out
cross-validation. Adjust hyperparameters to improve model accuracy and avoid overfitting.
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Results

The use of machine learning techniques, in predicting ROP has shown outcomes proving its capabil-
ity to forecast ROP accurately and reliably. These ML models have surpassed methods for predicting
ROP providing insights into the drilling process and allowing for proactive adjustments to drilling
parameters for optimal real-time ROP. This results in drilling procedures reducing unproductive
time and leading to significant cost savings. Notably the research also emphasizes how adaptable
ML models are to settings and drilling conditions showcasing their versatility as a valuable tool for
optimizing drilling operations. The practical implications of these discoveries are profound indi-
cating that ML-driven ROP prediction could become an element in drilling optimization strategies.
This would enhance decision-making processes and operational excellence, within the oil and gas
industry.

Novelty

The study’s uniqueness lies in its use of machine learning methods to accurately forecast the Rate
of Penetration (ROP) in drilling activities, an aspect, of operational effectiveness in the oil and gas
sector. In contrast to ROP prediction techniques, this study employs a range of ML algorithms along
with sophisticated feature engineering and selection procedures to reveal the complex nonlinear
connections between various drilling parameters and ROP. This strategy not only outperforms the
precision of standard models but also introduces a level of flexibility and real-time relevance that
was previously unachievable representing a significant advancement, in drilling optimization tech-
nology.
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We developed a parallel thermo-hydraulic-mechanical (THM) model of fully coupled multiphase
fluid and heat flow and geomechanics as well as associated fracturing processes in porous and frac-
tured media to simulate cryogenic fracturing with liquid nitrogen in hot reservoirs. This included
enhancing our THM simulator and developing a physical property module for nitrogen-water sys-
tems and formulating fracture initiation and extension criteria.
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We used cryogenic fracturing experiments on small concrete blocks to verify the simulator modifi-
cations. Then, we simulated two field cases, one with an injector-producer pair with cryogenic frac-
turing that enhanced the permeability in a vertical plane around the wellbore and extending in the
direction of the producer. The second case was cryogenic fracturing and cooling of the near-wellbore
region in a shallow, heated reservoir. The induced fractures were horizontal but their lengths were
non-uniform due to the pressure and temperature gradients.
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Effects of particle density and pore fluid on granular flow in a rotating drum
Yu Chen 1, Si Suo 2, Yixiang Gan 1,3*
1 School of Civil Engineering, The University of Sydney, NSW 2006, Australia
2 Department of Civil and Environmental Engineering, Imperial College London, London SW7 2AZ,
United Kingdom
3 Sydney Nano Institute, The University of Sydney, NSW 2006, NSW
* yixiang.gan@sydney.edu.au
The understanding of granular flow is of importance in many practical applications. This study
employs both experimental and numerical analyses of dry and submerged granular media in a rotat-
ing drum, with a range of particle density. A continuum approach based on the two-phase flow and
\mu(I) rheology is adopted, with all material parameters identified from experimental measurements.
The accuracy of our model is evidenced by its ability to closely replicate experimental observations,
particularly in the rolling and cascading stages. We specifically examined the dynamic angle of
repose, flow region depth, and pore pressure behaviour within the granular region. The roles of
particle density and pore fluid are demonstrated in distinct granular flow characteristics. We ex-
amine the solid pressure and fluid pressure distribution across the different cases in the submerged
conditions. A significant advancement of our study is the normalisation of fluid pressure, which
is achieved through a function of the Reynolds number, the contrasts in particle and fluid density.
The unified correlation aligns with the principles of the Kozeny-Carman model. This work offers an
effective numerical approach for design and optimisation of industrial processes involving granular
flow.
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Renewable energy is attracting widespread interest worldwide as it emits minimal greenhouse gases,
thereby aiding in the fight against climate change resulting from the use of fossil fuels 1. Hydrogen
(H2) is suggested as a reliable energy carrier to address the fluctuations in energy supply faced by
renewable energy sources 2. It can be stored for extended periods and harnessed to fulfill energy re-
quirements [2-4]. Underground hydrogen storage (UHS) is crucial for integrating renewable energy
and reducing carbon emissions. Its capacity for scalability, large-scale H2 storage, and grid stabiliza-
tion are essential for sustainable energy transition. Utilizing geological formations enhances energy
security and maximizes excess renewable resource utilization, strengthening energy networks. Ge-
ological formations hold significant potential for long-term H2 storage [1, 4]. Among underground
geological formations, depleted gas reservoirs have demonstrated effectiveness in storing natural
gas underground [2, 5].
Physics-based reservoir simulations, although beneficial in assessing H2 injection and withdrawal
processes, are also costly computationally, necessitating the simulation of every conceivable sce-
nario [6]. Additionally, multiphase compositional reservoir simulations, particularly for three-dimensional
field-scale scenarios, present obstacles to thoroughly analyzing and improving UHS systems 2. Uti-
lizingmachine learning techniques, surrogatemodels offer the potential to serve as an extra decision-
making tool in the petroleum industry [7]. These methods are effective in lowering the computa-
tional expenses of simulations while still maintaining a reasonable level of accuracy [8-10]. Boosting
algorithms, a subset of machine learning techniques, are particularly effective for this purpose. They
iteratively enhance the performance of weak learners, enabling the model to learn complex patterns
in the data [11]. Moreover, their versatility makes them suitable for the diverse datasets found in
petroleum industry applications [12].
In this study, we developed a surrogate model using XGBoost, trained on datasets from a depleted
gas field in the Middle East. These datasets included five crucial input parameters: cushion gas
apparent molecular weight, formation pressure, formation dip angle, presence of fractures, and frac-
ture density, which were derived from a commercial compositional simulator. The simulation of
the UHS system unfolded in two stages, as mentioned below, and the objective was to evaluate the
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performance of the UHS system based on the H2 recovery factor.
I. Production from a single well was simulated over several years until reaching abandonment pres-
sure levels, with abandonment pressures ranging from 1000 to 4000 psi.
II. The UHS process consists of two cycles, each comprising two phases, each lasting 6 months:
• An injection phase with a specified volume threshold.
• A withdrawal phase coinciding with high energy demand in the second 6 months of the year.
After careful testing and validation, the chosen boosting algorithm enabled the surrogate model to
efficiently assess the effectiveness and recovery of H2 storage in underground reservoirs, achiev-
ing results multiple orders of magnitude faster than full-physics compositional reservoir simulation.
These results can be considered representative since the study was conducted using actual data. De-
spite promising outcomes from the machine learning-based surrogate model, further research is
needed to determine its potential as a complete replacement for assessing UHS system.
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RepoTREND 1, 2 is a novel simulator that has been designed to emulate the processes that occur
within a radioactive waste repository in a variety of geological formations. It provides robust func-
tionality to simulate the release and migration of contaminants from the near-field through the
geosphere to the biosphere, while estimating their radiological impact on human health and the
environment.

Designed with modularity in mind, RepoTREND consists of computational modules tailored to simu-
late the processes within each subsystem of a repository. The inherent heterogeneity of typical repos-
itory models poses significant challenges. In addition to fundamental processes such as two-phase
contaminant transport, numerous specific effects (such as container corrosion or rock convergence)
have to be considered in the simulation.

The structure of RepoTREND has been designed to meet a number of challenges. These include the
flexible selection of models for different regions, the seamless combination of models during simu-
lations and the easy integration of new models and effects. The RepoTREND code is a framework
for the solution of a general nonlinear system of equations. Different physics are implemented as
models in library form.

Each model is defined by specific equations of state and routines for handling relevant effects, organ-
ised in libraries of equations and effects. This structure simplifies the integration of new equations
and effects, and allows different models to be assigned to different grid blocks. The coupling of phys-
ical models is managed implicitly. This facilitates the solution of linear couplings between variables
across grid blocks within the same matrix system.

This conceptual approach ensures ease of implementation for new effects. It alsomaintains flexibility,
transparency and reusability as the code is extended and refined.

References:
1 Reiche, T.: RepoTRENDDas Programmpaket zur integrierten Langzeit-sicherheitsanalyse von End-
lagersystemen, GRS-413
2 https://www.grs.de/en/news/projects/repotrend-repository-safety-analysis
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Passive and directional droplet transport has gained significant interest due to their potential ap-
plications, e.g., self-cleaning surfaces and atmospheric water harvesting. One novel mechanism,
known as bendotaxis, involves droplets spontaneously deforming an elastic channel via capillary
pressure, thereby inducing droplet motion. However, current studies have primarily focused on
parallel channels, neglecting the potential influence of channel geometry on droplet motion and
transport efficiency. This study aims to investigate the combined effects of channel opening angle,
structural flexibility, and surface wettability on droplet motion dynamics. We employ a comprehen-
sive approach, combining macroscopic-scale experiments, numerical simulations, and a simplified
mathematical model to explore different transport modes and their associated timescales. The cur-
rent study offers insights into directional droplet transport phenomena, leading to potential techno-
logical advancements in various fields.
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We present a comparison between water-saturated CO2 injection and CO2 injection into an Indiana
limestone core. Micro computed tomography (micro-CT) imaging (Figure 1) and mercury intrusion
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capillary pressure (MICP) measurement (Figure 2) technologies were used to determine the pore size
distribution. Results suggest that Indiana limestone consists of three pore sizes: large pores > 200
µm, medium pores in range 3-200 µm, and small pores < 3 µm. Pure CO2 or wsCO2 are injected
into the core having crude oil and irreducible water at 70 ℃ and 12 MPa, representing near-miscible
conditions.
wsCO2 injection yields 4.9% - 13.6% additional oil recovery (Figure 3d), and 19-36 times greater
pressure difference across the core (Figure 3b). Our observations during wsCO2 injection suggest
that water might be condensed into oil phase creating an emulsion (Figure 4). Emulsification leads
to greater flow resistance therefore, the pressure difference increased. Results also suggest that pure
CO2 could only displace crude oil from pores greater than 21 µm, while wsCO2 could entry into an
order of magnitude smaller pores due to the 19-36 times higher ultimate pressure difference (Figure
5). The pore space vacated by additional oil recovery is occupied by CO2 yielding a 3% - 9% PV
additional CO2 stored compared to pure CO2 injection (Figure 3f).
Keywords: CO2 injection; Water-saturated CO2 injection; Carbonate rock; CO2 storage.
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Since the beginning of the 21st century, fluid flow in micro-nano space has become a new research
hotspot with the rapid development of micro-mechanical systems and bio- engineer-ing. Through
quartz capillary and alumina channel, the flow characteristics of gas, water and oil were explored,
and the flow characteristics of unconventional oil and gas reservoirs in micro-nano scale were stud-
ied. The corresponding nonlinear flow model, non-Newtonian fluid mechanics and neural network
prediction model were established, which not only ex-plains the complex mechanism of fluid flow
at micro-nano scale, but also provides theoretical support for application.
(1) Experimental studies of single-phase fluid at micro-nano scale: The gas flow be-havior in micro-
nano channels was studied bymeans of experiments, and the gas flow under different conditions was
analyzed. Through the flow experiments of deionized water and oil in nanochannels, it is found that
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the flow characteristics of water in nanochannels are differ-ent from those in traditional macroscales.
The formulae of flow rate were derived for hydro-philic fluid, and were testified by experiments of
deionized water flow in silica micro-channels. Finally, the non-Newtonian power-law fluid model
of single-phase liquid was derived at the micro-nano scale.
(2) Experimental studies of two-phase flow at micro-nano scale: There are three stages in the change
of gas flow rate when gas drives water at the micro-nano scale. In the first stage, there is a “pinning”
effect of capillary pressure at the gas-liquid interface, and the flow rate increases slowly, which is
about one order of magnitude lower than that of single-phase gas flow. In the second stage, a large
amount of water in the nanoarray is displaced, finally the gas flow rate increases rapidly. A mathe-
matical model of gas-liquid spontaneous imbibition was established. The validity of the model was
verified by experiments, and the formula of the minimum resistance radius was derived.
(3) Application of neural network method in tight oil reservoirs：Based on the BP neural network
method, the prediction model of non-Newtonian parameters in tight oil reser-voirs was established,
and the average relative error is less than 5%. Based on Adam optimi-zation algorithm, a CNN-
LSTM(Convolutional Neural Network-Long Short Term Memory) neural network model was estab-
lished to predict the daily oil production of fractured hori-zontal wells in tight oil reservoirs. The
model fully considers the heterogeneity characteris-tics of tight oil reservoirs, which effectively es-
tablishes the complex relationship between reservoir parameters and oil production.
Keywords: micro-nano channels, tight oil and gas reservoirs, Single phase and two phases flow,
nonlinear flow.
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Evaporation and salt precipitation in Carbon Capture and Storage (CCS) processes in porous media
requires further developments of the current tools and models. OpenFOAM, an open-source compu-
tational fluid dynamics (CFD) platform, offers a versatile environment for modelling complex fluid
flow phenomena using its C++ object-oriented architecture. Various packages are available for sim-
ulating fluid flow in porous media using OpenFOAM. Despite the availability of these packages, the
advancements in this area remain relatively under-developed. Further research efforts are needed to
develop and refine current models, pushing the boundaries in this field. The OpenFOAM literature
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lacks a model that accounts for multicomponent interactions of multiphase flow systems (known as
compositional modelling) at the Darcy scale. This work addresses this existing gap by introducing a
new model in OpenFOAM aimed at the interaction between CO2 and H2O components in CO2 stor-
age processes in aquifers; specifically, CO2 dissolution in water and water evaporation in CO2. The
model, named compositionalIGFoam, extends the impesFoam solver of the porousMultiphaseFoam
package 1 to incorporate a compositional solver that accounts for these phenomena.

In a Black Oil model such as impesFoam, the fluid phases are treated as two separate interfaces
where the pressure and saturation equations are solved simultaneously. The word IMPES stands for
Implicit Pressure Explicit Saturation where the pressure equation is solved implicitly at the current
timestep, and the saturation equation is solved explicitly at the previous timestep to deal with the
coupling of these two parameters. In a compositional model, the gas and liquid phases interact
with each other through mass transfer. In this study, in order to solve for a compositional model, a
two-phase (gas-liquid) binary component (CO2 –H2O) system is considered which means that two
other species transport equations in the gas and liquid phases are added to the impesFoam solver
and solved. Solving for one component would suffice as the other component can be calculated from
that component. Additionally, the gas and liquid components are in equilibrium, and this is reflected
in the form of Henry’s law for the CO2 component, as the liquid will be a dilute solution. The model
is further developed by considering an ideal behaviour.

Validation of the compositionalIGFoam solver was performed against existing examples, demon-
strating its capability to reproduce the results while offering improvements in solution quality. Ad-
ditionally, the model was applied to simulate gas injection into a water-filled core model, mimicking
CO2 injection into aquifers and the results were compared against GEM CMG commercial compo-
sitional simulator. The results showed phenomenal agreement with GEM CMG model with only
1.8% and 0.4% error for both components, confirming the accuracy and reliability of the developed
model.

In summary, this work contributes to advancing the state-of-the-art in porous media for modelling
gas-liquid / fluid-rock interactions, species transport and phase equilibrium with OpenFOAM, offer-
ing a valuable tool for studying subsurface environments, particularly in the context of CCS and H2
storage processes, oil and gas reservoir engineering, and geothermal energies.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

I would like to submit this presentation into both awards

Country:

United Kingdom

Porous Media & Biology Focused Abstracts:

This abstract is related to Porous Media & Biology

References:

1 Horgue P, Soulaine C, Franc J, Guibert R, Debenest G. An open-source toolbox for multiphase flow in
porous media. Comput Phys Commun 2015;187:217–26. https://doi.org/10.1016/j.cpc.2014.10.005
Conference Proceedings:

I am not interested in having my paper published in the proceedings

Poster / 1034

Estimating sub-core permeability usingmultiple coreflooding ex-
periments

Page 838

https://i.postimg.cc/76hptr1H/image.png
https://i.postimg.cc/76hptr1H/image.png


InterPore2024 / Book of Abstracts

Author: Yanjing Wei1

Co-author: Avinoam Rabinovich 1

1 Tel Aviv University

Corresponding Authors: avinoamr@tauex.tau.ac.il, weiyanjing@mail.tau.ac.il

Coreflooding experiments are used regularly for reservoir rock characterization and have been de-
veloping in recent years. Investigation of sub-core phenomenon has been a topic of wide interest and
estimating sub-core permeability distribution k(x,y,z) is important for that, and also for constructing
accurate coreflooding models. This work presents a method for estimating permeability, combining
data from multiple coreflooding experiments including different flowrates and fraction of injected
fluids. Furthermore, the estimation accuracy considering a large number of physical parameters
was studied. The method is shown to significantly improve the estimation accuracy in comparison
to methods that incorporate data only from a single experiment which was studied in our previous
work.
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The study of microvascular function is vital for the understanding of numerous diseases: diabetes,
heart failure, stroke, hypertension, vascular dementia, and erectile dysfunction. Several recent re-
search on longitudinal capillary recruitment have found that capillary vessel haematocrit depends
on the vasodilatory state of the arterioles. At rest, when the capillary pressure propulsion is at its
minimum, vessel haematocrit is down to 15 %, suggesting a red blood cell (RBC) velocity three to
five times higher than the plasma velocity in capillaries. This experimental result is at odds with all
fluid mechanics models of capillary flow, indicating that understanding of RBC locomotion is failing
at its most critical phase namely at the capillary level.
As pressure gradients generated by the heart typically propel the plasma and the RBCs jointly, and
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because the capillary pressure gradient is typically low at rest, the pressure gradient cannot be the
driving force propelling the RBCs at the cost of plasma. What other forces are available to justify
the observed unexplained behavior of RBCs in capillaries?
This study will address a new hypothesis, aiming at explaining the discrepancy between models and
experimental observation, that the diffusion-osmosis and diffusiophoresis forces stemming from oxy-
gen gradients at capillary entry are the most probable source of driving forces for propelling of the
RBC at the cost of the plasma.
In this part of the project, an innovative microfluidic platform with oxygen gradient driving force
is developed to emulate the capillary entry boundary conditions and to provide an insight into the
use of this platform as a new promising tool in microvascular disease research for enhancing RBC
propulsion in capillaries.
A microfluidic device is fabricated from Polydimethylsiloxane (PDMS). It consists of a central chan-
nel and two pairs of U-shaped channels on either side. RBCs flow through the central channel of
10-micron diameter. The left set of side channels emulated a pulmonary capillary. The reaction of
hydrogen peroxide with sodium hypochlorite to generate oxygen is performed in left side channels.
The supplied oxygen diffuses through the porous PDMS to the central channel and saturates RBCs
with oxygen. The right set of perfused channels emulates a systemic capillary where oxygen is de-
livered to the environment. The U-shaped side channels on the right contain the oxygen scavenger
absorbing oxygen emanating from the central channel. To quantify oxygen gradient within the cen-
tral channel, an optical sensor is integrated to the microfluidic setup. The aim of the research is
to draw out a paradigm for functionality of RBCs in capillary and offer an innovative microfluidic
platform for research on microvascular disease.
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Coupled thermo-hydro-mechanical (THM) processes play a key role in subsurface use, e.g. geother-
mal energy, CO2/H2 storage and geological repository. However, understanding these processes
in porous media, in which natural fractures can be present and new fractures can be induced, is
non-trivial task. The Cohesive Zone Model (CZM), a numerical technique in the framework of the
Finite Element Method (FEM), is one of the possible choices in modelling fracture initiation and
propagation due to its simple physical meaning and its mitigation of the need to calculate the stress
singularity at the fracture tips that is commonly challenging in methods based on classical linear
elastic fracture mechanics. In this work, we developed a THM coupled zero-thickness interface fi-
nite element employing CZM. It is developed to allow the simulation of longitudinal and transversal
fluid/heat flow inside the fracture. The cubic law is used to simulate the fracture transmissivity as a
function of its aperture, while an elasto-damage law is used to characterise the mechanical response
of the discontinuity. The method is successfully verified against two analytical solutions: one of the
coupled thermo-hydraulic response of a single fracture, and the KGD fracturing model that describes
fracture propagation considering hydro-mechanical coupling. An example is then implemented to
show how to simulate thermal fracturing without pre-defined fracture direction using the devel-
oped interface elements, and sensitivity analysis is performed against the injection rate and fracture
energy.
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In the field of environmental engineering, the remediation of nonaqueous phase liquids (NAPLs)
present in polluted soils is challenging. Emulsions have proven to be efficient agents for physical in
situ remediation 1. Pore-scale experiments using micromodels are often carried out to explore emul-
sion flow dynamics, characterize the movement of the liquid-liquid interface and visualize droplets
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retention [2, 3]. The objective of this study is to evaluate the effects of formulation and injection
parameters on the efficiency of pollutant recovery via oil-in-water (O/W) emulsion flooding through
experiments in microchips that mimic rock microstructures.

Used micromodels were either oil-wet or water-wet, with a pore width distribution ranging from 4
to 460 µm and constant depth of 20 µm. Their porosity and absolute permeability were respectively
of 0.52, and 2.5 Darcy. Emulsions were formulated using rapeseed oil and tergitol NP35 as surfactant
and the pollutant as well as used water were specifically dyed. The pollutant was brought to Sor after
a classic waterflooding step and then emulsions with various characteristics were injected in the chip
under observation of a microscope meanwhile recording the pressure drop. Acquired images were
segmented and processed by means of ImageJ software.

First of all, we show that droplet’s size distribution of all used O/W emulsions were not altered by
their flooding through the microchips (Fig. 1a). However, on time scale of ten days, droplet size was
seen to increase slightly (Fig 1b) due to ripening phenomenon. Fig. 2a showed typical raw images of
the all successive steps of the process and Fig. 2b showed the post-treated corresponding ones that
allow the computation of each phase’s saturation. So, variation of pollutant saturation and pressure
drop were followed during injection of at least 20 PV and this procedure was repeated for different
volume fraction of droplets (Ø) of injected emulsions. As we can see the pollutant saturation reaches
a limiting value that is lower for higher volume fraction (Fig. 3a vs Fig. 3b) and greater when the
used chip is oil-wet as it would be expected (Fig. 3c). Moreover, the observed evolution of pressure
drop displayed on these figures, is interpreted on basis of the considered flooding regime knowing
values of capillary number, viscosity ratio and wettability and by taking into account the emulsion’
s shear thinning character that is more pronounced for higher Ø values.
The images takenwhen the flooding process was over allow us to explain themechanism of pollutant
recovery and how it is enhanced by increasing emulsion’s volume fraction (Fig. 3a1, Fig. 3b1).
Besides, we can see clearly why the limiting oil saturation reached in case of oil wet chip was too
high (Fig. 3c1).
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Multiphase flow in granular materials is intricate and subject to pattern formation resulting from
the interplay between hydrodynamic and mechanical forces. While considerable effort has been
devoted to studying systems with cohesionless grains, our understanding of the two-phase flow be-
havior through the cohesive counterpart held together by intergranular bonds is limited. Herein,
we study the novel coupling between viscously unstable fluid-fluid displacement and bonded-grain
deformation in a synthetic cohesive granular pack. We experimentally inject a low-viscosity fluid
into a monolayer of cohesion-tuneable bonded glass beads that are initially saturated with a more-
viscous fluid, with injection capillary numbers and cohesion levels varying among experiments. We
map out a first-ever phase diagram showing displacement patterns transitioning from deformation-
dominated fracturing with bond breakage to infiltration-dominated viscous fingering without grain
motion as cohesion increases. Strikingly, we find that peak injection pressure exhibits a non-monotonic
trend with increasing cohesiveness. The injection pressure reaches maximum when fracturing is
favored against infiltration while begins to drop due to the regime transition irrespective of the in-
creasing cohesion. Furthermore, we characterize the onset of fracturing via dimensional analysis,
effectively capturing the transition based on the balance between viscous and cohesive forces. Our
findings shed light on the multiphase flow behavior within cohesive materials which is fundamental
in various subsurface technologies such as carbon geostorage, oil/gas recovery, and groundwater
remediation.
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Darcy’s law is part of a family of empirical linear laws in physics with fundamental importance for
describing transport of heat, charge, matter, and energy. In its most general form, Darcy’s law is
a vector function with a second order tensor defining the permeability of the porous medium. For
isotropic and homogeneous media, the permeability is a scalar constant and Darcy’s law implies
Laplace’s equation when plugged into transport equations. In theory, Darcy’s law should derive
directly from more fundamental physical principles, in this case Stokes simplification of the Navier-
Stokes equations for low inertia steady-state flow. In practice, rigorous derivations of Darcy’s law
from the Navier-Stokes equations are limited by the stochastic nature of porous media found in na-
ture and by the difficulty in defining boundary conditions. The contact between the Darcy domain
within the porous media and the free fluid domain, usually represented by Stokes’equation is an
important theoretical constraint for understanding flow in real porous media, such as the contact
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between groundwater and surface-water in rivers, lakes and oceans and in flow from groundwater
into wells, and in a range of natural and artificial filtration processes. This study investigates the
effect of flow stability on the predictions of permeability from numerical simulations using Open-
FOAM in a nonrandom porous medium proxy composed of nine cylinders of equal radius. The
quasi-tridimensional domain represents flow in an array of spheres at the millimeter scale. The
simulation investigates the transitions from free fluid into the porous domain and from the porous
domain into free fluid. The effect of flow stability on permeability predictions is investigated using
the Darcy and Darcy-Forchheimer equations and various forms of the Reynolds and the Forchheimer
numbers are used to investigate the transitional regime. The effect of buffer zones for minimizing
the effect of outlet jets is also investigated. Laminar and transitional regimes are investigated using
direct numerical simulation (DNS) while flow on the transitional regime is also investigated using
Reynolds-averaged Navier-Stokes equations (RANS) and Large Eddy Simulations (LES). Our results
agree with the proposition that permeability is never constant even under creeping flow conditions.
Under this proposition, the Darcy-Forchheimer equation is always the general case which reduces
to Darcy’s law when the inertia term tends to zero as flow velocity decreases. This also indicates
the necessity of a better understanding of a generalized Darcy tensor which varies as a function
of flow velocity. All forms of Reynolds and Forchheimer numbers tested were able to detect devia-
tions from linearity caused by increasing inertia, however, the definition of the adequate form of the
permeability coefficient for calculating some of the relevant dimensionless numbers is still an open
question. The presence of buffer zones even three times as long as the porous domain was still not
able to completely mitigate the presence of fluid jets which can have important applications in fluid
and contaminant mixing and heat transport at the contact between the porous domain and the free
fluid domain.
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Understanding how hydrodynamics of multiphase flow couple porous media deformation is essen-
tial to ensure successful engineering practices such as geological carbon sequestration. However,
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existing hydro-mechanical coupled models face significant challenges in reliably and efficiently cap-
turing fluid-grain displacement patterns. In response, we present a novel two-way coupled hydro-
mechanical discrete-element method model that manages fast fluid transport and considers the syn-
chronising pore deformation. This model, which employs the implicit finite volume approach to
solve pore pressure under a remarkable timestep, predicts fluid-fluid and fluid-grain interactions
unconditionally stable. We design a pressure-volume iteration scheme to balance injection-induced
pressure changes with pore structure rearrangements dynamically. Additionally, we incorporate
adaptive flow front advancement criteria to enhance the capture of interface motion, particularly in
complex flow scenarios where fluid migration surpasses the frontline pores or is impeded by capil-
lary effects. The robustness and reliability of our model, validated against Darcy flow theory and
experimental observations from Hele-Shaw tests, demonstrate its capability in accurately analysing
multiphase fluid migration and dynamic fluid-grain interactions in porous media. We are confident
in considering this model a powerful tool to illustrate the micro-mechanisms of multiphase flow in
deformable porous media.
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We employed X-ray Computed Tomography (CT) and Scanning ElectronMicroscopy-Energy Disper-
sive Spectroscopy (SEM-EDS), alongside a steady-state flow experiment involving calcite-contained
sandstone and pre-equilibrated fluids, to study the changes occurring in the pores of sandstone dur-
ing CO2 injection. In-situ pore-scale imaging showed a significant increase in average porosity,
from 23% to 28%. This increase was due to the formation of new pores and the enlargement of ex-
isting ones, which occurred earlier in proximity to the injection inlet. Concurrently, pore shrinkage
is also observed, typically after the pore enlargement, affecting regions within small pores. The
combined effect increased heterogeneity. SEM-EDS provides nano-scale insights, identifying calcite
dissolution as contributing to new pore formation, feldspar fragmentation and clay migration as as-
sociated with pore enlargement. Furthermore, the blockages induced by clay or fragmented feldspar
migration resulted in pore shrinkage. Thus, it is not only the reactive mineral, calcite, that plays a
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critical role, but also feldspar and clay exert significant influence. Our study clarifies the changes
occurring in the pores during CO2 injection into sandstone and highlights the influence of mineral
composition on geological CO2 sequestration.
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Permeability plays a crucial role in regulating blood flow and nutrient exchange within the coro-
nary circulation. This study presents a MATLAB-based computational model to analyse permeabil-
ity variations across the coronary vasculature. Utilizing cryomicrotome imaging data obtained from
the University of Amsterdam, we reconstruct a 3D representation of the coronary network. A de-
tailed permeability calculation, incorporating vessel position, diameter and length, is applied to each
vessel segment. We demonstrate significant permeability heterogeneity across different vessel sizes.
Furthermore, by classifying vessels based on key arteriovenous parameters, we uncover distinct per-
meability patterns within specific functional ranges. This work, conducted in MATLAB, advances
our understanding of coronary blood flow dynamics and holds potential for improved modelling of
cardiovascular health and disease.
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During fluid displacement in porous rock or soils, as they occur in aquifers or other fluid reservoirs
such as CO2 or H2 storage sites or hydrocarbon reservoirs, water films form along the internal pore
surface of porous rocks due to its wetting properties and capillarity. Near connate water saturation,
these water films dominate the macroscopic flow behaviour as observed e.g. in relative permeability
experiments.
We use Atomic Force Microscopy (AFM) to study the sub-pore scale configuration of microscale wa-
ter films on the rough pore surface of Ketton and Estaillades rocks to illustrate the potential of AFM
to qualitatively assess the nature of such fluid films at different static and dynamic conditions. Exper-
iments were performed on model systems to test the methodology of AFM fluid film measurements
1. The static conditions include measurements after drainage, alteration of the surface with crude
oil and water flooding. The dynamic conditions include spontaneous imbibition and drying cycles
2. The experiments were compared to various computational models and macroscopic responses
monitored with micro-computed tomography data [2,3].
The results show that the nano-scale water films forming along the internal surface of porous rocks,
facilitate corner flow as described by [4] rather than a thin continuous layer of water along the sur-
face frequently assumed [5]. We notice that the water coverage along the pore walls surface shows
a variation in continuity and depth depending on the preconditioning of the sample. The results
showed that water films can prevail the wetting alteration process. However, only one out of three
crudes provided evidence for such water films. The measurements after the water flood further re-
vealed water entrapped by an oil layer as well as regions of different adhesion following a pattern
similar to the water distribution observed prior to the wetting alteration. The dynamic scans indi-
cate swelling and shrinkage, which may relate to larger sale pore-scale displacement events in other
regions.
The combination of different experimental studies illustrates the capacity of AFM to inform us about
the behaviour of nano-scale fluid films during multiphase flow in porous media. Whereas quanti-
tative estimates remain difficult due to the small scanning area, this methodology can provide in-
sights into the mechanisms of fluid film formation, swelling and shrinkage during multiphase flow
in porous rock.
1 G. C. Savulescu, et al., Atomic force microscopy for the characterisation of pinning effects of sea-
water micro-droplets in n-decane on a calcite surface. J Colloid Interface Sci 592, 397–404 (2021).
2 G. Wensink, et al., Spontaneous Imbibition and Evaporation in Rocks at the Nanometer Scale. En-
ergy & Fuels 37, 18713–18721 (2023).
[3] M. Rücker, et al., Relationship between wetting and capillary pressure in a crude oil/brine/rock
system: From nano-scale to core-scale. J Colloid Interface Sci 562, 159–386 169 (2020).
[4] M. Rücker, et al., From connected pathway flow to ganglion dynamics. Geophys Res 338 Lett
(2015).
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[5] T. C. G. Kibbey, The configuration of water on rough natural surfaces: Implications for under-
standing air-water interfacial area, film thickness, and imaging resolution. Water Resour Res 49,
4765–4774 (2013).
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The depth of deep shale gas reservoir is greater than 3500m, the initial liquid production of gas well
is large and the flowback rate is high, accounting for the complex gas-water two-phase transport
behavior. Besides, due to the characteristics of high pressure and stress in deep shale gas reservoir,
the existing transport simulation method is no longer applicable. In this work, a hydro-mechanical
coupling simulation method of gas-water two-phase transport in deep shale gas reservoir with re-
spect to the pore, core, and field scale is proposed. First, the fluid storage state and transport behav-
ior in different pore types during the gas–water two-phase transport process is investigated, with
incorporations of 1) real gas transport controlled by Knudsen Number (Kn) and second-order slip
boundary, 2) slip length for water phase transport, 3) a mobile water film with varying thickness due
to rock-fluid interaction and 4) stress-dependence. Subsequently, the gas–water two-phase transport
behaviors are upscaled from the pore to the core by incorporating nanomicroscale effects through
fractal model. Next, an adaptive hybrid model is used to simulate the hydro-mechanical coupling in
multi-scale fractured deep shale gas reservoirs, in which hydraulic fractures are modeled explicitly
by using the embedded discrete fracture model, and micro-fractures are modeled by using the con-
tinuum models. Moreover, gas-water two-phase transport behaviors in fracture system is obtained
in laboratory, and matrix core-scale transport behaviors are incorporated in the macroscale model.
Finally, the influences of nanomicroscale effects, stress filed, bottom hole pressure and fracturing
parameters on the production of shale gas reservoirs are discussed comprehensively. This study pro-
vides a practical method to estimate deep shale gas production by rigorously considering gas–water
nanomicroscale effects and geological characteristics to reduce uncertainties during productivity
evaluation.
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Coupled thermo-hydro-mechanical (THM) processes play a key role in subsurface use, e.g. geother-
mal energy, CO2/H2 storage and geological repository. However, understanding these processes
in porous media, in which natural fractures can be present and new fractures can be induced, is
non-trivial task. The Cohesive Zone Model (CZM), a numerical technique in the framework of the
Finite Element Method (FEM), is one of the possible choices in modelling fracture initiation and
propagation due to its simple physical meaning and its mitigation of the need to calculate the stress
singularity at the fracture tips that is commonly challenging in methods based on classical linear
elastic fracture mechanics. In this work, we developed a THM coupled zero-thickness interface fi-
nite element employing CZM. It is developed to allow the simulation of longitudinal and transversal
fluid/heat flow inside the fracture. The cubic law is used to simulate the fracture transmissivity as a
function of its aperture, while an elasto-damage law is used to characterise the mechanical response
of the discontinuity. The method is successfully verified against two analytical solutions: one of the
coupled thermo-hydraulic response of a single fracture, and the KGD fracturing model that describes
fracture propagation considering hydro-mechanical coupling. An example is then implemented to
show how to simulate thermal fracturing without pre-defined fracture direction using the devel-
oped interface elements, and sensitivity analysis is performed against the injection rate and fracture
energy.
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Understanding the effect ofminerals on themechanical behavior of granite under thermo-mechanical
coupling is of great significance in deep engineering. In this paper, nine thermo-mechanical grain-
based models of granite with different mineral contents were established based on particle flow
simulation, revealing the influence mechanisms of temperature and mineral on the mechanical prop-
erties and micro-damage of granite. The results indicate that the macroscopic mechanical properties,
micro-damage and failure mode of granite are synergistically affected by mineral, distribution and
thermal properties. With increasing temperature, the thermally-induced cracks in the granite sam-
ples gradually gather from the edge towards the centre. The proportion of intergranular cracks in
thermally-induced cracks is much greater than that of intragranular cracks. The stress concentration
betweenmineral particles caused by the temperature increase is themain cause of thermally-induced
cracks.
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Microbial Induced Calcite Precipitation (MICP) technique is a “green” bio-grouting method devel-
oped in recent years, which has been applied in many engineering fields. The MICP technique
has attracted extensive attention due to its high reinforcement strength and environment-friendly
properties. However, MICP reinforcement often faces the problem of non-uniformity precipitation,
which happens in different spatial scales and is one of the bottleneck problems restricting the fur-
ther development of this technology. In this study, the uniformity of calcium carbonate precipita-
tion in the MICP process has been studied numerically in both the Darcy-scale and the pore-scale.
The influence of grouting injection strategy, non-uniform distribution of soil material properties,
and pore characteristics on the uniformity of MICP reinforcement have been preliminarily investi-
gated.
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The microscopic pore system of hydrate-bearing sediments in the KG Basin was thoroughly de-
scribed using X-ray computed tomography (XCT), low-field nuclear magnetic resonance (NMR), and
N2 gas adsorption (N2GA) technique. Results indicate that the pore types are intricate, exhibiting a
wide range of pore shape and limited connectivity. Foraminiferal shells contribute to the presence
of certain pores, whereas micropores ranging from 4-20μm play a significant role in determining
permeability. The absence of measuring closed pores with N2GA resulted in a notable disparity in
the overall pore volume when compared to NMR findings.
NMR technique is used to monitor the phase transition process in pores as the temperature changes.
The intensity value of the first peak signal of CPMG is measured, and the pure water signal is used as
a reference to compute the amount of unfrozen water and the distribution of pore sizes. It is found
that the water signal within the macropores is consistently rising, although it is considerably weaker
compared to the micropores. The peak values in the mesopores, which belong to the medium range,
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are disordered. Analysis indicates that water migration takes place within the mesopores. The initial
process of ice melting into water occurs within smaller holes.
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Abstract. Geologic sequestration of carbon dioxide (CO2) is one of the most significant technolo-
gies to combat climate change at present. Nevertheless, the CO2 injected into shale reservoirs can
expand to affect the permeability and strength of the reservoirs, affecting the efficiency of injection
and the safety of storage. In this work, the strain behavior of He (1300 psi) andCO2 (850 psi) on
shale samples at constant hydrostatic pressure was investigated using a self-developed high tem-
perature and high pressure gas adsorption and expansion apparatus measuring temperatures at 308
K. The results indicate that adsorption expansion of CO2 exists in shale samples. With increasing
pressure, the swelling rate increases and then decreases, and the adsorption-induced swelling strain
of shale shows a Langmuir-like relationship with pressure. The adsorptive deformation of shale is
anisotropic, with deformation perpendicular to the direction of the laminae being greater than that
parallel to the plane of the laminae. The asynchronous response of adsorptive swelling and me-
chanical compression produced by CO2 gas can lead to crack expansion in rocks and rock fracture.
The amount of swelling is dependent on the CO2 concentration, and the swelling of shale is mainly
determined by the partial pressures of the component gases.
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Over the past ten years, diverse machine learning techniques have been extensively employed in
forecasting output for non-traditional reservoirs. Nevertheless, these techniques primarily utilized
discrete point data obtained from field databases, such as well drilling, completion, monitoring, ex-
periments, and production data of horizontal wells. However, this data fails to capture the spatial
heterogeneity of reservoir properties, which ultimately undermines the reliability of shale gas pro-
duction. This study proposes a multimodal machine learning approach that utilizes a geological
model restricted by well-logging and 3D seismic data. The deterministic geological model is con-
structed by utilizing the high vertical resolution of well logs and the planar resolution of reflection
3D seismic attributes. Subsequently, the detailed and precise data regarding geological properties
such as porosity, permeability, gas saturation, TOC, brittleness, thickness, etc. in the vicinity of hori-
zontal wells are acquired using the aforementioned geological model. These data are then combined
with traditional tabular datasets to accurately represent the heterogeneity of the reservoir. Subse-
quently, a multimodal model is created that combines a convolutional neural network (CNN) module
and an artificial neural network (ANN) module. The CNN module is designed to handle high-level
information from the visual dataset, while the ANN module is used to evaluate the typical tabu-
lar datasets. A fusion module integrated and processed input from both modalities. The results
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demonstrate that the multimodal approach attained a coefficient of determination (R2) of 0.845 for
the 12-month shale gas production prediction, which is greater than the R2 value of 0.721 obtained
using simply the ANN model. In addition, this approach based on the multimodal of analysis can
elucidate the varying levels of shale gas production between two horizontal wells that have similar
average reservoir attributes. This is achieved by taking into account the lateral heterogeneity of the
producing formations that the two horizontal wells have penetrated. Hence, the exceptional predic-
tive accuracy of the multimodal machine learning technique offers valuable insights into forecasting
shale gas production. This approach may be utilized to guide the selection of optimal locations for
new horizontal wells and facilitate the efficient exploitation of shale gas reservoirs.
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In highly waxy oilfields, deteriorating conditions like changes in crude oil composition, temperature,
flow rate, and pressure cause wax crystals to precipitate from the crude oil. This poses significant
challenges for oilfield production and transportation.This paper examines the wax damage of highly
waxy crude oil in low-permeability non-homogeneous reservoirs by analyzing the flow properties
and recovery rate changes using a high temperature rheometer, oil-water phase permeability instru-
ment, and crude oil seepage cold damage device. Additionally, we study the number andmorphology
of wax crystals precipitated from the crude oil at different temperatures using a high magnification
microscope. Furthermore, we analyze the distribution of microscopic stagnation of the waxed crude
oil and validate the seepage results by utilizing a scanning electron microscope. The Scanning elec-
tron microscope (SEM) is employed to investigate the micro retention distribution of waxy crude
oil and to confirm the seepage results of highly waxy crude oil.When the temperature drops below
the wax precipitation point, the formation of large and stable three-dimensional wax crystals from
individual particles occurs, leading to an increase in the viscosity of the crude oil. This transforma-
tion results in the crude oil becoming a non-Newtonian fluid, impeding its flow. In the reservoir
rock, the wax crystals that precipitate may adhere to the surface of rock pores, causing a reduction
in the diameter of the rock pores. This action restricts the flow of crude oil. Additionally, the wax
crystals can mix with macromolecules in the tiny pores and channels of the rock, creating block-
ages that lead to accumulation and damage from wax precipitation.To enhance the development of
high wax-containing crude oil, a priority is to mitigate the adverse impacts of wax deposition by
improving the reservoir fluid seepage capacity. Specifically, when the temperature surpasses the
wax precipitation point, the heterogeneous droplet structure of the crude oil can help reduce the
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resistance to oil seepage. During the production process, with an increase in temperature, the crude
oil viscosity decreases leading to a shift of the oil-water relative permeability curve upwards and
to the right. Consequently, the area of the two-phase co-permeability region expands, resulting in
enhanced crude oil recovery rates. The findings of this study contribute to a better understanding of
wax precipitation deposition and suppression during lifting operations, offering valuable theoretical
insights for exploiting high wax content crude oil through thermal oil recovery techniques.
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The observation of a cavitation bubble forming as a nano-scale spherical surface detached from a flat
substrate unveiled complexities in capturing the cavitation pattern, hindered by existing method-
ological constraints. To decode the molecular dynamics and detailed morphology underlying this
phenomenon, the study applies molecular dynamics (MD) simulations. This investigation mapped
the onset and early development stages of cavitation at the nanoscale, organizing the morphology
into four distinct phases and highlighting a pivotal momentwhere the rates of nucleation and growth
find equilibrium. The research further explores the effects of variable pulling speeds and ambient
pressures on the dynamics of cavitation through simulations. It was observed that higher pulling
speeds amplify the cavitation volume but reduce the bubble’s lifetime. On the other hand, ambient
pressure variations significantly influence both the maximum volume and the collapse rate of the
cavitation. The findings are systematically encapsulated in a phase diagram that displays the effects
of varying pulling speeds and ambient pressures. Significantly, the study corroborates a Family-
Vicsek scaling law, predicting the maximum volume and lifetime.
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X-ray imaging has become an indispensable tool in the study of porous media, significantly enhanc-
ing our understanding of multiphase flow within these pore structures. High-resolution X-ray im-
ages enable researchers to accurately measure or calculate critical rock properties such as porosity,
interfacial surface area, curvature, and contact angle distributions. These images are also pivotal in
determining capillary pressure from local interfacial curvatures. Achieving high-resolution images
with a large field of view (FOV) is crucial for obtaining accurate and representative geometrical and
physical properties, yet balancing FOV with resolution remains a formidable challenge. Recently,
super-resolution imaging techniques using deep learning have demonstrated considerable potential
in addressing this issue. We have successfully implemented an Enhanced Deep Super-Resolution
(EDSR)-based method on multiphase flow images, which produced high-resolution results while
expanding the FOV. A rigorous comparison with ground truth confirms that our super-resolution
outcomes are consistent with the ground truth. This breakthrough is particularly significant as it
provides more detailed and expansive insights into fluid behaviour in porous media, thereby paving
the way for future advancements in geological research and practical applications.
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TheChang 6 reservoir represented byWangyao Area in Ansai Oilfield is the earliest developed reser-
voir in Changqing Oilfield. After nearly 40 years of exploration and development, the comprehensive
water cut has reached 72.8%, and the degree of geological reserves recovery is only about 17.8%. The
reservoir has entered the middle and late stage of development, and the reserve-production ratio
has decreased year by year, and the problems of production decline and low recovery degree have
become more and more serious. The effect of conventional water flood adjustment and cyclic water
flooding are not obvious. So it is necessary to use polymer injection, phlogisticated air injection
and carbon dioxide injection to enhanced oil recovery. However, due to the great differences in
the micro-pore structure of the reservoir, the location and shape of the micro-remaining oil are dif-
ferent, and the corresponding tapping methods for different types of micro-remaining oil are also
significantly different. Therefore, it is necessary to carry out systematic water drive experimental
research on the ultra-low permeability reservoir whose micro-remaining oil occurrence character-
istics and production mechanism are not completely clear at present. In this study, the ultra-low
permeability lithology reservoir of Chang 6 formation in Ansai Oilfield was taken as the research
target area. By using the dynamic displacement scanning technology to obtain two-dimensional
image information of micro-plunger core in different water flooding stages, and reconstruct the
occurrence states of micro-remaining oil in three-dimensional pore space, and the types of micro-
remaining oil were divided and quantitatively calculated according to its formation mechanism and
three-dimensional structural parameters. Furthermore, the types and dynamic changes of micro-
remaining oil in different water drive stages are analyzed, and the potential of micro-remaining oil
in different development stages and corresponding utilization methods are defined, in order to pro-
vide theoretical guidance for the smooth implementation of water drive and tertiary oil recovery in
ultra-low permeability reservoir.
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The micro and nano structures of porous material have strong influence on their transfer properties
such as porosity, permeability, tortuosity and adsorption isotherm curves. In the construction and
building material field, these properties are strongly related to hydro and thermal comfort, due to
the fact that heat and mass transfer mechanisms are determined by the micro porous structure. In
the present work, we aim to predict heat and mass transfer on such micro-nano structured materials,
with a statistical quantification method that is extracted from morphology aspect. A large range of
the pore size (from 20nm to 1mm) is covered and investigated by the multiple approaches, includ-
ing FIB-SEM, X-Ray Tomography, and MIP (Mercury Intrusion Porosimetry). The 3D view of pore
structures are obtained in concrete, as well as their size distribution, and pore zones. A reconstruct
of 3D view of pore networks is extracted, with the spatial resolution of 20 nm/pixel. A global view
of multiple testing methods and the corresponding size ranges are drawn to summarize the multi-
scale approaches, for a potential further understanding of relationship between porous structure and
thermal-hydro properties.
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Abstract
In recent times given the wealth of advancement in scientific research, scientific evidence has shown
that CO2 accounts for over 75% of greenhouse gas emission rise between 1990 and 2021 and is pro-
jected to further increase due to increasing energy demands in developing countries. Amongst sev-
eral mitigation tools, The CCS stands out as the most efficient mitigation tool and is projected to
reduce CO2 emission by over 20% in 2020 and about 55% cumulatively by 2100.
However, CCS application in its final stages encounters an imminent challenge of unwanted CO2
leakage and fluid migration through the agencies of geological and engineering pathways. While
geological pathways account for leakages credited to altercations of geological reservoir play ele-
ments similar to conventional petroleum wells, engineering pathways consist of leakages credited
to wellbore integrity-related issues, encompassing all wellbore integrity systems such as the casing
program, well cementing design program, and material selection which is the focus of this study.
CO2 leakage accounted for by wellbore integrity-related issues occur due to the carbonic acid vul-
nerability of Portland cement seal, credited to the chemical interaction of CO2, formationwater, with
in-place cement sheath. As diffusion drives chemical interaction, it is further propagated by default
cement sheath transfer properties with carbonation front expanding into cement core completing a
series of calcium hydroxide precipitation, bicarbonation, and eventual cement matrix leaching, leav-
ing a depleted cement sheath characteristic of low mechanical strength and degraded gas and fluid
migration barrier systems.
Several advances have beenmade in literature in the last decade, especially in conventional petroleum
wells in CO2-rich environments, such as the alteration of cement-to-water ratio, use of non-portland
cement, application of special cements and application of pozzolanic materials all of which unfortu-
nately range from high-cost complication to durability deficiencies and thus, allows for continuing
research.
This research focuses on developing a chemo-mechanical efficient cement composite suitable for ge-
ologic sequestration through a CO2 mechanism of degradation inclined method development, and
thus consists of concept building, determination of key performance areas for an efficient cement
sheath, identification and characterization of high-performance single material additives through
secondary and experiment-based data analysis, and development of hybrid additives based on high
performance, mechanism and compatibility exploring petrophysical, physical, mechanical, and chem-
ical analysis sets geared towards efficient and effective performance and characterization. Results
of the chemical composition show significant chemical potential for strength improvement and acid
resistance by diffusion inhibition, while Results of the chemical composition show significant chem-
ical potential for strength improvement and acid resistance by diffusion inhibition. The outcome
of the study will proffer a tripartite enhancement intervention across chemical, petrophysical, and
mechanical properties of wellbore cement sheath.
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1708 sand body in the lowermember of theNeogeneMinghuazhen Formation is a structural-lithological
reservoir developed by horizontal wells, which is typical of meandering fluvial deposits. Contradic-
tion of dynamic production performances occurred after it went into production, wells in its north-
western part flowed with high yield with no water, whereas wells in the southern part were pumped
with low yield and water cut increased quickly up to 80%. Causes were analyzed based on seismic,
well logging, drilling and dynamic data. Oil flowed to surface in Well A9 and A12H of the northeast-
ern part due to edge water drive, A12H was also affected by gas cap. A15H and A16H were located
in the southern part near edge water, which led to rapid rise of water cut due to secondary bottom
water caused by quick breakthrough of edge water. Therefore, areal and vertical heterogeneity is
the main influencing factor bringing about the contradiction of dynamic production performances
between southern and northern part. Based on above understandings, remaining oil distribution
was analyzed.
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The anaerobic oxidation of methane (AOM) occurring in the surface sediments acts as an important
barrier to methane emissions, caused by the reaction between sulphate ions and dissolved methane
molecules. However, the current hydrate simulators rarely consider the transport of sulphate and
the subsequent AOM reaction. In this study, to investigate AOM effects in hydrate systems, a new
simulator named Tough+Hydrate+AOM (THA) is developed by combining the reaction transport
model with the widely-used Tough+Hydrate simulator. The THA simulator is validated using the
single-phase cases of the Dvurechenskii mud volcano in Black Sea, since the results obtained are
in good agreement with previous ones. The THA simulator considering AOM is expected to be an
important tool for assessing methane emissions caused by hydrate destabilization.
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Thermal conductivity is a fundamental physical property in porous media, and is critical to various
industrial applications. Most existing theoretical models appeal to estimate thermal conductivity
with isotropic assumption and the applicable conditions are relatively rigorous. This paper intro-
duces a theoretical model that evaluates the thermal conductivity of fibrous porous media. The
model is based on Fourier’s Law and involves a complex thermal resistance circuit analysis, consid-
ering the direction of heat flux originating from the X, Y, and Z axes within the Cartesian coordinate
system. The proposed model was found to be reasonable upon comparison with existing models.
By comparing the effective thermal conductivity calculated by the model with results obtained from
Computational Fluid Dynamics (CFD) and discrete numerical solution methods, the high accuracy
of the model has been validated. The extension of the proposed model based on fractal theory was
also discussed. It is anticipated that the proposed model will offer an alternative approach to com-
puting the thermal conductivity and figuring out the mechanism of heat transfer behavior in fibrous
porous media.
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Cementitiousmaterials, known for their brittle nature, are often vulnerable to thermal degradation in
deep underground and hydrothermal environments. Basalt fiber (BF), an inorganic silicate additive
used in cement, has garnered significant attention due to its outstanding mechanical and thermal re-
sistance properties. However, key experimental data are scarce on the role of BF in cement exposure
at elevated-temperature conditions, and a lack of understanding of the key mechanisms of reinforce-
ment processes. In this study, we investigate the mechanical behavior of cementitious composites
with varying BF content under both ambient and elevated temperature conditions (up to 200℃) to
determine the optimal dosage. Microstructural analysis and phase composition assessments are con-
ducted to reveal the mechanisms of reinforcement, encompassing the state of the cement matrix, BF
itself, BF-matrix interaction, and phase evolution. The results indicated that the addition of 0.05-0.1
wt.% BF to cement can significantly enhance its mechanical strength and crack resistance, with flexu-
ral strength improving by up to 60% after exposure to 200℃ for 6 days. This enhancement is primarily
attributed to multiple energy-consumption processes, including the bridging effect, breaking effect,
pulling-out effect, crack deflection effect and adhesive effect. Notably, the adhesion between BF and
the cement matrix improves after exposure to 200℃, leading to the formation of “network-like and
granular hydration products” on the surface of BF. While needle-like hydration products are com-
monly observed under ambient conditions, contributing to a slight increase in the surface friction of
BF, the accelerated growth of hydration products at higher temperature conditions emerges as the
predominant factor enhancing mechanical strength and improving ductility of cement composites at
elevated temperatures. The insights from this study provide promising prospects for the application
of BF-modified cement composites in elevated-temperature environments, including deep geother-
mal wells, CO2 storage wells, and various other deep geo-energy applications.
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Evaporation from porous media is a key phenomenon in the terrestrial environment and is linked
to accumulation of solutes at or near the evaporative surface. It eventually leads to salinization, soil
degradation and weathering of building materials, topics with high economic impacts. Although
the detrimental effects manifest on different scales from pores to the field, the key to understanding
is found on the pore scale since pore system connectivity and structure control the solution behav-
ior near the evaporation surface. A thorough understanding requires the development of physical
models describing the most relevant processes and their validation by experiments. Vice versa, new
experimental observations promote the further development of the physical models.
In this context, the current study aims at the understanding of solute accumulation near evaporating
surfaces for model porous media at the cm-scale. Analytical and numerical modelling predict the
development of local instabilities due to density differences during evaporation in case of saturated
porous media with high permeability, which eventually causes density-driven backflow through
fingering [Bringedal et al. TPM 2022]. To experimentally investigate this process, we performed
experiments on sand packings with a diameter of 3.1 cm and a height of 4 cm prepared with two
types of porous media: F36 (medium sand) and W3 (fine sand/silt) with porosities of 0.37 and 0.39,
respectively. The intrinsic permeability of the two packings differed by two orders of magnitude,
i.e. 2.9×10-11 m2 for F36 and 5.6×10-13 m2 for W3. Using magnetic resonance imaging (23Na-MRI),
we monitored the development of solute accumulation and subsequent backflow with high spatial
(1 mm) and temporal (1 hr) resolution during evaporation with a continuous supply of water at the
bottom of the samples (wicking conditions).
Significant differences between the 23Na enrichment patterns were observed for the two types of
sand. F36 sand produced an initial enrichment at the surface within the first hour, but soon after
a downwards moving plume developed, hence redistributing NaCl back into the column. This was
attributed to density driven backflow made possible by the high permeability. The backflow caused
a good mixing of the solute during the observation period of 120 h. 1D concentration profiles with
depth obtained from the 3D imaging showed that the average concentration reached only 2.5 mol/L,
well below the solubility limit of 6.13 mol/L. In contrast, for fine W3 sand with lower permeability,
enrichment only took place in a shallow near-surface zone of a few mm with a maximum concen-
tration of 5.1 mol/L after 73 hours of evaporation. No fingering occurred although the mean evap-
oration rate was similar to that of the F36 sand. These results highlight the major role that porous
media properties play in solute redistribution near evaporating surfaces, which was predicted by
theory and now confirmed experimentally. The findings encourage further investigations involv-
ing different porous media with systematic variation of hydrological properties and the coupling of
experimental results to numerical modelling.
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In the background of the strong oil wettability and low production by water flooding in carbonate
reservoirs, low salinity water containing sulfate ions and nanoparticles can significantly change the
surface wettability of carbonate rocks and thus increase the sweeping area, however, the absorption
and desorption mechanisms of the oil film in the carbonate rock surface remain unclear. In this
work, These problems is addressed in the framework of molecular dynamics simulation (Material
Studio software) and experiments. The results were showed that sodium sulfate solution could accel-
erate the rate from oil-wet to water-wet and the interaction of oil molecules, water molecules, and
SO42- ions at molecular scale was explained. The results of the simulations show that many water
molecules travel down the water channel under the influence of several powerful forces, including
the electrostatic force, the van der Waals force and hydrogen bond, crowding out the oil molecules
on the calcite’s surface and causing the oil film to separate.

At the same time, a hybridization technique of combining low salinity water and nanofluids was
performed by using experiments such as contact angle measurement, core displacement, and NMR
(Nuclear Magnetic Resonance), and the effects of different salinity water and the nanofluids con-
centrations on wettability alteration and enhanced oil recovery were revealed. The parameters of
wettability changes and contact angle were measured at different nanofluid solutions with high/low
salinity water. The experimental results revealed that the test with KCl-1+NF outperformed other
compositions. As for the newmethod of hybridization technique, the insights presented in this study
provide a good reference for further research in this area. In a word, these investigations can guide
the practical application of low salinity water flooding in carbonate reservoirs.
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The overall benefits of geological carbon storage (GCS) depend primarily on CO2 storability and
injectability, expressed as saturation and relative permeability, respectively. The effects of GCS
schemes on these two properties, the macroscopic response indicators of a two-phase seepage sys-
tem, are closely related to pore-scale two-phase behaviors. However, the comprehensive effects
of capillary number (Ca) and wettability (θ) on saturation and relative permeability are poorly un-
derstood. Here we proposed a digital rock physics (DRP) technique workflow for the phase field
method and systematically investigated that how these effects control two-phase seepage at pore
scale through the high-resolution visualization results obtained. We created a Ca-θ phase diagram
identifying by four pore-scale displacement mechanisms, including finger-like invasion, burst, co-
operative filling and coexistence of concave and convex interfaces, to illustrate the comprehensive
effects of Ca and θ. We found that the relative permeability of the defending phase (water in this
work) is determined by the net effect of the direct driving and viscous coupling effects. We organized
comprehensive Ca-θ diagrams and revealed that a higher Ca and higher θ condition favors CO2 in-
jectability, and a lower Ca and weak water-wetting condition favors CO2 storability. Our results
demonstrate that GCS schemes, mainly about capillary number and wettability, can significantly in-
fluence CO2 storage performance via the two-phase flow at pore scale, which should be considered
carefully. This work provides valuable insights into the selection of an optimal GCS scheme and
contributes to an in-depth understanding of multiphase seepage at pore scale.
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Classical synthesis of hydrogen-bonded organic frameworks (HOFs) involve several steps, making
challenging the systematic construction of isoreticular HOFs, due to the flexibility and easily dis-
ruption of the connection linkages be-tween OLs.1 Herein, we develop an “integrated synthesis-
assembly”(ISA) methodology for constructing a series of homologous topological DAT-C6-HOFs (-1,
-2 and -3) by minimizing the possibilities of being disrupted during the synthesis and assembly of
HOFs. The pore sizes and microenvironments of the yielding DAT-C6-HOFs can be tuned by varying
the structural modulation of π-bridge on C3-symmetric cyano-precursors (C3-CPs). Moreover, the
obtained DAT-C6-HOF-1 exhibited highly selective sensing towards perfluorooctanoic acid (PFOA)
among homologous molecules, based on the matched of pore size and the synergistic regulation of
intra- and inter- molecular charge transfer excited states. The definition of the ISA method not only
provides new ideas for the de-velopment of synthetic methods for DAT-HOFs and other kinds of
HOFs, but also opens up new avenue for the derivation of the templates for the oriented as-sembly
of HOFs as well as the structural modulation of HOFs.
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