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Yong, SONG Benbiao, et al. Waterflooding Surveillance and Optimization for a Super-Giant Carbonate
Reservoir; proceedings of the SPE Annual Technical Conference and Exhibition, F, 2014 [C]. SPE-170621-
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erties in mid-high permeability sandstone reservoirs[]J]. Petroleum Geology and Recovery Efficiency,
2011,18(5):58-62. [8] ZENG Liufang, LIU Bingguan, LIU Yuzhang, et al. Effect of Dominant Channel
of Water Flooding on the Development Result[]]. Journal of Jianghan Petroleum Institute, 2004(02):126-
127+145-180. [9] CHEN Hongwei, FENG Qihong, ZHANG Xianmin, et al. A method of development
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heterogeneity of reservoir permeability on water flooding recovery[J]. petroleum exploration and devel-
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and recovery evaluation of tight sandstone gas reservoirs[J]. Natural Gas Geoscience, 2020, 31(06): 865-
876. [12] LUO Xianbo, CHANG Huijiang, LEI Yuan, et al. Application status and development direction
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Contrast Combinations and Water Displacement Recovery[J]. Journal of Yangtze University (Natural
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A deep learning enabled massive parallel simulator for porous
media flow

Author: Chensong Zhang'
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Corresponding Author: zhangcs@lsec.cc.ac.cn

Due to the complex composition of oil and gas resources, reservoir engineers usually switch between
different mathematical 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 Al 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
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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, we mod-
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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* Institute of Mechanics, Chinese Academy of Sciences
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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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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
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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
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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

The hydrocarbon in closed pores provides practical geochemical evidence for the mechanisms of light
hydrocarbon generation (carbenium ion and free radical mechanisms) 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 Wang'
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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.
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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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Optimization Methods for Sparse Linear Solvers in Reservoir Sim-
ulation

Author: Weifeng Liu™°™

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.
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The mathematical model and analysis of the nanoparticle-stabilized
foam displacement
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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 combined with 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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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 Damkohler 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 Dul,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.
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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 two models 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, we will discuss recently developed models 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 and molecular 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, we mount 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°C 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 the mechanism 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.

Acceptance of the Terms & Conditions:

Click here to agree

Student Awards:

Country:
FRE

Porous Media & Biology Focused Abstracts:

References:

MS01/ 32

CO2-enhanced shale gas recovery —Monotonic and cyclic injec-
tion

Author: JOSE LUIZ DAVALOS MONTEIRO'

Co-authors: Qi Liu '; J. Carlos Santamarina 2

' KAUST
? Georgia Tech

Corresponding Authors: qiliu@kaust.edu.sa, jose.davalos@kaust.edu.sa, jcs@gatech.edu

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 optimize methane production and CO2 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 from micro-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 the model 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). Thereatfter,
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 (Vdiff). 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 Boltzmann Modeling (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 200pL 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 pL 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).

Page 28



InterPore2024 / Book of Abstracts

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:
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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 this work, several porous materials 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 (¢) of JNP. Notably,
when ¢ 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/NaCIl-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 Damkohler 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 800x800 um?2 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 anon-wetting and wetting phase. One confocal laser scanning microscopy (CLSM) was applied for
tracking two-phase interface movement in the fluorescent images with a high optical resolution of
2.5 um/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 storage methods 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-
cluding methanogens, 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-
surized microfluidic chip at 10-100 bar and 37 °C, 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
Oil Reservoir and its Applications in Enhanced Oil Recovery from
Sandstone Reservoir Rocks

Author: Saurav Bhattacharjee'

Co-authors: Naved Wasim Ahmed ?; Borkha Mech *

! Dibrugarh University
2 0il & Natural Gas Corporation and Limited

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

Objectives/Scope: The scope of this research work 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 formulated media. 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 °C, pH of 2-10, and
salinity of 0-16%, w/v. At the value of 126 mg/L, the biosurfactant solution exhibited critical micelle
concentrations (CMC). The core flooding studies were performed in sandstone cores (3.5 x8.4 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 °C. 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 $50x100
mm. The permeability and thermal strain in coal were investigated when high-temperature steam
was injected at 151.11 °C, 183.20 °C, 213.65 °C and 239.76 °C, 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 shed more 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°C. 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 flow model 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 deposition material to properly qualify the volumetric capabilities of the Geother-
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), and Mineral-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, “SoftMaxactivation 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 of Quartz
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 physics make 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 surface model is constructed by illite crystals, and the water-gas two-phase flow is simu-
lated in it which can achieve a more accurate characterization of flow phenomena in microscale 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. Current methods, 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 Boltzmann method (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 to model 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 to macroscopic problems in petroleum
engineering, but mechanistic problems at the microscale 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 in MD. 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/cm’, 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 2.04x10"4 pm? to 8.67x10"4 um?, while
that of the 25 mm core decreased from 1.3x10"3 um? to 5.45x10"2 um® 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, coex