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A B S T R A C T

In many engineering applications, understanding gas adsorption and its induced swelling in nanoporous mate-
rials is crucial. In this study, we propose a novel coarse-grained molecular dynamics (CGMD) model with gas-gas, 
solid-solid, and gas-solid interactions explicitly controlled to achieve the coupling between gas transport and 
solid deformation at the microscale. The CGMD model has the capability to recover solid and gas properties, 
including density, Young’s modulus of the solid, and viscosity of the gas to generate a broad range of swelling 
ratios relevant to nanostructures by using the innovative bead-spring chain networks. A comparison is made 
between gas transport through deformable and non-deformable nanochannels of varying sizes (35.4–123.9 nm), 
which is also compared with the macroscopic Hagen-Poiseuille equation. The proposed model has been further 
tested in a simplified nanoporous medium composed of four randomly distributed spherical solids. The Kozeny- 
Carman equation can generally describe the relationship between permeability and porosity, but small deviations 
are observed in the case of swelling porous media. Our results justify the effect of swelling on reducing gas 
permeability and provide a new approach to modeling gas transport in swelling porous media at the microscale 
within the framework of CGMD, with potential applications spanning nanofluidics, energy storage technologies, 
and environmental nanotechnology.

1. Introduction

Porous materials such as soils, organic matter, and gels exhibit the 
capacity to deform when exposed to thermal, mechanical, or chemical 
triggers. Applications of fluid flow in swelling porous media encompass 
a variety of fields and scenarios. For instance, porous coffee particles are 
wetted through imbibition during the brewing process, which can 
induce swelling and affect the extraction kinetics of coffee.1,2 In nano-
technology, understanding the effect of swelling on structural and 
transport properties helps optimize the performance of membranes and 
hydrogels for aqueous separation and drug delivery applications.3,4 In 
petroleum engineering, understanding fluid flow through swelling 
porous rocks is vital for enhanced oil and gas recovery because rock 
swelling can impact the difficulty with which oil and gas are extracted 
from a reservoir.5,6 In carbon sequestration, the injected CO2 enters the 
rock matrix as an adsorbed phase, generating internal stress and 
decreasing the reservoir permeability and gas injectivity.7–9 Due to the 
difficulty in capturing fluid-solid interactions at mobile boundaries, the 

coupling effect between fluid flow and solid deformation in porous 
media is rarely studied in the literature. It is indispensable to develop 
novel and straightforward numerical models to investigate fluid flow 
through swelling porous media to address these real-life problems 
described above.

A variety of numerical approaches have been implemented in 
studying fluid flow through deformable porous media. Mou and Chen10

coupled the immersed boundary (IB) condition with the lattice Boltz-
mann method (LBM) and introduced a spring constant to consider the 
solid deformation effects. Their results show that fluid flow is more 
complex and flow resistance increases in highly deformable porous 
media. Matias et al.2 implemented continuous boundary changes using 
fluid, solid, and interface nodes in LBM to investigate fluid flow subject 
to both solid swelling and erosion. Mo et al.1 proposed a smoothed 
particle hydrodynamics (SPH) model to simulate water filtration 
through coffee particles. The model considers the coupling between 
particle swelling and intraparticle diffusion of water. Each coarse coffee 
particle comprises many subsized particles connected by harmonic 
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bonds and swells as the bond length increases as a function of water 
concentration. It is found that swelling mainly affects interparticle flow, 
and its effect on intraparticle diffusion is nearly ignorable. Sweijen 
et al.11 coupled a pore-scale fluid flow model to the discrete element 
method (DEM) to simulate unsaturated flow in deforming and swelling 
granular materials, where air invaded a packing of super absorbent 
polymer (SAP) particles as they absorb water and swell. Wu and Fir-
oozabadi12 used all-atomic molecular dynamics (MD) to investigate 
methane flow through a domain of kerogen matrix, which can swell 
upon adsorption at various gas pressures. The microstructural flexibility 
is found to constrain gas transport due to changes in pore shape.

Particle-based numerical methods such as MD are convenient in 
solving problems involving complex gas-solid interactions since no 
explicit boundary conditions are needed. In fact, MD has been widely 
adopted in studying multiphase/multicomponent flow,13–17 adsorption, 
and adsorption-induced deformation.3,18–20 However, this method is 
computationally expensive and usually requires a large number of 
atoms/molecules with small time steps. It is not feasible for simulating 
larger complex nanopore networks with a size of microns due to high 
computational cost. In larger and more complex systems, the hetero-
geneity of surfaces and the connectivity of pore networks can signifi-
cantly impact gas transport and adsorption. Coarse-grained molecular 
dynamics (CGMD) overcomes such limits with the idea of mapping a 
group of atoms/molecules into a coarse-grained (CG) particle.21 It can 
be extended to model mesoscopic multiphase and multicomponent fluid 
flow and transport in single pores and complex networks by calibrating 
force parameters to reproduce solid, fluid, and interfacial properties, 
allowing us to study the effects of geometrical factors, such as porosity, 
pore size, pore shape, and pore distribution.22 Moreover, CGMD offers 
greater flexibility to efficiently calibrate these properties across different 
liquid-solid systems. This adaptability is particularly valuable when 
investigating various materials and conditions. For example, Huang 
et al.23 developed a CGMD framework composed of morse potential, 
many-body dissipative particle dynamics (MDPD), and Lennard-Jones 
(LJ) potential to model multiphase interactions at the microscale, 
which can successfully recover static and dynamics contact angles in the 
CO2-water-silica system.24 Xia et al.25 adopted MDPD to simulate com-
plex two-fluid flow in nanoporous networks of shale constructed from 
FIB-SEM (focused ion beam scanning electron microscopy) images. Rao 
et al.26 and Xia et al.27 built a modified MDPD model to study hydro-
carbon flow in amorphous silica cylindrical nanochannels and pore 
networks of packed silica nanoparticles. Despite the versatility of CGMD 
in the simulation of multiphase flow in porous media, the solid boundary 
particles are usually treated as static with no deformation considered in 
the flowing process.

The coupling between fluid flow and deformation in porous media 
can lead to changes in transport properties, which may cause concerns in 
many engineering practices. In this study, we focus on CO2 injection into 
shale reservoirs and propose a novel CGMD model to simulate gas 
transport in deformable porous media induced by sorption. The model 
separately sets up gas-gas, solid-solid, and gas-solid interactions using 
different potential functions that are calibrated to represent gas and 
solid properties accurately. A bead-spring chain network model is used 
to describe the soft solid mimicking organic matter in shale, which has a 
low Young’s modulus and high flexibility to swell. Sorption-induced 
swelling of solids is explicitly controlled to investigate its effect on gas 
permeability in slit pores and spherical porous media.

2. Computational methods

2.1. Potential functions for gas-solid system

Kerogen is solid, insoluble organic matter in sedimentary rocks such 
as shale.28 In molecular simulations, a kerogen matrix is built by 
assembling dozens of kerogen macromolecule units through annealing 
and relaxing. It has a significantly lower stiffness compared to inorganic 

minerals, with Young’s modulus typically ranging from 1 to 10 GPa.29

Upon adsorption, the adsorbed gas in kerogen pore space can impose 
stress on pore walls and induce the expansion of the porous struc-
ture.30,31 In our CGMD approach, the solid is described by a bead-spring 
chain network model with both non-bonding and bonding potentials 
among CG particles, which is widely used to accurately capture the 
mechanical properties and swelling kinetics of microgel immersed in 
solvents.32,33 The bonding potential is used for directly bonded CG 
particles, and the non-bonding potential is included if particle pairs are 
separated by ≥ 2 bonds or on different chains. Compared to the crys-
tallized distribution of particles, the bead-spring chain networks also 
keep the amorphous structure of kerogen. The finite extensible 
nonlinear elastic (FENE) potential is used for the bonding interaction, 
consisting of an attractive term and an LJ repulsive term 
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The interaction among CG gas particles (i.e., CO2) is characterized by 
the dissipative particle dynamics (DPD) force field, which comprises a 
conservative force FC, a dissipative force FD, and a random force FR34

F =
(
FC + FD + FR)eij (3) 

FC = Aw(r) (4) 

FD = − γw2(r)
(
eij • vij

)
(5) 

FR = σw(r)α(Δt)−
1
2 (6) 

w(r) = 1 −
r
rc

(7) 

where eij is the unit vector in the direction ri − rj, vij is the vector dif-
ference vi − vj, Δt is the timestep size, w(r) is the weight function that 
varies between 0 and 1, and rc is the pairwise cut-off. The amplitude σ, 
the Gaussian random variable α with zero mean and unit variance, and 
the viscous dissipation coefficient γ satisfy a fluctuation-dissipation 
theorem σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅
2kBTγ

√
. DPD uses a soft and purely repulsive interac-

tion. It models a fluid that behaves like gas as CG particles are forced to 
move away from each other and occupy the entire computational 
domain.35,36 By combining the attractive and repulsive interactions 
(such as MDPD), it is possible to simulate multiphase flow systems with 
liquid and gas co-existing and liquid-gas phase transitions.37 The 
pressure-density dependence obtained in the DPD fluid has been re-
ported to align with the van der Waals equation.37 It is noted that the 
non-conservative part of the DPD force field (i.e., FD and FR) acts as a 
thermostat on pairwise interactions. Herein, a per-particle Nosé-Hoover 
thermostat is used to replace the dissipative and random forces with 
only the conservative part kept.23,24 This technique allows easy control 
of solid and gas temperatures when modeling fluid flow and solid 
deformation simultaneously. Therefore, only two DPD parameters need 
to be calibrated to achieve agreements with the measured CO2 density 
and viscosity.

The interaction between solid and gas CG particles is also modeled by 
the short-range LJ potential in Eq. (2), similar to all-atomic molecular 
dynamics. The cut-off distance is set as 2.5 σgs, where σgs is the LJ dis-
tance parameter between solid and gas CG particles. As the LJ potential 
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function’s energy depth εgs is varied, the repulsive or attractive force 
contributions from gas to solid particles can be tuned, which turns into 
the volume change of the solid structure.

2.2. Model calibration

Simulations are run with all quantities being unitless. We first set up 
the three fundamental quantities based on Huang et al.24: mass M =

7.29 × 10− 21 kg, energy E = 5.53 × 10− 18 J, and distance D = 3.54×
10− 8 m. All the other given quantities can then be related to these three 
fundamental ones and reduced to unitless. In the text below, unitless 
parameters will be expressed with an asterisk * as the superscript. The 
coarse-grained model is implemented in the open-source molecular 
dynamics software LAMMPS.38

2.2.1. Gas density and viscosity
The calibration of CO2 DPD parameters is referred from Huang 

et al.24 A typical shale reservoir temperature at T = 333.15 K is chosen 
for the CG gas-solid system, which is assumed to be equivalent to T* = 1. 
The DPD parameters are calibrated against density and viscosity values 
of CO2 obtained from the US National Institute of Standards and Tech-
nology (NIST) webbook.39 After an initial set of DPD parameters is 
chosen, the simulation box with only CG CO2 particles is relaxed and the 
equilibrium density is measured. The reverse non-equilibrium molecular 
dynamics (rNEMD) algorithm of Muller-Plathe40 is then implemented to 
calculate gas viscosity where momentum in the x-direction is swapped 
between particles in the upper and lower layers in the z-direction to 
generate a velocity gradient. The viscosity can be calculated from the 
momentum flux and the x-direction velocity gradient. After a series of 
trials, mg

* = 0.284, A* = 44.1, and rC
* = 0.63 are selected to approxi-

mately recover the density and viscosity of CO2 from 10 to 20 MPa and a 
large cut-off rC

* = 1.2 is used for the lower pressure range at 2–10 MPa. 
Since phase transition is not considered in this study, the DPD model is 
not intended to capture the density data from vapor to supercritical state 
near 7.4 MPa. A factor of 0.2 is adopted to reduce the physical time unit 
so that the simulated viscosity in the CG system can match with NIST 
values.24 As can be seen from Fig. 1, the calibrated DPD model shows a 
good fit with the NIST CO2 density data when the pressure is 2–6 MPa 
and 14–20 MPa. However, the simulated pressure-dependent viscosity 
data is relatively uniform compared to the NIST curve. This suggests that 
the set of DPD parameters may need to be slightly adjusted for each 
pressure. This study only focuses on the gas transport at P = 15 MPa, as 
the maximum swelling associated with gas adsorption is expected at this 
pressure level.

2.2.2. Young’s modulus of solid
The bead-spring solid model is calibrated against the experimental 

density and Young’s modulus of kerogen through a trial-and-error 
method. Over 50 sets of bond parameters K, R0 and LJ parameters εs, 

σs have been tested out with four groups of chain length and bead 
number (i.e., 20 beads/chain × 500 chains, 40 × 250, 10 × 1000, 50 ×
200). The sensitivity study shows that εs is the only parameter that has a 
strong positive correlation with Young’s modulus, while the other three 
force parameters and chain properties all reveal weak correlations. This 
may be attributed to the fact that the non-bonding forces among chains 
predominantly control the solid strength. To create the initial bead- 
spring structure for the solid, 20 chains each containing 500 beads are 
randomly placed into a large simulation box to avoid crossing using the 
pre-processing chain tool in LAMMPS. As shown in Fig. 2a, the simu-
lation box with the bead-spring solid structure is then relaxed into a 
condensed state at 300 K and 0 MPa, which has a density close to 
kerogen at 1249 kg/m3. The solid model is deformed in the x-direction 
at strain rates of 10− 5, 10− 4, and 10− 3 per unit time with the lateral 
boundaries controlled under the NPT ensemble to maintain zero pres-
sure. Young’s modulus of the solid is calculated at 0.7–0.8 GPa by linear- 
fitting the stress-strain curve within the range of 1 % strain (Fig. 2b). 
This value is close to the lower limit of the reported Young’s modulus of 
kerogen and gives ease to generate a wide range of swelling. After cal-
ibrating the gas and solid model parameters, swelling induced by gas 
adsorption can be measured by tuning the gas-solid interactions through 
the two LJ parameters σgs and εgs. The physical and unitless model pa-
rameters are provided in Table 1 along with their conversion relations.

3. Case studies of swelling and gas transport

3.1. Adsorption and swelling of a solid sphere

Once the proper range of density and Young’s modulus has been 
determined for the solid, a spherical region is cut from the solid matrix 
and further relaxed. This spherical solid matrix is then immersed in pure 
gas at 15 MPa and equilibrated until its radius of gyration converges. 
Two pistons are placed on the left and right sides to maintain the gas 
pressure under the NVT ensemble. The surface adsorption amount is 
estimated by counting the number of CG gas particles that have a local 
gas density higher than the bulk one (~604 kg/m3) in OVITO.41 The 
surface area of the solid is calculated from the constructed surface mesh 
using the alpha-shape method with a probing size of 1.5D, as shown in 
Fig. 3a. According to Fig. 3b, it can be seen that increasing the gas-solid 
interaction energy term εgs

* results in more adsorbed gas particles, and 
the maximum adsorption amount increases with the increasing gas-solid 
LJ distance term σgs

*. However, a lower energy minimum is required to 
initiate the surface gas adsorption at small σgs

*. As the resolution is much 
lower in CGMD and each gas particle consists of hundreds or thousands 
of actual gas molecules, this measured surface adsorption amount is not 
directly comparable to MD results. Instead, a more practical way is to 
calculate the density distribution normalized by the bulk density and 
evaluate its effect on gas transport, which will be further discussed in the 
next section.

Fig. 1. Calibrated (a) density and (b) viscosity of CO2 as a function of pressure at 333.15 K and comparison with NIST data.
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The volumetric strain can be estimated from the initial and swollen 
radii of gyration assuming a cubic relationship between volume and 
radius. It is found that varying σgs

* and εgs
* can greatly impact the size of 

the solid, generating a wide range of swelling ratios up to 130 % under 
the pre-set conditions as shown in Fig. 3c. Different patterns are 
observed between swelling and εgs

* as σgs
* varies from 0.3 to 0.6. When 

σgs
* = 0.3, increasing the gas-solid interaction energy leads to a slight 

contraction of the spherical solid. A much greater swelling ratio is 
observed as σgs

* increases from 0.4 to 0.5 and above. This is because the 
LJ distance parameter between two solid CG particles is set at 0.6, close 
to the separation distance between CG gas particles. Assuming one CG 
gas particle lies in the middle between the two solid particles, the total 
interaction force will always be repulsive when the LJ distance between 
the gas-solid CG particles is larger than 0.3, which is half the LJ distance 
of solid CG particles. The repulsion becomes stronger as the gas-solid LJ 
distance further shifts to a higher value. A sigmoid relationship is found 
between swelling and εgs

* (ranges from 1 to 14) at both σgs
* = 0.5 and 

0.6. By increasing this LJ energy parameter between gas and solid, the 
gas-solid interactions are more favored than solid-solid ones, resulting in 
the rapid growth of the solid size. However, in the late stage, such 
swelling behavior of the spherical solid gradually stabilizes as the dis-
tance between two solid particles is also limited by bonding interactions, 
which are much stronger than the LJ interactions. Fig. 3d shows that the 
swelling behavior is proportional to the surface adsorption amount, 
consistent with the conclusion in MD simulations.42 Moreover, the same 
amount of adsorbed gas can induce higher swelling at larger σgs

*. The 
parametric study shows that tuning the gas-solid interactions within the 
CGMD framework can generate a wide range of solid swelling ratios, 
which can be used in gas flow simulations. The swelling curve at σgs

* =

0.5 is chosen for studying gas transport in the following sections, with 
calibrations and validations of the coupling system.

3.2. Gas transport through slit nanochannels

With the proper parameters determined for solid-solid, gas-gas, and 
gas-solid interactions, gas transport is first simulated in a slit nano-
channel. As shown in Fig. 4a, two pistons with imposed forces are 
emplaced at the left and right ends of the channel in the x-direction to 
control the pressure of the two gas reservoirs. Pressure-driven flow can 
be generated after a pressure drop of 0.75 MPa is created between the 
left and right gas reservoirs, which have an average of 15 MPa. The 
dimensions of the system are 70 × 12.59 × 14.59, or 2.5 × 0.45 × 0.52 
μm3 in physical units. The effective slit pore size (Fig. 4b) ranges from 1 
to 3.5 (i.e., 35.4–123.9 nm). It should be noted that the effective slit pore 
size is the pore width where the gas transport can take place and ex-
cludes the non-accessible zones defined by the gas-solid LJ interaction 
distance σgs

* = 0.5. Two sets of simulations are performed, in which the 
CG particles of the solid matrix are kept either mobile or immobile. A 
spring force is applied independently to each CG particle of the solid to 
tether it to its initial position, which is calculated as − Ksr, where r is the 
displacement of the particle from its current position to the position at 
t = 0. A small spring constant at Ks

* = 10 keeps the solid structure in 
place subject to gas transport but still deformable, while a large value at 
Ks

* = 10,000 makes the solid structure fully rigid and non-deformable. 
Different swelling ratios under gas transport can be obtained by tuning 
the gas-solid interaction energy εgs

*. The simulation timestep dt* is set at 
0.0001 to ensure there is no atom missing and energy is conserved when 
running simulations in the NVE ensemble.

Velocity and density profiles within the slit nanochannel are ob-
tained by the spatial binning method, where CG gas particles are 
assigned to multiple bins in the z-direction to obtain the bin-averaged 
properties. Time-averaged velocity and density can be further calcu-

Fig. 2. (a) The construction process of the solid model using bead-spring chain networks and (b) its stress-strain curves under different strain rates in the x-direction. 
The colored solid lines are the linear fits for the corresponding data. The blue and green lines overlap. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)

Table 1 
CG model parameters and conversion between dimensionless and real units.

Parameter Physical value Dimensionless 
value*

Conversion

Unit mass, M 7.29 × 10− 21 kg 1 –
Unit energy, E 5.53 × 10− 18 J 1 –
Unit distance, D 3.54 × 10− 8 m 1 –
Unit time, t 2.57 × 10− 10 s 1 t* =

0.2t
̅̅̅̅̅̅̅̅̅̅

E
MD2

√

Solid-solid interaction (FENE and LJ)
Solid particle mass, ms 1.24 × 10− 20 kg 1.7 ms

* =
ms

M
Bond stiffness, K 2.04 × 106 N/m 9000

K* =
KD2

E
Maximum extended 

bond length, R0

7.08 × 10− 8 m 2 R0
* =

R0

D
LJ energy, εs 1.66 × 10− 16 J 30 εs

* =
εs

E
LJ distance, σs 2.12 × 10− 8 m 0.6 σs

* =
σs

D
CO2-CO2 interaction (DPD)

Gas particle mass, mg 2.07 × 10− 21 kg 0.284 mg
* =

mg

M
Repulsive force, A 2.82 × 1011 N 44.1 A* =

AD
E

Pairwise cut-off, rc 2.23 × 10− 8 m 0.63 rc
* =

rc

D
Gas-solid interaction (LJ)

LJ energy, εgs 5.53-77.42 ×
10− 18 J

1–14 εgs
* =

εgs

E
LJ distance, σgs 1.06–2.12 10− 8 

m
0.3–0.6 σgs

* =
σgs

D
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lated from each bin after the gas transport has reached a steady state 
within 106 timesteps. The 2 × 106 - 3 × 106 timesteps are typically used 
for production with a sampling frequency of 10 timesteps. The parabolic 
curves are calculated from the Hagen-Poiseuille equation v(z) =

1
2μ

dP
dx
(
Hz − z2), with the known quantities of pressure gradient (dP/ dx), 

viscosity (μ), and effective pore size (H). A sensitivity analysis is per-
formed on gas pressure between 13 and 17 MPa. With the calibrated 
parameters for 15 MPa, the measured gas flux through the slit pore stays 
nearly constant and is not significantly impacted by the pressure vari-
ations (Fig. S1 in the supplementary materials).

As shown in Fig. 5a, the parabolic Hagen-Poiseuille flow is observed 
in slit nanochannels with varied pore sizes. In the non-swelling group of 
simulations, the simulated velocity profiles match well with those 
calculated from the Hagen-Poiseuille equation when εgs

* is typically 
above 5.7, proving the model’s fidelity in simulating pressure-driven 
viscous flow. Apart from swelling, it is found that gas slippage can be 
achieved by decreasing the gas-solid interaction parameter εgs

*, which 
also controls the gas-solid affinity at pore walls. This feature facilitates 
the simulation of enhanced gas transport under nano-confined condi-
tions. Fig. 5a illustrates that faster velocity profiles deviating from the 
Hagen-Poiseuille equations can be obtained when the gas-solid inter-
action εgs

* is reduced to some specific range at 1–4. On the other hand, 
increasing εgs

* always leads to a higher adsorption density at the pore 
walls as shown in Fig. 5b. The consistent density distributions at the 
surfaces of the three slit pores indicate that the shrinking pore size does 
not affect the gas slippage at pore walls. For validation purposes, a 
separate all-atomic MD simulation of CO2 adsorption has been con-
ducted in a 4 nm overmature kerogen slit pore at ~15 MPa (Figs. S2 and 
S3 in the supplementary materials). Although the pore size is not 
directly comparable to the 35.4–123.9 nm pores in CGMD, the 
normalized density at pore walls in the CGMD simulations (1.2–2.3) is 
similar to that reported in the MD slit pore simulation (1.8–2.6). This 
suggests a consistent distribution of adsorbed and bulk CO2 in 

nanochannels across the models of two scales, and that the CO2 
adsorption peak can be well captured in the CGMD model.

The swelling effect on the velocity profile in the Z* = 3.5 slit pore is 
illustrated in Fig. 6a. As sorption-induced swelling is increased by 
adjusting εgs

*, the size of the slit nanochannel reduces, which constrains 
the available space for gas transport. Nevertheless, the velocity profiles 
in the reduced slit pores can still be described by the Hagen-Poiseuille 
equation with a new pore size selected as a fitting parameter. By plot-
ting the increase of CO2 gas particles as a function of time in the right 
reservoir, the mass flux of gas passing through the deformed slit pore can 
be calculated from the fitted slope after the steady flow has reached. 
Permeability is further calculated from the mass flux based on Darcy’s 
law 

Ka =
Qμ

ρA∇P (8) 

where Q is the mass flux, μ is the viscosity, ρ is the gas density, A is the 
cross-section area, and ∇P is the pressure gradient. A linear relationship 
between permeability and pore size is generally observed as shown in 
Fig. 6b with respect to varying swelling ratio generated by turning up 
εgs

*. It is noticeable from the figure that the gas permeability has 
significantly dropped when the gas-solid interaction is larger than 6.2, 
or equivalently 12.5 % of solid swelling (nominal swelling ratio 
measured from the solid sphere as in Fig. 3c). In comparison, the gas 
permeability remains unaffected with the increased gas-solid interaction 
from εgs

* = 5.7 to 6.2 in the non-swelling case. This suggests that the 
obtained gas transport reduction is mainly attributed to the pore size 
contraction due to solid swelling instead of elevated gas-solid affinity at 
pore walls. Furthermore, no significant flux is obtained across the 
nanochannel as the nominal swelling ratio increases to 18.3 % at εgs

* = 7 
according to Fig. 6b. The apparent gas permeability is reduced to nearly 
zero in the small-sized pores, indicating a full closure of the slit pore. By 
comparing the relative difference between the deformable and non- 
deformable simulation groups, the permeability reduction ratio from 

Fig. 3. (a) Swelling of a solid sphere immersed in CO2 (gas phase not shown for clarity) with constructed surface mesh when εgs
* increases (P = 15 MPa, T = 333.15 

K, σgs
* = 0.5). (b) Surface gas adsorption and (c) solid swelling ratio as a function of εgs

* when σgs
* varies. (d) Relationship between solid swelling ratio and surface 

gas adsorption amount.
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swelling (ΔKa/ Ka) is obtained as a function of the slit pore size as in 
Fig. 6c. It can be inferred that solid swelling causes a greater relative 
change in small-sized pores while its impact smooths out in large pores.

3.3. Gas transport through particle-based porous media

Gas transport through a spherical particle-based porous media is 
considered in this section. A spherical particle (d*

p = 6) cut from the 
simulation box containing the solid structure has been replicated four 
times and randomly placed into a new box as in Fig. 7a. Periodic 
boundary conditions are applied in all three directions. Using the same 
method as described in Section 3.2, a pressure-driven flow is generated 
in the x-direction as controlled by two pistons. The average gas pressure 
is 15 MPa and the pressure drop is 0.75 MPa. Approximately 5–40 % of 
swelling is introduced to the solid spheres by varying the gas-solid 
interaction εgs

* between 5.7 and 8. Fig. 7b shows the x-direction ve-
locity profile across the region of interest (ROI). The observation in-
dicates that as the swelling ratio increases, there is a noticeable decrease 
in the maximum velocity across the pore space. This reduction becomes 
particularly significant when the swelling ratio exceeds 12.5 %. Fig. 7c 
shows the normalized mass flux passing through the porous medium as a 
function of swelling. When there is 40 % swelling, the mass flux is almost 
reduced by half. The measured porosity decreases linearly with the solid 
swelling ratio, aligning well with the theoretical calculations.

The gas permeability is further calculated from the mass flux and 

analyzed with the Kozeny-Carman equation43

K =
d2

pn3

36κ(1 − n)2 (9) 

where dp is the diameter of the spherical solids, n is the porosity, and κ is 
the Kozeny constant. Fig. 7d shows the comparison between the simu-
lated permeability and the calculation from the Kozeny-Carman equa-
tion with κ = 11.2. It can be seen that the simulated permeability 
generally follows the trend of the Kozeny-Carman equation. However, 
some deviations are observed as porosity decreases. This may be due to 
the reason that the same dp is used for the permeability calculations. As 
swelling occurs, dp also increases, and therefore, the actual permeability 
should be higher than the calculations presented here. Porosity is related 
to swelling as 

n = 1 − (1 − n0)(1 + S) (10) 

Therefore 

S =
1 − n
1 − n0

− 1 (11) 

where n0 is the initial porosity before swelling and S is the swelling ratio. 
The solid sphere size after swelling is expressed as 

dp = dp0(1 + S)
1
3 (12) 

where dp0 is the initial solid sphere size before swelling. Substituting 
Eqs. (11) and (12) into (9), we obtain 

K =
d2

p0 n3

36κ(1 − n)
4
3(1 − n0)

2
3

(13) 

The modified Kozeny-Carman equation is plotted in Fig. 7d for 
comparison. It is seen that Eq. (13) outperforms Eq. (9) with the swelling 
effect included. In Fig. S4 of the supplementary materials, we have 
further attempted to use the modified Kozeny-Carman equation to 
describe the experimental data from micromodels coated with clay.44

The modified equation captures the general trend of permeability evo-
lution as porosity decreases during clay swelling. However, there are 
deviations when the porosity becomes small. This is possibly because the 
clay content is only 10 % in their experiments, while our equation as-
sumes the full solid particles swell homogeneously. Moreover, the 
micromodels also used square solid particles instead of spherical ones. 
Experiments with controlled conditions can be performed to validate 
further and improve this modified equation.

3.4. Summary and discussion

In this section, three case studies have been performed to show the 
CGMD model’s ability to simulate sorption-induced swelling and gas 
transport in swelling porous media. It is found that sorption-induced 
swelling up to 130 % can be generated by controlling the two gas- 
solid LJ interaction parameters εgs* and σgs*, which is proportional to 
the amount of surface adsorbed gas. Subsequently, the CGMD model is 
used to investigate how solid swelling affects gas permeability in the slit 
nanochannels and spherical particle-based porous media. It is observed 
that setting εgs

* ∈ [1,4] can result in an enhanced gas velocity due to gas 
slippage while setting εgs

* ∈ [5.7, 8] (nominal swelling ratio at 5–40 %) 
shrinks the available pore space and reduces gas permeability. A higher 
permeability drop is observed in small-sized pores, as 5.4 % of swelling 
can cause a permeability drop up to ~70 % in the 35.4 nm pore. In the 
spherical particle-based porous media, the mass flux is decreased by 
~50 % with a porosity change of only 0.1. Results from channel flow 
simulations are validated against the macroscopic Hagen-Poiseuille 
equation when gas transport is dominated by viscous flow at εgs

* > 4. 
The relationship between permeability and porosity in the particle- 

Fig. 4. Illustrations of (a) pressure-drive flow in a deformable slit pore and (b) 
the effective pore size. High (Ph) and low (PL) pressure gas reservoirs at the ends 
are controlled by two pistons that impose forces on the gas particles. Periodic 
boundary conditions are applied in all the directions.
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based porous media is validated against the Kozeny-Carman equation. 
However, solid swelling leads to minor deviations as the spherical solid 
diameter evolves. Modifying the Kozeny-Carman equation by including 
the particle size change due to solid swelling can better match with the 
simulation data. The gas-solid coupling method within the CGMD 
framework can be extended to more complex porous structures to 
investigate microscale gas transport. The modeling results are discussed 

based on the gas transport under the steady state. If further calibrated 
against the swelling kinetics, the CGMD model presented here can be 
potentially used to study the time-evolving dynamic behavior of gas 
transport in swelling porous media. In addition, the current DPD model 
is not able to accurately reproduce a wide range of the non-linear CO2 
EOS with a general set of parameters. Future work could modify the DPD 
force terms to achieve better agreement.

Fig. 5. Dimensionless (a) velocity and (b) density profiles across slit nanochannels at Z* = 3.5, 2.5, and 1.5 with varying gas-solid interactions εgs
*. As the strength of 

gas-solid interaction impacts both gas slippage and swelling, the solid phase is kept rigid to isolate the effect of gas slippage since no deformation is allowed at this 
time. The velocity profile calculated by the Hagen-Poiseuille equation is shown as the red curve for comparison. The density profiles are normalized by the bulk gas 
density at P = 15 MPa and T = 333.15 K. The shaded area denotes the effective pore size where gas flow occurs. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 6. (a) The development of velocity profiles as swelling is increased by tuning εgs
* from 5.7 to 8, corresponding to 5.4 %, 12.5 %, 18.3 %, and 39.9 % nominal 

swelling as measured from the solid sphere, respectively. The red curve shows the velocity profile calculated by the Hagen-Poiseuille equation at Z* = 3.5. (b) The 
apparent gas permeability as a function of slit pore size with varying εgs

*. (c) The permeability reduction ratio from solid swelling as a function of slit pore size with 
varying εgs

*. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4. Conclusions

In this study, we have developed a novel CGMD approach to 
modeling gas transport in swelling porous media. The solid model 
comprises bead-spring chain networks to mimic kerogen’s soft and 
amorphous nature with the ability to swell upon gas adsorption. Solid- 
solid, gas-gas, and gas-solid interactions are described by the FENE, 
DPD, and LJ potential functions, respectively. The Young’s modulus of 
solid and the density and viscosity of gas are determined to match with 
kerogen and CO2 properties, respectively. We have demonstrated the 
bead-spring chain networks model’s ability to simulate a wide range of 
sorption-induced swelling and to couple with gas transport in both 
nanochannels and particle-based porous media within the CGMD 
framework. It is found that decreasing the gas-solid interaction gives rise 
to gas slippage while increasing the interaction leads to higher surface 
adsorption and solid swelling. Results from channel flow and particle- 
based porous media simulations show that a moderate level of 
swelling can significantly reduce permeability. Our CGMD model pro-
vides a straightforward way to simulate the coupling between fluid flow 
and solid deformation in different types of porous media. It can poten-
tially be adapted to complex pore networks and is easily extensible to 
include more fluid phases or components.
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Fig. 7. (a) Illustration of gas transport through a deformable porous medium composed of four spherical solids. The y-direction dimension Y* = 9. (b) Velocity 
profiles across the porous medium with varying gas-solid interactions εgs

* controlling solid swelling. (c) Normalized mass flux and porosity as a function of solid 
swelling ratio. The dotted red line shows the theoretical calculations for porosity. (d) Permeability as a function of porosity and comparison with the Kozeny-Carman 
equation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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