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ABSTRACT: Existing research is difficult to fully capture the correlation between gas molecules and pore wall interactions,
multiphase flow, and stress distribution in nanopores. Taking gas as an example, a microscopic model was constructed. At the same
time, diffusion, seepage, and stress were considered to accurately predict and manage gas transport in nanopores. First, molecular
dynamics (MD) simulation methods were adopted to simulate the motion trajectories and interactions of gas molecules in
nanopores. Second, a multiscale model was established based on continuum mechanics to consider the interaction between pore
walls and gas molecules, and a diffusion equation was established to describe the diffusion process of gas molecules in pores. Then,
finite element analysis and porous media models were used to simulate the seepage behavior of gas in the nanopores. Finally, the
stress distribution in the pores was analyzed, and the influence of the interaction between the pore wall and gas molecules on stress
was considered. The multifield coupling model was experimentally evaluated from three aspects: diffusion coefficient, seepage
behavior, and stress distribution. The root-mean-square error (RMSE) and mean absolute error (MAE) of the model in different
testing directions were calculated using different simulation tools, such as COMSOL, ANSYS, OpenFOAM, and CFX. The mean
values of RMSE and MAE were lower than 0.20 and 0.17, respectively. The constructed model can comprehensively describe gas
transmission within nanopores, improving the management accuracy and efficiency.

1. INTRODUCTION
Nanopores are a common occurrence in nature and engineer-
ing fields, and the diffusion and seepage behavior of gas
molecules within them are crucial for gas transmission in fields
such as mines, oil fields, and gas storage. However, the
complex correlation between the interaction of gas molecules
and the pore wall,1,2 multiphase flow,3,4 and stress distribution
in nanopores5,6 makes it difficult for existing studies to fully
capture these processes.7,8 Currently, an integrated multifield
coupling model is needed to accurately predict and manage gas
transport in nanopores.

In previous studies, many scholars have devoted their studies
to exploring the mechanisms of gas transport in nanopores.
Their research focuses mainly on diffusion and seepage
phenomena, but these two processes are usually separated
and studied independently.9,10 Regarding the candidate
material for gas separation membranes�nanoporous gra-

phene, scholars such as Yuan11 developed transport kinetics
related to direct impact of graphene body and surface diffusion
of graphene adsorption layer. In exploring the gas diffusion
behavior under nano constraints, Yin,12 and others proposed
the local effective diffusivity lattice Boltzmann model (LED-
LBM). Combining the Fick’s first law to study the transport
characteristics of CH4 and C2H6 in shale potassium Illite
nanopores, scholars such as Zhang13 estimated the thermody-
namic factor, self-diffusion coefficient, Maxwell−Stefan (MS),
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and transport diffusion coefficient of CH4−C2H6. To solve the
deficiency of Darcy’s law in characterizing gas mobility in shale
reservoirs, Hu14 and other scholars built an apparent
permeability (AP) model for shale reservoirs. Considering
the effect on gas−water flow and the simulation of hydraulic
fracturing fractures, Huang15 developed a numerical model
applicable to the entire Nussen range of shale gas reservoirs.
He deeply analyzed the effect of different flow regimes on the
dynamic permeability of shale. In the field of nonlinear seepage
research in tight reservoirs, scholars such as Wu16 proposed an
analytical nanofluid dynamics model to describe the flow
characteristics of pressurized oil in nanoscale pores with a
diameter greater than 2 nm. Although current research
methods can effectively describe the mechanism of gas
transport, there are shortcomings in considering interactions
and stress distribution,17,18 leading to a lack of comprehensive
and profound understanding of the details and complexity of
gas transport in nanopores. This issue also highlights the
potential improvement space in the field of nanopore gas
transport research.

Some researchers have attempted to use multifield coupling
models to comprehensively describe the interrelationships
between diffusion, seepage, and stress in response to the
problem of gas transport within nanopores. Usually, methods
such as MD simulation,19,20 computational fluid dynamics,21,22

and lattice Boltzmann23,24 are used for research. To uncover
the multiscale flow mechanism of methane in coal, Li25 and
other scholars established a permeability model considering
tandem multiscale pores to reflect the effects of flow regime,
stress, and pore pressure. Based on Langmuir’s theory,
researchers such as Huang26 established a synthesized AP
model coupling the surface diffusion of adsorbed gases,
sloshing flow taking into account the additional fluxes
generated by surface diffusion and Knudsen diffusion. For
the transport process of methane in carbon nanopores,
Zhang27 and others simulated the arrangement, slip, and
transition flow of wall atoms in the supercritical state and the
application of different driving forces on the basis of MD
theory. Facing the problem that the characteristic parameters
of coal diffusion under stress conditions are hard to obtain,
Tian28 and other scholars used a multifield coupling model to
calculate the methane transport in the coal body in the process
of borehole extraction under different stresses. In order to
conduct experiments on the diffusion behavior of shale gas
under high temperature and pressure conditions, Sun29

proposed a new approach for calculating the multifield
coupling diffusion coefficient by using molecular membrane
samples with uniform pore sizes instead of shale cores. Taking
into account stress sensitivity, real gas effect, and adsorption
mechanisms, Zhang30 successfully created a new apparent
permeability model by adjusting parameters and conducting
model sensitivity analysis. Considering the combined effects of
moisture content and constraint effects on gas phase critical
properties, Sun31 and others developed a fully coupled
analytical model and found that the confinement effect
significantly increased the apparent gas permeability when
the pore radius was less than 5 nm. When the pore radius was
within the range of 1−2 nm, the gas effect increased by an
average of 4.38%. However, existing methods have some
limitations in the process of building models, such as high
computational costs32,33 and difficulty, in applying them to
practical engineering problems.34,35 A new method was
adopted to comprehensively address the MD behavior,

percolation phenomenon, and stress distribution of gas
molecules in nanopores, thereby more accurately solving the
problem of gas transport in nanopores.

A comprehensive microscopic model was constructed in the
study, taking into account diffusion, seepage, and stress to
accurately predict and manage gas transport behavior in
nanopores. The relative displacement between molecules was
calculated, and the potential function was used to calculate
attraction and repulsion. For the interaction between
molecules and pore walls, the potential barrier and attraction
on the pore wall and the motion of molecules on the pore wall
were considered. The interaction between gas molecules and
pore walls in nanopores was considered through continuous
medium mechanics modeling. The surface of nanopores was
defined as a pore wall, and a parametrized equation of the
surface was used to represent the geometric shape of the pore
wall. The continuum mechanics equation was used to depict
the macroscopic flow behavior of gas in nanopores, and the
results of microscopic MD simulations were input as boundary
conditions into the macroscopic continuum mechanics
equation. By coupling methods, microsimulation and macro-
simulation were connected to achieve the establishment of
multiscale models. The diffusion equation was utilized to
depict the diffusion behavior of gas molecules in the
nanopores. Finally, the finite element method (FEM) was
utilized to solve the equation, and the simulation region was
divided into finite elements and numerically solved within each
element. The stress changes caused by the interaction between
pore wall stress and gas molecules were coupled to obtain the
global stress distribution within the nanopores. In the
experimental section, the constructed multifield coupling
model was used to investigate the actual case of methane gas
diffusion in underground gas storage, and experimental tools
such as COMSOL, ANSYS, OpenFOAM, and CFX were used
for testing and simulation. The results indicated that the model
had mean RMSE values of 0.19, 0.19, 0.20, and 0.20 for
different testing directions and mean MAE values of 0.14, 0.17,
0.16, and 0.15, respectively. The model can accurately describe
the gas transmission within nanopores. The innovation of the
research lies in the construction of a microdiffusion−seepage−
stress multifield coupling model for nanopore gas, which helps
to improve the accuracy and efficiency of gas transmission
management in fields such as mines, oil fields, and gas storage.

2. MD SIMULATION
The main structural parameters of the gas are described in
Table 1.

Table 1 shows the structural parameters of the main gas
molecules in gas, and a gas molecular model is constructed
using these parameters. The molecular models of N2, CH4, and
CO2 are shown in Figure 1. Among the five main molecules,
N2, CH4, and CO2 were chosen as the focus of the study due to
their representativeness and importance in fields such as gas

Table 1. Gas Structure Parameters

gas molecule bond length (Å) bond angle (deg)

hydrogen (H2) 0.74 104.5
nitrogen (N2) 1.10 180
oxygen (O2) 1.21 180
methane (CH4) C−H: 1.09 H−C−H: 109.5
carbon dioxide (CO2) C−O: 1.16 C−O−C: 180
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transport and energy storage. They exhibit different diffusion
and percolation behaviors with significant variations in their
behavior within nanopores, providing rich information for
understanding gas transport in nanopores.

The constructed N2, CH4, and CO2 molecular models are
shown in Figure 1. To explore the motion trajectories and
interactions of gas molecules in nanopores, the study simulates
the motion and interactions of gas molecules in nanopores to
study the macroscopic properties of substances.

First, a simulation system is constructed. Model nanopores
with different pore sizes and shapes are selected, and gas
molecules are introduced into them, constructed as eq 1

r v,i i= { } (1)

Here, Ω represents the entire simulation system, including
positions ri and velocities vi of all of the molecules. The
Lennard−Jones potential function is utilized to represent the
interaction between gas molecules, as shown in eq 2
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Among them, U(rij) represents the potential energy between
molecular pairs, ϵ and σ are the parameters of the potential
function, and rij is the distance between molecular pairs. In MD
simulation, Newton’s second law is utilized to depict the
motion of gas molecules while solving the evolution of the
position and velocity of each molecule over time. The equation
of motion is shown in eq 3

m
r

t
F

d
di

i
i

2

2 =
(3)

Here, mi is the mass of the i-th molecule, ri is its position
vector, and Fi is the force acting on the molecule. To solve the
equation, the forces acting on each molecule are calculated.

To calculate the interaction force, the previously defined
potential function is used. For interactions between molecules,
their relative displacements are calculated, and potential
functions are used to calculate attraction and repulsion. The
calculation of the interaction force is shown in eq 4

F U r( )i i= (4)

Among them, ∇U(ri) represents the gradient of potential
function U on the position vector. The visualization of the
process of simulating molecular motion is shown in Figure 2.

Figure 2 shows the simulation of the motion trajectories and
interactions of gas molecules in the nanopores. The light blue
circles are used to represent molecules, and the dark blue lines
are used to represent interactions between molecules. X, Y, and
Z axes together constitute the relative positions of gas
molecules in space. The simulation of gas molecules’ motion

trajectories and interactions in nanopores using GROMACS
software is configured as follows: simulation system size: length
50 nm, width 50 nm, height 50 nm; gas molecule type:
methane (CH4). Total number of molecules: about 10,000;
initial temperature: 300 K; pressure: 1 atm; time step: 1 fs;
total simulation time: 100 ns; Lennard−Jones potential
parameters: ϵ = 0.210 kJ/mol, σ = 3.8 Å; boundary conditions:
periodic; and data collection frequency: every 1 ps. To solve
the equations of motion, numerical integration methods are
used to discretize the positions and velocities of molecules over
time to simulate their motion. At the same time, appropriate
time steps are selected to ensure the stability and accuracy of
the simulation. The numerical integration form is shown in eq
5

r t t r t v t t
F
m

t( ) ( ) ( )
2

( )i i i
i

i

2+ = + +
(5)

Among them, Δt is the time step. Continuum medium
mechanics modeling is performed to consider the interaction
between gas molecules and pore walls within the nanopores.
The surface of nanopores is defined as a pore wall, and a
parametrized equation of the surface is used to represent the
geometric shape of the pore wall. The position vector function
in the Cartesian coordinate system is shown in eq 6

r x y z( , , )= (6)

Here, r represents the position vector of a point on the surface,
and x, y, and z are the coordinate components similar to those
in MD simulations. Equation 2 is used to represent the
attraction and repulsion forces between gas molecules and pore
walls. The continuum mechanics equation is utilized to depict
the macroscopic flow behavior of gas in nanopores, and the
Navier−Stokes equation is used to describe fluid flow, as
shown in eqs 7 and 8

t
u( ) 0+ · =

(7)
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t
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k
jjj y
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Among them, ρ is the gas density, u is the velocity field, t is the
time, p is the pressure, ∇ is the gradient operator, and τ is the
viscous stress tensor. The equation describes the conservation
of mass and momentum of gas in the pores. Appropriate
boundary conditions are defined to simulate flow within pores:
wall conditions are represented by boundary conditions,
including velocity and pressure on the wall; the adsorption

Figure 1. N2, CH4, and CO2 molecular models.

Figure 2. Simulated molecular motion process.
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conditions are represented by modifying the rebound and
adsorption behavior of gas molecules on the pore wall. Table 2
lists the key parameters and explains their rationale.

The results of microscopic MD simulations are input as
boundary conditions into macroscopic continuum mechanics
equations. The study adopts a coupling method to connect
microsimulation and macrosimulation, achieving the establish-
ment of multiscale models. The coupling method can consider
the interaction between gas molecules and pore walls at
different scales, achieving comprehensive multifield coupling
analysis.

3. ESTABLISHMENT OF DIFFUSION EQUATION
The diffusion equation is utilized to depict the diffusion
behavior of gas molecules in nanopores, as shown in eq 9

C
t

D C2=
(9)

Here, C
t
is the rate of change of concentration over time; D is

the diffusion coefficient, expressed as a constant related to
temperature and gas; and ∇2 is the Laplace operator,
representing the second-order spatial gradient of concen-
tration. Considering the interaction between gas molecules and
the pore wall, potential energy barrier U is introduced to
represent the energy barrier that gas molecules need to
overcome when crossing the pore wall. The potential energy
barrier is obtained through MD simulation, and diffusion
coefficient D is modified to consider the interaction, as shown
in eq 10

D D U
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B
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i
k
jjjjj
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Among them, D0 is the standard diffusion coefficient, which is
related to the diffusion rate in the absence of an interaction. U
is the potential energy barrier, kB is the Boltzmann constant,
and T is the temperature. As a key component of the diffusion
equation solution, boundary conditions are used to describe
the interaction between gas molecules in the pores and pore
walls. In the nanopores, the following boundary conditions are
used for the study.

At the surface of the pore wall, the normal component of
diffusion flux Js is zero, meaning that there is no mass passing
through the pore wall surface. The Neumann boundary
condition is represented in eq 11

n C 0· = (11)

Here, n is the surface normal vector. The Langmuir-type
adsorption model is utilized to represent the adsorption

phenomenon of gas molecules on the pore wall surface, as
shown in eq 12

J k C C( )s a eq= (12)

Among them, ka is the adsorption rate constant, and Ceq is the
equilibrium concentration.

After the diffusion equation and boundary conditions are
determined, the interaction simulation visualization of gas
molecules in pores and pore walls is shown in Figure 3. To

simulate gas microdiffusion and seepage behaviors in nano-
pores, the molecular dynamics simulation software LAMMPS
was used, enabling precise modeling of interactions at the
molecular level. The simulation covered a range of 10−50 nm
to observe molecular behavior within the pores, with the
diameter of the molecular pores set between 1 and 5 nm. Finite
difference is used to obtain numerical solutions to obtain the
concentration distribution of gas molecules in nanopores, as
shown in Figure 4.

Figure 4a−c show the concentration distribution of N2,
CH4, and CO2 gas molecules in nanopores over time,
respectively. The horizontal axis indicates time (h), and the
vertical axis indicates gas volume fraction (%). From the graph,
it can be learned that the volume fractions of N2 and CH4
gradually increase with time (30 to 240 h), increasing from
80.86 and 3.03 to 83.39 and 3.48%, respectively. CO2 shows a
decreasing trend overall, decreasing from 0.303 to 0.132%. The
increase in volume fractions of nitrogen and methane over time
is attributed to their behavior within pores, related to
adsorption, desorption, and diffusion processes in nanopores.
Over time, these gases enter the pore system from the
surrounding environment and distribute more evenly within
the pores, leading to an increase in their volume fractions.
Conversely, the decrease in carbon dioxide’s volume fraction is
due to its replacement by other gases and its tendency to be

Table 2. Key Parameter Setting

parameter type detailed description value

wall velocity the speed of fluid movement along the pore walls. 0.005 m/s
wall pressure pressure exerted by the fluid on the pore walls, affecting stress distribution and seepage behavior within the pores. 1,050,000 Pa
pore size diameter of the nanopores. The size of the pores directly affects the movement and distribution of gas molecules

within.
50 nm

temperature the temperature of the simulation environment, influencing the thermal motion and reaction kinetics of gas molecules.
Higher temperatures increase molecular activity.

300 K

gas molecule diameter diameter of the gas molecules used in the simulation. The size of the molecules significantly impacts intermolecular
interactions and adsorption behavior.

0.3 nm

gas molecule interaction
parameter

interaction strength between gas molecules considered in molecular dynamics simulation. 0.8 kJ/mol

Figure 3. Interaction simulation of gas molecules with pore walls in
pores.
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more readily adsorbed on the pore surfaces due to interactions
with pore walls.

The increase in the nitrogen and methane volume fractions
over time in Figure 3 can be attributed to several factors rooted
in physical principles. In nanoporous systems, gas molecules
tend to exhibit diffusion behavior due to concentration
gradients and are facilitated by interactions with the pore
walls. As time progresses, gas molecules gradually diffuse
through the nanopores, leading to accumulation within the
pore space. Considering the Langmuir-type adsorption model
introduced in eq 12, gas molecules tend to adsorb onto the
pore walls. This adsorption phenomenon is driven by the
affinity between gas molecules and the surface of the
nanopores, which further contributes to the observed increase
in volume fractions over time. Specifically, nitrogen and
methane, as common components in natural gas reservoirs,
exhibit a tendency to adsorb onto solid surfaces, including the
pore walls studied in the nanoporous system. Therefore, the
accumulation of nitrogen and methane within the nanopores
increases over time due to the combined effects of the diffusion
and adsorption processes.

4. DIFFUSION−SEEPAGE−STRESS MULTIFIELD
COUPLING MODEL

During stress coupling, careful consideration was given to the
influence of coal matrix expansion and deformation due to the
gas pressure on the model. As the pressure increased from its
initial state to a certain level, the volume of the coal matrix
began to exhibit significant expansion, with the rate of
expansion increasing with the pressure. The study also
examined the effects of coal matrix expansion on the pore
structure and permeability characteristics. Simulation analysis
revealed that the expansion of the coal matrix led to changes in
the pore structure, resulting in noticeable alterations in the
pore size and distribution, thereby affecting gas permeation
behavior. Under the influence of pressure, the expansion of the
coal matrix caused changes in stress distribution, manifesting as
enhanced nonuniformity in the stress field.

Ω is utilized to represent the entire simulation area. A
subdomain containing nanopores is defined, and its geometric
features can be described by parameter sets including pore
diameter and shape. The porous medium model is used to
depict the gas seepage in the nanopores. The basic
assumptions of the model include the uniformity, permeability,
and continuity of the pore medium, and the permeability is
represented by permeability k. According to Darcy’s law,
seepage velocity q is directly proportional to permeability k and
seepage pressure gradient ∇P, as shown in eq 13

q
k

P=
(13)

Here, μ is the gas viscosity. The mathematical form of the
seepage equation is shown in eq 14

q k P 0· = · =
i
k
jjjj

y
{
zzzzz (14)

This is an elliptical partial differential equation, where ∇·
represents the divergence operation. In the seepage simulation,
the initial condition represents the seepage state at the
beginning of the simulation, represented as the initial pressure
field. Boundary conditions are used to describe the external
constraints of the simulation area, represented as fixed
pressure, fixed flow velocity, and no flow conditions. The
FEM is used to address the equation, and the simulation area is
divided into finite elements and numerically solved within each
element. The discrete form of the seepage equation is shown in
eq 15

qd 0d· =
(15)

After numerical solution, information about the gas seepage
behavior in nanopores, including the seepage velocity,
permeability, and pressure, is obtained, as shown in Table 3.

Table 3 shows the gas seepage velocity, permeability, and
pressure under different nanopore sizes. From the table, it can
be learned that the larger the pore size (5 to 15 nm), the
stronger the ability of the fluid to pass through, the higher the
flow rate (0.003 to 0.008 m/s), and the lower the required
pressure (1,100,000−900,000 Pa). The value of the perme-
ability is related to the pore size and fluid properties. In the

Figure 4. Concentration distribution of N2, CH4, and CO2 gas molecules in nanopores over time. (a): N2; (b): CH4; and (c): CO2.

Table 3. Gas Seepage Velocity, Permeability, and Pressure
under Nanopores

pore size (nm) flow velocity (m/s) permeability (m2) pressure (Pa)

5 0.003 0.8 × 10−8 1,100,000
7 0.004 1.0 × 10−8 1,050,000
8 0.004 1.0 × 10−8 1,050,000
9 0.004 1.1 × 10−8 1,020,000

10 0.005 1.2 × 10−8 1,000,000
11 0.005 1.2 × 10−8 980,000
12 0.006 1.8 × 10−8 950,000
13 0.006 1.7 × 10−8 940,000
14 0.007 1.6 × 10−8 920,000
15 0.008 1.5 × 10−8 900,000
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smaller range of pore size, as the pore size increases, the
permeability gradually increases (0.8 × 10−8−1.8 × 10−8);
when the pore size increases to a certain extent, the
permeability gradually decreases (1.8 × 10−8−1.5 × 10−8)
due to changes in the flow characteristics of the fluid. When
the pore size increases to a certain extent, the changing flow
characteristics of the fluid lead to a gradual decrease in the
permeability. In smaller pores, fluid flow is more laminar or
streamlined, allowing for efficient passage through the pores.
However, as the pore size increases, the flow becomes more
turbulent, reducing the efficiency of fluid transport. This
turbulence creates additional resistance and disrupts the direct
passage of fluids, resulting in a decreased permeability.

According to the data in Table 3, the gradual decrease in
permeability can be attributed to the fluid flow behavior within
nanoscale pores. The phenomenon can be understood from
the perspective of pore-scale fluid dynamics. Initially, as the
pore size decreases, the fluid exhibits higher mobility due to
enhanced pore accessibility and reduced tortuosity. Con-
sequently, the permeability increases proportionally with
increasing pore size within the observed range. With a
continued increase in pore size, a critical threshold is reached,
leading to a transition in fluid flow behavior. At larger pore
sizes, the importance of viscous forces decreases relative to
inertial forces, resulting in a transition from viscous-dominated
to inertial-dominated flow regimes. In practice, this transition
signifies a change in the mechanisms governing the fluid flow
within the pores. Inertial-dominated flow mechanisms are
characterized by increased flow resistance due to nonlinear
interactions between the fluid and pore walls, leading to a
decrease in permeability despite the larger pore size.
Additionally, changes in fluid properties, such as viscosity
and density, also influence flow behavior, further contributing
to the observed decrease in permeability. The observed gradual
decrease in permeability with increasing pore size in the
nanoscale range is a consequence of the complex interplay
between pore geometry, fluid properties, and the viscous and
inertial flow mechanisms.

The basic equation of elasticity is used to describe the stress
field, and the stress tensor is represented by Hook’s Law, as
shown in eq 16

C= · (16)

Here, σ is the stress tensor, C is the elastic tensor, and ε is the
strain tensor. At the same time, the stress distribution on the
surface of the hole wall is concerned, as calculated by eq 17

F
A2 = (17)

Among them, σ2 shows the stress, F shows the force on the
hole wall, and A shows the cross-sectional area of the hole wall.
The influence of the interaction between gas molecules in
pores on the stress distribution is considered. Among them,
van der Waals force is a key factor, expressed in eq 18

F U r( )LJ LJ= (18)

Here, FLJ represents the van der Waals force, ∇ represents the
gradient operation, and ULJ is the Lennard−Jones potential
function mentioned earlier. Finally, the stress changes caused
by the interaction between pore wall stress and gas molecules
are coupled together to obtain global stress distribution within
the nanopores. The stress contour and stress vector fields are
shown in Figure 5.

Figure 5 shows the global stress distribution of gas within
the nanopores. Among them, Figure 5a shows the stress
contour line, showing the stress distribution map from 900,000
to 1,060,000 Pa, and the color bar shows the mapping between
stress values and colors. Through the density and distribution
of contour lines, it is possible to clearly see the changes in
stress in the area and where the stress values are high/low.
Figure 5b shows the stress vector field, showing the stress
components along the X and Y axes, respectively. By analyzing
the length and direction of each arrow, it is possible to clearly
understand the magnitude and direction of stress and obtain
information about the stress situation and possible stress flow
at different points. Figure 5 shows the global stress distribution
within nanopores, revealing the patterns of stress variation,
especially the distribution of high- and low-stress areas in the
nanopores. These findings are significant for future research,
providing crucial insights into the behavior of stress in gas
transmission within nanopores.

From Figure 5, it can be observed that the distribution of
stress within the nanoscale pores is nonuniform. The density of
the contour lines reflects the regions of stress concentration,
with denser contour lines indicating higher stress gradients in
those areas. These stress concentration regions are attributed
to the irregularity of the pore wall geometry or the
accumulation of gas molecules in specific regions. The color
variation of the contour lines from blue to red represents a
transition from low-stress to high-stress values. The stress
vector field illustrates the stress components along the X and Y
axes, where the length and direction of the arrows indicate the

Figure 5. Global stress distribution within nanopores. (a): Stress contour line and (b): stress vector field.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01572
ACS Omega 2024, 9, 28207−28217

28212

https://pubs.acs.org/doi/10.1021/acsomega.4c01572?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01572?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01572?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01572?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


magnitude and direction of stress, respectively. Through these
vectors, the mechanical interactions and intensities of gas
molecules within the pore space can be qualitatively analyzed,
providing deeper insights into the stress transfer mechanisms
within nanoscale pores. In nanoscale pores, the movement and
interaction of gas molecules result in variations in stress values
across different regions. These variations manifest as differ-
ences in the contour line density in the stress contour plot and
as arrows of varying lengths and directions in the stress vector
field. This information regarding stress distribution is crucial
for understanding the flow behavior in porous media, assessing
reservoir mechanical stability, and optimizing extraction
strategies. In unconventional gas extraction operations, it can
help predict and mitigate gas anomalies or pore structure
damage resulting from stress variations.

5. RESULTS AND DISCUSSION
This article refers to the thermal fluid−solid coupling
relationship model constructed by scholars such as Zhang36

in the comprehensive evaluation of the thermal fluid−solid
coupling model for high-temperature geothermal extraction.
The diffusion−seepage−stress coupling relationship con-
structed in this study is shown in Figure 6.

The nanopore diffusion field, permeation field, and stress
field are interconnected through specific coupling mechanisms,
illustrating the dynamic interactions in nanopore gas transport.
These fields impact the microscopic behavior of gas including
molecular motion, permeability, and pressure distribution.
Additionally, they influence the characteristics of the nano-
pores, such as their structure and fluid dynamics. To evaluate
the effectiveness of the microdiffusion−seepage−stress multi-
field coupling model, a practical case study is used: methane
gas diffusion in underground gas storage. Underground gas
storage is a key facility for storing natural gas, and the behavior
of gas diffusion is crucial to the safety and reliability of gas
storage.

Shanxi is one of the major coal producers in China and also
one of the provinces rich in CBM resources. The province has
about 8.31 trillion cubic meters of coalbed gas resources buried
at a shallow depth of 2000 m. By the end of 2020, Shanxi’s
proven coalbed gas reserves reached 1.06 trillion cubic meters,
accounting for 89.83% of the country’s total reserves, and its

annual gas production was 8.146 billion cubic meters,
accounting for 95% of the country’s total gas production. In
the process of coal mining in Shanxi Province, a large number
of gob areas and abandoned mines have been formed that
contain valuable coalbed methane resources. According to the
data, Shanxi has about 2052 km2 of potential coal goaf, and it is
estimated that there are 72.6 billion cubic meters of residual
coal seam gas resources. In this study, an underground gas
storage facility is selected in Jincheng, Shanxi Province, which
has abundant natural gas production and extensive under-
ground gas storage facilities. The study covered 10 months of
simulation time to observe the long-term behavior of gas
diffusion.

The boundary conditions are set as follows:
Setting a stable concentration of 11% and a temperature of

293 K is based on typical parameters for underground storage.
These parameters are crucial in determining the thermody-
namic and fluid dynamic characteristics of the gas in the
model, providing an approximate laboratory environment for
further simulation of transport phenomena. An inlet pressure
of 72 kPa not only simulates typical operating conditions of gas
transmission pipelines but also provides the necessary driving
force for gas flow. The selection of this parameter is based on
the actual operating pressure of on-site gas transmission
systems, ensuring the engineering applicability and realism of
the model. By simulating different leak rates with diameters of
195.7 and 168.9 mm, the variation in gas diffusion and seepage
behavior under different physical conditions is studied. This
helps assess the impact of leaks of different scales on gas
transmission characteristics, providing a basis for gas leakage
risk assessment and control. Setting the outlet pressure to
59.864 and 61.385 kPa reflects the operational pressure of
actual gas extraction pipelines. These conditions, based on the
pressure range of real working environments, aid in simulating
gas transport and distribution under different pressures. The
use of nonslip wall conditions is a standard practice for
simulating real fluid flow behavior, assuming zero velocity at
the gas-wall contact point, accurately describing gas flow
characteristics within nanopores, and considering velocity
gradients and fluid flow properties.

The Fick’s diffusion equation, Darcy’s seepage equation, and
rock mechanics equation were used as the basis for theoretical

Figure 6. Diffusion−seepage−stress coupling relationship.
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analytical solutions. To verify the accuracy of the model, the
simulation findings were compared with known theoretical
analytical solutions. Four different numerical simulation tools
were used to solve the constructed microdiffusion−seepage−
stress multifield coupling model in order to verify the accuracy
and reliability of the model.

(1) COMSOL was used to solve the multifield coupling
model, considering the interaction of gas diffusion,
seepage, and underground stress. The results are shown
in Figure 7.

(2) ANSYS software was used for simulation, considering
the multifield coupling effect of seepage and stress, as
shown in Figure 8.

(3) The open-source CFD (computational fluid dynamics)
software OpenFOAM was utilized to establish a
multifield coupling model to simulate gas diffusion and
seepage.

(4) The CFX solver was used for simulation, considering gas
diffusion and seepage. The calculation results under
OpenFOAM are shown in Figure 9.

Figure 7. Verification of the multifield coupling model under COMSOL. (a): Gas diffusion degree; (b): permeability; (c): radial stress; and (d):
tangential stress.

Figure 8. Evaluation of multifield coupling effects of seepage and stress in ANSYS. (a): Seepage capacity and (b): pressure magnitude.
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Figure 7a−d show the calculation results of gas diffusion
degree, permeability, radial stress, and tangential stress under
COMSOL, respectively. It compared them with the simulation
findings of the multifield coupling model constructed in the
study. The horizontal axis represents the 10 months tested,
while the vertical axis represents the degree of diffusion (%),
seepage parameters (μm2·M), and pressure magnitude (MPa).
The data shows that from January to October, the difference
between the simulation results and the analytical solutions is
very small. In January, both were at 0.8%, while in October, the
analytical solution was at 6.9%, and the simulation result was at
7.2%. The slight discrepancy demonstrates the accuracy and
reliability of the model in predicting gas diffusion. Regarding
permeability, the model also showed a high degree of accuracy.
In October, the analytical solution was 48.96 μm2/m, and the
simulation result was 50.96 μm2/m, indicating the model’s
sensitivity to permeability. In the simulation of radial stress, the
analytical solution in October was 16.57 MPa, and the
simulation result was 17.27 MPa, showing that the model
accurately reflects the actual stress distribution. In terms of
tangential stress, the performance of the model was equally
impressive, further confirming its ability to capture subtle
changes. The comparison of the data highlights the superiority
of the model used in this study, especially in terms of accuracy
and reliability in simulating the diffusion, seepage, and stress of
nanopore gas.

Figure 8a,b shows the evaluation results of the multifield
coupling effect of seepage and stress under ANSYS, which are
also compared with the simulation results of the multifield
coupling model. The horizontal axis is the month, and the
vertical axis is the seepage parameters and pressure magnitude,
respectively. The data indicates that from January to October,
the difference between the simulation results and the analytical
solutions is very small, showing high accuracy of the model in
predicting seepage capability. In January, the analytical solution
was 33.33 μm2/m, while the simulation result was 32.33 μm2/
m; in October, the analytical solution was 48.96 μm2/m, and
the simulation result was 52.96 μm2/m. The results
demonstrate that the model can accurately predict seepage
behavior under various conditions. In terms of pressure, the
model showed sensitivity and high accuracy in capturing subtle
changes. The data shows that the simulation results closely
followed the analytical solutions throughout the time series,

with both being −1.62 MPa in January and −0.07 MPa in
October.

Figure 9 visually displays the calculation results of gas
diffusion degree and seepage capacity under OpenFOAM,
CFX, and multifield coupling models over the 10 months
tested. The horizontal axis represents different analytical
solutions and simulation results; the left Y-axis shows the
degree of gas diffusion, and the right Y-axis shows the
magnitude of the pressure. The data demonstrate that the
model shows good consistency and accuracy under different
simulation tools. In January, the degree of gas diffusion in
OpenFOAM and CFX was 0.8 and 1.1%, respectively, while
the multifield coupling model showed a result of 0.95%. In
terms of seepage capability, the results from OpenFOAM and
CFX were 34.33 and 36.33 μm2/m, respectively, while the
multifield coupling model was 35.33 μm2/m.

It can be seen that the multifield coupling model constructed
by the research institute is close to the actual results in the
simulation process of diffusion, seepage, and stress, and the
simulation results are well fitted with known theoretical
analytical solutions. This indicates that the microdiffusion−
seepage−stress multifield coupling model and mathematical
methods used by the research institute for nanopore gas have
high feasibility in practical applications.

To further determine the model error, the RMSE and MAE
between the simulation results and the actual values are
calculated, as shown in eqs 19 and 20

a a

n
RMSE

( )i
n

i i1
2

= =
(19)

a a

n
MAE i

n
i i1=

| |=
(20)

Among them, ai represents the actual value, and ai represents
the simulated value. RMSE is used to measure the overall error
between simulated and actual values, while MAE is used to
measure the average absolute value between the simulated and
actual values. The smaller the values of RMSE and MAE, the
higher the prediction accuracy of the model. The results are
illustrated in Table 4.

According to Table 4, the constructed multifield coupling
model was tested using different tools such as COMSOL,

Figure 9. Comparison of the gas diffusion degree and seepage
capacity with simulation results under OpenFOAM and CFX.

Table 4. Calculation Outcomes of RMSE and MAE Values
for the Multifield Coupling Model

numerical simulation tool simulated direction RMSE MAE

COMSOL degree of gas diffusion 0.24 0.13
seepage capacity 0.15 0.17
radial stress 0.13 0.14
tangential stress 0.23 0.13
average 0.19 0.14

ANSYS seepage capacity 0.24 0.17
stress 0.14 0.16
average 0.19 0.17

OpenFOAM degree of gas diffusion 0.18 0.16
seepage capacity 0.21 0.16
average 0.20 0.16

CFX degree of gas diffusion 0.22 0.16
seepage capacity 0.18 0.13
average 0.20 0.15
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ANSYS, OpenFOAM, and CFX. The mean values of simulated
RMSE for different testing directions were 0.19, 0.19, 0.20, and
0.20, respectively, and the mean values of MAE were 0.14,
0.17, 0.16, and 0.15, respectively. The model can effectively
simulate the gas situation in practical applications and
accurately evaluate the microdiffusion, seepage, and stress
under the degree of nanopores.

6. CONCLUSIONS
This study successfully developed a microdiffusion−seepage−
stress multifield coupling model aimed at precisely predicting
and managing gas transport behavior in nanopores. This article
utilizes molecular dynamics simulation, continuum mechanics,
finite element analysis, and porous media modeling. It
comprehensively considers the motion trajectory and inter-
action with the pore walls of gas molecules inside the
nanopores. The model was validated by using a case study of
methane gas diffusion in underground gas storage. This article
used various simulation tools such as COMSOL, ANSYS,
OpenFOAM, and CFX. The model exhibits good consistency
and accuracy in different testing directions with average RMSE
values of 0.19, 0.19, 0.20, and 0.20, respectively. The average
MAE values were 0.14, 0.17, 0.16, and 0.15, respectively. In
simulations with COMSOL, the RMSE values for gas diffusion,
permeability, radial stress, and tangential stress were 0.24, 0.15,
0.13, and 0.23, respectively, and the MAE values were 0.13,
0.17, 0.14, and 0.13, respectively. The results indicated that the
model can accurately describe gas transmission within
nanopores, exhibiting high predictive accuracy and reliability.
It provided crucial theoretical support and practical guidance
for the design, optimization, and safe operation of under-
ground gas storage facilities. Meanwhile, when the research
model is applied to underground gas storage, it may be
influenced by factors such as geological conditions, ground-
water levels, and surface activities, and further consideration of
the impact of these external factors on the model is needed. To
further improve the accuracy and applicability of the model,
improvements and refinements can be made in the following
aspects. First, by conducting further experimental research to
obtain more data on gas under different nanopore structures
and conditions, the accuracy of the model can be verified and
optimized. Second, more complex numerical calculation
methods and simulation tools, such as deep learning
techniques and artificial neural networks, can be introduced
to better simulate and predict the diffusion, seepage, and stress
distribution of gases in nanopores. Finally, by integrating
geological exploration and hydrodynamics, among other fields,
the model can be further improved to more accurately predict
gas transport behavior during underground gas storage
processes and to provide more reliable foundations for related
engineering design and risk assessment.
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