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In order to reveal the process andmechanismof gas flow in a low-permeability coal

seam, a newmultiple-relaxation-time lattice Boltzmannmethod (MRT-LBM)model

of gasmigration in coalmicro/nanopores basedon Langmuirmonolayer adsorption

theory, the slip boundary scheme and Bosanquet effective viscositywas established.

The software MATLAB was used to carry out the simulation study of uniform pore

gas flowbasedon theMRT-LBMmodel, and the resultswere compared and verified

with the porous anodic alumina membrane gas flow experimental results. On this

basis, the gas flow in coal pores with different micro/nanopore sizes considering

adsorption was simulated. The results show that the dimensionless permeability

coefficient increases with decreasing pore size under the same pressure, which

reflects the subsequent enhancement of the microboundary constraint effect and

reveals that the pore system becomes the main controlling factor of coal seam

permeability within the coal matrix in the middle and late stages of coal seam gas

extraction, while the role of the microboundary constraint effect needs to be

considered. The gas adsorption layer weakens the pore gas flow capacity, but

for pores with a radius greater than 16 nm, the apparent change in permeability

caused by the adsorption layer is less than 5%, and the adsorption effect can be

ignored. N2, CH4, and CO2 enter the transition flow regime under different pressure

conditions;with gas extraction, the gas pressure decreases, and the difference in the

gas flow characteristics of the three gases increases.
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Introduction

According to the theory of rarefied gas dynamics, when the ratio of the mean free path

of the molecules in the fluid to the pore size of coal seam (Knudsen number) is greater

than 0.1, the fluid enters the transition flow regime, and the Navier–Stokes equation based

on continuum approximation and the thermodynamic equilibrium assumption is invalid.
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The gas transport within the micro/nanopores of a deep low-

permeability coal seam in the middle and late stages of extraction

occurs within the transition flow. Determining the trend and

mechanism of coal seam gas migration in the transitional regime

is a popular and challenging problem in current research. A

precise understanding of the gas migration in low-permeability

coal seams would have important directive significance for

improving the accuracy of gas extraction prediction and

implementing effective measures to increase production.

To accurately describe the gas migration in coal seam micro/

nanopores, scholars have established various coal pore diffusion

models from the perspective of pore diffusion (Wang et al.,

2020a; Liu et al., 2020; Wang et al., 2021a; Zhang et al., 2022).

Barrer (1951) first established the classical single-hole diffusion

model based on Fick diffusion. Ruckenstein et al. (1971)

proposed a dual-porosity diffusion model based on the

classical model. Liu (Liu, 2011) extended the double porosity

diffusion model to the three-stage diffusion model; although the

accuracy was improved, the model was complex and difficult to

apply to engineering applications. Li et al. (2021a) established a

new model based on the diffusion coefficient-time relationship;

this basis simplified the model but did not represent a sufficient

physical basis. Liu et al. (2021a) unified the characterization of

seepage and diffusion with the concept of the density gradient

and established a density gradient-driven desorption diffusion

model. Scholars have applied a variety of effective strategies to

study coal pore gas diffusion, but they have not reached a unified

understanding.

When gas is transported through porous media rich in

micro/nanopores, the collision of the gas molecules with the

wall increases the gas flow rate, and the gas permeability

measured is the apparent permeability. Javadpour (2009)

directly added slip flow to Knudsen diffusion flow to

represent the total flow in micro/nanopores, leading to the

concept of apparent permeability. Wu et al. (2015) coupled

the flow of different flow mechanisms according to a certain

contribution weight coefficient. However, repeated calculations

to a certain extent cannot be avoided by adding different flow

regimes. Beskok and Karniadakis (1999) established a model

suitable for all flow regimes by modifying the boundary slip

condition and introducing the dilution effect coefficient. Liu et al.

(2022) showed that the microboundary constraint effect in the

transitional region cannot be ignored. The Beskok model was

improved by using the effective viscosity to modify the mean free

path. Although the apparent permeability model establishes a

relationship with Darcy’s law, which makes its application more

convenient, the above models are mostly simplified or contain

more empirical coefficients.

The pore microstructure of coal is extremely complicated,

and micro/nanopore gas experiments are difficult and expensive

and have a low success rate. Therefore, many scholars simplify

the microstructure to micro/nanotube bundles for theoretical

and experimental research. A porous anodic alumina membrane

contains a large number of micro/nanotube bundles per unit

area, with a simple pore structure and uniform pore size. Liu et al.

(2022), Guo et al. (2015) and Wang et al. (2017a) carried out

experimental research and model verification of micro/nanopore

gas flow with porous anodic alumina membranes. However,

when the pore of the membrane is smaller than 20 nm, the

pore formation is not uniform, and it is difficult to precisely

obtain the pore parameters. In addition, these experiments are

easily disrupted and expensive. It is difficult to use this technique

in systematic studies on gas migration within micro/nanopores.

The LBM is a mesoscopic simulation method that realizes

fluid motion through particle collision and migration with a clear

physical background and is an effective simulation method for

the transition flow. Combined with experimental methods, it is

expected to solve the controversy over the coal pore gas

transmission mechanism.

LBM simulations of coal gas migration are currently mostly

performed at the macrofracture level (Roslin et al., 2019; Wang

et al., 2020b; Li et al., 2021b). Jin et al. (Jin et al., 2019) and Yu

et al. (2020) used the LBM to simulate the permeability of the

fluid migration process in coal cleat networks. Wang et al. (2022)

simulated the seepage characteristics of three-dimensional

fracture networks of coal in different loading stages. Yan et al.

(2021) studied the gas seepage in coal pore networks by the LBM.

They found that the gas seepage velocity and apparent

permeability increased with increasing porosity, but they did

not consider the wall slip or the microboundary constraint effect.

The LBM has been widely used in the study of nanopore

transition-flow in shale. Succi (2002) first proposed a rebound-

mirror combined boundary scheme (bounce-back and specular

reflection (BSR) slip boundary scheme) that can describe the

boundary slip effect. Nie et al. (2002) established the LBMmodel

of the transition-flow based on the relations between the

Knudsen number and relaxation time. Wang et al. (2020c)

established the microscale gas flow LBM model of shale.

Wang et al. (2017b) and Liu et al. (2021b) used the MRT-

LBM model to study microscale gas transmission and

improved the simulation accuracy.

Coal seam gas migration is a complex multiphase and multi-

scale fluid flow. Bai et al. (Bai et al., 2021a; Bai et al., 2021b)

studied the coupling flow of multiphase materials and the effect

of temperature on adsorption - desorption and migration in

porous media by laboratory experiments. Wang et al. (2021b)

combined Pore Network Models (PNM), Laplace

Semi-Analytical Solvers (SAS) and LBM to study the

permeability of tight porous rocks.

In summary, the combination of the mesoscopic LBM

simulation method and porous anodic alumina membrane gas

flow experiment is an effective tool and developing trend for

determining the expression and mechanism of transition flow

regime gas migration in coal. The pore parameters of the

membrane were accurately characterized by the maximum

stable extremum region algorithm. The MRT-LBM model
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established for micro/nanopore gas flow in coal was effectively

verified by physical experiments. Finally, based on the MRT-

LBM model, an extended simulation experiment of coal micro/

nanopore gas migration was carried out to reveal the expression

of coal micro/nanopore gas flow.

Simulation method

LBM-LBM mathematical model

The LBM has a comprehensible mesoscopic physical

background and obtains macroscopic flow information

through the numerical solution of the discrete particle density

distribution function. The discrete equation of the LBM can be

written as (Succi, 2002):

fα(r + eαδt, t + δt) − fα(r, t) � Ωfα + δtFα(r, t) (1)

where fα(r, t) represents the discrete density distribution

function; eα denotes the discrete velocity; δt is the lattice time

step; Ωfα is the discrete collision operator; and Fα denotes the

discrete external forcing term.

The accuracy of the model is determined by the collision

operator. The MRT-LBM model contains multiple adjustable

parameters; the shear viscosity and bulk viscosity are adjustable,

with adequate numerical stability (Li et al., 2011). The collision

operator of the MRT-LBM model is given by:

Ωfα � −(M−1SM)αβ(fβ − feq
β ) (2)

where S is a diagonal relaxation matrix. For the commonly used

D2Q9 (two-dimensional nine-velocity) model, the matrix is

S � diag(τρ, τe, τε, τj, τq, τj, τq, τs, τs)−1, and τs and τqare the

relaxation times related to the dynamic viscosity and

boundary scheme, respectively. The other relaxation times can

be set to any value but should be greater than 0.5 (Tao et al.,

2018), and the values in this paper are (1, 1.1, 1.2, 1, τq, 1, 1,

τq,τs,τs); f
eq
β denotes the equilibrium distribution function; M is

the transform matrix; and the particle density distribution

function fβ can be projected to velocity moment space

through the transform matrix.

Relaxation time and boundary treatment
of the transition flow

When using the LBM to simulate macroscopic flow, the

Reynolds number is mandatory. In the simulation of the

microscale transition-flow, a dimensionless Knudsen number

is needed, and the relationship between the Knudsen number

and relaxation time (the time when the distribution of

microscopic particles approaches equilibrium from the

nonequilibrium state) is determined.

According to rarefied gas dynamics, the Knudsen number

which is used to classify gas flow regimes can be defined as

(Florence et al., 2007):

Kn � λ

H
� μ

HP

����
πRT

2M

√
(3)

where λ represents the mean free path, nm; p denotes the gas

pressure, MPa; R is the gas constant, J/(molK); T is the absolute

temperature, K; μ denotes the dynamic viscosity at p and T, mPas;

M denotes the molecular weight, kg/mol; and H represents the

characteristic length of the flow geometry, nm.

In the microscale LBM simulation, the relations between Kn

and relaxation time τ is given by (Nie et al., 2002):

Kn �
��
π

6

√ (τ − 0.5)
NH

(4)

where NH represents the lattice number for the characteristic

length of the flow geometry. When Kn > 0.01, the gas enters the

slip flow regime, and the BSR slip boundary scheme can

accurately describe the boundary slip velocity.

WhenKn > 0.1, the gas enters the transitional regime, and the

constraint of the microboundary on the mean free path cannot be

ignored. At this time, the mean free path needs to be corrected by

the effective viscosity (Liu et al., 2022).

The effective viscosity μeff can be expressed as (Beskok and

Karniadakis, 1999):

μef f �
μ

1 + ωKn
(5)

Michalis et al. (Michalis et al., 2010) found experimentally

that the parameter ω in the transitional regime generally tends to

2. Li et al. (Li et al., 2011) took ω as a constant value two and

obtained satisfactory simulation results by using the MRT-LBM

model. From Eqs 5–7, the relaxation time related to dynamic

viscosity is given by:

τs � 1
2
+

��
6
π

√
NHKn

1 + ωKn
(6)

When the effective viscosity is adopted, the rebound ratio

coefficient rb of the BSR scheme and the relaxation time τq
related to the second-order slip coefficient also need to be

corrected, and the calculation method is given in Reference

(Li et al., 2011).

Analysis of adsorption

The adsorption layer is formed under the interaction between

gas and solid surface in coal micro-scale pores. The gas

adsorption volume of coal can be calculated by the Langmuir

equation:

V � abP

1 + bP
(7)
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where a represents the maximum monolayer adsorption

capacity, m3/t; b denotes the Langmuir equilibrium constant,

1/MPa; and V is the adsorption amount of adsorbed gas at

p, m3/t.

The adsorption intensity can be represented by the surface

coverage, and the adsorption gas surface coverage θ can be

expressed as:

θ � bP

1 + bP
(8)

When the maximum adsorption capacity is reached,

according to Langmuir monolayer adsorption theory, the size

of the gas flow channel is reduced two times the molecular

diameter. Therefore, the effective flow radius re of the coal

nanopores considering adsorption can be defined as:

re � r − dθ (9)
where d is the diameter of the gas molecules.

Physical model of gas flow in the
transitional regime

Considering that the gas flow in the micro/nanopores is

affected by viscous resistance, wall slip, adsorption and the

microboundary constraint effect, a physical model of gas flow

in the micro/nanopores of coal is established (Figure 1).

Experiment and model validation

The pore structure of coal is complex and unevenly

distributed from nanometers to microns, and this structure is

difficult to accurately obtain. Thus, it is difficult to directly study

the flow of gas in coal micro/nanopores. Therefore, a porous

anodic aluminamembrane with uniform pore sizes of micro- and

nanopores was selected to study the gas flow in the transitional

regime and to verify the model. First, images of the pores of the

membrane were obtained by field emission scanning electron

microscopy (FESEM), and the pore structure was characterized

with maximally stable extremal regions (MSER) in MATLAB.

The pore structure parameters of the membrane were obtained,

and the intrinsic permeability was calculated. Then, the gas

pressure and flow rate were measured through a permeability

test experiment on the membrane, and the gas flow of the micro/

nanopores was analyzed.

Measurement of micro/nanopore
parameters of porous anodic alumina
membranes

Porous anodic alumina membranes with a diameter of

35 mm and a thickness of 60 μm were used in the experiment.

Limited by the material properties, three kinds of membranes

with representative pore sizes (the theoretical mean pore sizes of

the membranes were 20–30 nm, 110–150 nm and 200–300 nm)

were selected and numbered M-1, M-2 and M-3, respectively.

The membranes were scanned by FESEM at Henan Polytechnic

University. The scanning results are shown in Figure 2. The

magnifications are 67560 times, 30,000 times, and 5,000 times.

Figure 2 shows that the pore-forming effect of the selected

three specifications of the membrane is good, the pore size is

relatively uniform, and the pore section tends to be elliptical;

these pores closely resemble the pores of a coal body, meeting the

requirements of the uniform micro/nanopore gas flow

experiment.

The MSER algorithm conducts affine invariant

transformation to the image gray level and can be used for

multiscale detection. Based on the MSER algorithm, the

software MATLAB is used to write the program, and ellipses

are used to fit the micro/nanopore edges of the membrane. The

treatment process of the M-1 membrane is shown in Figure 3 as

an example, and more detailed treatment steps are given in

Reference (Liu et al., 2022).

The number and the total area of pores in the detection area

were counted, and the porosity and equivalent mean pore size of

the membranes were calculated. The Darcy permeability of

porous media is related only to the pore structure, which can

be calculated by Eq. 10.

KD � ϕr2

8
(10)

where KD denotes the Darcy permeability (also known as the

intrinsic permeability), 10–3 mD; φ represents porosity; and r is

the pore radius, nm.

FIGURE 1
Physical model of gas transport in coal micro/nanochannels.
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The pore parameters of the membranes obtained by MSER

algorithm processing and statistical calculation are shown in

Table 1. The table shows that the equivalent mean pore size of the

membranes is 34.3–270.3 nm and that the ratio of pore length to

pore size is 222–1749; thus, the membranes exhibit the

characteristics of tube bundles.

FIGURE 2
FESEM images of the porous anodic alumina membranes. (A) M-1, (B) M-2, and (C) M-3

FIGURE 3
Pore treatment process of themembrane. (A)Original scanning electronmicroscope image of themembrane, (B)Detection of the dark regions
of the membrane, (C) Fitting of the pores with ellipses, (D) Filtering of the flat area of detection, (E) Deletion of duplicate circles, and (F) Final result of
membrane treatment.
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Gas flow experiment of the transition flow

The gas microflow-permeability analyzer of Henan

Polytechnic University was used in the experiment. This

equipment can monitor pressure and flow in real time, and

the error of the data is 0.15%. A photo of the analyzer, a

schematic of the sample holder system and the membrane

sample are shown in Figure 4. To ensure that the gas

completely passes through the membrane sample, O-ring

packing is used to compact the sample. The outlet pressure of

the experiment is the local atmospheric pressure (0.10 MPa), and

the diameter of the O-ring is 15 mm. More detailed experimental

steps are given in Reference (Liu et al., 2022).

To ensure the safety of the experimental process, nitrogen

was used instead of methane. Both nitrogen and methane are

nonpolar molecules, their molecular diameters and mean free

paths are similar, and both have adsorption properties.

Moreover, nitrogen is often contained in the gas components

of coal seams, and the two are equivalent in terms of gas flow.

Helium is an inert gas that does not adsorb, and its molecular

properties are quite different from those of methane and

nitrogen, making it suitable for experimental comparison. The

physical properties of the three gas parameters are shown in

Table 2, and the experimental temperature was 298 K.

When gas passes through micro/nanopores in porous media,

the collisions between the gas and solid wall cannot be ignored.

Themicroboundary constraint effect enhances the gas flowability

in the pores, and the gas permeability measured is the apparent

permeability. The gas permeability of the membrane samples can

be calculated by Eq. 11.

Kapp � 2P0Q0μL

A(P2
in − P2

out) × 100 (11)

where Kapp represents the gas permeability (also known as the

apparent permeability), mD; P0, Pin and Pout are the standard

atmospheric pressure, inlet pressure, and outlet pressure,

respectively, MPa; Q0 denotes the gas flow rate at P0, cm3/s; μ

TABLE 1 Pore parameters of the membranes.

Sample Equivalent mean pore
size (nm)

Theoretical mean pore
size (nm)

Porosity Φ Intrinsic permeability KD

(mD)

M-1 34.3 20–30 0.257 0.009

M-2 96.5 110–150 0.299 0.087

M-3 270.3 200–300 0.364 0.831

FIGURE 4
Gas microflow-permeability analyzer. (A) Photo of the analyzer, (B) Schematic of the sample holder system, (C) Membrane sample
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is the dynamic viscosity, mPas; L denotes the flow channel length,

cm; and A is the cross-sectional area of the flow channel, cm2.

Results and discussion regarding the
experiment

To avoid the influence of nitrogen adsorption on the

experimental results, the M-1, M-2 and M-3 films were used

repeatedly in the experiment, and helium and nitrogen were used

successively for the gas penetration experiments. The inlet

pressure of the experiment increased gradually with time. The

pressure stability in the pipeline system was controlled by the

default maximum pressure drop and holding time value of the

instrument, and the gas flow and pressure were automatically

recorded at each stable timestep. To prevent the membrane from

rupturing, the instrument automatically stopped when the

maximum pressure (0.40 MPa) was reached. The experimental

results are shown in Figure 5.

During the experiment, when the small pore size membrane

M-1 (34.3 nm) reaches the set maximum pressure (0.40 MPa),

the instrument automatically stops. The medium-pore size

membrane M-2 (96.5 nm) and large-pore size membrane M-3

(270.3 nm) cannot maintain pressure stability when the flow rate

reaches approximately 30 cm3/s, and the instrument

automatically stops.

As depicted in Figure 5, with an increasing square of the

difference in the inlet and outlet pressures, the flow rate shows

nonlinear growth. Under the same pressure, the flow rate of

helium is greater than that of nitrogen, and the slope of the curve

is larger. Combining Eq. 11 shows that the curve slope reflects the

apparent permeability. To further analyze the variation in

apparent permeability, the relationship between apparent

permeability and inlet pressure is shown in Figure 6.

According to Figure 6 and Table 1, the experimental apparent

permeability is much higher than the intrinsic permeability of the

membranes, and the apparent permeability increases with the

decrease of gas pressure in the channel. The results show that the

mean free path increases with decreasing pressure and that the

proportion of collisions between molecule and the wall out of the

total number of collisions increases, which enhances the flow

capacity of gas in the pores. For the same membrane, the

apparent permeability of helium is higher than that of

nitrogen under the same pressure, and the flow rate is larger.

TABLE 2 Physical properties of the experimental gases.

Gas Dynamic viscosity (Pa·s) Molecular weight (g·mol−1) Mean free path (nm) Molecular diameter (nm)

CH4 1.12×10–5 16 54.5 0.41

N2 1.78×10–5 28 65.5 0.38

He 1.98×10–5 4 192.7 0.26

FIGURE 5
Relationship between the flow rate and square difference in
the inlet and outlet pressures.

FIGURE 6
Relationship between apparent permeability and inlet
pressure.
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This shows that under the same conditions, the microboundary

constraint effect of helium is stronger, and the flowability is

stronger.

When the pressure is approximately 0.13 MPa, the helium

flow rates of the M-1, M-2 and M-3 membranes are 1.97,

1.76 and 1.41 times the nitrogen flow rate, respectively. This

shows that under the same pressure, the smaller the pore size of

the membrane is, the more obvious the difference between the

helium and nitrogen flow capacities. When the pressures on the

M-1 membrane are approximately 0.20, 0.30 and 0.40 MPa, the

helium flows are 1.89, 1.78 and 1.61 times the nitrogen flow. This

shows that under the same pore conditions, the lower the

pressure is, the more obvious the difference between the

helium and nitrogen flow capacities. The experiments show

that the apparent permeability of micro/nanoporous media is

not only determined by the pore structure but related to the fluid

pressure and fluid type.

Verification and discussion of the model

The MRT-LBM model in this paper was used to simulate the

flow experiments of helium and nitrogen. The BSR slip boundary

scheme was used for the upper and lower walls, and a consistent

linear extrapolation scheme was used for the inlet and outlet

(Verhaeghe et al., 2009). In the LBM simulation process, the

pressure boundary scheme was transformed into the particle

density distribution function by p � ρc2s , and the local Kn

changed with position in time and space. The simulation

parameters are given in Table 3.

In the LBM simulation of physics experiments, the real

physical units need to be converted into dimensionless lattice

units. By non-dimensionalizing all the physical units in Eq. 11,

the apparent permeability of the LBM can be written as (Cho

et al., 2013):

Kapp
′ � 2ρout′ v′L′

c2s(ρin′ 2 − ρout′ 2) 1
NxNy

∑Nx

i�1∑Ny

j�1ux(i, j) (12)

where Kapp
′ represents the apparent permeability in lattice units;

ρin′ denotes the outlet density in lattice units; ρout′ is the outlet density

in lattice units; v′ is the viscosity in lattice units; L′ is the channel
length in lattice units; Nx is the lattice number in the flow

direction; Ny is the lattice number perpendicular to the flow

direction; and ux(i, j) is the velocity of fluid particles in lattice

units at the positions i and j.

The microboundary constraint effect causes the apparent

permeability of the membranes measured with the experimental

gas to be much larger than its intrinsic permeability. The stronger

the microboundary constraint effect is, the greater the ratio

(dimensionless permeability coefficient) of the two, and the

greater the deviation from Darcy’s law. The dimensionless

permeability coefficient of the LBM simulation can be

calculated as follows:

Kr � Kapp
′ /K′

D (13)

where Kr is the dimensionless permeability coefficient and K′
D is

the intrinsic permeability in lattice units. A comparison between

the experimental and simulation results of helium and nitrogen is

shown in Figure 7.

Figure 7 shows that the experimental gas flows all enter the

transitional regime, that the Knudsen number of the helium

experiment is 1.2–9.7, and that the Knudsen number of the

nitrogen experiment is 0.4–3.3. The simulation results of the

MRT-LBM model in this paper are in good agreement with the

experimental results as a whole, but the deviation of the

simulation results increases gradually after Kn > 8. This

occurs because the parameter ω should be a gradually

increasing value (Liu et al., 2022) but is taken as a constant

value in the simulation. The dimensionless permeability

coefficient Kr increases with increasing Kn, indicating that the

microboundary constraint effect enhances the flow capacity of

the gas, and the deviation of the flow rate predicted by Darcy’s

law increases. The minimum equivalent mean pore size of the

experimental membrane samples is 34.3 nm, and the maximum

inlet pressure is 0.40 MPa. The effect of nitrogen adsorption on

the permeability is not found.

Gas flow is essentially a macroscopic velocity transfer caused

by molecular collisions. The characteristic size of the flow

channel and gas pressure, temperature and molecular

properties all affect the molecular collisions, and these factors

TABLE 3 Numerical simulation schemes.

Gas Sample number Lattice
length δx’ (nm)

Relaxation time τs’ Simulation lattice Nx×Ny

He M-1 3.43 7.12 17493*11

M-2 9.65 6.64 6,218*11

M-3 27.03 5.62 2,220*11

N2 M-1 3.43 6.61 17493*11

M-2 9.65 5.55 6,218*11

M-3 27.03 3.90 2,220*11
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can be reflected by Kn. Therefore, under the experimental

pressure conditions, the dimensionless permeability

coefficients Kr of nitrogen and helium with different micro/

nanopore size membranes have the same variation as Kn.

Extended simulation and discussion
of transition flow gas flow in coal

Fu et al. (Fu et al., 2005) classified coal pores into two types,

where those <65 nm are diffusion pores and those >65 nm are

seeping pores by the fractal method. This classification method is

convenient for engineering application, but both pore size and gas

pressure affect the gas migration regime within pores. According to

Eq. 3, the corresponding relationship between the methane flow

regime and pressure in pores with different pore sizes under coal

reservoir conditions can be calculated (Figure 8).

Figure 8 illustrates that it is necessary to determine the gas

flow regime by combining the pore size and pressure to

determine the applicable flow mechanism and model. For

diffusion pores with radii larger than 8 nm, the slip flow

regime is entered when the gas pressure is greater than

6.89 MPa. For seeping pores with radii smaller than 325 nm,

when the gas pressure is less than 0.17 MPa, the transitional

regime is entered. At this time, the approximation and the

thermodynamic equilibrium assumption are invalid, and a

higher-order model with higher accuracy is needed; otherwise,

large errors occur. The LBM is a mesoscopic simulation method

that is suitable for macroscopic and microscopic simulations.

Therefore, theMRT-LBMmodel in this paper is used to carry out

extended simulation research on gas migration in micro/

nanopores of coal.

Effect of pore size and pressure on
methane flow

In order to investigate the influence of pore size on methane

flow, the flow of methane in micro/nanopores with different pore

sizes was simulated, and the relationship between the dimensionless

permeability coefficient and pressure can be obtained (Figure 9).

Figure 9 demonstrates that the microboundary constraint

effect enhances the gas flowability and that the smaller the pore

size and the lower the pressure are, the more significant the

enhancement effect on the flowability. For pores with a radius of

FIGURE 7
Variation in the dimensionless permeability coefficient with Kn. (A) Helium, (B) Nitrogen

FIGURE 8
Relationship between methane flow regimes and pressure in
pores with different sizes.

Frontiers in Earth Science frontiersin.org09

Liu et al. 10.3389/feart.2022.1022845

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1022845


8 nm, at a pressure of 0.40 MPa and 10 MPa, the actual gas flow is

10.8 and 1.3 times that calculated by Darcy’s law, respectively.

For pores with a radius of 325 nm, the actual gas flow is only

1.2 times that calculated by Darcy’s law at a pressure of 0.40 MPa;

the pores with radii of 1,000 nm can be neglected.

With the progress of gas extraction, the gas pressure

decreases, and the effect of the microboundary constraint on

the enhancement of gas flowability is more obvious. However, in

the early stage of gas extraction in a low-permeability coal seam,

the extraction flow rate is high, and the attenuation is fast. In the

later stage, the flow rate is low, and the gas is difficult to extract.

Therefore, it is necessary to further analyze the relationship

between pore apparent permeability and gas pressure.

Figure 10 shows that with decreasing pore size, the intrinsic

permeability decreases, and the apparent permeability decreases.

Therefore, the pore size dominates the permeability, and the

microboundary constraint effect alleviates the influence of pore

size reduction on permeability.

The methane in coal is mainly stored in micropores, and

adsorbed methane accounts for 80%–90% of the methane in coal

reservoirs (Cheng and Hu, 2021). The desorption process of

adsorbed gas is very fast, approximately 10–10–10–5 s, and the

desorption of free gas from micropores (<2 nm) into the middle

and large pores in the path is very short. In the study of coal

seams, the impact of methane desorption and migration in

micropores on permeability can be ignored. In the early stage

of gas extraction, free gas is released rapidly under drive from the

pressure gradient. At this time, the large pores and fractures are

the main flow channels and are the main controlling factors of

coal permeability. In the middle and late period of extraction, the

free gas is released rapidly, the gas pressure drops, and the

microporous desorbed gas replenishes the fracture system

through the pore system. The replenishment velocity of gas

through the pore system is less than that of the fracture flow

velocity, and with the decrease in pressure, the microboundary

constraint effect increases. In the coal matrix and in the mid-late

stage of coal seam gas extraction, the pore system becomes the

main controlling factor of coal seam permeability. Therefore, it is

necessary to accurately understand gas migration through micro/

nanopores in low-permeability coal seams.

Effect of adsorption on methane flow

Collectively, a large number of pore structures in coal

provides a large specific surface area and has a strong

adsorption effect on methane. To investigate the effect of

adsorption on methane flow in coal nanopores, the Langmuir

equilibrium constant is set to b = 0.5 MPa−1 to simulate methane

flow with and without adsorption at pore sizes of 2 nm, 4 nm,

8 nm and 16 nm, respectively. The variation in the apparent

permeability change rate with or without adsorption with

pressure is shown in Figure 11.

Figure 11 shows that the adsorption layer weakens the

methane flow capacity in the pores and that the magnitude of

the weakening increases with increasing pressure and finally

tends to be stable. Combined with Eq. 7, it can be seen that

when the pressure reaches a certain value, the adsorption

amount tends to the maximum adsorption volume and

gradually stabilizes. At this time, the coverage θ ≈ 1, and

the thickness of the adsorption layer tends to the maximum.

The apparent permeability change rate considering

adsorption increases with decreasing pore size. When the

adsorption layer is considered, the apparent permeability of

FIGURE 9
Variation in the dimensionless permeability coefficient with
pressure for different pore sizes.

FIGURE 10
Variation in apparent permeability with pressure for different
pore sizes.

Frontiers in Earth Science frontiersin.org10

Liu et al. 10.3389/feart.2022.1022845

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1022845


the pores with a radius of 2 nm is reduced by 33.8% at most.

For pores with radii greater than 16 nm, the apparent

permeability change rate is less than 5%, and the influence

of the adsorption layer thickness on the apparent

permeability can be ignored.

The surface diffusion of adsorbed gas on the solid wall is

driven by the chemical potential gradient. Yang et al. (2020)

studied the effect of surface diffusion of nanoporous gas on

apparent permeability by combining molecular simulation

and LBM simulation. The results showed that the

contribution of gas surface diffusion to permeability

decreased with increasing pressure and pore size. When the

pore size was greater than 20 nm, surface diffusion could be

ignored. Surface diffusion makes a greater contribution to

permeability in micropores (<2 nm), and gas has a short path

through micropores, so it has little effect on the overall

permeability of the coal seam.

The temperature conduction have an important influence on

adsorption mechanism, Bai et al. (2022) used the smoothed particle

hydrodynamics (SPH) method to simulate the heat transfer process

in porous media at the pore scale. Yang et al. (2020) research shows

that the gas apparent permeability in organic nanopore is enhanced

with the increment of temperature.

Difference analysis on the influence of
different gas types

Coal seam gas is composed of a variety of gas components,

and the common components are N2, CH4 and CO2. In order to

study the influence of different gas types on the gas flow law of

nanopores, the gas flow of three kinds of gas components with a

radius of 20 nm was simulated, and the relationship between the

dimensionless permeability coefficient Kr and gas pressure is

shown in Figure 12.

Figure 12 shows that the effects of the microboundary

constraint on different gas flow capacities are different. N2,

CH4 and CO2 enter the transitional regime at 3.32 MPa,

2.76 MPa, and 2.24 MPa, respectively. Under the same

pressure of CO2, CH4 and N2, the mean free path increases in

turn, the microboundary constraint effect on the gas flow

capacity increases in turn, and the dimensionless permeability

coefficient increases in turn. The dimensionless permeability

coefficients of the three gases increase with decreasing

pressure, and the difference among the three increases with

decreasing pressure. This shows that with gas extraction, the

gas pressure decreases, and the difference in the three gas flow

characteristics increases.

Figure 13 shows that the dimensionless permeability

coefficients of N2, CH4 and CO2 increase with the decrease of

pore size, and the difference between the three increases with the

decrease of pore size. It shows that the smaller the pressure and

the pore size, the more obvious the microboundary constraint

effect, and the greater the difference in the flow characteristics of

different gases.

Conclusion

In this paper, a porous anodic alumina membrane gas

permeability test and MRT-LBM simulation were used to

study the gas migration trend and the mechanism of

transition-flow in different micro/nanopores in coal. The

following conclusions were obtained:

FIGURE 11
Variation in apparent permeability change rate with pressure.

FIGURE 12
Variation in the dimensionless permeability coefficient with
pressure Pavgfor different gases.
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1) A new simulation method for micro/nanopore gas migration

in coal based on the MRT-LBM model is proposed. The

experimental verification shows that on the basis of Langmuir

monolayer adsorption theory, the model of the BSR scheme

and effective viscosity can precisely describe gas migration in

the transitional regime in coal.

2) The microboundary constraint effect in the transitional

regime reduces the mean free path, and the gas viscosity

decreases. The smaller the pore size and the lower the gas

pressure are, the greater the contribution of the collisions

between molecules and the wall to the flow, the more obvious

the microboundary constraint effect, and the greater the

difference of different gas flow. The adsorption layer

reduces the effective flow radius of a pore and decreases

the flow capacity of methane in the pore.

3) The corresponding relationship between methane flow

regime and pressure in coal pores with different pore sizes

under coal reservoir conditions is investigated. The smaller

the pore size is, the higher the pressure of gas flow into the

transitional regime, and the microboundary constraint effect

increases the permeability of the transition flow. The pore size

plays a dominant role in permeability. In the early stage of gas

extraction, large pores and fractures are the main circulation

channels and are the main factors controlling coal

permeability. In the coal matrix and the middle and later

periods of gas extraction, the pore system becomes the main

factor controlling coal permeability, and with the decrease in

pore pressure, the microboundary constraint effect is more

obvious.
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