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Abstract: Coal is a typical dual-porosity structural material. The injection of CO2 into coal seams
has been shown to be an effective method for storing greenhouse gasses and extracting coal bed
methane. In light of the theory of dual-porosity media, we investigate the impact of non-homogeneity
on seepage anisotropy and examine the influence of CO2 gas injection on the anisotropy of coal and
the permeability of fractures. The results demonstrate that under constant pressure conditions, coal
rock has the greatest permeability variation in the direction of face cleats and the smallest changes
in the direction of vertical bedding. The more pronounced the heterogeneity, the more evident the
change in permeability and the less pronounced the decreasing stage of permeability. Additionally,
the larger the diffusion coefficient is, the less pronounced the permeability change. The change in
permeability is inversely proportional to the size of the adsorption constant and directly proportional
to the size of the fracture. As the matrix block size increases, the permeability also increases, whereas
the decrease in permeability becomes less pronounced. The findings of this study offer a theoretical
basis for further research into methods for enhancing the CO2 sequestration rate.

Keywords: numerical simulation; permeability; storage of greenhouse gasses; dual-porosity media;
fracture opening

1. Introduction

In light of the significant threat that global warming poses to Earth’s living systems,
stringent control of CO2 emissions to reduce greenhouse gas output has emerged as a con-
sensus among countries worldwide [1–3]. Considering economic development alongside
carbon emissions, future carbon neutrality may increasingly depend on negative emission
technologies such as carbon sequestration. Geological storage exemplifies a typical nega-
tive emission technology (see, for example, Figure 1a), providing potential for sustainable
long-term CO2 storage [4]. Common geological storage methods for CO2 include depleted
oil and gas reservoirs, saline aquifers, coal seams, and basalt formations. The adsorption
capacity of coal for CO2 is about twice that of CH4, which is a natural adsorbent for CO2 [5].
In addition, the cost of coal seam CO2 storage technology is low, facilitating the efficient
recovery of coal bed methane [6]. Coal seam CO2 sequestration not only reduces the
atmospheric concentration of CO2 but also helps reduce the emission of greenhouse gasses,
which is in line with the national concept of green development [7]. Therefore, coal seam
CO2 sequestration is anticipated to become a primary method of carbon sequestration.
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1b,c, indicating that coal rock can be classified as an anisotropic porous medium[10]. The 
flow of fluids within rock formations and the mechanical properties of rocks are also ani-
sotropic [11–13]. Coal represents a typical dual-porosity medium consisting of a matrix 
and fractures [14], as illustrated in Figure 1. With respect to mechanical properties [15], 
the mechanical behavior of anthracite under various loading conditions was investigated 
by Okubo et al. [16] using uniaxial compression and tensile tests. The results indicated 
that alignment of the loading direction with the bedding planes or fractures of coal rock 
could result in changes in mechanical properties, including compressive strength and ten-
sile strength. Additionally, anisotropy was demonstrated. Li et al. [17]examined the effect 
of loading direction on the stability of coal sample splitting through Brazilian splitting 
experiments. The experimental results revealed that the destructive load is greater when 
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merical simulations were conducted by Zhao et al.[18] to analyze the effect of bedding on 
the dynamic indirect tensile strength of coal. These findings indicate that the mechanical 
properties of coal display significant anisotropic characteristics, which are heavily influ-
enced by the structural arrangement of the laminae. When the loading direction aligns 
with the bedding planes, a lower tensile strength is observed, increasing the likelihood of 
fracture propagation along the laminar surface. In contrast, with a perpendicular loading 
direction, a significant increase in tensile strength can be observed, resulting in more com-
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samples. The results demonstrated that the characteristics of fracture propagation in coal 

Figure 1. Schematic diagram of the coal structure. (a) Geological sequestration, (b) coal sample, and
(c) one of the floor plans.

Coal rock is a solid, combustible, organic rock characterized by a complex structure
formed through weathering, erosion, transport, and deposition of coal particles, carbonates,
clays, and various minerals over extended periods. Numerous primary pores and fractures
are present, with the fractures distributed in a crosswise manner, exhibiting distinct discon-
tinuities and nonuniformities [8,9]. This characteristic is depicted in Figure 1b,c, indicating
that coal rock can be classified as an anisotropic porous medium [10]. The flow of fluids
within rock formations and the mechanical properties of rocks are also anisotropic [11–13].
Coal represents a typical dual-porosity medium consisting of a matrix and fractures [14], as
illustrated in Figure 1. With respect to mechanical properties [15], the mechanical behavior
of anthracite under various loading conditions was investigated by Okubo et al. [16] using
uniaxial compression and tensile tests. The results indicated that alignment of the load-
ing direction with the bedding planes or fractures of coal rock could result in changes in
mechanical properties, including compressive strength and tensile strength. Additionally,
anisotropy was demonstrated. Li et al. [17] examined the effect of loading direction on the
stability of coal sample splitting through Brazilian splitting experiments. The experimental
results revealed that the destructive load is greater when the loading direction is perpen-
dicular to the coal rock bedding planes and is lower when the loading direction is parallel
to the coal rock bedding planes. The destructive load increases in a perpendicular loading
direction relative to the coal bedding, whereas it decreases when aligned with the bedding.
Comprehensive laboratory experiments and numerical simulations were conducted by
Zhao et al. [18] to analyze the effect of bedding on the dynamic indirect tensile strength
of coal. These findings indicate that the mechanical properties of coal display significant
anisotropic characteristics, which are heavily influenced by the structural arrangement of
the laminae. When the loading direction aligns with the bedding planes, a lower tensile
strength is observed, increasing the likelihood of fracture propagation along the laminar
surface. In contrast, with a perpendicular loading direction, a significant increase in tensile
strength can be observed, resulting in more complex and irregular fracture propagation.
In a subsequent study, Zhao et al. [19] assessed the influence of bedding inclination and
loading rate on the fracture toughness of coal samples. The results demonstrated that the
characteristics of fracture propagation in coal were significantly affected by bedding planes
under impact loading, resulting in marked anisotropy.

With respect to permeability characteristics, Pomeroy et al. [20] identified a significant
difference in permeability through water seepage tests conducted with confining pressures
oriented parallel and perpendicular to bedding planes. This finding suggests that vertical
mechanics influence the flow capacity in the horizontal direction and that the mechanical
properties in the horizontal direction also affect the flow capacity in the vertical direction.
The permeability in the parallel direction is a dozen times greater than that in the vertical
direction, as demonstrated by Koenig and Stubbs in their investigation of permeability
variations in several bedding coal samples [21]. Anisotropic permeability, resulting from
the distinct development of bedding and cleat structures throughout the mechanical stress
history, was noted by Gash et al. [22] The permeabilities of coal exhibit significant differ-
ences in 3D [23]. Yan et al. [24] utilized a self-developed permeability measurement system



Energies 2024, 17, 6484 3 of 24

to evaluate the permeability of coal under varying stress conditions. The drilling of coal
cores revealed that the highest permeability occurred along the strike direction, whereas the
lowest permeability occurred in the vertical direction, with an intermediate permeability
occurring in the dip direction.

Permeability is a physical parameter that quantifies the ease of fluid flow within a rock
and is not only dependent on pore topology but also significantly affected by rock struc-
ture and other structural characteristics. Numerous coal permeability models [11,25–35]
have been developed to accurately forecast natural gas production from onsite wells and
to interpret laboratory permeability data. Zhang et al. [25] introduced a general model
linking permeability to porosity, accounting for pore changes due to effective stress and gas
adsorption simultaneously. Building upon this model, Liu et al. [32] addressed the intrinsic
interactions between the matrix and fracture. In subsequent research by Peng et al. [30],
the concept of effective strain was introduced, incorporating local strain and global strain.
More recently, several researchers have integrated both the gas slip effect and deformation
caused by effective stress into shale permeability models. Wang et al. [28] presented a
more complex permeability model that encompasses the effects of gas adsorption, effective
stress compression, and gas slip. Liu et al. [33] proposed a permeability model incor-
porating internal expansion stress and considering matrix–fracture interactions during
coal seam deformation, although it fails to account for permeability data under varying
confining pressures.

The isotropic assumption underpins the current permeability model. Given that both
the flow and mechanical properties of coal rock are significantly anisotropic, this approach
introduces inaccuracies when characterizing variations in anisotropic permeability in
coal [36]. Wang et al. [29] proposed a permeability model that incorporates both mechanical
deformation and structural anisotropy. Additionally, another anisotropic permeability
model [11] offers advantages by analyzing anisotropic permeability, considering both
fracture structure and deformation characteristics, and treating the matrix and fractured
coal as an equivalent elastic continuum. Yang et al. [26] considered coal as a transversely
isotropic medium and accounted for the coupling effects of adsorption and effective stress
in the permeability model. This model is employed during coal bed methane extraction to
investigate gas transport behavior as well as the factors influencing permeability in three
directions. Li et al. [35] investigated the impact of anisotropic adsorption deformation on
coal permeability evolution.

The above studies show that the difference in the mechanical properties of the coal
mass and matrix controls the variation in coal permeability, but few theoretical models have
been conducted on these two factors. In this work, theoretical modeling and numerical
simulation are employed to study the impact of fracture and matrix mechanical anisotropy
on permeability evolution in various directions. In the second part of the study (illustrated
in Figure 2a), coupled modeling was conducted, whereas in the third part (depicted in
Figure 2b), modeling was performed. In the fourth part of the study (depicted in Figure 2c),
a parametric analysis was carried out.
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2. Mathematical Models

The storage states of gasses include (1) free gasses in fractures, (2) gas adsorbed on the
surfaces of fractures, and (3) gas adsorbed within the matrix. During gas depletion, gas
follows a sequential flow process: first, the free gas in the fractures is released, followed by
the gas adsorbed on the fracture surfaces, and finally, the adsorbed gas within the matrix is
released. The redistribution of gas pressure within the matrix facilitates the interaction of
substances and stresses between the fracture and the matrix, causing matrix deformation
to transition from local to global. When a fracture is filled with CO2 gas, the free gas
exerts pressure, generating local strain that increases the fracture aperture. Conversely, gas
adsorbed on the surfaces of fractures and the matrix induces matrix expansion, resulting in
a decrease in the fracture aperture. The mechanical mechanism of matrix expansion due to
adsorption differs fundamentally from that caused by free gas [37].

A number of physical events occur within the matrix when gas is injected into coal:
(1) Due to their high permeability, the gas pressure in fractures rapidly increases. Greater
fracture expansion and matrix contraction occur in the parallel bedding direction because
of the smaller Young’s modulus and easier deformation, as shown in Figure 3a. This local
behavior in the fractures converts the volume of fracture expansion into an equivalent
volume of matrix contraction. (2) Pore strain is generated when gas molecules contact
the fracture wall and spread into the matrix. As depicted in Figure 3b, more significant
matrix expansion and fracture contraction occur in the parallel bedding plane direction.
This local occurrence on the fracture surface results in the volume of fracture contraction
being equal to the volume of matrix expansion. (3) The gas continues to diffuse within the
matrix until a new equilibrium is established between the matrix and fractures. During this
phase, global strain develops due to the localized increase in gas pressure. Both the matrix
and the fractures expand as a result of this process, affecting the entire matrix region while
the external forces remain constant. The expansion in the parallel bedding plane direction,
featuring greater deformability, is more pronounced than that in the vertical bedding plane
direction, as illustrated in Figure 3c.

Energies 2024, 17, 6484 5 of 27 
 

 

deformation of the coal, whereas the fracture local strain denotes the strain of the matrix 
block resulting from the uneven pressure between the fracture and the matrix[39]. During 
the process of gas injection, the coal body experiences overall deformation and an increase 
in the size of the fracture. Concurrently, the local strain of the fracture initially widens the 
fracture opening and subsequently narrows it. 

   
Matrix Fracture Free gases Fracture adsorbs gases Matrix adsorbs gases

 
(a) (b) (c) 

Figure 3. Conceptual model of coal–gas interactions. (a) The gas is injected into the coal. (b) The gas 
molecules come into contact with the fracture wall and diffuse into the matrix. (c) The gas reaches a 
new equilibrium between the matrix and the fracture. 

To replicate the gas adsorption behavior in coal and how the permeability evolves in 
three directions, a series of partial differential equations is established under the following 
assumptions [25,40]: 

(1) The coal sample is characterized as a heterogeneous, linear elastic material exhibiting 
small strains; 

(2) The system maintains isothermal conditions, with gas flowing through the coal pores 
being treated as an ideal gas, and the viscosity of the gas remains constant under 
these isothermal circumstances; 

(3) The gas flow within the pores of coal adheres to Darcy’s law. 

2.1. Deformation Governing Equations 

The control deformation relationship in the Navier type is as follows[30,41]: 

0
21 ,,,, =+−−

−
+ iisikikkki fKpuGGu εα

υ , 
(1)

where G represents the shear modulus, u denotes displacement, υ signifies Poisson’s ratio, 
α indicates the Biot coefficient, p refers to the gas pressure in the pores, K represents the 
bulk modulus, and f represents the volume force. The directional components of the var-
iables are indicated by the subscripts i and k, Einstein’s summation convention is repre-
sented by the subscript kk, and the derivative of the variable is indicated by the subscript 
comma. In the above equation, the effects of pore pressure (the third term) and adsorption 
stress (the fourth term) are considered. 

2.2. Governing Equations of Fluid Flow 

The gas mass balance equation is defined as follows[42]: 

Figure 3. Conceptual model of coal–gas interactions. (a) The gas is injected into the coal. (b) The gas
molecules come into contact with the fracture wall and diffuse into the matrix. (c) The gas reaches a
new equilibrium between the matrix and the fracture.

The exposure of coal rock to adsorbed carbon dioxide gas results in the diffusion and
adsorption of the gas, which causes internal expansion and overall deformation of the
coal rock mass. This leads to a change in the degree of fracture opening. This fracture
opening variation is usually described by the effective strain of the fracture, including the
global strain and the local strain of the fracture [38]. The global strain represents the overall
deformation of the coal, whereas the fracture local strain denotes the strain of the matrix
block resulting from the uneven pressure between the fracture and the matrix [39]. During
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the process of gas injection, the coal body experiences overall deformation and an increase
in the size of the fracture. Concurrently, the local strain of the fracture initially widens the
fracture opening and subsequently narrows it.

To replicate the gas adsorption behavior in coal and how the permeability evolves in
three directions, a series of partial differential equations is established under the following
assumptions [25,40]:

(1) The coal sample is characterized as a heterogeneous, linear elastic material exhibiting
small strains;

(2) The system maintains isothermal conditions, with gas flowing through the coal pores
being treated as an ideal gas, and the viscosity of the gas remains constant under these
isothermal circumstances;

(3) The gas flow within the pores of coal adheres to Darcy’s law.

2.1. Deformation Governing Equations

The control deformation relationship in the Navier type is as follows [30,41]:

Gui,kk +
G

1 − 2υ
uk,ki − αp,i − Kεs,i + fi = 0, (1)

where G represents the shear modulus, u denotes displacement, υ signifies Poisson’s ratio, α
indicates the Biot coefficient, p refers to the gas pressure in the pores, K represents the bulk
modulus, and f represents the volume force. The directional components of the variables
are indicated by the subscripts i and k, Einstein’s summation convention is represented by
the subscript kk, and the derivative of the variable is indicated by the subscript comma. In
the above equation, the effects of pore pressure (the third term) and adsorption stress (the
fourth term) are considered.

2.2. Governing Equations of Fluid Flow

The gas mass balance equation is defined as follows [42]:

∂m
∂t

+∇ · (ρgqg) = Qs, (2)

where ρg denotes the gas density and where Qs indicates the source of the gas. Both the free
phase and the absorbed gas can be determined in the coal rock; therefore, the gas content m
can be written as follows:

m = ρg φ + ρgaρc
VL p f

p f + pL
, (3)

where the porosity is denoted by φ, the gas density under standard conditions by ρga, the
coal density by ρc, the Langmuir volume constant by VL, the Langmuir pressure constant
by pL, and the gas pressure in the fracture system pf.

Considering that gravity has a negligible and relatively minor influence [30], the Darcy
velocity qg can be obtained as [43]

qg = − k
µ
∇p f , (4)

where k represents the permeability and µ denotes the dynamic viscosity of the gas.
The diffusion equation is applied to describe the gas flow in the coal matrix, which

can be written as follows [44]:

∇ · (Dke∇Cke) =
∂Cke

∂t
, (5)
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where Cke denotes the concentration of the adsorbed gas, and Dke represents the diffusion
coefficient of the matrix. The gas concentration Cke is determined in the Langmuir form,

Cke =
VL pm

pm + pL
, (6)

where pm denotes the gas pressure in the matrix system.

2.3. Permeability Equation

Since both global and local fracture strains influence coal fracture opening [40], the
fracture opening equation can be expressed as follows:

∆b = ∆bv + ∆b f l , (7)

where ∆b and ∆bv represent the changes in fracture opening due to the global strain of coal.
The change in fracture opening resulting from local strain in the fracture zone is denoted
by ∆bfl.

The following expression describes the change in fracture opening induced by local
strain in the fracture zone [44],

∆b f l =
p f − pm

K f
b0, (8)

where Kf indicates the corrected fracture stiffness, where Kf = a Kn; a signifies the length of
the matrix block [40]; Kn is the fracture stiffness; and b0 represents the initial pore opening.

The change in fracture opening resulting from the global strain of the fracture is
expressed as follows:

∆bv = εvb0, (9)

where εv denotes the global strain and b0 represents the initial pore opening.
The variation in fracture porosity is in accordance with the definition of fracture

porosity [45],
φ f

φ f 0
= 1 +

∆b
b0

, (10)

where ϕf represents the current fracture porosity and where ϕf0 denotes the initial fracture
porosity.

The experimental results indicate a relationship between fracture porosity and perme-
ability, described as follows [46–48]:

k f

k f 0
=

(
φ f

φ f 0

)3

, (11)

where kf represents the current fracture permeability and where kf0 signifies the initial
fracture permeability.

Considering that coal demonstrates both permeability anisotropy and mechanical
characteristic heterogeneity [45], the fracture permeability can be represented as follows,
where the permeability in each direction is influenced by the other two directions:

k f x
k f 0

= 0.5
(

φ f Fac
φ f 0

)3
+ 0.5

(
φ f Bed
φ f 0

)3

k f y
k f 0

= 0.5
(

φ f But
φ f 0

)3
+ 0.5

(
φ f Bed
φ f 0

)3

k f z
k f 0

= 0.5
(

φ f But
φ f 0

)3
+ 0.5

(
φ f Fac
φ f 0

)3

. (12)

The fracture permeabilities of the vertical bedding planes, vertical face cleats, and
vertical butt cleats are represented by the symbols kfx, kfy, and kf, respectively. The fracture
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porosities in the directions of butt cleats, face cleats, and bedding plane directions are
denoted by ϕfBut, ϕfFac, and ϕfBed, respectively.

2.4. Coupling Process

Figure 2a comprehensively shows the multi-physical coupling process in CO2 geologi-
cal storage, covering the complex interaction of mechanics and fluid flow behavior between
coal seam fractures and matrix systems. The coupling process is divided into three main
parts as follows:

(1) Mechanical deformation of the coal seam

The fracture and matrix in coal seam deformation occur under the action of fluid
pressure change and external stress, which is controlled by the deformation control equation.
The degree of deformation depends on the mechanical parameters of the material, such
as Young’s modulus and Poisson’s ratio, which affect the compressibility of the coal seam
and its response to fluid pressure. The deformation of a coal seam directly affects the
porosity and permeability of the fracture system and changes the gas flow path between the
matrix and fracture. This coupling deformation leads to a dynamic change in the fracture
system and ultimately changes the gas storage capacity and gas flow characteristics of the
coal seam.

(2) Gas flow and transmission process

Gas flow in a fracture: Gas flow in a fracture system is described by Darcy’s law, and
its velocity is determined by the porosity, permeability, and fluid pressure gradient of the
fracture. Fracture flow is affected by the dynamic change in fracture porosity, which in turn
depends on the deformation to which the fracture is subjected (controlled by mechanical
processes).

Gas flow in the matrix: the gas in the matrix is mainly diffused, and the gas desorbs
from the adsorbed state (solid phase) to the free state (gas phase) and migrates to the
fractures through the pores inside the matrix. This process is controlled by the diffusion
coefficient and the Langmuir adsorption constant, which determines the equilibrium
between gas adsorption and desorption. The flow in the matrix is also affected by the
change in the fluid pressure field in the fracture system, and the matrix gas release is related
to the fluid pressure gradient of the fracture and the matrix pore pressure difference.

(3) Coupling between fractures and the matrix

The fracture and matrix are coupled by a fluid pressure field. The change in fluid
pressure leads to deformation of the fracture system, which in turn affects its permeability
and flow capacity. Moreover, the decrease in pressure within the fracture triggers the
desorption process of the gas in the matrix and drives the gas from the matrix into the
fracture through diffusion. This coupling relationship forms a dynamic feedback loop. The
alteration of fracture pressure results in the discharge of matrix gas, which in turn modifies
the pressure within the fracture and its transmission path. This, in turn, influences the gas
flow process of the entire coal seam.

The whole coupling process is centered on the deformation, fracture, and gas flow of
the coal seam and involves complex interactions among multiple physical fields (mechani-
cal fluid). The fracture system provides the main flow path of gas, and the matrix is the
reservoir of gas. The two are coupled through fluid pressure and are constantly and dynam-
ically adjusted. This model provides theoretical support for the study of CO2 geological
storage in coal seams and is helpful for optimizing the process of CO2 geological storage.

3. Numerical Modeling

The coupled model was implemented and resolved with COMSOL Multiphysics
(5.4a). By utilizing the finite element method, COMSOL Multiphysics supports all stages of
simulation, encompassing geometry modeling, material parameter definitions, and physics
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settings, culminating in solution and results processing by simulating single physics while
enabling flexible coupling of various physics.

3.1. Geometry

Coal is a typical dual-porosity medium [49]. The mechanical properties of coal and
the seepage of fluid in coal clearly exhibit anisotropy at the macroscopic level [36]. Fracture
opening is determined using the permeability formula and the fracture opening formula
(Equations (7)–(12)). The ambient temperature is not considered in the present model.
The effects of Young’s modulus, diffusion coefficient, Langmuir adsorption constant, and
fracture and matrix geometric dimensions on the permeability were investigated, as illus-
trated in Figure 2c. In order to enhance alignment with laboratory testing and to ensure the
model’s accuracy and reliability, based on the theory of fluid–solid coupling (as shown in
Figure 2a), a three-dimensional geometric model measuring 4.2 µm × 4.12 µm × 4.6 µm
was created. The coal matrix consists of three dimensions: 1 µm × 1 µm × 1 µm,
1.5 µm × 1 µm × 1 µm, and 2 µm × 1 µm × 1 µm, with corresponding fracture widths of
0.2 µm, 0.1 µm, and 0.04 µm, respectively, as illustrated in Figure 2b.

3.2. Boundary Conditions and Parameter Selection

To ensure that the established model is highly consistent with the laboratory test
process, the boundary conditions and initial values are set for the model with reference
to the experimental conditions. The initial pressure of the coal block itself is 3 MPa; the
six surfaces of the model injected with carbon dioxide only bear pressures increasing
from 3 MPa to the maximum pressure of 4 MPa, and all six surfaces of the model are
unconstrained.

To ensure the accuracy and convergence of the model, appropriate grid dissection was
performed. Initially, the top xy-plane was meshed, and the fractures in the direction of the
face cuttings were mapped. The number of distribution elements in the x direction was set
to three, while the number of elements in the y direction that did not intersect with the end
cuttings was eight, and the number of those that intersected with the end cuttings was two.
Additionally, the fractures in the direction of the end cuttings were mapped, resulting in
two distribution cells along the y direction and four distribution cells along the x direction,
each side measuring 1 µm in length. The number of edge length distribution cells in the
middle length of 1 µm was five, whereas two cells were designated for the middle length
of 0.5 µm. The remaining matrix surface was subsequently mapped, and upon completion
of the prior steps, the remaining section was swept, thereby finalizing the meshing of the
entire model. The computational area consists of 18,720 mesh vertices, 16,530 hexahedra,
16,076 quadrilaterals, 4952 edge cells, 577 vertex cells, and 16,530 domain cells, yielding an
average cell quality of 0.9777.

The values for the model’s Young’s modulus in the x, y, and z directions are 8662 MPa,
4430 MPa, and 15,419 MPa, respectively. The initial permeability values in the x, y, and z
directions are 6.72 × 10−16 m2, 6.71 × 10−16 m2, and 9.60 × 10−18 m2, respectively (where
x indicates the direction of face cutting, y indicates the direction of end cutting, and z
indicates the direction of vertical bedding). Equation (12) shows that the permeability in
the x direction is the sum of half the permeability in the end-cutting direction and half
the permeability in the vertical bedding direction. Furthermore, the Langmuir pressure
constant is 3.5 MPa for all three directions, whereas the Langmuir adsorption constant is
0.1 in all three directions. The remaining parameters are detailed in Table 1 [25,30].

Table 1. Property parameters of the simulation model.

Symbol Description Value Unit

υ Poisson’s ratio 0.3
ρc The density of coal 1300 kg/m3

α Biot coefficient 0.67
ρac CO2 density under standard conditions 1.977 kg/m3
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Table 1. Cont.

Symbol Description Value Unit

µ Dynamic viscosity 1.84 × 10−5 Pa·s
φ0 Initial porosity 0.008
VL Langmuir volume constant 0.015 m3/kg
D Diffusion coefficient 5 × 10−16 m2/s

3.3. Model Implementation

The model governs the deformation of coal through solid mechanics, the flow of CO2
gas in fractures using Darcy’s law, and the diffusion of CO2 gas within the matrix via a
general form of partial differential equation. The start time is set at 0, the stop time is set at
103.5 s, and the step size is designated 100.05 s, facilitating a strongly coupled solution for
the three physical fields.

To prevent CO2 leakage and control its risk more easily, step CO2 injection is generally
adopted at industrial sites [50]. This should be initiated with a low flow rate, and a pressure
change should be observed. Thereafter, the injection volume should be increased in steps
until the target volume is reached. Throughout this process, the injection pressure, flow,
and temperature must be monitored in real time to avoid any potential coal seam rupture
or CO2 leakage. In our simulation, assuming that there is already 3 MPa of pressure in the
coal seam, we simulate the process of increasing the CO2 of the coal seam from 3 MPa to
4 MPa.

3.4. Fracture Opening

COMSOL Multiphysics was used to simulate the injection of 4 MPa of carbon dioxide
to address the impact of coal sample adsorption on fracture opening and the permeability
ratio k/k0.

The gas contains numerous fractures, with local strain occurring because of the pres-
sure difference between the fracture and the matrix, leading to an increase in fracture
opening. The openings in the bedding planes, surface, and butt cleat directions increase
rapidly, with the most significant changes observed in the parallel bedding direction and
the smallest increase ratio noted in the face cleat direction, as illustrated in Figure 4a.
The ratio of fracture opening to initial fracture opening in the parallel bedding plane is
the highest, whereas the smallest ratio occurs in the butt cleat direction, as illustrated in
Figure 4b. As gas molecules interact with the fracture wall and diffuse into the matrix, a
decrease in fracture opening is observed in all three directions due to gas adsorption strain
and pore strain. Once the gas pressure achieves a new equilibrium between subsystems,
the fracture expands, resulting in an increase in fracture opening attributed to the global
strain effect.
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Fracture opening consistently exceeds the initial fracture opening throughout the
entire process, from gas filling the fracture to a new equilibrium. Additionally, the changes
in fracture opening are significantly greater in the bedding plane direction than in the
cleavage direction.

3.5. Permeability k/k0

The stratigraphic structure of the coal seam exhibits structural anisotropy, leading to
a noticeable contrast in fracture openings when examined in parallel and perpendicular
stratigraphic directions. This variation in fracture opening size subsequently affects the
permeability of the coal seam, resulting in marked anisotropy.

The variation rules of permeability k and the ratio of permeability k/k0 in different
directions are depicted in Figure 5. As gas occupies the fracture, the fracture opening
expands, leading to a corresponding increase in permeability k. The ratio of permeability
k/k0 also experiences a gradual increase. However, when gas molecules encounter the
fracture wall and diffuse into the matrix, the gas adsorption strain and pore strain lead
to a reduction in fracture opening. Consequently, this results in a decrease in both the
permeability k and the permeability k/k0. A new equilibrium in coal is achieved due
to the global strain effect. Following this, the fracture opening gradually recovers and
expands, as does the permeability k/k0. Once equilibrium is attained between the matrix
and the fracture, the fracture opening begins to recover and increase as a result of the
global strain effect, leading to an increase in permeability (k) and a gradual restoration of
permeability (k/k0).
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Throughout the entire process, from the initial gas filling of the fracture to the eventual
establishment of a new equilibrium state, the permeability (k) in the x and y directions is
relatively high, whereas the permeability in the z direction is the lowest. This is depicted in
Figure 5a, which also demonstrates that the fracture openings in the laminar direction are
larger and experience the most significant alterations. This observation is further supported
by Figure 5b. During the process, from the initial filling of the fracture with gas to the
attainment of a new equilibrium state, the ratio of permeability k/k0 is found to be highest
in the y direction and lowest in the z direction, as shown in Figure 5b. The permeability
ratio k/k0 consistently exceeds one in both directions, indicating that the injection of carbon
dioxide gas improves the permeability of the coal body.

4. Results
4.1. Effect of Young’s Modulus on Permeability

In accordance with the isotropic condition of Young’s modulus, the relationships
among the magnitudes of permeability k/k0 are as follows: the largest ratio is determined
in the y direction, the x direction, and the z direction. In the context of the anisotropy
of Young’s modulus, the relationships among the magnitudes of permeability k/k0 are as
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follows: x direction, y direction, and z direction. The letters x, y, and z in the figure retain
their previously stated meanings, with the subscript “A” indicating anisotropic conditions
and the subscript “B” indicating isotropic conditions.

Under the isotropic condition of Young’s modulus, the permeability k/k0 varies signifi-
cantly among the three directions, whereas Young’s modulus remains uniform across these
directions. Additionally, the deformation is similarly influenced by the pore strain in all
three directions. The anisotropy of deformation is governed primarily by the adsorption
strain. Consequently, the difference in adsorption becomes the main factor contributing
to permeability anisotropy. As adsorption increases, deformation also increases, resulting
in decreased permeability. This is evident in the case of z-direction adsorption, which is
stronger than the weaker adsorption in the y-direction. In the context of the anisotropic
Young’s modulus, the effects of both Young’s modulus and the adsorption strain on defor-
mation are clear. The permeability k/k0 in the x direction is significantly greater than that in
the y and z directions, whereas the permeability in the y and z directions is of comparable
magnitude, as shown in Figure 6.
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Figure 6. Effect of Young’s modulus isotropy and anisotropy on the permeability k/k0.

An increase in Ever/Epar between vertical bedding planes and parallel bedding planes
results in a corresponding increase in the permeability ratio (k/k0) in the same direction.
Furthermore, the curve becomes flatter, and the influences of the adsorption strain and
pore strain of gas are less discernible. The variation in Young’s modulus ratio between
vertical bedding planes and parallel bedding planes has a more pronounced effect on the
permeability than do the other factors.

The ratios of Young’s modulus between the vertical and parallel laminae directions
were 1:3, 1:5, and 1:7. The relationships among the permeabilities k/k0 indicate that the
permeability k/k0 is greatest in the x direction, smaller in the y direction but comparable to
that in the x direction, and significantly greater than that in the z direction. Additionally,
the effects of pore strain and adsorptive strain exert substantial influences across all three
directions. When the ratio of Young’s modulus between the vertical and parallel laminae
directions is 1:3, the permeability k/k0 initially increases, then decreases, then increases
again, and then reaches a plateau. Both the pore strain and adsorption strain significantly
influence the permeability anisotropy. The ratio of Young’s modulus between the vertical
and parallel laminae directions was 1:5. The permeability of the k/k0 image initially increases
and then plateaus, with a slight decline in the y direction. The influence of the adsorption
strain and pore strain is minimal, as illustrated in Figure 7. Among the three distinct ratios
of Young’s modulus, the permeability in the corresponding direction is the lowest when
the ratio of Young’s modulus in the perpendicular laminar direction to that in the parallel
laminar direction is 1:3.
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4.2. Effect of the Diffusion Coefficient on the Permeability

The magnitude of the diffusion coefficient D does not affect the permeability rela-
tionship among the three directions. When the diffusion coefficient D is 5 × 10−14 m2/s,
5 × 10−16 m2/s, or 5 × 10−18 m2/s, the permeability k/k0 is much greater than that of the
butt cleats and vertical bedding planes, and the butt cleats and vertical bedding planes
are similar. When the diffusion coefficient D = 5 × 10−14 m2/s and D = 5 × 10−16 m2/s,
the permeability k/k0 is similar in the three directions, but when the diffusion coefficient
D = 5 × 10−14 m2/s, the peak value of the permeability k/k0 is smaller, the gas adsorption
strain and pore strain effects are not obvious, and the curve is relatively gentle, as displayed
in Figure 8.
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As the diffusion coefficient increases, the permeability peak (k/k0) decreases, the curve
becomes flatter, and the impact of gas adsorption behavior and pore strain becomes less
pronounced. A higher diffusion coefficient (D) has little effect on the permeability peaks,
whereas a decrease in D significantly impacts the permeability, as illustrated in Figure 8.

4.3. Effect of the Langmuir Adsorption Constant on the Permeability

The magnitude of the Langmuir adsorption constant does not influence the relation-
ship between the permeability magnitude in the three directions, as shown in Figure 9.
When εL = 0.2, the relationship of permeability k/k0 is the same as that observed at 0.1. In



Energies 2024, 17, 6484 13 of 24

this scenario, the x direction has a significantly larger value than the y and z directions,
which are comparable to each other. The relationship of permeability k/k0 is clearly not
pronounced across the three directions, indicating that the adsorption strain effect has a
considerable effect on permeability anisotropy, especially in the x direction. An increase in
the Langmuir adsorption constant results in a corresponding increase in the adsorption
capacity. Conversely, overall expansion leads to a reduction in the local effect, which
assumes a dominant role. Additionally, an increase in the peak permeability (k/k0) leads
to a reduction in the time required to reach a new equilibrium between the matrix and
fractures. Nonetheless, as the curve flattens, the effects of the gas adsorption strain and pore
strain become less significant. Additionally, both increases and decreases in the Langmuir
adsorption constant significantly affect permeability, as depicted in Figure 9.
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4.4. Effect of Fracture Size on Permeability in the Bedding Plane Direction

The size of the model bedding direction fracture width was changed so that it was
0.2 µm, 0.4 µm, or 0.6 µm, and the other conditions remained unchanged. The dimensions
of the model bedding direction fracture width are altered to 0.2 µm, 0.4 µm, and 0.6 µm,
with all other conditions remaining unaltered. The size of the fracture width in the bedding
direction has no effect on the connection between k/k0 and the size of the coal rock in
the three directions. In all the cases, the values are greater in the x-direction than in the
other directions, as illustrated in Figure 10. This phenomenon can be explained by the
layered structure of the coal rock, where the fracture width in the bedding direction is
greater than that in the cutting direction. As shown in Figure 10, a decrease in the fracture
width in the bedding direction correlates with an increase in permeability (k/k0) across all
three directions. This trend is evident in the x, y, and z directions. The size of the fracture
width in the bedding direction has the most significant effect on the permeability k/k0 in
the z direction, whereas it has the least impact in the y direction. For fracture widths of
0.4 and 0.6 µm in the bedding direction, the permeability k/k0 in the z direction initially
increases, then decreases, and subsequently increases again. The peak value of the second
ascending stage is consistently lower than that of the first ascending stage, suggesting that
the global strain is induced by gas diffusion. The equilibrium state in coal is achieved more
quickly than that produced by gas molecules upon contact with the fracture wall and their
diffusion into the matrix. Moreover, the strain and pore space strain resulting from gas
adsorption and diffusion into the matrix are lower than those induced by gas adsorption
and pore strain.



Energies 2024, 17, 6484 14 of 24

Energies 2024, 17, 6484 16 of 27 
 

 

quickly than that produced by gas molecules upon contact with the fracture wall and their 
diffusion into the matrix. Moreover, the strain and pore space strain resulting from gas 
adsorption and diffusion into the matrix are lower than those induced by gas adsorption 
and pore strain. 

100 101
0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

k/
k 0

 x(Bedding plies=0.2μm)
 y(Bedding plies=0.2μm)
 z(Bedding plies=0.2μm)
 x(Bedding plies=0.4μm)
 y(Bedding plies=0.4μm)
 z(Bedding plies=0.4μm)
 x(Bedding plies=0.6μm)
 y(Bedding plies=0.6μm)
 z(Bedding plies=0.6μm)

102 103 104

t(s)

102 103 104
1.8

1.9

2.0

2.1

k/
k 0

t(s)

 

Figure 10. Effect of fracture size on the permeability k/k0 along different bedding paths. 

4.5. Effect of the Matrix Block Size on the Permeability 

The dimensions of the model matrix block are adjusted to decrease its length, width, 
and height by 0.1 and 0.2 µm, respectively, while the other conditions remain unchanged. 
The size of the matrix block does not influence the permeability (k/k0) in the three primary 
directions of the coal rock. As shown in Figure 11, this relationship results in higher per-
meability in the x direction than in the y direction and higher permeability in the y direc-
tion than in the z direction. With a decrease in the matrix block size, the relative width of 
the fracture increases, resulting in a corresponding increase in permeability (k0). In con-
trast, the permeability (k/k0) decreases. This trend is consistently noted across the x, y, and 
z directions. As the matrix block dimensions decrease, the descending stage of the image 
becomes less distinct, whereas the second ascending stage gains prominence. This results 
in a larger peak and a more uniform image, as depicted in Figure 11. This suggests that a 
decrease in the matrix block size leads to a reduction in the gas adsorption strain and pore 
strain after the interaction between the gas molecules and the fracture wall, facilitating 
diffusion into the matrix. Furthermore, the overall strain is generated by the gas diffusion 
process in the matrix until a new equilibrium is established, along with the time necessary 
to achieve this equilibrium. 

Figure 10. Effect of fracture size on the permeability k/k0 along different bedding paths.

4.5. Effect of the Matrix Block Size on the Permeability

The dimensions of the model matrix block are adjusted to decrease its length, width,
and height by 0.1 and 0.2 µm, respectively, while the other conditions remain unchanged.
The size of the matrix block does not influence the permeability (k/k0) in the three primary
directions of the coal rock. As shown in Figure 11, this relationship results in higher
permeability in the x direction than in the y direction and higher permeability in the y
direction than in the z direction. With a decrease in the matrix block size, the relative
width of the fracture increases, resulting in a corresponding increase in permeability (k0).
In contrast, the permeability (k/k0) decreases. This trend is consistently noted across the x,
y, and z directions. As the matrix block dimensions decrease, the descending stage of the
image becomes less distinct, whereas the second ascending stage gains prominence. This
results in a larger peak and a more uniform image, as depicted in Figure 11. This suggests
that a decrease in the matrix block size leads to a reduction in the gas adsorption strain and
pore strain after the interaction between the gas molecules and the fracture wall, facilitating
diffusion into the matrix. Furthermore, the overall strain is generated by the gas diffusion
process in the matrix until a new equilibrium is established, along with the time necessary
to achieve this equilibrium.
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5. Discussion
5.1. Influence of Mechanical Properties

The bedding direction results in a larger fracture opening than the cleat direction
does, resulting in greater gas storage, as illustrated in Figure 4. Consequently, the bedding
direction serves as the primary space for industrial coal seam gas extraction and CO2
storage. Under the influence of pore strain and adsorption strain, the permeability ratio
(k/k0) is more dependent on the variations in the direction of face cleats than on those in butt
cleats. Additionally, the change in the direction of vertical bedding has a greater influence
than that of horizontal bedding. This study offers theoretical support and recommenda-
tions for exploring methods to increase coal bed methane recovery and CO2 storage, as
demonstrated in Figure 5.

When Ever:Epar = 1:1, the permeability k/k0 representation in the x and z directions can
be categorized into three phases: an initial increase, a subsequent decrease, and a final
stabilization. The permeability k/k0 representation in the y direction can be segmented into
four phases: an initial increase, a subsequent decrease, a subsequent recovery, and a final
stabilization. The rebound phase is greater than the decrease phase. This phenomenon
can be explained by the anisotropy of fracture opening, which is influenced mainly by the
anisotropy of the adsorption strain. The key factor affecting permeability anisotropy is
the variation in adsorption. Enhanced adsorption results in increased matrix deformation,
leading to reduced fracture openings and, consequently, decreased permeability (k/k0).
When Young’s modulus of a coal block exhibits anisotropy, the decreasing phase of the
permeability k/k0 representation in the x- and z-directions becomes less pronounced as the
ratio of Young’s modulus of the coal body between parallel bedding planes and vertical
bedding planes increases. Moreover, the time taken to achieve equilibrium decreases
progressively. When Ever:Epar = 1:3, the k/k0 image of the x- and z-direction permeabilities
initially increases, then decreases, and subsequently becomes flat. When Ever:Epar = 1:5 and
Ever:Epar = 1:7, respectively. The k/k0 image of the permeability in the x and z directions
initially increases and then plateaus; the k/k0 image of the permeability in the y direction
initially increases, then decreases, and then plateaus. When Ever:Epar = 1:5 and Ever:Epar = 1:7,
the x- and z-direction permeabilities initially increase and then reach a plateau. The images
of permeability in the y direction reveal a pattern of initial increase, subsequent decrease,
and eventual leveling off. However, the decline is less pronounced when Ever:Epar = 1:5.
The anisotropy of Young’s modulus affects the permeability anisotropy. The ratio of
Young’s modulus between the vertical and parallel stratigraphic directions is a critical
factor affecting permeability, as shown in Figures 6 and 7. Adjusting this ratio has the
potential to increase CBM recovery and improve CO2 sequestration efficiency.

The maximum value of the rising stage, the minimum value of the falling stage, and
the equilibrium value of the rebound stage of the permeability k/k0 in the x direction
increase with decreasing Young’s modulus ratio. However, there is no falling stage when
Ever:Epar = 1:5 and Ever:Epar = 1:7. When Ever:Epar = 1:3, the maximum and minimum values of
permeability k/k0 in the y and z directions are reached in the shortest time, and the minimum
value of permeability k/k0 in the z direction decreases with decreasing Young’s modulus
ratio. In the case of Ever:Epar = 1:5 and Ever:Epar = 1:7, a falling stage is observed. Conversely,
no falling stage is evident in the case of Ever:Epar = 1:1 and Ever:Epar = 1:3. Additionally, no
rebound stage is discernible for the z-direction permeability k/k0. The three distinct Young’s
modulus ratios (kmin/kmax) are consistently less than 1, with the descending stage exhibiting
a smaller magnitude than the ascending stage. When Ever:Epar = 1:5, kend/kmax is greater
than 1 in the x, y, and z directions, and the rebound stage is larger than the ascending
stage. Additionally, the time required to reach the equilibrium value of the rebound stage
is considerably longer than that required for other Young’s modulus ratios. In Table 2,
the equilibrium values are considerably larger than the final equilibrium values of the
other Young’s modulus ratios. Additionally, kend/kmax is greater than 1.7 in both the x- and
z-directions, the value in the rebound stage is greater than that in the upward stage, and the
minimum value in the downward stage is similar to the equilibrium value in the rebound
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stage. The time required to reach the maximum value of the rising stage in the x and z
directions is less than that in the y direction, and the time required to reach the minimum
value of the falling stage in the x and y directions is less than that in the z direction, as
illustrated in Table 2.

Table 2. Effect of different Young’s moduli of coal on the permeability k/k0.

Name
Increase Descend Rebound Descend/Increase

kmin/kmax

Rebound/Increase
kend/kmax(k/k0)max Time(s) (k/k0)min Time(s) (k/k0)end Time(s)

Ever:Epar = 1:1
x 1.95 158 1.74 398 1.76 1000 0.89 0.90
y 2.17 199 2.16 354 2.24 1000 1.00 1.03
z 1.67 158 1.46 501 - 0.87 -

Ever:Epar = 1:3
x 2.02 158 1.85 398 1.88 1000 0.92 0.93
y 1.81 178 1.69 398 1.71 794 0.93 0.94
z 1.50 126 1.17 562 - 0.78 -

Ever:Epar = 1:5
x 3.09 158 - 4.03 1585 - 1.30
y 1.89 178 1.58 446 1.90 1412 0.84 1.01
z 2.64 158 - 3.54 1412 - 1.34

Ever:Epar = 1:7
x 4.70 158 - 8.17 1995 - 1.74
y 1.86 158 1.70 501 1.71 794 0.91 0.92
z 4.23 158 - 7.50 1995 - 1.77

5.2. Influence of Mobility Performance

The diffusion coefficient D has a significant effect on the time needed for a new equi-
librium state. An increase in D does not significantly impact the peak value of permeability
k/k0, whereas a decrease in D has a more significant effect on permeability, as illustrated in
Figure 8. When D = 5 × 10−14 m2/s, the permeability k/k0 representation initially increases
and then plateaus. When D = 5 × 10−16 m2/s, the permeability k/k0 representation first
increases, then decreases, subsequently recovers, and finally stabilizes, with the magnitude
of the rebound phase being comparable to that of the falling phase, although the duration
of the rising phase is longer. When D = 5 × 10−18 m2/s, the permeability k/k0 represents
an initial increase followed by a decrease and then a leveling off, with both the rising and
falling phases being clearly evident, as illustrated in Figure 8.

The required times for the extreme values (maximum value, minimum value, and
equilibrium value) in the three directions are almost the same under the same diffusion coef-
ficient. It can also be determined that as the diffusion coefficient decreases, the required time
increases. As the diffusion coefficient increases, the maximum value of the permeability
k/k0 rising stage in the x, y, and z directions decreases. Conversely, as the diffusion coeffi-
cient decreases, the maximum value of the permeability k/k0 rising stage in the aforemen-
tioned directions increases. This is demonstrated in the cases of D = 5 × 10−16 m2/s and
D = 5 × 10−18 m2/s, which correspond to the three permeability directions. The minimum
value of the k/k0 descending stage is similar, but the time needed to reach the minimum
value when D = 5 × 10−16 m2/s is observed to be much smaller than that needed when
D = 5 × 10−18 m2/s. The equilibrium values of k/k0 in the rebound stage corresponding
to the permeability in three directions when D = 5 × 10−14 m2/s and D = 5 × 10−16 m2/s
are similar. However, the time required to reach equilibrium when D = 5 × 10−16 m2/s is
significantly shorter than that required when D = 5 × 10−18 m2/s. The time required to
reach equilibrium is markedly shorter than that required at D = 5 × 10−18 m2/s, and there
is no falling stage at D = 5 × 10−14 m2/s and no rebound stage at D = 5 × 10−18 m2/s, as
illustrated in Table 3. When D = 5 × 10−16 m2/s in the x, y, and z directions, the ratio of the
minimum to maximum values of k is approximately 0.97. When D = 5 × 10−18 m2/s in the
x, y, and z directions, the ratio of the minimum to maximum values of k is approximately
0.75. The descending stage is smaller than the ascending stage (as shown in Table 3). When
D = 5 × 10−14 m2/s in the x, y, and z directions, the ratio of the maximum to minimum
values of k is approximately 1. In the x, y, and z directions, the rebound stage is slightly
larger than the upward stage (as in Table 3). This is evidenced by the value of 0.8 in the x,
y, and z directions and the value of kend/kmax, which is approximately 1. As the value of D
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increases, the downward stage becomes less pronounced. Conversely, as D decreases, the
maximum value of the upward stage can be obtained, the minimum value of the downward
stage can be reached, and the equilibrium value of the rebound stage can be attained more
slowly. In industrial applications, the diffusion coefficient can be optimized by adjusting
the temperature and pressure of the system to increase coal bed methane extraction and
CO2 storage efficiency.

Table 3. Effects of different diffusion coefficients on the permeability k/k0.

Name
Increase Descend Rebound Descend/Increase

kmin/kmax

Rebound/Increase
kend/kmax(k/k0)max Time(s) (k/k0)min Time(s) (k/k0)end Time(s)

D = 5 × 10−14 m2/s
x 2.14 199 - 2.40 794 - 1.12
y 1.92 199 - 2.08 794 - 1.08
z 1.86 199 - 2.01 794 - 1.08

D = 5 × 10−16 m2/s
x 2.36 199 2.30 398 2.39 1258 0.97 1.01
y 2.06 199 2.01 398 2.08 1258 0.98 1.01
z 2.01 199 1.95 398 2.01 1258 0.97 1.00

D = 5 × 10−18 m2/s
x 3.19 562 2.31 2511 - 0.72 -
y 2.67 562 2.02 2511 - 0.76 -
z 2.62 562 1.96 2511 - 0.75 -

5.3. Influence of Adsorption Properties

When εL = 0.01, the permeability k/k0 representation initially increases, then decreases,
and subsequently levels off, with the changes in the rising and falling phases being similar.
When εL = 0.1, the permeability k/k0 representation first increases, then decreases, subse-
quently recovers, and finally stabilizes, with the magnitude of the rebound phase being
comparable to that of the falling phase. When εL = 0.2, the permeability k/k0 representation
initially increases and then plateaus, as shown in Figure 9.

The maximum value of the rising stage, the minimum value of the falling stage, and
the equilibrium value of the rebound stage of the permeability k/k0 in the x, y, and z
directions increase with increasing Langmuir adsorption constant. Furthermore, the time
required for the permeability k/k0 to reach the maximum value of the rising stage at εL = 0.01
is less than the time required at εL = 0.1 and εL = 0.2. Furthermore, the time required for the
permeability k/k0 to reach the minimum value of the falling stage decreases with increasing
Langmuir adsorption constant. Notably, there is no descending stage at εL = 0.2. In contrast,
the time required for the permeability k/k0 to reach the equilibrium value of the rebound
stage increases with increasing Langmuir adsorption constant. Additionally, there is no
rebound stage at εL = 0.01, as illustrated in Table 4. The minimum and maximum values of
k are about 0.7 and 0.97, respectively, in the x, y, and z directions when εL = 0.01 and about
0.7 and 0.97, respectively, in the x, y, and z directions when εL = 0.1. The falling stage is
smaller than the rising stage (as shown in Table 4). The kend/kmax is approximately in the x,
y, and z directions and is approximately 1 when εL = 0.1 and approximately 1 in the same
directions when εL = 0.2. In the latter case, the rebound stage is slightly larger than the rise
stage (see Table 4). As the Langmuir adsorption constant increases, the maximum value
of the rising phase and the minimum value of the falling phase also increase, whereas the
time required to achieve equilibrium decreases. In industrial applications, the Langmuir
adsorption constant can be optimized by adjusting the system temperature to increase the
benefits of coal bed methane recovery and CO2 storage.

Table 4. Effects of different Langmuir adsorption constants on the permeability k/k0.

Name
Increase Descend Rebound Descend/Increase

kmin/kmax

Rebound/Increase
kend/kmax(k/k0)max Time(s) (k/k0)min Time(s) (k/k0)end Time(s)

εL = 0.01
x 1.61 112 1.07 749 - 0.66 -
y 1.49 112 1.08 891 - 0.72 -
z 1.48 112 1.06 707 - 0.72 -
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Table 4. Cont.

Name
Increase Descend Rebound Descend/Increase

kmin/kmax

Rebound/Increase
kend/kmax(k/k0)max Time(s) (k/k0)min Time(s) (k/k0)end Time(s)

εL = 0.1
x 2.36 200 2.30 398 2.39 1258 0.97 1.01
y 2.06 200 2.01 398 2.08 1258 0.98 1.01
z 2.01 200 1.95 398 2.01 1258 0.97 1.00

εL = 0.2
x 3.78 200 - 4.80 1778 - 1.27
y 3.08 200 - 3.80 1413 - 1.23
z 2.98 200 - 3.63 1413 - 1.22

5.4. Influence of Geometric Modeling

When the fracture size in the bedding direction is 0.2 µm, 0.4 µm, and 0.6 µm, the
permeability k/k0 representation initially increases, followed by a subsequent decrease
and subsequent recovery, and finally levels off. The rebounding stage demonstrates a
magnitude of change comparable to that determined during the falling stage, as displayed
in Figure 10.

As the fracture size increases, the permeability k/k0 in all three directions decreases. In
the rising stage, the maximum value is reached, whereas in the falling stage, the minimum
value is observed. In the rebound stage, the equilibrium value is attained. A smaller fracture
width in the bedding direction corresponds to a higher permeability k/k0. Furthermore, the
time required for different fracture sizes to reach the maximum value (or equilibrium value)
is dependent on the direction of the fracture. The kmin/kmax ratio is about 0.97, whereas the
kend/kmax ratio is about 1 in all directions for varying fracture sizes. The equilibrium value
of the rebound stage is comparable to the maximum value of the rise stage, as illustrated in
Table 5.

Table 5. Effects of different fracture sizes on the permeability k/k0.

Fracture Size in Bedding
Direction

Increase Descend Rebound Descend/Increase
kmin/kmax

Rebound/Increase
kend/kmax(k/k0)max Time(s) (k/k0)min Time(s) (k/k0)end Time(s)

0.2 µm
x 2.36 200 2.30 398 2.39 1258 0.97 1.01
y 2.06 200 2.01 398 2.08 1258 0.98 1.01
z 2.01 200 1.95 398 2.01 1258 0.97 1.00

0.4 µm
x 2.27 200 2.18 398 2.26 1778 0.96 1.00
y 2.01 200 1.96 355 2.02 1584 0.98 1.00
z 1.90 200 1.81 398 1.86 1778 0.95 0.98

0.6 µm
x 2.20 158 2.11 316 2.20 1778 0.96 1.00
y 1.97 178 1.92 316 1.99 1584 0.97 1.01
z 1.84 158 1.73 354 1.80 1584 0.94 0.98

When the length, width, and height of the matrix block are reduced by 0.1 µm while re-
maining unchanged, the permeability k/k0 representation initially increases, then decreases,
subsequently recovers, and finally levels off. With a 0.1 µm reduction in dimensions, the de-
scending stage is not prominent, whereas the second ascending stage is more pronounced.
When the length, width, and height of the matrix block are reduced by 0.2 µm, the per-
meability k/k0 first increases, then continues to rise, and subsequently tends to decrease.
The rebound stages are observed, with no falling stage present. A smaller matrix block
size correlates with a larger fracture width, resulting in an increased permeability k0 and a
decreased permeability k/k0, as shown in Figure 11.

The maximum value of the rising stage, the minimum value of the falling stage, and the
equilibrium value of the rebound stage of the permeability k/k0 in the x, y, and z directions
decrease with decreasing matrix block size. Furthermore, the time required to reach the
maximum value (or the equilibrium value) becomes shorter. In addition, there is no falling
stage when the size of the matrix block decreases by 0.2 µm, as illustrated in Table 6. The
reduction in the matrix block size leads to a smaller gas adsorption strain and pore strain
upon contact between gas molecules and the fracture wall and diffusion into the matrix.
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The greater the global strain resulting from the gas diffusion process is, the shorter the time
required to achieve equilibrium. When the matrix block size remains constant, kmin/kmax is
approximately 0.97 and kend/kmax is approximately 1 in all directions. When the matrix block
size is decreased by 0.1 µm, kmin/kmax is approximately 1 and kend/kmax is approximately 1.04
in all directions. When the matrix block size is decreased by 0.2 µm, kend/kmax is greater than
or equal to 1. Table 6 shows that as the matrix block size decreases, the minimum value of
the descending stage increases and becomes less pronounced. Additionally, the rebound
stage equilibrium value surpasses the maximum value of the ascending stage.

Table 6. Effects of different matrix sizes on the permeability k/k0.

Matrix Block Size
Increase Descend Rebound Descend/Increase

kmin/kmax

Rebound/Increase
kend/kmax(k/k0)max Time(s) (k/k0)min Time(s) (k/k0)end Time(s)

Decrease by 0 µm
x 2.36 200 2.30 398 2.39 1258 0.97 1.01
y 2.06 200 2.01 398 2.08 1258 0.98 1.01
z 2.01 200 1.95 398 2.01 1258 0.97 1.00

Decrease by 0.1 µm
x 2.11 200 2.10 281 2.21 1258 1.00 1.05
y 1.87 200 1.86 281 1.94 1258 0.99 1.04
z 1.82 200 1.81 281 1.88 1258 0.99 1.03

Decrease by 0.2 µm
x 1.82 125 - 2.00 501 - 1.10
y 1.65 125 - 1.99 501 - 1.21
z 1.61 125 - 1.72 501 - 1.07

(Note: A decrease of 0 µm means no change in the matrix size (the same as that shown in Figure 3b)).

5.5. Comparison with Existing Permeability Models

Most of the previous models used the dual or single porosity model to describe the
evolution behavior of permeability anisotropy [25,29,30,32,33]. In these types of models,
the influence of the fracture matrix on the permeability anisotropy is not considered or is
not implicitly described.

Zhu Wancheng et al. [51] extended the dual-porosity model to consider the damage of
gas adsorption and dissolution on coal seams, incorporating the expansion and contraction
of coal as well as the destruction of coal caused by gas adsorption and desorption. This was
performed on the basis of the principle of damage mechanics. The strain in the vicinity of
the fracture wall is defined as the local strain of the fracture, whereas the strain of the coal
body is defined as the overall strain. The matrix permeability and fracture permeability
models essentially reflect the influence of both the local strain and the overall strain on the
permeability of the matrix and fracture, as well as the expansion/shrinkage and damage of
the coal caused by gas adsorption/desorption. Considering the interrelationship between
fracture porosity and effective strain within a fracture, the fracture permeability model is
derived in accordance with the cubic law.

k f

k f 0
= [1 +

1
φ f 0

(∆εv +
p f − pm

Km
− ∆ε f s)]

3
, (13)

where kf0 is the initial fracture permeability, kf is the current fracture permeability, ϕf0 is the
initial fracture porosity, εv is the overall strain, Km is the bulk modulus of the coal matrix,
and εfs is the gas adsorption-induced strain of the fracture.

Guo Haijun et al. [52] simplified the coal matrix and fissure into geometric shapes
with regular shapes when they carried out relevant theoretical research. Specifically, the
scaling features of the simplified geometry are considered to be equivalent fracture widths
and equivalent matrix scales. A new permeability evolution model (ECDP model) based
on the structural equivalence characteristics of double-porosity coal is established. The
ECDP model takes into account the effects of the dual pore structure, effective stress,
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and adsorption deformation of the coal matrix on coal permeability. The quantitative
relationship between coal permeability and equivalent scale characteristics is as follows:

k =
a2 φ3

f

162
or k =

b2 φ f

18
, (14)

where a is the equivalent matrix side length of coal, b is the equivalent fracture side length,
and ϕf is the fracture porosity.

This treatment ignores the effects of the microstructure of the matrix and fractures
and the deformation heterogeneity caused by the adsorption and diffusion of gasses in
the matrix. In this work, an explicit modeling method is employed to provide an accurate
description of the microstructure of the fracture matrix, and the influence of mechanical
parameter anisotropy on permeability evolution is investigated. This constitutes a valuable
contribution and enhancement to the preceding work.

5.6. Limitations and Future Work

In this work, the influence of fracture and matrix mechanical anisotropy on perme-
ability anisotropy is examined through numerical simulation and theoretical modeling
methods. The evolution of permeability is investigated, which is crucial for the comprehen-
sive development of coal bed methane energy and the geological storage of carbon dioxide.
However, the research has focused primarily on numerical analysis, and certain deficiencies
remain that require improvement and supplementation in future studies. Consequently,
the following suggestions and prospects are proposed:

(1) This paper emphasizes numerical simulations and theoretical analysis, which could
be enhanced by incorporating raw coal tests to further investigate the anisotropy laws
and increase confidence in the findings.

(2) The temperature of coal seams at various depths is a variable that affects the diffusion
coefficient and Langmuir adsorption constant. Controlling the temperature can opti-
mize the benefits of industrial pumping and sequestration. The impact of temperature
has not been incorporated into this model. In theory, an increase in temperature
results in a greater velocity of gas molecules and a shorter time to reach equilibrium.
To increase the model precision, it would be beneficial to integrate a temperature field
into the model, thereby facilitating an investigation into the influence of temperature
on the gas seepage process.

(3) The size of the matrix block and fracture, which directly affects the gas flow path and
gas storage capacity, is very important in modeling. Fracture size affects permeability,
whereas matrix size affects the gas release speed. In this work, one size is selected for
modeling because it conforms to the actual permeability theory of coal–rock fracture,
which may not be the most consistent with the actual experiment. Therefore, the sizes
of the matrix blocks and fractures in the model can be further optimized and explored.

(4) The number of matrix blocks and fractures employed during modeling is relatively
limited. However, the number of model matrix blocks and fractures can be increased
to achieve a greater degree of fidelity in the simulation results for coal–rock fracture
permeability, thereby approximating the actual results more closely.

(5) This model can be verified via laboratory tests. The coal sample to be tested is selected,
and the coal sample is preferably square. The permeability was tested via a special
3D-printed rubber sleeve with a triaxial percolation system [53,54]. The strain gauge
should be attached to the coal sample above and below, around and before. The coal
block is put into the penetration instrument to ensure that both ends of the sample
are sealed. Constant air pressure is applied to one end to measure the volume of
gas flowing through the coal sample and the passage time. The permeability can
be calculated using Darcy’s law or related formulas according to the gas flow and
the geometric size of the sample. The model is verified by the strain condition and
permeability change in the coal block, and the model is further optimized.
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(6) The traditional dual or single porosity model is frequently employed to elucidate the
permeability evolution law observed in laboratory settings [23,24,27,36,55,56] and to
construct a multitude of permeability anisotropy models [25,29,30,32,33]. Neverthe-
less, this approach is inadequate for accounting for the impact of fractures and the
matrix on the anisotropic evolution of permeability. This paper proposes a micro dis-
crete model that fully considers the influence of structural and mechanical anisotropy
on permeability anisotropy. The work in this paper can be a good supplement to
the double pore medium model. It can be obtained in the following way: through
many experiments or numerical simulations (the method in this paper). The universal
law of the influence of the matrix and fracture structure and mechanical anisotropy
is obtained. The implicit equation is used to express it, which is integrated into the
traditional double-pore medium model.

(7) This paper proposes a micro discrete model that considers the influence of structural
and mechanical anisotropy on permeability anisotropy in a comprehensive manner.
(i) Nevertheless, for large-scale industrial applications, this work is severely limited
by the inability to accurately characterize the microstructure of the matrix and fracture
at the field scale [57]. (ii) Even if feasible, it would necessitate the expenditure of a
considerable amount of computational and time resources. The objective is to upgrade
the rules obtained from the conceptual model to the REV scale, obtain general univer-
sal rules, and establish a permeability anisotropy model based on the double-pore
medium model. A geometric model is constructed using finite element software,
such as COMSOL Multiphysics (5.4a), to represent the heterogeneous fracture–matrix
properties (permeability and Young’s modulus) at an industrial scale. The perme-
ability anisotropy model is then applied to the computational node. In this way, the
microscopic model presented in this paper is applied to the field.

6. Conclusions

In light of the intricate coal rock deformation and gas flow characteristics associated
with the gas adsorption process in coal and rock, the impact of heterogeneous carbon diox-
ide gas adsorption on the permeability k/k0 of these materials is modeled using COMSOL
Multiphysics software. The main findings are as follows:

(1) Throughout the process of gas filling the fracture to achieve a new equilibrium state
in the coal, the fracture opening and permeability k/k0 initially increase, followed by a
decrease and then another increase. The variation in fracture opening in the bedding
ply direction is significantly greater than that in the face cleat direction, exceeding that
in the butt cleat direction. Moreover, the permeability k/k0 in the face cleat direction
remains considerably greater than that in both the butt cleats and vertical bedding ply
directions, consistently exceeding the initial value.

(2) When Young’s modulus is isotropic, the permeability k/k0 is the highest in the butt
cleats direction, and when Young’s modulus is anisotropic, the permeability k/k0 is the
highest in the face cleats direction. Increases and decreases in Young’s modulus ratio
in the vertical and parallel bedding directions significantly affect the permeability.

(3) The gas diffusion behavior and the Langmuir adsorption constant in the matrix do
not influence the permeability relationship across the three directions. An increase in
the diffusion coefficient results in a reduction in the peak value of permeability k/k0
and a smoother curve. Conversely, a decrease in D significantly impacts permeability.
A higher Langmuir adsorption parameter is correlated with a larger peak value of
permeability k/k0 and a smoother curve. Both increases and decreases in the Langmuir
adsorption constant distinctly affect permeability.

(4) The size of the fracture in the bedding direction and the dimensions of the matrix
block influence the permeability relationship across the three directions. An increase
in fracture size leads to a decrease in the peak value of permeability k/k0, whereas
changes in fracture size do not alter the shape of the permeability k/k0 profile. A
reduction in the matrix block size results in a lower permeability k/k0, less pronounced
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descending stages of the profile, more evident ascending stages in the latter part, a
larger peak value, and a smoother profile.
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