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Abstract: Coalbed methane (CBM) reservoirs’ permeability is the result of dynamic variations
influenced by tectonics, hydrology and the CBM production process. Taking samples from the
southeastern Ordos Basin, China, the permeability evolution of bituminous coal and its control
were analyzed in three steps: (1) the coal fracture permeability evolution was acquired via X-ray CT
scanning and permeability evolution experiments; (2) the permeability variation was determined
while considering the coupling characteristics effective stress, gas slippage, and matrix shrinkage
effect and its influencing factors; and (3) a dynamic permeability model was built while considering
those effects. For samples in which neither fractures nor bedding developed, the permeability
decreased first and then increased as the gas pressure increased. For samples with fractures that
developed parallel to the axial direction, with a gradual increase in gas pressure, the permeability
also increased. As the gas pressure decreased, the matrix shrinkage effect became positive, resulting
in a permeability increase. The gas slippage effect was positive in the low-pressure stage, which also
resulted in a permeability increase.

Keywords: coalbed methane reservoirs; permeability evolution; effective stress; gas slippage effect;
matrix shrinkage; dynamic model

1. Introduction

Permeability is an important parameter for coalbed methane (CBM) desorption, mi-
gration, and production, and the permeability of coal reservoirs is affected by the reservoir
pressure changed during its whole tectonic-burial evolution [1]. Desorbed gas transport in
coal is generally recognized as having two transport mechanisms in dual porosity media,
i.e., diffusion in the coal matrix and subsequent laminar or non-laminar flow in the cleat
system [2–4]. A series of experimental and theoretical studies about coal permeability and
its evolution have been carried out in academia [5].

Harpalani et al. [6] investigated the correlation between gas pressure and permeability,
as well as the relationship between gas pressure and the gas desorption of coal samples,
through physical simulation experiments. Seidle et al. [7] found that coal matrix shrinkage
was related to gas content. Bustin [8] found that the permeability of bituminous coals is
affected by the micro lithotype and effective stress. Harpalani et al. [6] studied the impact of
various factors, including effective stress, gas slippage, and volumetric strain, on permeabil-
ity changes in coal samples via experiments. Fu et al. [9,10] carried out experimental studies
to investigate the mechanical properties of coal in multiphase media and the effect of coal
matrix shrinkage on permeability and analyzed the coupling relationship between the me-
chanical effects of a matrix and the permeability of high-ranking coal. Somerton et al. [11]

Energies 2023, 16, 8046. https://doi.org/10.3390/en16248046 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16248046
https://doi.org/10.3390/en16248046
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2890-084X
https://doi.org/10.3390/en16248046
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16248046?type=check_update&version=1


Energies 2023, 16, 8046 2 of 18

investigated the effect of effective stress on coal permeability. Clarkson et al. [12] found that
the permeability of coal reservoirs is more susceptible to sensitivity injuries by comparing
coal reservoirs to other types of reservoirs. Qu et al. [13] calculated the relationship between
the width of a cleat and ground stress with the change in formation pressure on the basis
of the elastoplastic constitutive equation of coal and focused on analyzing the application
of the equation in underbalanced drilling and overbalanced drilling. Palmer et al. [14]
and Shi et al. [15] investigated the permeability of a coal reservoir under the triaxial stress
conditions and proposed a permeability model under the influence of two factors, stress
and the internal and external pore pressure, and discovered the effect of gas pressure on
the permeability under uniaxial pressure. Li et al. [16], Shao et al. [17], Meng et al. [18], and
Yang et al. [19] studied the relationship between the water content and stress sensitivity
of coal samples. The results showed that the samples containing bound water exhibited a
greater sensitivity to stress, which resulted in more significant decreases in permeability
and higher levels of permeability damage under stress. Chen et al. [20] found that the
permeability of the coal increased with an increase in internal pore pressure when the actual
stress was low and constant and that the permeability of the coal samples reduced with a
decrease in the effective strain and an increase in pore internal pressure when the perimeter
pressure was constant. Li et al. [21] concluded through an experimental study that as the
effective stress increases, the width of a coal fracture decreases, leading to a decrease in
permeability. Fu et al. [22] and Liu et al. [23] conducted impact loading experiments on
coal samples at different strain rates and discovered that the original elastic modulus as
well as the two strengths, i.e., ultimate strength and yield strength, varied positively with
the strain rate in the anterior part of the constitutive curve and that plastic deformation
exhibits characteristics such as increases in the previous stage and decreases in the later
stage. Energy increases positively with strain rate during impact, and the dissipated en-
ergy and strain rate mostly exhibit insignificant power or linear functional relationships.
Wei et al. [24] found that the dimensionless permeability of the coal samples as well as the
permeability damage coefficient decrease with an increase in the confining pressure and
that the stress sensitivity coefficient also increases with an increase in water content in the
coal seam using a loaded coal gas seepage experiment system. Shang et al. [25] carried
out experiments on seepage in fractured coal under a triaxial stress state, and their results
showed that there is a negative correlation between coal porosity and confining pressure,
both of which basically followed the logarithmic function relationship under the condition
of multistage axial displacement. That study laid the foundation for coal reservoir stress
sensitivity research. Wang et al. [26] studied the fracture evolution and nonlinear seepage
characteristics of gas-bearing coals based on X-ray computed tomography combined with
the lattice Boltzmann method. Shi et al. [27] used CT technology to study the microstruc-
ture evolution characteristics of bituminous coal. He et al. [28] found that bituminous
coal has a higher acid sensitivity than anthracite. Li et al. [29] studied the permeability
evolution characteristics of lignite under pyrolysis conditions. Li et al. [30] found through
experimental methods that supercritical CO2 fracturing causes relaxation of the macro-
molecular structure of coal. Wang et al. [31] quantified coal uniaxial and triaxial fracture
evolution on the basis of CT scanning and fractal theory. Wu et al. [32,33] analyzed and
modeled the structural damage evolution in coal by combining X-ray CTs and gray-level
co-occurrence matrix methods. Huang et al. [34] believed that the permeability of a coal
matrix is vectorial and controlled by confining pressure and pore pressure. Song et al. [35]
analyzed the adsorption/desorption mechanism of nitrogen on bituminous coal [36].
Su et al. [37] found through experimental research that a change in the pore structure
of a coal matrix is the main reason for its change in mechanical properties. Liu et al. [38–40]
focused on the Qinshui Block and studied the mechanisms of coalbed methane occurrence,
accumulation, and production and systematically developed a block scale theory of coalbed
methane migration and accumulation.

In summary, the permeability of a coal reservoir is always dynamically changing due
to CBM formation evolution and exploitation and has an important influence on the state of
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CBM storage and the exploitation effect. Reservoir pressure is the fluid pressure acting on
the pore and fracture space of the coal reservoir, which affects the methane adsorption and
desorption and flow characteristics of the coal reservoir. Effective stress is the difference
between the in situ stress and the fluid pressure in the pore space of the coal reservoir. Coal
reservoir permeability is affected by the coal matrix shrinkage and expansion, fluid pressure
and effective stress. For this reason, firstly, the experiments on the permeability evolution of
coal fracture were carried out to study the characteristics of coal fracture deformation and
permeability evolution. Secondly, the coupling characteristics of effective stress, slippage
effect, and matrix shrinkage effect were considered to reveal the dynamic control of fracture
permeability in coalbed methane reservoirs. Finally, based on the experimental data, a
dynamic permeability model which considers the joint control conditions of effective stress,
gas slippage effect, and matrix shrinkage, is established.

2. Samples and Methods
2.1. Samples and Experiments

Coal samples were collected from five representative mining areas located in the
Weibei region of the Ordos Basin, and cylindrical cores with diameters of 25 mm were
drilled along the direction of parallel laminations of the coal samples (Table 1) for the
permeability evolution experiment. This experiment was completed with instrumentation
such as the TAW100 (2010) deepwater pore pressure servo experiment system in the Rock
Mechanics Laboratory of China University of Petroleum (Beijing) (Figure 1). The axial and
radial pressures on the specimen were provided by a cylinder and loaded with hydraulic
pump control. Both axial and confining pressures were stabilized by the hydraulic pump,
and the gas permeation pressure was manually controlled using a gas cylinder with a
pressure control valve. The gas permeability of the coal samples was tested with He and
CO2 under different pressure conditions successively. The gas was injected into the samples
from the top of the instrument through the gas injection port, and the volume of the gas
exuded at the bottom could be measured using the drainage method. For each combination
of pressure conditions, it generally took tens of minutes to hours from the beginning of the
application of the inlet pressure to the observation of gas seepage, and once the gas flow
reached stability, the gas seepage flow was continuously measured for 10–30 min to ensure
that stable seepage characterization data were obtained for each of the stress conditions.
The gas inlet pressure for the experiment was applied in steps from low to high according
to the design scheme. The ambient temperature of this experiment was room temperature,
and the effect of temperature on permeability was not considered in this study.

Table 1. Basic information of experimental samples.

Sampling Point Seam
No.

Sample
Number

Serial
Number Length/cm Diameter/cm Ro (%)

Initial
Permeability
×10−3 µm2

Han Cheng

Xiang Shan 5
XS5 1 3.44 2.53 2.45 0.04

XS5-1 6 2.52 2.54 2.45 --

Xiayu Kou 11 XYK11 2 2.83 2.55 1.70 3.76

Sangshu Ping 3 SSP3-1 3 2.61 2.54 2.24 0.26

He Yang He Yan 2# 5 HYR5-1 4 4.13 2.51 2.69 0.66

Cheng Cheng San yan Bridge 5 SYQ5-1 5 5.23 2.54 2.40 0.66
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The gas permeability evolution experiment of the triaxial coal rock was carried out
at room temperature (25 ◦C) using He and CO2 gases, and the selected coal samples were
in the natural dry state. The experiment was divided into three parts and four groups of
cyclic experiments. The specific experimental steps were as follows:

(1) The confining pressure was held constant at 2.1 MPa unlike the other three cycling
experiments which had confining pressures of 4.1 MPa, 5.3 MPa, and 6.3 MPa. Firstly,
the experiment was carried out with He. The inlet gas pressure was gradually in-
creased to test the steady flow rate of He at each experimental pressure point, and
the permeability of He was then calculated. The above experiment was then repeated
with CO2 gas on the same sample, and the permeability of CO2 was calculated.

(2) The effective stress for the particular experiment was set constantly at 2 MPa (the
effective stresses of the other three cyclic experiments were 3 MPa, 4 MPa, and
5 MPa). The inlet pressure and the confining pressure were increased at the same
time, and the experiments with He and CO2 were performed successively, followed
by the measurement of the gas permeability at each pressure point;

(3) X-ray CT scans were performed on the coal samples before and after the four cycles of
experiments in order to investigate the development of fractures in the coal rock.

Throughout the experiment, the confining pressure remained below 7.3 MPa, while the
inlet pressure remained below 4.5 MPa. Additionally, the inlet pressure always remained
lower than the confining pressure.

2.2. Permeability Variation Calculations

The experiments were performed using the steady state method, which involves
applying a steady pressure difference between the upstream and downstream ends of the
samples. The permeability was calculated based on Darcy’s Law by measuring the flow
rate through the sample. The formula for calculating the permeability is as follows:

Kg =
2p0qgµgL × 102

A
(

p2
1 − p2

0
) (1)

where Kg is the gas permeability, 10−3 µm2; p0 is the atmospheric pressure, MPa; qg is the gas
flow rate at atmospheric pressure, cm3/s; µg is the viscosity of the gas at the measurement
temperature, mPa·s; L is the length of the coal sample, cm; A is the cross-sectional area of
the coal sample, cm2; and p1 is the inlet pressure, MPa.



Energies 2023, 16, 8046 5 of 18

3. Results
3.1. Coal Fracture and Permeability Evolution Characteristics

The results of five cycles of X-ray CT scanning experiments are depicted in Figure 2. It
shows that as the confining pressure gradually increases, the effective stress also increases
correspondingly, which results in a closure of the coal fracture. A typical fracture width,
as shown in the figure, was selected for the measurement. The width of the fracture in
the CT image of the layer was 0.3 mm when the confining pressure was 0.1 MPa. As
the confining pressure increased, the width of the fracture began to decrease. When the
confining pressure was 6 MPa, the width of the fracture was narrowed down to 0.25 mm,
making the fracture unrecognizable to the naked eye on the CT image. This indicates that
the increase in effective stress caused the fracture of the coal to gradually close, which
eventually lead to a reduction in the permeability of the coal.
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From the CT slices, it can be clearly seen that the cracks are compressed, and from
the curves, it can be seen that the width of the cracks decreases with an increase in the
peripheral pressure, which shows that the permeability is negatively correlated with the
peripheral pressure, while at a certain peripheral pressure, the permeability is positively
correlated with the gas pressure.

The results of the permeability evolution experiments show that as the gas pressure
increased under the condition of constant confining pressure, the effective stress decreased
and permeability gradually increased. As the effective stress was held, an increase in
confining pressure led to a reduction in permeability.

The changes in permeability have different patterns for samples with different coal
structures. For samples with dense coal rock structures (Figure 3), where neither fractures
nor bedding developed, the permeability decreased first and then increased as the gas
pressure increased.
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Figure 3. He permeability evolution characteristic curve of densely structured XS5 coal sample.

Under the enclosing pressure of 2 MPa and 4 MPa, the permeability shows the trend
of decreasing and then increasing, in which, the permeability first decreases rapidly, then
increases rapidly under the enclosing pressure of 2 MPa, and reaches the minimum at a
gas pressure of 0.8 MPa; under the enclosing pressure of 4 MPa, the permeability decreases
slowly with the gas pressure, then increases rapidly at a gas pressure of 2.8 MPa, and
increases rapidly at a gas pressure of 1.7. The permeability reaches the minimum value
when the gas pressure is 1.7 MPa.

For coal samples with fractures that developed parallel to the axial direction (Figure 4),
the gas will preferentially flow along the wider fractures because of the larger permeable
space provided for gas flow. In these samples, with the gradual increase in gas pressure,
the permeability also increases.
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With the increase in gas pressure, the permeability of both gases increased slowly and
then rapidly under the condition of a surrounding pressure of 6 MPa, among which, the
permeability of CO2 was obviously lower than that of He, and both gases increased faster
when the gas pressure was 3.5 MPa.

3.2. Factors Influencing Permeability Evolution
3.2.1. Effective Stress Effect

The effective stress refers to the difference between the in situ stress acting on coal
reservoirs and the fluid pressure in the pores and fractures. So, the relationship of effective
stress, confining pressure, and gas pressure can be expressed as follows [3]:

σe = σc − αpm (2)
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where σe is the effective stress, MPa; σc is the confining pressure, MPa; pm is the gas
pressure, MPa; and α is the effective stress coefficient. At pressures below 10.3 MPa, α
values approach 1 [41]. The α value is almost constant for coal samples with relatively
developed cleats [42]. Therefore, in this paper, α = 1 is more reasonable [5,43].

At the peripheral pressure of 4 MPa and 5 MPa, with the increase in gas injection
pressure, the permeability of the two gases increased significantly, among which the
permeability of He was significantly stronger than that of CO2 and the permeability curves
of He all had a turning point, after which the increase in gas permeability became slower.

Increasing the confining pressure can result in a higher effective stress and can lead
to the closure of fractures, so the permeability can be decreased (Figure 5). According to
CT observations, the fractures in coal samples began to close when the confining pressure
increased, resulting in a decrease in permeability.
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The increase in the effective stress effect on permeability can be expressed as fol-
lows [15,39]:

ke = k0 × e−3c∆σ = k0 × e−3c (σ−σ0) (3)

where ke is the permeability when the effective stress is σ, mD; k0 is the permeability under
the initial effective stress σ0, mD; c is the compression coefficient of coal and rock cleat,
which can be obtained by fitting; and ∆σ is the effective stress difference, MPa.

3.2.2. Gas Slippage Effect

The gas slippage effect is a phenomenon in which the flow velocity of gas molecules
near the surface of the pore wall is not zero when the gas flows in a small capillary or a
low-permeability, porous medium during the process of gas pressure reduction, which
makes the measured permeability of the gas greater than that of a liquid. When the gas
pressure of the XS5 coal sample was lower than 1.5 MPa under different confining pressure
conditions, the permeability decreased with the increase in gas pressure (Figure 6). Since
He is a non-adsorbed gas, it is believed that there is a gas slippage effect at this pressure
stage, so the gas permeability was increased under low pressure.
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Under the conditions of 2 MPa and 4 MPa, with the increase in gas pressure, the
permeability showed the trend of decreasing and then increasing: under 2 MPa pressure,
the permeability changes were more rapid, and the permeability reached the minimum
value at a gas pressure of about 0.7 MPa and then increased rapidly; under 4 MPa pressure,
the permeability changed gently, reached the minimum value at a gas pressure of about
1.5 MPa, and then increased rapidly at the inflection point at a gas pressure of about
2.7 MPa. At 4 MPa, the permeability changed gently, reaching a minimum value at about
1.5 MPa and then increasing rapidly at an inflection point at about 2.7 MPa.

The gas permeability can be increased under a low pressure because of the gas slippage
effect when the experiments were performed with He and CO2. The permeability while
considering the gas slippage effect can be expressed as follows [44]:

kg = k0

(
1+

4cλ

r

)
(4)

where kg is the gas permeability under average gas pressure conditions, which can be
calculated with Equation (1); k0 is the gas Kjeldahl permeability, sometimes referred to as
the equivalent liquid permeability; c is the scaling factor; λ is the average free path of gas
molecules; and r is the average radius of the channel. The average free path of a gas is
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inversely proportional to the average gas pressure pm, so Equation (4) can be rewritten as
follows [45]:

kg = k0

(
1+

b
pm

)
(5)

where pm is the average gas pressure, MPa, and b is the gas slippage factor or Klinkenberg
coefficient, MPa, defined as b = 4cλ

r pm.

3.2.3. Matrix Shrinkage Effect

When gas is injected into the coal samples, the gas (CO2) is adsorbed, causing matrix
expansion, and while the reservoir pressure is reduced, adsorbed gas will undergo des-
orption, leading to matrix shrinkage. Here, the effective stress was kept constant while
increasing the confining pressure and gas pressure, and the effect of matrix shrinkage
on permeability was observed. The results have shown that as gas pressure increased
and adsorption tended to saturate, and the influence of matrix shrinkage on permeability
gradually weakened (Figure 7).
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At the initial stage of gas injection, with the increase in pressure, matrix adsorption,
and matrix expansion, permeability decreased rapidly, and the lowest value appeared at a
gas injection pressure of about 0.6 MPa, with the Sovereignty region flattened; the reason
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for this is that with the increase in gas pressure, matrix expansion has a weaker effect
on permeability.

3.2.4. Comprehensive Control of Permeability Variation

The evolutionary characteristics of the gas permeability of the coal samples are shown
in Figure 8. It can be seen that when the gas pressure exceeded the low-pressure range,
where gas slippage occurs in the early stage of gas injection, the permeability of He
continued to increase as the gas pressure increased under the condition in which the
confining pressure was kept constant, while the gas permeability of CO2 decreased first
because the CO2 was initially adsorbed, which caused the matrix to expand. And then,
with the gradually increase in gas pressure, the effective stress decreased, which resulted in
the permeability of CO2 increasing later.
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Therefore, the evolution of gas permeability is controlled by the shrinkage of the
coal matrix and the effective stress when a slip-off no longer occurs beyond a certain low-
pressure range. When the gas pressure decreases, the matrix shrinkage effect is positive,
leading to an increase in permeability, and an effective stress effect that is negative leads to
a decrease in permeability.

In the early stages of the experiment, the permeability decreased because adsorbent
gases such as CO2 have an adsorptive effect, leading to a matrix expansion of the coal,
which makes the cracks smaller. As the gas pressure increased, effective stress dominated
and permeability gradually increased. Therefore, a decrease in gas pressure results in a
positive effect of matrix shrinkage, resulting in an increase in permeability. The slippage
effect has a positive effect in the low-pressure stage and leads to an increase in permeability;
an effective stress effect that is negative leads to decreased permeability. Gas slippage,
matrix shrinkage, and effective stress jointly control the evolution of permeability (Figure 9).
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Therefore, when the effective stress is kept constant, the permeability increase in the
gas slippage effect can be expressed as follows [3]:

∆ksli = kg − k0 = k0

(
1+

b
pm

)
− k0 = k0

b
pm

(6)

4. Discussion

By analyzing the experimental data of six groups of samples, a series of correlation
data between permeability and three geological effects are obtained. Taking the XS5 sample
as an example, a mathematical model of coal permeability evolution controlled by dynamic
effects is established.

4.1. Model of Effective Stress Controlling Permeability

It can be seen from Equation (3) that the relationship between gas permeability and
effective stress is exponential, so the expression can be rewritten as follows:

ln
ke

k0
= −3c∆σ = −3c (σ − σ0) (7)

By fitting the relationship between effective stress and permeability, the cleat compres-
sion coefficient c of coal can be calculated.

As shown in Figure 10, it can be seen that under different gas pressures, the perme-
ability of He and CO2, and effective stress exhibit a significant exponential relationship.
The correlation between the exponential fitting curve is extremely high, and the fitting
formula is in accordance with the classical permeability model controlled by the effective
stress effect.
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Figure 10. Permeability evolution of He (upper) and CO2 (lower) under effective stress control under
different gas pressures.

As shown in Figure 11, there is a high correlation between the effective stress and
permeability. The slope of the fitted line is the cleat compression coefficient c of coal under
different gas pressures. A mathematical model and related parameters for the evolution
of permeability under effective stress control were obtained for the XS5 coal samples via
calculations under different gas pressures (Table 2). From the table, it can be seen that the
correlation between permeability and effective stress fitting increases as the gas pressure
increases, indicating that a higher gas pressure results in more obvious control of the
effective stress effect on permeability.
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Table 2. Effective stress-controlled permeability model and parameters of XS5 sample.

Average Gas
Pressure
pm/MPa

Fitting Relationship
between Permeability
and Effective Stress

R2
Cleat Compression

Coefficient
c/MPa−1

Initial Effective
Stress

σ0/MPa

Initial
Permeability

k0/µD

Permeability Model for
Effective Stress Control

ke/µD

0.3 (He) y = 5.1831 × 10−0.675x 0.878 0.192 2 1.48 ke = 1.48 × 10−0.575(σ−2)

0.3 (CO2) y = 2.2481 × 10−0.552x 0.828 0.175 2 0.77 ke = 0.77 × 10−0.525(σ−2)

0.7 (He) y = 4.2085 × 10−0.902x 0.922 0.196 2 0.95 ke = 0.95 × 10−0.587(σ−2)

0.7 (CO2) y = 2.1535 × 10−0.777x 0.911 0.185 2 0.61 ke = 0.61 × 10−0.555(σ−2)

1.1 (He) y = 5.6693 × 10−1.013x 0.937 0.233 2 1.02 ke = 1.02 × 10−0.701(σ−2)

1.1 (CO2) y = 2.0973 × 10−0.788x 0.931 0.158 2 0.55 ke = 0.55 × 10−0.479(σ−2)

1.5 (He) y = 7.9706 × 10−1.096x 0.964 0.283 2 1.14 ke = 1.14 × 10−0.847(σ−2)

1.5 (CO2) y = 9.818 × 10−1.195x 0.974 0.319 2 1.14 ke = 1.14 × 10−0.956(σ−2)

4.2. Model of Gas Slippage Effect and Effective Stress-Controlled Permeability

Because He is a non-adsorbent gas, only the slippage effect and effective stress effect
exist under pressure changes. Therefore, under the condition of constant effective stress,
the permeability model of He controlled by the slippage effect can be calculated.
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From Equation (5), it can be seen that gas permeability is positively correlated with
the reciprocal of average gas pressure. Therefore, by fitting the relationship between the
reciprocal of average gas pressure and permeability, the slip factor b and the Coriolis
permeability k0 can be calculated.

The permeability evolution of He controlled by the gas slippage effect under the
conditions of maintaining effective stress at 2 MPa and 4 MPa is illustrated in Figure 12.
It can be seen that in the small range where the average gas pressure is close to 1 MPa,
there is a turning point of permeability increase and decrease. Before the turning point,
a significant gas slippage effect occurs during the low-pressure stage. Linear fitting was
then performed on the data points during the gas slippage effect stage (Figure 13) to obtain
the intercept from the Y-axis, which represents the k0 permeability under this effective
stress; the slope of the fitted straight line is k0b, from which the slippage factor b value can
be calculated.
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Figure 13. Fitting of permeability and gas pressure reciprocal under different effective stresses.

According to Equation (6), the mathematical model and related parameters of the
permeability evolution controlled by the slippage effect of He were obtained for the XS5
coal samples under different effective stresses. As shown in Table 3, as the effective stress
increases, the Kjeldahl permeability decreases and the effective stress has a negative impact
on gas permeability.

Table 3. He permeability model and parameters controlled by gas slippage effect of XS5 samples.

Effective Stress
σe/MPa

Fitting Relationship
between Permeability

and Reciprocal Gas
Pressure

R2
Kjeldahl

Permeability
k0/µD

Slippage Factor
b/MPa

Permeability Model
Controlled by Slippage

Effect
∆ksli/µD

2 y = 0.2777x + 0.5637 0.997 0.5637 0.4926 ∆ksli = 0.2777/pm
4 y = 0.0486x + 0.0475 0.922 0.0475 1.023 ∆ksli = 0.0486/pm



Energies 2023, 16, 8046 16 of 18

4.3. Model for Controlling Permeability by Slippage Effect and Matrix Shrinkage Effect

Unlike the non-adsorptive gases, the gas slippage effect and matrix shrinkage effect
occur when the experiments were performed with CO2. Based on the permeability evolu-
tion characteristics of He and CO2 measured simultaneously, the permeability model of
CO2 controlled by the slippage effect can be obtained.

The slippage factor b can be further expressed as follows [3,26,41]:

b =
16cµ

w

√
2RT
πM

(8)

where c is a constant; µ is the gas viscosity; w is the width of the fracture; R is the universal
gas constant; T is the absolute temperature; and M is the molecular weight of the gas.

By transforming Equation (9), the slippage factor of CO2 gas can be expressed
as follows:

bC =
µC
µH

√
MH

MC
bH (9)

where µC and µH is the gas viscosity of CO2 and He, and MC and MH are the gas molecular
masses of CO2 and He.

So, according to the relationship between He and CO2, the slippage factor of CO2 can
be calculated from He’s slippage factor (Table 4).

Table 4. CO2 permeability model and parameters controlled by slippage effect and matrix shrinkage
effect of XS5 samples.

Effective Stress
σe/MPa

Kjeldahl
Permeability

k0/µD

Slippage Factor
bC/MPa

Permeability Model
Controlled by

Slippage Effect
∆ksli/µD

Permeability Model Controlled by
Matrix Shrinkage Effect

∆kshr/µD

2 0.5637 0.0794 ∆ksli = 0.0447/pm ∆kshr = kgC − 0.5637 − 0.0447/pm
4 0.0475 0.1648 ∆ksli = 0.0078/pm ∆kshr = kgC − 0.0475 − 0.0078/pm

Therefore, when the effective stress is kept constant, the permeability increase in CO2
caused by the gas slippage effect can be further expressed as follows:

∆ksli = kg − k0 = k0

(
1+

bC
pm

)
− k0 = k0

bC
pm

(10)

The permeability increase caused by the matrix shrinkage effect can be further ex-
pressed as follows:

∆kshr = kgC − k0 − ∆ksli = kgC − k0 − k0
bC
pm

(11)

So, a mathematical model and the related parameters for the permeability evolution
controlled by the slippage effect and the matrix shrinkage effect of CO2 gas under different
effective stresses were obtained for the XS5 coal samples (Table 4).

5. Conclusions

Through X-ray CT scanning and permeability evolution experiments, it is concluded
that the increase in confining pressure leads to a closure of coal fractures and a decrease
in permeability. For samples in which neither fractures nor bedding developed, the per-
meability decreased first and then increased as the gas pressure increased. For samples
with fractures that developed parallel to the axial direction, with the gradual increase in
gas pressure, the permeability also increased.
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The permeability evolution experiment of coal shows that as the gas pressure decreases,
the matrix shrinkage effect is positive, leading to a permeability increase. The slippage
effect is positive in the low-pressure stage, which increases the permeability. The effective
stress effect is negative, resulting in lower permeability. Thus, the evolution of permeability
is controlled by three effects: gas slippage, matrix shrinkage, and effective stress.

The dynamic permeability model established under the joint control conditions of
effective stress, slip effect, and matrix shrinkage based on the experimental data should be
carefully considered during CBM production.
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