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Abstract: The diffusion coefficient (D) is a key parameter that characterizes the gas transport occur-
ring in coal seams. Typically, D is calculated using the desorption curve of particle coal. However,
this method cannot accurately reflect the diffusion characteristics under the stress constraint con-
ditions of in situ coal seams. In this study, different metamorphic deformed coals of medium and
high coal rank were considered based on Fick’s law of counter diffusion. The change laws of D
under different confining pressures, gas pressures, and temperature conditions were tested and
analyzed, and the influencing mechanisms on D are discussed. The results showed that D of different
metamorphic deformed coals exponentially decreased with an increase in confining pressures, and
exponentially increased with increases in gas pressures and temperature. There is a limit diffusion
coefficient. The influence of the confining pressure on D can essentially be determined by changes
in the effective stress, and D negatively affects the effective stress, similar to permeability. The effect
of gas pressure on D involves two mechanisms: mechanical and adsorption effects, which are jointly
restricted by the effective stress and the shrinkage and expansion deformation of coal particles.
Temperature mainly affects D by changing the root-mean-square speed and average free path
of the gas molecules. Under the same temperature and pressure conditions, D first increased
and then decreased with an increase in the degree of deformation. D of the fragmented coal was
the largest. Under similar deformation conditions, D of the high-rank anthracite was larger than
that of the medium-rank fat coal. Porosity is a key factor affecting the change in D in different
metamorphic deformed coals.

Keywords: counter diffusion method; confining pressure; gas pressure; temperature; diffusion coefficient

1. Introduction

Increasing the efficiency of coalbed methane development and use can effectively alle-
viate the dependence on high-carbon energy, particularly coal, and accelerate the achieve-
ment of China’s carbon peak and carbon neutrality goals. Within the context of the vigorous
promotion of ecological environmental protection in China, the need to rapidly develop
clean coalbed methane resources as substitutes for coal, which severely impacts on national
safety and the natural environment, is becoming increasingly urgent [1,2]. China’s coalbed
methane resources rank third in the world at approximately 10.87 × 1012 m3, demon-
strating huge potential for coalbed methane resource development [3,4]. However, other
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regions, except for the Qinshui Basin and the Ordos Basin, face low single-well yield, low
production stability, and limited technical replicability during coalbed methane resource
development. The core reasons for these issues are the features of the coalbed methane
reservoirs in China, including low gas saturation, low permeability, low reservoir pressure,
and the widespread development of tectonically deformed coal [5–7].

Coal is an extremely complex porous organic rock. According to the dual-porosity
structure model of coal (Warren–Root model), the internal space of coal is composed
of pores within and fractures around the coal matrix [8,9]. The pores and fractures
in coal are storage spaces for coalbed methane and channels for methane migration [10,11].
Due to the differences in the causes, forms, and scales of pores and fractures in coal, the dif-
ferent migration mechanisms of methane in the pore and fracture channels can be divided
into pore diffusion and fracture seepage [12,13]. Seepage can occur through the cleavage
and fracture system in the coal body, which is driven by pressure differences, following
Darcy’s law [14,15]; diffusion can occur within the coal matrix pores and micro-fractures,
which is driven by concentration differences, following Fick’s law [16,17]. The coalbed
methane production rate mainly depends on diffusion and seepage rates. When the diffu-
sion rate is insufficient to provide the conditions necessary for seepage, the production rate
is mainly controlled by the diffusion rate [18].

As the exploration and development of coalbed methane continue, the diffusion
of methane in coal reservoirs has increasingly received attention. For coalbed diffusion
media, two types of diffusion processes are observed in situ in coalbeds: columnar and
particle coal sample diffusion [19,20]. Regarding the diffusion state, under certain tempera-
ture and pressure conditions, the three types of gas inside the coal matrix block that are
not affected by mining are in a state of relative equilibrium. The force driving diffusion is
the chemical gradient of self-diffusion [21]. If the reservoir pressure decreases, diffusion
develops towards desorption, characterized by pressure relief gas extraction and coal drop
gas gushing. If the reservoir pressure increases, diffusion develops toward adsorption,
which is applied in N2/CO2 displacement technology. The force driving these two types
of diffusion is the concentration gradient, which is a type of transfer diffusion [22,23].
Therefore, two types of diffusion media and three types of diffusion processes are observed
in coalbeds under actual formation conditions, and different diffusion processes can coexist
and transition into one another.

The diffusion coefficient (D) is a key parameter that controls the gas transport dynam-
ics in the coal matrix. The existing methane diffusion coefficient measurement techniques
include particle, steady-state flow, and counter diffusion methods, all of which have cer-
tain limitations and applications [4,18,24]. Different experimental methods of analyzing
the process describe different diffusion processes. The particle method is a transient
method used to measure the non-steady-state release of gas after the adsorption equilib-
rium pressure drops to atmospheric pressure. D is obtained via the inverse calculation
of the coal gas desorption curve using a desorption model [24,25]. With this method, parti-
cle coal samples are used for testing, usually ignoring the influence of confining pressure.
They are mainly used for gas content measurement (estimating the amount of gas lost dur-
ing sampling) and predicting gas outbursts from coal drops [26,27]. The steady-state flow
method used for obtaining D is similar to the steady-state flow method used for measuring
the permeability of methane in coal. Cylindrical coal samples are used for the experiment;
a constant methane pressure difference is maintained at both ends of the coal sample, and
the methane diffusion coefficient in coal is calculated when the flow is stable according
to the methane flow rate [18,28]. This method has not been widely used. Thimons and
Sevenster measured the methane diffusion coefficient in coal using the steady-state flow
method [29,30]. To address the problems of the long test times and the difficulty in avoiding
methane seepage in coal with the steady-state flow method, Smith and Williams proposed
measuring D of methane in coal using the constant-pressure counter diffusion method [31].
With the counter diffusion method, cylindrical coal samples are used for the experiment,
placing methane and non-adsorptive nitrogen at both ends of the coal sample and ensuring
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equal pressure. Because the gas pressure at both ends of the coal sample are equal, methane
and nitrogen do not flow in the form of seepage; however, they diffuse with each other,
driven by the concentration gradient. The methane concentrations at both ends of the coal
sample are measured after a certain period to calculate the methane diffusion coefficient
in the coal [32,33]. In counter diffusion experiments, confining pressure and gas pressure
are simultaneously applied, using Fick’s law to calculate D after data collection, and are
mainly used to predict and evaluate the diffusion rate in the original coal seam, coalbed
methane production planning, and economic reserve estimation. [34,35]. Scholars world-
wide have conducted extensive exploratory studies of the measurement of gas diffusion
coefficients. However, the experimental methods and results widely differ in the different
studies when measuring D of methane in coal [26]. The methane diffusion coefficients
in coal measured using different experimental methods considerably vary, with numerical
ranges from 10−7 to 10−15 m2/s. Differences in the testing principles and the conditions
of different methods prevent the results of these techniques from being compared [36,37].

Due to the long geological history of coal seams, diffusion is an important mechanism
for the underground migration and loss of gas in coal seams, and a method through which
coalbed gas accumulates and is stored under the original stratum conditions. Many factors
affect the gas diffusion in coal (coal particles), including the characteristics of the diffusion
medium (coal characteristics, such as the state of matter, degree of metamorphism, degree
of destruction, and microstructure), the diffusion phase (methane, such as gas concen-
tration and molecular polarity of the gas), and the external environment (temperature,
gas pressure, and confining pressure) [32,37–41]. Currently, most of the diffusion coeffi-
cients reported in the literature have been derived from adsorption data of particle coal
based on Fick’s classical homogeneous spherical mathematical diffusion model [4,37,40,42].
D or the adsorption time obtained using the particle method to evaluate gas diffusion in coal
leads to substantial deviations from the actual gas diffusion characteristics and extraction
rate [35,43]. In recent years, a few scholars have begun using columnar coal samples
to measure diffusion coefficients. Meng & Li [32] used the counter diffusion method to de-
termine the D values of low- to high-rank, original-structure coal, and they reported that
from low- to medium-rank coal, the methane diffusion coefficient decreased as a negative
exponential function with the increase in the degree of coal metamorphism. As the degree
of coal metamorphism increased from medium- to high-rank coal, the methane diffusion
coefficient exponentially increased. Under the same temperature, gas pressure, and con-
fining pressure conditions, as the degree of coal metamorphism increased, the methane
gas diffusion coefficient of the coal showed a trend of rapid decline, followed by a slow
rise. Xu et al. [18] used thin slices of coal matrix instead of coal particles as their test
samples and observed that the D value of the methane in the coal matrix first decreased
and then increased with the increase in coal rank. Qin et al. [36] compared D measured
using the steady-state method with the anthracite diffusion coefficient obtained using
the classical model and the time-variable diffusion coefficient model; they observed that
the magnitudes of the obtained diffusion coefficients were the same, the sizes differed
by several-fold, and D showed different changes with the increase in methane pressure.
Dong et al. [33] used the particle method and the counter diffusion method to measure
the transient and quasi-steady-state diffusion characteristics of bituminous coal; their re-
sults showed that the quasi-steady-state diffusion coefficient was higher than the transient
diffusion coefficient. This difference may have been related to the influence of adsorbed
methane surface diffusion, suggesting that the transient diffusion coefficient should be used
to calculate the coal and gas outburst risk evaluation index in gas extraction engineering.
Liu et al. [35] studied the effects of confining pressure and pore pressure on the diffusion
of methane in columnar coal samples. The results showed that the effective diffusion
coefficient gradually decreased with an increase in the confining pressure and a decrease
in the pore pressure. In future research, they suggested that block coal with a complete
internal structure under constraints be used to study the methane diffusion behavior in situ
coal seams. Cai et al. [44] observed the shape of coal fragments after crushing and sieving
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a large number of coal samples, and found that most of the crushed particle coal was
cylindrical- or rectangular-shaped, with a general particle size of 0.20–0.25 mm; a small
amount of particle coal was spherical-shaped. Baatar et al. [34] determined the change
in the coal body diffusion coefficient with confining and gas pressures using reverse diffu-
sion experiments, and concluded that the internal pore/crack structure of the coal body
strongly impacts on D.

Although D is a key parameter that characterizes the diffusion ability of methane
in coal seams, the physical meaning, numerical magnitude, and changes in this param-
eter vary with laboratory test conditions. During gas extraction, methane diffuses into
coal in two situations: (1) in coal particles, which is a transient diffusion process that
occurs due to a high methane concentration gradient; and (2) in the coal matrix, where
the methane concentration gradient is smaller, which can be regarded as a quasi-steady-
state diffusion process. In situ coal seams are generally under stress constraints; however,
researchers have often used granular coal to study the dynamic characteristics of methane
diffusion, where the coal samples cannot withstand stress. Therefore, whether the labora-
tory test results of granular coal reflect the gas diffusion behavior of in situ coal seams is
debatable. Moreover, reports are lacking on the determination of the methane diffusion
coefficient using intact core samples of different metamorphic deformed coal in the labora-
tory using the counter diffusion method. To solve these problems, this study considered
medium-to high-rank, original-structure coal and a series of tectonically deformed coal.
Methane diffusion experiments were conducted on original coal columnar coal samples
under different confining pressures, gas pressures, and temperature conditions using
the counter diffusion method. The influence of confining pressure, gas pressure, and
temperature on the methane diffusion characteristics of the original coal under stratum
conditions was examined, and their relationship with porosity and the coal hardiness
coefficient of outburst prevention was analyzed. The findings are scientifically valuable,
enriching and improving the understanding of the gas migration of coal seam gas in coal
seams in situ, CO2-ECBM, and the geological sequestration of CO2.

2. Experimental Design
2.1. Experimental Platform Construction

In the counter diffusion method, methane diffusion coefficient testers were used
to simulate actual stratum conditions and determine the methane diffusion coefficient
of an original coal seam under certain confining pressure, temperature, and gas injection
pressure conditions. In this study, the D determination device consisted of a coal core
holder, pressure control system, temperature control system, vacuum pump system, gas
supply system, gas sampling device, and data collection system (Figure 1). The coal-core
holder was used to fix the coal sample and provide a set-up for simulating the stratum
pressure and temperature with the tested coal core. The pressure control system pro-
vided the circumferential and axial pressure required for the coal core in the experiment.
The temperature control system provided constant temperature required for the coal core
in the experiment. The gas supply system supplied CH4 and N2 to the gas chambers
at both ends of the holder. The vacuum pump system provided a vacuum environment
for the entire experimental system to ensure that the other gases in the system did not
influence the results. After the experiment, a gas sampling device was used to collect
gas samples for gas chromatography analysis. The data collection system was mainly
used to collect experimental data such as the circumferential pressure, axial pressure, gas
injection pressure, and temperature of the coal sample during the test. The experiment
was based on the principle that gas freely diffuses through a coal sample under a concen-
tration gradient. CH4 was injected at one end and N2 at the other end of the diffusion
chamber of the coal sample holder; the pressure did not differ between ends. The gas
concentration changed over time under the specified temperature and pressure conditions.
Subsequently, the volume fraction values of each gas component in the diffusion chamber
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at both ends at different time points were measured, and the methane diffusion coefficients
of the different metamorphic deformed coals were calculated based on Fick’s law.
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2.2. Experimental Samples

During their complex geological history and evolution, coal seams have undergone
a series of metamorphic and deformation processes. Coal seams can thus be divided into
original-structure coal and a series of tectonically deformed coal in terms of coal body
structure types [3,45]. The experimental coal samples were collected from mining areas
in the central and southern parts of north China, where the late Paleozoic Shanxi Group
coal seams, original-structure coal, and tectonically deformed coal (fractured, granular coal,
and mylonite coal) are well developed. Anthracite (No. WYM) from the Zhongmacun
Mine in the Jiaozuo mining area, Henan Province, and fat coal (No. FM) from the No.12
mine in the Pingdingshan mining area, Henan Province, were collected. According to un-
derground observations, the main coal seam in the Zhongmacun Mine, Coal 2-1, shows
an interlayered distribution of four types of coal body structures, mainly developed in frac-
tured coal and granular coal. The main coal seam in the No.12 mine, Coal 2-1, is mainly
granular coal and mylonite coal, with local development of original-fractured structural
coal. The coal body structure is original structural coal, fragmented coal, granulated coal,
and mylonitic coal, numbered 1, 2, 3 and 4, respectively. The coal samples were labeled
WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-2, FM-3, and FM-4. According to Chinese
national standards [46–49], 300 g of air-dried base coal samples with a size of 0.17–0.25 mm
was selected from each sample, and the maximum vitrinite reflectance, industrial analysis,
true density, apparent density, porosity, and coal hardiness coefficient parameters were
determined. The results of the parameter determination are provided in Table 1.
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Table 1. Basic parameters of coal samples.

Samples Coal Structure Ro,max (%) Mad (%) Ad (%) Vdaf (%) FCd (%) Porosity/% f Value

WYM-1 original-structure coal 3.38 2.94 8.41 5.50 83.15 6.25 1.19
WYM-2 fragmented coal 3.41 2.93 8.41 5.49 83.17 8.13 0.85
WYM-3 granulated coal 3.39 2.67 8.36 5.63 83.22 5.19 0.41
WYM-4 mylonitic coal 3.44 2.53 8.57 5.71 83.19 4.61 0.15

FM-1 original-structure coal 1.14 1.42 10.10 11.03 70.65 4.40 0.81
FM-2 fragmented coal 1.16 1.44 8.70 10.52 69.99 4.77 0.64
FM-3 granulated coal 1.14 1.21 8.65 10.79 70.52 3.32 0.31
FM-4 mylonitic coal 1.15 1.06 8.77 10.21 70.32 2.87 0.15

Note: Mad is the moisture content, %; Ad, ash content, %; Vdaf volatile content, %; FCd fixed carbon content, %; f,
solidity coefficient of coal (dimensionless).

Original cylindrical coal samples were used as the coal samples in this study.
Four different types of coal body structures were prepared according to their hardness.
For the harder original-structure coal and the fractured coal, core samples of the original
cylindrical coal were directly prepared using a rock-core drill. For severely deformed struc-
tural coal (granulated and mylonite coal), which has a severely damaged structure, the cold
isostatic pressing technique was used for coal sample preparation, simulating the over-
burden pressure when performing isostatic pressing molding. When forming the isostatic
pressing test pieces, the isostatic pressure of the hydraulic system of the isostatic press was
set according to Table 2 to simulate the overburden pressure needed to produce the original
cylindrical samples of severely deformed structural coal. This method of creating original
coal isostatic pressing test pieces of strongly deformed structural coal has several major
advantages over conventional coal molding consolidation techniques (such as molding
and extrusion), including simulating stratum pressure pressing, maintaining the original
coal properties, enabling high-quality molding, providing easy sampling, and using simple
processes. The method and steps for preparing the original isostatically pressed cylindrical
coal samples with a strongly tectonic deformed were previously described [50]. The coal
sample specifications were Φ25 mm × 50 mm. During the sample preparation process,
the adverse effects of the different internal structures of the sample and the processing
errors on the test results were avoided as much as possible. Additionally, the samples
fabricated from the same piece of coal were selected using statistical classification and
surface crack photography observation methods to select complete and compact samples
and those without large exogenous cracks as experimental samples. After the samples
were prepared, they were dried in an oven for 24 h. The original structural coal and
the tectonically deformed coal columnar coal samples are shown in Figure 2.
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Table 2. Predicted results of the original coal seam temperature and pressure.

Coal Seam Burial
Depth/m

Predicted Coal Seam
Temperature/◦C Average Value/◦C

Predicted Reservoir
Pressure/MPa Average Value/MPa

Minimum/Maximum Minimum/Maximum

600 22/32 27 2.4/7.7 5.0
700 24/34 29 2.8/9.0 5.9
800 26/36 31 3.2/10.3 6.7
900 28/38 33 3.6/11.6 7.6
1000 30/40 35 4.0/12.9 8.6
1100 32/43 37.5 4.4/14.2 9.5
1200 34/46 40 4.8/15.5 10.3
1300 36/49 42.5 5.2/16.8 11.0

2.3. Experimental Conditions and Steps

(1) Prediction of coal seam temperature and pressure

Under the combined action of geothermal and overburden pressures, the temper-
ature and pressure of the coal seam are linearly positively correlated with depth, and
the geothermal and reservoir pressure gradient are the parameters reflecting this reg-
ular change. Reference [51] compiled the geothermal and reservoir pressure gradients
of the main coal-bearing formations in China, including the Jiaozuo and Pingdingshan
mining areas. The maximum, the minimum, and average geothermal gradients are 4.49,
0.40, and 2.12 ◦C/100 m, respectively. The maximum, the minimum, and average reservoir
pressure gradients are 1.293, 0.402, and 0.862 MPa/100 m, respectively. The geothermal
and reservoir pressure gradients of the Zhongmacun Mine and No.12 Pingdingshan Coal
Mine do not demonstrate any geothermal or geopressure anomalies. They are basically at the
average level in north China. Therefore, the temperature and pressure conditions of the coal
seam at depths of 600–1300 m were predicted based on the average geothermal gradient and
average reservoir pressure gradient of the coal-bearing strata in north China (Table 2).

Experiments were conducted based on the actual geological conditions, such as tempera-
ture, reservoir pressure, and gas pressure, during the exploration of in situ coal seams, combined
with the purpose of this study and the pressure resistance of the coal samples. To determine
the effect of individual variables (such as confining pressure, gas pressure, and temperature)
on the CH4 diffusion law of columnar coal samples, an orthogonal experimental design was
applied according to Table 3. A comprehensive analysis followed this.

Table 3. Conditions for measuring D using the interdiffusion method.

Simulated Burial
Depth/m

Confining
Pressure/MPa Gas Pressure/MPa Temperature/◦C Remarks

600 5.0 0.5 27
Orthogonal experiment
designed accordingly

800 6.7 1.0 31
1000 8.6 1.5 35
1200 10.3 2.0 40

(2) Experimental procedure

The columnar coal sample to be tested was placed in a rock-core holder at a constant
temperature, the gas chambers at both ends and the corresponding pipelines were installed
and fixed, and a given environmental pressure was applied. The two gas chambers were
subjected to a vacuum using a vacuum pump. After completing vacuuming, high-purity
CH4 and N2 at equal pressures were simultaneously injected into the gas chambers on either
side of the coal core. The pressures of the gases in the two gas chambers were adjusted
to the designed pressure, the high-pressure valves on the gas chambers were closed, and gas
diffusion began. After a certain period, samples were removed from the gases in the two gas
chambers using the exhaust gas sampling method and analyzed using gas chromatography.
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If the gas to be tested had diffused, the gas chamber was emptied, the experimental
conditions were changed, and D was measured under new conditions; otherwise, the gas
diffusion experiment was continued.

2.4. Calculation Models

The key parameter for measuring the diffusion capacity and speed of methane in coal
is the diffusion coefficient D(cm2/s). Quasi-steady-state diffusion occurs when the dif-
fusion speed per unit area per unit time is proportional to the volume fraction gradient.
The diffusion speed depends only on distance, irrespective of time, which follows Fick’s
first law. If the diffusion flux of methane in a coal seam varies with both time and distance,
the diffusion is called non-steady-state diffusion, which can be described by Fick’s second
law. Therefore, D of methane in the experiment was calculated using Fick’s second law
(Equation (1)):

D =
ln(∆C0/∆Ci)

B(ti − t0)
(1)

where: ∆Ci = C1i −C2i, B = A(1/V1 + 1/V2)/L; D is the diffusion coefficient of the methane
in the coal sample, cm2/s; ∆C0 is the volume fraction difference of the methane gas in the dif-
fusion chamber at both ends at the initial moment, %; ∆Ci is the volume fraction difference
of the methane gas in the diffusion chamber at both ends at the ith moment, %; ti is
the ith moment, s; t0 is the initial moment, s; C1i is the volume fraction of the methane
gas in the methane diffusion chamber at the ith moment, %; C2i is the volume fraction
of the methane gas in the nitrogen diffusion chamber at the ith moment, %; A is the cross-
sectional area of the coal sample, cm2; L is the length of the coal sample, cm; V1, and V2
are the volumes of the methane diffusion chamber and the nitrogen diffusion chamber,
respectively, cm3.

3. Results and Discussion
3.1. Influence of Confining Pressure on Diffusion Coefficient

A coal reservoir is a three-dimensional geological body stored underground at a certain
depth, and its physical characteristics, especially diffusion and permeability, are closely
related to the confining pressure [32,35]. Under natural conditions, the geostress field
acts on the coal seam pores, forming a confining pressure on the coal seam pores, which
affects the pore-fracture system of the coal seam and thus impacts the fluid migration laws
in the coal seam. To measure the changes in D with changes in the confining pressure,
samples WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-2, and six original columnar coal
samples were used in the experiments. The experiments were conducted under a confining
pressure of 5.0, 6.7, 8.6, or 10.3 MPa; the temperature was 31 ◦C; and the gas pressure was
1.0 MPa. The experimental conditions and results are listed in Table 4.

Table 4. Impacts of confining pressure on D: experimental conditions and results.

Samples

Experimental Conditions

Effective
Stress/MPa

CH4
D/(cm2/s)

Samples

Experimental Conditions

Effective
Stress/MPa

CH4
D/(cm2/s)

Confining
Pres-

sure/MPa

Temperature
/◦C

Gas Pres-
sure/MPa

Confining
Pres-

sure/MPa

Temperature
/◦C

Gas Pres-
sure/MPa

WYM-1

5.0

31 1.0

4.0 7.44 × 10−8

WYM-3

5.0

31 1.0

4.0 5.34 × 10−8

6.7 5.7 5.67 × 10−8 6.7 5.7 4.12 × 10−8

8.6 7.6 3.86 × 10−8 8.6 7.6 2.33 × 10−8

10.3 9.3 3.32 × 10−8 10.3 9.3 1.84 × 10−8

WYM-2

5.0

31 1.0

4.0 9.12 × 10−8

WYM-4

5.0

31 1.0

4.0 4.53 × 10−8

6.7 5.7 6.85 × 10−8 6.7 5.7 3.51 × 10−8

8.6 7.6 4.86 × 10−8 8.6 7.6 2.23 × 10−8

10.3 9.3 4.32 × 10−8 10.3 9.3 1.82 × 10−8

FM-1

5.0

31 1.0

4.0 6.98 × 10−8

FM-2

5.0

31 1.0

4.0 7.12 × 10−8

6.7 5.7 5.57 × 10−8 6.7 5.7 5.65 × 10−8

8.6 7.6 3.75 × 10−8 8.6 7.6 3.82 × 10−8

10.3 9.3 3.01 × 10−8 10.3 9.3 3.09 × 10−8



Processes 2023, 11, 2808 9 of 21

The experimental results in Table 4 were used to plot the relationship between D and
the confining pressure in Figure 3. As shown in Figure 3, under constant temperature and
gas pressure, the methane diffusion coefficient exponentially decreases with an increase
in the confining pressure, and the rate of decrease slightly slows as the confining pressure
continues to rise. When undamaged experimental coal samples were used, the confining
pressure in the experiment was conducted to a limit of 10.3 MPa without slowing the rate
of decline. When the confining pressure increased, D stabilized and no longer decreased.
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Effective stress refers to the difference between the confining pressure acting on a coal
reservoir and the fluid pressure in its pores and fractures [26,35]. The data in Table 4 were
used to plot the relationship between D and the effective stress generated by the change
in the confining pressure (Figure 4). Figure 4 shows that the diffusion coefficient exponen-
tially decreases with an increase in the effective stress, and the rate of decrease slightly
slows as the effective stress increases. The exponential decrease in D with an increase
in the confining pressure is thought to be determined by the change in the effective stress.
According to the theory of material mechanics [52,53], coal deformation increases with
stress. Therefore, when other conditions, including pore (gas) pressure, remain unchanged,
as the confining pressure increases, the effective stress of the coal body continues to in-
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crease, causing the coal body deformation to increase continuously. The pores and throats
in coal contract and deform under the action of effective stress, ultimately leading to de-
creases in coal-body porosity and D. D, similar to permeability [12,54], negatively affects
the effective stress.
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3.2. Influence of Gas Pressure on Diffusion Coefficient

To explore the influence of changes in gas pressure on D, the change in D was measured
using WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-2, and six original columnar coal
samples in the experiments. As shown in Table 3, the gas pressure was set to 0.5, 1.0, 1.5,
or 2.0 MPa; the temperature was set to 31 ◦C; and the confining pressure was set to 6.7 MPa
for the diffusion experiment. The experimental gas pressure conditions and results are
summarized in Table 5.
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Table 5. Effects of gas pressure on D: experimental conditions and results.

Samples

Experimental Conditions

Effective
Stress/MPa

CH4
D/(cm2/s)

Samples

Experimental Conditions

Effective
Stress/MPa

CH4
D/(cm2/s)Gas Pres-

sure/MPa
Temper-
ature/◦C

Confining
Pres-

sure/MPa

Gas Pres-
sure/MPa

Temper-
ature/◦C

Confining
Pres-

sure/MPa

WYM-1

0.5

31 6.7

6.2 3.34 × 10−8

WYM-3

0.5

31 6.7

6.2 3.01 × 10−8

1.0 5.7 5.67 × 10−8 1.0 5.7 4.12 × 10−8

1.5 5.2 7.87 × 10−8 1.5 5.2 6.12 × 10−8

2.0 4.7 8.46 × 10−8 2.0 4.7 6.46 × 10−8

WYM-2

0.5

31 6.7

6.2 4.23 × 10−8

WYM-4

0.5

31 6.7

6.2 2.87 × 10−8

1.0 5.7 6.85 × 10−8 1.0 5.7 3.51 × 10−8

1.5 5.2 8.12 × 10−8 1.5 5.2 5.67 × 10−8

2.0 4.7 8.65 × 10−8 2.0 4.7 5.98 × 10−8

FM-1

0.5

31 6.7

6.2 3.14 × 10−8

FM-2

0.5

31 6.7

6.2 3.35 × 10−8

1.0 5.7 5.57 × 10−8 1.0 5.7 5.65 × 10−8

1.5 5.2 7.35 × 10−8 1.5 5.2 7.67 × 10−8

2.0 4.7 7.67 × 10−8 2.0 4.7 8.41 × 10−8

The experimental results in Table 5 were used to plot the relationship between gas
pressure and D (Figure 5). As shown in Figure 5, under constant temperature and con-
fining pressure conditions, as the gas pressure increased from 0.5 to 2.0 MPa, the pattern
of the change in the CH4 diffusion coefficient of the six measured original columnar coal
samples was opposite to that of the confining pressure, gradually increasing exponentially.
The speed increase slowed as the gas pressure increased. When the gas pressure continued
to increase, D tended to stabilize and no longer increase; therefore, a limited diffusion
coefficient existed for the original columnar coal samples.
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The experimental results in Table 5 were used to draw a graph of the relationship between
D and the effective stress generated by the change in gas pressure (Figure 6). Figure 6 shows
that the CH4 diffusion coefficient of the original coal exponentially increases with a decrease
in the effective stress, and the rate increase slightly slows as the effective stress decreases.
The change in the effective stress determined the exponential increase in the CH4 diffusion
coefficient of the original columnar coal samples with increased gas pressure.

As the CH4 gas pressure in coal increases, the coal adsorption of CH4 gas molecules
strengthens [55,56]. Under external constraint conditions, the adsorption expansion stress
increases, leading to a decrease in the effective stress of the coal. As discussed in Section 3.1,
decreased effective stress increases D (Figures 4 and 6). However, during the CH4 diffusion
process, the coal matrix exerts an adsorption effect on CH4, with part of the adsorption expansion
volume being converted into expansion stress at the contact points. Another part is converted
into an inward adsorption expansion strain, which changes the pore volume. As the CH4 gas
pressure increases, the inward adsorption deformation of the coal matrix increases, the coal
matrix expands, the porosity decreases, and D decreases. Conversely, when the pore pressure
decreases, the coal matrix contracts, the porosity increases, and D increases. Therefore, compared
with the influence of the confining pressure, the influence of the gas pressure on D involves two
mechanisms: mechanical and adsorption actions.

The results of the experiments on the effects of changes in gas pressure on the orig-
inal columnar coal samples showed that as the gas pressure increased, D increased.
This indicates that the effective stress and the shrinking/expanding deformation of the coal
matrix jointly constrain the effect of the gas pressure on CH4 diffusion in coal.
These two factors may yield opposite results; however, the dominant factor constrains
the final relationship between the gas pressure and diffusion coefficient. The experiment
results showed that the main factor influencing the change in the CH4 diffusion coefficient
in coal was the mechanical effect of effective stress.
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3.3. Influence of Temperature on the Diffusion Coefficient

To explore the influence of changes in temperature on D, D was measured at various
temperatures with the WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-2, and six original
coal columnar coal samples. For the experiment, the temperature was set to 27, 31, 35, 40,
45, or 50 ◦C; the confining pressure was 6.7 MPa; and the gas pressure was set to 1.0 MPa.
The experimental conditions and results are listed in Table 6. The data in Table 6 were used
to plot a graph depicting the relationship between D and temperature (Figure 7).

Table 6. Effects of temperature on D: experimental conditions and results.

Samples

Experimental Conditions

CH4
D/(cm2/s)

Samples

Experimental Conditions

CH4
D/(cm2/s)Temper-

ature/◦C

Confining
Pres-

sure/MPa

Gas Pres-
sure/MPa

Temper-
ature/◦C

Confining
Pres-

sure/MPa

Gas Pres-
sure/MPa

WYM-1

27

6.7 1.0

5.62 × 10−8

WYM-3

27

6.7 1.0

4.07 × 10−8

31 5.67 × 10−8 31 4.12 × 10−8

35 5.73 × 10−8 35 4.18 × 10−8

40 5.83 × 10−8 40 4.27 × 10−8

45 5.97 × 10−8 45 4.43 × 10−8

50 6.19 × 10−8 50 4.56 × 10−8



Processes 2023, 11, 2808 14 of 21

Table 6. Cont.

Samples

Experimental Conditions

CH4
D/(cm2/s)

Samples

Experimental Conditions

CH4
D/(cm2/s)Temper-

ature/◦C

Confining
Pres-

sure/MPa

Gas Pres-
sure/MPa

Temper-
ature/◦C

Confining
Pres-

sure/MPa

Gas Pres-
sure/MPa

WYM-2

27

6.7 1.0

6.81 × 10−8

WYM-4

27

6.7 1.0

3.46 × 10−8

31 6.85 × 10−8 31 3.51 × 10−8

35 6.91 × 10−8 35 3.55 × 10−8

40 7.03 × 10−8 40 3.62 × 10−8

45 7.16 × 10−8 45 3.70 × 10−8

50 7.34 × 10−8 50 3.81 × 10−8

FM-1

27

6.7 1.0

5.54 × 10−8

FM-2

27

6.7 1.0

5.62 × 10−8

31 5.57 × 10−8 31 5.65 × 10−8

35 5.63 × 10−8 35 5.72 × 10−8

40 5.69 × 10−8 40 5.78 × 10−8

45 5.76 × 10−8 45 5.85 × 10−8

50 5.86 × 10−8 50 5.96 × 10−8
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Figure 7. Relationship between D and temperature.

As shown in Figure 7, under constant gas and confining pressure conditions, as the
temperature increased from 27 to 40 ◦C, the change in the pattern of the CH4 diffusion
coefficient in the six coal samples gradually and exponentially increased. Furthermore,
as the temperature increased, the rate of increase slightly accelerated.
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According to the theory of gas molecular motion [57,58], temperature mainly im-
pacts gas molecular diffusion through the root-mean-square speed and average free path
of the gas molecules. Molecular motion theory in materials science states that the tem-
perature of a gas is an indicator of the average kinetic energy of the molecules [32,59].
As temperature increases, the amplitude and frequency of molecular vibrations, the speed
of molecular motion, the vigor of molecular movement, and the speed of movement
from high to low concentrations all increase. These, in turn, accelerate diffusion, ultimately
causing D to trend upward.

3.4. Influence of Metamorphism and Deformation Degree on the Diffusion Coefficient

To determine the influence of the degree of metamorphism and deformation on D,
the original columnar coal samples with different degrees of metamorphism and deforma-
tion were analyzed using WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-2, FM-3, FM-4, and
eight original coal samples. The confining pressure, temperature, and gas pressure were set
to 6.7 MPa, 31 ◦C, and 1.0 MPa, respectively, to simulate a coal seam buried 800 m deep.
Then, the confining pressure temperature and gas pressure were set to 8.6 MPa, 35 ◦C,
and 1.5 MPa, respectively, to simulate a coal seam buried 1000 m deep. The experimental
conditions and results are listed in Table 7.

Table 7. Effects of different metamorphic deformation degree on D: experimental conditions and results.

Samples f Value
Experimental Conditions

CH4 D/(cm2/s)
Simulated Coal

Seam Burial
Depth/m

Confining
Pressure/MPa Temperature/◦C Gas

Pressure/MPa

WYM-1 1.19 6.7 31 1.0 5.67 × 10−8

800 m

WYM-2 0.85 6.7 31 1.0 6.85 × 10−8

WYM-3 0.41 6.7 31 1.0 4.12 × 10−8

WYM-4 0.15 6.7 31 1.0 3.51 × 10−8

FM-1 0.81 6.7 31 1.0 5.57 × 10−8

FM-2 0.64 6.7 31 1.0 5.65 × 10−8

FM-3 0.31 6.7 31 1.0 3.78 × 10−8

FM-4 0.15 6.7 31 1.0 3.24 × 10−8

WYM-1 1.19 8.6 35 1.5 4.38 × 10−8

1000 m

WYM-2 0.85 8.6 35 1.5 5.46 × 10−8

WYM-3 0.41 8.6 35 1.5 2.83 × 10−8

WYM-4 0.15 8.6 35 1.5 2.53 × 10−8

FM-1 0.81 8.6 35 1.5 4.25 × 10−8

FM-2 0.64 8.6 35 1.5 4.73 × 10−8

FM-3 0.31 8.6 35 1.5 2.56 × 10−8

FM-4 0.15 8.6 35 1.5 2.14 × 10−8

The data in Table 7 were used to graph D for different degrees of metamorphism
and deformation of the coal methane (Figure 8). As shown in Figure 8, under the same
confining pressure, temperature, and gas pressure conditions, D of metamorphic coal
(anthracite and fat coal) initially increased, which was followed by a decreasing trend
with an increase in the degree of deformation, with the D value of fragmented coal being
the largest. Coals with similar degrees of deformation had D that showed an increasing
trend with increasing metamorphism degree; under the same degree of deformation, D
of anthracite was larger than that of fat coal. D measured via the granular method [13,60]
continuously increased with an increase in the degree of coal deformation, which differs
from the finding obtained from counter diffusion experiments with different degrees
of columnar coal sample metamorphism and deformation.
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The solidity coefficient of coal (f ) indicates its solidity. The drop hammer method is
commonly used in China to determine f. The principle of this measurement method is
based on brittle materials following area–force energy theory when they break. The work
A consumed by broken coal is assumed to be directly proportional to the surface area
S of the broken material, and the surface area is inversely proportional to the particle
diameter. The crushing ratio can express coal solidity: the harder the coal, the higher its
strength and the larger its f, and vice versa.

The f is an index that reflects the ability of coal to resist damage due to external
forces. The f value of coal with different structural types ranges within certain values and
a relatively dense interval, a common value range. Therefore, the f value can be used as an
index for classifying coal structures. Using the data in Tables 1 and 7, the relationship
between D of coal with different coal body structures and f was drawn, as shown in Figure 9.
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Figure 9 shows that the following functional relationship can express the relationship
between D and f :

D = a/(a + b · f + c · f 2) (2)

where D is the diffusion coefficient, cm2/s; f is the solidity coefficient of coal (dimension-
less); and a, b, and c are dimensionless undetermined coefficients.

This shows that D and f are strongly correlated, with a determination coefficient (R2)
above 85%; therefore, the f value of coal can be used to predict D of coal. The structure
of the coal changed from simple to complex, and D first increased and then decreased,
indicating a nonlinear Holliday functional relationship.

The data in Tables 1 and 7 were used to plot the changes in the relationship be-
tween D of different metamorphic deformed coals and porosity under simulated confining
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pressure, temperature, and gas pressure conditions at burial depths of 800 and 1000 m
(Figure 10). As shown in Figure 10, D and the porosity of coal with different degrees
of metamorphic deformation exhibited the same trend; that is, for the same coal ranking,
with an increase in the degree of deformation, D and porosity both showed a trend of first
increasing and then decreasing. For the same coal rank, the porosity and D of fragmented
coal were the highest, followed by those of the original-structure coal and granular coal.
D of granulated coal was the smallest. For the same degree of deformation, the porosity
and D of anthracite were larger than those of fat coal.
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The effects of metamorphism and deformation are inseparable during the coal-forming
process of a coal seam. Coal porosity refers to the ratio of the voids, including micropores
and microfractures, in the coal to its total volume (GB/T23561.4-2009) [61]. The porosity
measurements of the coal samples in Table 1 show that under the same metamorphic
conditions, the porosity of different grades of coal was the highest in fragmented coal;
with the increase in deformation degree, the porosity first increased and then decreased.
This occurs because, in coal-bearing strata near the same location, the coalification his-
tory and process experienced by the coal seam were almost the same, the degree of coal
metamorphism was essentially the same, and the confining pressure conditions were simi-
lar. Under the same stratum pressure conditions, a coal seam with a larger deformation
degree (granular coal and mylonitic coal) is more likely to be compacted and solidified,
resulting in smaller macroporosity. In contrast, a coal seam with a smaller degree of defor-
mation (original structure or fragmented coal) has a stronger ability to maintain its original
structure. As a result, it is less likely to be compacted; additionally, the original pores
and microfractures are better preserved, and the porosity of fragmented coal is relatively
high. The higher the porosity, the lower the displacement pressure, indicating the presence
of more coarse throats and better pore structure, which are more conducive to diffusion.
Conversely, the weaker the pore structure, the more unfavorable the diffusion [8,27,38].
D measured in the columnar coal samples in the counter diffusion experiment was mainly
controlled by porosity, where large pores and microfractures were leading. Microfractures
constitute important channels for connected pores, endogenous fractures, and layer frac-
tures; the existence of microfractures shortens the distance required for coal seam methane
diffusion [45,53,54]. In addition to the diffusion in micropores and flow in endogenous
fractures, coal seam methane can diffuse or flow into microfractures. The analysis results
indicated that whether seepage occurs in coal seams depends on the size of the diffusion
channels in the coal seams and whether the coal seam provides the mechanical conditions
for seepage to occur. In other words, even in large pores and microfractures, the mechanical
condition may be unsuitable for seepage to occur in and out of the coal seam (i.e., the start-
up pressure gradient) [4,62] or the microfractures to be partially filled. In this situation,
the residual voids are insufficient for the methane to flow in the coal seam; as a result, this
methane moves through the microfractures in the form of diffusion. Under these condi-
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tions, the microfracture size is the key determinant of the diffusion of coal seam methane.
Macromanifestation occurs when the permeability of soft coal under reservoir conditions
is lower than that of hard coal. This explains why soft coal is more difficult to extract,
why the effect of gas injection displacement is weak, and why the macrotransformation
of hydraulic fracturing is difficult. Therefore, in future research, columnar coal samples
with different degrees of metamorphic deformation under the action of effective stress
should be used to study the diffusion behavior of in situ coal seam gas. The diffusion
coefficients measured using the particle and counter diffusion methods cannot be simply
substituted in practical situations.

4. Conclusions

(1) The methane D of the raw coal cylindrical samples exponentially decreased with
increasing confining pressure, and the decrease slightly slowed as the confining
pressure further increased in this study. The decrease in D with increasing confining
pressure, essentially determined by changes in the effective stress, was exponential.
The methane diffusion coefficient of the cylindrical coal samples was similar to that
of the permeability, and both decreased with increasing effective stress.

(2) The change in the methane diffusion coefficient with changing gas pressure in the cylin-
drical raw coal samples was opposite to that with changes in the confining pressure,
increasing an exponential relationship. The rate of increase slowed with increasing
gas pressure. D exponentially increased with a reduction in the effective stress caused
by changes in the gas pressure; the rate of increase slightly slowed with a reduc-
tion in the effective stress. A limit exists on D under in situ geological conditions.
The impact of gas pressure on D slightly differs from that of confining pressure,
involving two mechanisms, mechanical action and adsorption, which are jointly con-
strained by the effective stress and changes in coal particle shrinkage/expansion.
The two mechanisms lead to opposite results but are ultimately restricted by the main
controlling factor: the mechanical effect of effective stress.

(3) The methane D of the raw coal cylindrical samples exponentially increased as the
temperature increased, and the rate of increase only slightly increased with increasing
temperature. The influence of temperature on diffusion is mainly achieved by changes
in the root-mean-square speed and mean free path of the methane gas molecules.

(4) Under the same confining pressure, temperature, and gas pressure conditions for coal
samples with the same degree of metamorphism, the methane D first increased and
then decreased with an increase in the deformation degree, with the maximum D
found in fractured coal. D and f of coal exhibited a nonlinear Holliday function
variation, and D first increased and then decreased as the coal structure changed
from simple to complex. Under similar deformation conditions, D of anthracite was
larger than that of fat coal. Porosity is the key factor affecting changes in the methane
diffusion coefficient of different metamorphic deformed coals.
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