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Abstract: The diffusion coefficient (D) is a key parameter characterizing gas transport in coal seams. Usually,
the D is calculated from the desorption curve of particle coal, which cannot accurately reflect the diffusion
characteristics under the stress constraint conditions of in-situ coal seams. In this paper, based on Fick's law of
counter diffusion, different metamorphic deformed coals of medium and high coal rank are taken as the
research object. The change laws of D under different confining pressure, gas pressure, and temperature
conditions are tested and analyzed, and the influencing mechanisms on the D are discussed. The results show
that the D of different metamorphic deformed coals decreases exponentially with the increase of confining
pressure, and increases exponentially with the increase of gas pressure and temperature. There is a limit
diffusion coefficient. The influence of confining pressure on the D is essentially determined by the change of
effective stress, and the D has a negative effect of effective stress similar to permeability. The effect of gas
pressure on the D involves two mechanisms, namely, mechanical and adsorption effects, which are jointly
restricted by effective stress and coal particle shrinkage and expansion deformation. The effect of temperature
on the D is mainly achieved by changing the root mean square speed and average free path of gas molecules.
Under the same temperature and pressure conditions, the D increases first and then decreases with the increase
of deformation degree, and the D of fragmented coal is the largest. Under similar deformation conditions, the
D of high-rank anthracite is greater than that of medium-rank fat coal. It is considered that porosity is the key
factor affecting the change of D in different metamorphic deformed coals.

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

1. Introduction

Improving the efficiency of coalbed methane development and utilization can effectively
alleviate the dependence on high-carbon energy, particularly coal, and accelerate the achievement of
China's "carbon peak” and "carbon neutrality" goals. Against the backdrop of China's vigorous
promotion of ecological civilization construction, the urgent need to rapidly develop clean coalbed
methane resources as a substitute for coal, which has severe impacts on national life safety and the
natural environment, is increasingly prominent [1,2]. China's coalbed methane resources rank third
in the world, reaching about 10.87x10> m3, demonstrating a huge potential for coalbed methane
resource development [3,4]. However, except for the Qinshui Basin and the Ordos Basin, other
regions face issues such as low single well yield, poor production stability, and poor technical
replicability in the process of coalbed methane resource development. The core reason lies in the
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features of China's coalbed methane reservoirs, including low gas saturation, low permeability, low
reservoir pressure, and widespread development of tectonic 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 in the coal matrix and fractures around the
coal matrix [8,9]. The pores and fractures in coal are not only the storage space for coalbed methane
but also the channels for its migration [10,11]. It is generally believed that due to the differences in
the causes, forms, and scales of pores and fractures in coal, methane has different migration
mechanisms in pore and fracture channels, which can be divided into pore diffusion and fracture
seepage [12,13]. One is the seepage through the cleavage and fracture system in the coal body, driven
by pressure difference, following Darcy's Law [14,15]; the other is diffusion within the coal matrix
pores and micro-fractures, driven by concentration difference, following Fick's Law [16,17]. The
production rate of coalbed methane mainly depends on the diffusion rate and seepage rate. When
the diffusion rate is insufficient to provide conditions 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, there are two types of diffusion processes in in-situ coalbeds: columnar coal sample
diffusion and particle coal sample diffusion [19,20]. In terms of diffusion state, under certain
temperature and pressure conditions, the three types of gas inside the coal matrix block that is not
affected by mining are in a relative equilibrium state. The driving force of diffusion is the chemical
gradient, which belongs to self-diffusion [21]. If the reservoir pressure decreases, the diffusion
develops towards desorption, such as pressure relief gas extraction and coal drop gas gushing; if the
reservoir pressure increases, the diffusion develops towards adsorption, such as N2/CO:
displacement technology. The driving force for these two types of diffusion is the concentration
gradient, which belongs to transfer diffusion [22,23]. Therefore, there are two types of diffusion media
and three types of diffusion processes in coalbeds under actual formation conditions, and different
diffusion processes can coexist and convert into each other.

The diffusion coefficient (D) is one of the key parameters controlling the gas transport dynamics
in the coal matrix. Existing methane diffusion coefficient measurement techniques include the
particle method, steady-state flow method, and counter diffusion method, studies have shown that
these methods all have a certain degree of limitations and applicability [4,18,24]. Different
experimental means, from the process analysis, describe different diffusion processes. The particle
method is a transient method measuring the non-steady-state release of gas after the adsorption
equilibrium pressure drops to atmospheric pressure, and the diffusion coefficient is obtained by
inverse calculation from the coal gas desorption curve using the desorption model [24,25]. This
method uses particle coal samples for testing, usually without the influence of confining pressure,
mainly used for gas content measurement (estimating the amount of gas lost during sampling),
prediction of gas outburst from coal drops, etc [26,27]. The steady-state flow method is similar to the
steady-state flow method for measuring the permeability of methane in coal, using cylindrical coal
samples for the experiment, maintaining a constant methane pressure difference at both ends of the
coal sample, and calculating the methane diffusion coefficient in the coal when the flow is stable
according to the methane flow rate [18,28]. This method has not been widely used, only Thimons and
Sevenster have measured the methane diffusion coefficient in coal using the steady-state flow method
[29,30]. To solve the problems of long test time and difficulty in avoiding methane seepage in the coal
with the steady-state flow method, Smith and Williams proposed to measure the diffusion coefficient
of methane in coal using the constant pressure counter diffusion method [31,32]. The counter
diffusion method still uses cylindrical coal samples for the experiment, placing methane and non-
adsorptive nitrogen at both ends of the coal sample and ensuring equal pressure. Since the gas
pressure at both ends of the coal sample is equal, methane and nitrogen do not porous flow in the
form of seepage, but diffuse with each other driven by the concentration gradient. The methane
concentration at both ends of the coal sample can be measured after a period of time to calculate the
methane diffusion coefficient in the coal [29,31]. Mutual diffusion experiments can simultaneously
apply confining pressure and gas pressure, use Fick's law to calculate the diffusion coefficient after
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data collection, and are mainly used for predicting and evaluating the diffusion rate in the original
coal seam, coalbed methane production planning, and economic reserve estimation, etc. [33,34].
Scholars at home and abroad have done a lot of exploratory work in the measurement of gas diffusion
coefficients, but there are significant differences in the experimental methods and results of different
scholars in measuring the diffusion coefficient of methane in coal [26]. The methane diffusion
coefficients in coal measured by different experimental methods vary greatly, with numerical ranges
from 107 m?/s to 10> m2/s. The differences in the testing principles and conditions of different
methods cause these techniques to lack comparability with each other [35,36].

Under the effect of long geological history, diffusion becomes an important mechanism for the
underground migration and loss of gas in coal seams, and it is also one of the important ways for
coalbed gas to accumulate and store under original stratum conditions. There are many factors that
affect the diffusion of gas in coal (coal particles), including the characteristics of the diffusion medium
(coal itself, such as the state of matter, degree of metamorphism, degree of destruction,
microstructure, etc.), the characteristics of the diffusion phase (methane, such as gas concentration,
molecular polarity of the gas, etc.) and the external environment (temperature, gas pressure,
confining pressure, etc.) [29,36-39]. At present, most of the diffusion coefficients reported in the
literature are derived from the adsorption data of particle coal based on the classical homogeneous
spherical Fick diffusion mathematical model [4,30,36,40]. The diffusion coefficient or adsorption time
obtained using the particle method to evaluate the diffusion of gas in coal leads to significant
deviations in the gas diffusion characteristics and extraction rate obtained from the actual situation
[34,41]. In recent years, some scholars have begun to use columnar coal samples to measure the
diffusion coefficient. Meng et al. [29] used the mutual diffusion method to test the diffusion
coefficient of low-high rank original structure coal, and found that from low rank to medium rank
coal, as the degree of coal metamorphism increases, the methane diffusion coefficient decreases in a
negative exponential function. From medium rank to high rank coal, as the degree of coal
metamorphism increases, the methane diffusion coefficient increases exponentially. Under the same
temperature, gas pressure and confining pressure conditions, as the degree of coal metamorphism
increases, the methane gas diffusion coefficient in coal shows a trend of rapid decline followed by
slow rise. Xu et al. [18] used thin slices of coal matrix instead of coal particles as the test samples and
found that the diffusion coefficient of methane in the coal matrix showed a "U" trend of first
decreasing and then increasing with the increase in coal rank. An et al. [35] compared the diffusion
coefficient measured by the steady-state method with the anthracite diffusion coefficient obtained
from the classical model and the time-variable diffusion coefficient model, and found that the
magnitudes of the obtained diffusion coefficients were the same, the sizes could differ by several
times, and the diffusion coefficient changed differently with the increase in methane pressure. Dong
et al. [31] used the particle method and counter diffusion method to measure the transient and quasi-
steady-state diffusion characteristics of bituminous coal, and the results showed that the quasi-
steady-state diffusion coefficient was higher than the transient diffusion coefficient. The difference
may be 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. [34] studied the effects of confining pressure and pore pressure on
the diffusion of methane in columnar coal samples. The results showed that with the increase of
confining pressure and the decrease of pore pressure, the effective diffusion coefficient gradually
decreased. It is suggested that in future research, block coal with a complete internal structure under
constraints should be used to study the diffusion behavior of gas in situ coal seams. Cai et al. [42]
observed the shape of coal fragments after crushing and sieving a large number of coal samples, and
found that most of the crushed particle coal was cylindrical or rectangular, with a particle size
generally of 0.20~0.25 mm, and a small amount of particle coal was spherical. Baatar et al. [33]
obtained the change in the coal body diffusion coefficient with confining pressure and gas pressure
from reverse diffusion experiments, and believed that the internal pore/crack structure of the coal
body has an important impact on the diffusion coefficient.
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Although the diffusion coefficient is a key parameter characterizing the diffusion ability of
methane in coal seams, the physical meaning, numerical magnitude, and changes of this parameter
vary under different laboratory test method conditions. During gas extraction, methane diffuses in
coal in two typical situations. The first is the diffusion of methane in coal particles, which is a transient
diffusion process due to a high methane concentration gradient. The second is the diffusion process
of methane in the coal matrix, where the methane concentration gradient is smaller and can be
regarded as a quasi-steady-state diffusion process. In-situ coal seams are generally under stress
constraints, but laboratories often use granular coal to study the dynamic characteristics of methane
diffusion, where the coal sample cannot withstand stress. Therefore, it is debatable whether the
laboratory test results of granular coal can reflect the gas diffusion behavior in in-situ coal seams.
Moreover, there are few reports in the literature on the determination of the methane diffusion
coefficient of different metamorphic deformed coal intact core samples in the laboratory using the
counter diffusion method. To solve these problems, this paper takes medium-high rank original
structure coal and a series of tectonic deformed coal as research objects, and carries out methane
diffusion experiments 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 is discussed, and its relationship with porosity and the coal
hardiness coefficient of outburst prevention is analyzed. This is of great scientific significance for
enriching and improving the gas migration of coal seam gas in the in-situ coal seam, CO2-ECBM, and
geological sequestration of COs.

2. Experiment Design

2.1. Experimental Platform Construction

The counter diffusion method methane diffusion coefficient tester can simulate actual stratum
conditions and achieve the determination of the methane diffusion coefficient of the original coal
seam under certain confining pressure, temperature, and gas injection pressure conditions. The
diffusion coefficient determination device mainly consists of a coal core holder, a pressure control
system, a temperature control system, a vacuum pump system, a gas supply system, a gas sampling
device, and a data collection system (Figure 1). The coal core holder is used to fix the coal sample and
provides a place for the tested coal core to simulate stratum pressure and temperature; the pressure
control system provides the circumferential and axial pressure required by the coal core for the
experiment; the temperature control system provides the temperature required by the coal core for
the experiment and maintains it constant; the gas supply system supplies CHs and N2 to the two gas
chambers at both ends of the holder respectively; the vacuum pump system provides a vacuum
environment for the entire experimental system to ensure that there is no influence of other gases in
the system. The gas sampling device is used to collect gas samples for gas chromatography analysis
after the experiment is completed, and the data collection system mainly collects experimental data
such as the circumferential pressure, axial pressure, gas injection pressure, and temperature of the
coal sample during the test. The principle of the experiment is based on the principle of gas freely
diffusing through the coal sample under a concentration gradient. CHs is injected at one end and Nz
at the other end of the diffusion chamber at both ends of the coal sample holder, and there is no
pressure difference between the two ends. Under the specified temperature and pressure conditions,
the gas concentration changes with time. Then the volume fraction values of each component of the
gas in the diffusion chamber at both ends at different time periods are measured, and the methane
diffusion coefficient of different metamorphic deformed coals is calculated based on Fick's law.
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Figure 1. Methane diffusion coefficient determination device by counter diffusion method.

annotations: 1,3,5,7,10,12,14,17,19,21,22,24,26,28,29,32,34 - Shut-off valves; 2 - Methane chamber;
4 - Differential pressure transmitter; 6 - Nitrogen chamber; 8 - Coal core holder; 9,16 - Confining
pressure systems; 11,13 - Pressure gauges; 15,23 - Coal samples; 18,25 - Pressure reducing valves; 20
- Methane; 27 - Nitrogen; 30 - Vacuum gauge; 31 - Confining pressure pump; 33 - Vacuum pump.

2.2. Experimental samples

During the complex geological history and evolution process, coal seams have undergone a
series of metamorphic and deformation processes and can be divided into original structure coal and
a series of tectonic deformed coal in terms of coal body structure types [3,43]. The experimental coal
samples were collected from the mine areas in the central and southern part of North China where
the late Paleozoic Shanxi Group coal seams, original structure coal, and tectonic deformed coal
(fractured coal, granular coal, mylonite coal) are well developed, namely anthracite from
Zhongmacun Mine in Jiaozuo mining area, Henan Province, and fat coal from No.12 mine in
Pingdingshan mining area, Henan Province. According to underground observations, the main coal
seam in Zhongmacun Mine, Coal 2-1, shows an interlayered distribution of four types of coal body
structure, mainly developed in fractured 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 collected coal samples are numbered as: WYM-1, WYM-2, WYM-3,
WYM-4, FM-1, FM-2, FM-3, FM-4. According to national standards GB/T6948-2008, GB/T212-2008,
GB/T23561.4-2009, GB/T 23561.12-2010, etc., 300g of air-dried base coal samples with a size of 0.17-
0.25 mm were selected for each, and maximum vitrinite reflectance, industrial analysis, true density,
apparent density, porosity, and coal hardiness coefficient parameters were determined. The results
of the parameter determination are shown in Table 1.

Table 1. Basic Parameter Measurement Results of Coal Samples.

Coal o o o o o\ Porosity
Samples structure Romax(%) Mad (%)  Ad (%)  Vaa (%) FCa (%) 1% fvalue
Original
WYM-1 structure 3.38 2.94 8.41 5.50 83.15 6.25 1.19
coal
Fragmented
WYM-2 woal 3.41 2.93 8.41 5.49 83.17 8.13 0.85
Flax seed
WYM-3 oal 3.39 2.67 8.36 5.63 83.22 5.19 0.41
wym.4 Mylonitized 5, 2.53 8.57 571 83.19 4.61 0.15

coal
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Original
FM-1 structure 1.14 1.42 10.10 11.03 70.65 4.40 0.81
coal
Fragmented
coal
Flax seed
FM-3 woal 1.14 1.21 8.65 10.79 70.52 3.32 0.31
Mylonitized
coal

1.16 1.44 8.70 10.52 69.99 4.77 0.64

1.15 1.06 8.77 10.21 70.32 2.87 0.15

The experiment used original cylindrical coal samples as the coal samples. The four types of coal
body structures were prepared in different ways according to their different hardness. The method
and steps for making original coal isostatic pressing cylindrical coal samples of strongly tectonic
deformed coals are given in author's reference [44]. The coal sample specifications are
®25mm»50mm. During the sample preparation process, the adverse effects of different internal
structures of the sample and processing errors on the test results should be avoided as much as
possible. At the same time, the samples made from the same piece of coal should be selected by
statistical classification and surface crack photography observation method to select the complete,
compact ones, and those without obvious exogenous cracks as experimental samples. After the
sample preparation is completed, it also needs to be dried in a drying oven for 24 hours. The original
coal samples of the original structural coal and the tectonic deformed coal columnar coal samples are
shown in Figure 2.

Figure 2. Original coal samples of the four types of coal used in the diffusion experiment.

a. Original structural coal samples b. Fractured coal samples c. Granular coal samples d.
Mylonite coal samples

2.3. Experimental conditions

Generally speaking, under the combined action of geothermal and overburden pressure, the
temperature and pressure of the coal seam are linearly positively correlated with the depth, and the
geothermal gradient and reservoir pressure gradient are important parameters reflecting this regular
change. Reference [45] has compiled the geothermal gradient and reservoir pressure gradient of the
main coal-bearing formations in our country, including the Jiaozuo mining area and Pingdingshan
mining area in North China. The maximum geothermal gradient is 4.49°C/100m, the minimum is
0.40°C/100m, and the average is 2.12°C/100m. The maximum reservoir pressure gradient is
1.293MPa/100m, the minimum is 0.402MPa/100m, and the average is 0.862MPa/100m. The
geothermal gradient and reservoir pressure gradient of the Zhongmacun Mine and the No.12
Pingdingshan Coal Mine do not have any anomalies in geothermal and geopressure and are basically
at the average level of North China. Therefore, the temperature and pressure conditions of the coal
seam at depths of 600 to 1300m were predicted according to the average geothermal gradient and
average reservoir pressure gradient of the coal-bearing strata in North China, and the predicted
results of the original coal seam temperature and pressure are shown in Table 2.

Table 2. Predicted Results of Original Coal Seam Temperature and Pressure.
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7
Coal seam Predicted coal seam Predicted reservoir Average
burial depth temperature/°C Average ressure/MPa value
P b ; value/°C o~ .
/m Minimum/Maximum Minimum/Maximum /MPa
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

Based on the actual geological conditions such as the temperature, reservoir pressure, and gas
pressure during the exploration period of the in-situ coal seam, combined with the research purpose
of this experiment and the pressure resistance of the coal samples. To study the effect of single
variables (such as variable confining pressure, variable gas pressure, and variable temperature) on
the CH. diffusion law of columnar coal samples, an orthogonal experimental design was made
according to Table 2. Conditions for measuring diffusion coefficient are shown in Table 3, starting
with the analysis of single influencing factors affecting the diffusion law, and finally comprehensive

analysis.
Table 3. Conditions for measuring diffusion coefficient by interdiffusion method.
Simulated burial Confining Gas
T ture/°C R k

depth/m pressure/MPa pressure/MPa emperature/ emarks
600 5.0 0.5 27 Orthogonal
800 6.7 1.0 31 experiment
1000 8.6 15 35 designed
1200 10.3 2.0 40 accordingly

2.4. Calculation models

The key parameter to measure the diffusion capacity and speed of methane in coal is the
diffusion coefficient D (cm?/s) . If the diffusion speed per unit area per unit time is proportional to
the volume fraction gradient, and the diffusion speed only depends on distance, irrespective of time,
it is called quasi-steady-state diffusion, which follows Fick's first law. If the diffusion flux of methane
in the coal seam varies with both time and distance, it is called non-steady-state diffusion, which can
be described by Fick's second law. Therefore, the diffusion coefficient of methane in the experiment
is calculated using Fick's second law (Equation 1):

Do In(AC, / AC))
B(t, —t,)
where:AC, =C,,=C,.,B=A(1/V,+1/V,)/ L, D is the diffusion coefficient of methane in the coal

(D

sample, unit: cm?/s; A(; is the volume fraction difference of methane gas in the diffusion chamber
at both ends at the initial moment, %;ACI is the volume fraction difference of methane gas in the
diffusion chamber at both ends at the i-th moment, %;Z, is the i-th moment, s; 7 is the initial moment,
s;C \; is the volume fraction of methane gas in the methane diffusion chamber at the i-th moment, %;

C, ; is the volume fraction of methane gas in the nitrogen diffusion chamber at the i-th moment, %; A
is the cross-sectional area of the coal sample, cm?; L is the length of the coal sample, cm; V1, V2 are the
volumes of the methane diffusion chamber and the nitrogen diffusion chamber respectively, unit:
cmd.
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3. Results and discussion

3.1. Influence of Confining Pressure on Diffusion Coefficient

The coal reservoir is a three-dimensional geological body stored underground at a certain depth,
and its reservoir physical characteristics, especially diffusion and permeability, are closely related to
the confining pressure [29,34]. Under natural conditions, the geostress field acts on coal seam pores,
forming the confining pressure on coal seam pores, which inevitably affects the pore-fracture system
of the coal seam, and thus affects the fluid migration laws in the coal seam. The confining pressure
change diffusion coefficient measurement used WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-2, six
original columnar coal samples as experimental samples. The experiments were conducted under
conditions where the confining pressure was set to 5.0MPa, 6.7MPa, 8.6MPa, 10.3MPa, the
temperature was 31°C, and the gas pressure was 1.0MPa to explore the impact of confining pressure
changes on the diffusion coefficient. The experimental conditions and results are shown in Table 4.

Table 4. Variable Confining Pressure Diffusion Experiment Conditions and Results.

Experimental CH4 Experimental CHas
. conditions Effect d?ffus ‘ conditions Effect d.1ffus
Confi Gas . ion Confi Gas . ion
Sam . ive . Sam . ive .
ning Tempe pres coeffi ning Tempe pres coeffi
ples stress . ples stress .
press  rature sure /MPa clent press  rature sure /MPa cient
ure /°C /MP D/(c ure /°C /MP D/(c
/MPa a m?/s) /MPa a m?/s)
7.44E 5.34E
5.0 4.0 08 5.0 4.0 08
5.67E 4.12E
7 7 7 7
wy  © 31 1.0 ’ I 31 1.0 ’ 08
M-1 ’ 3.86E M-3 ’ 2.33E
8.6 7.6 08 8.6 7.6 08
3.32E 1.84E
10.3 9.3 08 10.3 9.3 08
9.12E 4.53E
5.0 4.0 08 5.0 4.0 08
6.85E 3.51E
WY 6.7 . i 5.7 08 WY 6.7 . . 5.7 08
M-2 ’ 486E M4 ’ 2.23E
8.6 7.6 08 8.6 7.6 08
4.32E 1.82E
10.3 9.3 08 10.3 9.3 08
6.98E 7.12E
5.0 4.0 08 5.0 4.0 08
6.7 5.7 5.57E 6.7 5.7 5.65E
FM- -08 FM- -08
1 3 10 3.75E 2 31 10 3.82E
8.6 7.6 08 8.6 7.6 08
3.01E 3.09E
10.3 9.3 08 10.3 9.3 08

According to the experimental measurement results in Table 4, the relationship between the
diffusion coefficient and the increase in confining pressure is plotted (Figure 3). As shown in Figure
3, under the same temperature and gas pressure conditions, the methane diffusion coefficient
decreases exponentially with the increase in confining pressure, and the speed of decrease slows
slightly as the confining pressure continues to rise. In the case of no damage to the experimental coal
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samples, the confining pressure of this variable confining pressure diffusion experiment was carried
out to the limit of 10.3MPa, without a clear slowdown in the rate of decline. It is speculated that when
the confining pressure continues to increase, the diffusion coefficient will tend to stabilize and no
longer decrease.
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Figure 3. Relationship between Diffusion Coefficient and Confining Pressure.

Effective stress refers to the difference between the confining pressure acting on the coal
reservoir and the fluid pressure in its pores and fractures [26,34]. According to the data in Table 4,
the relationship between the diffusion coefficient and the effective stress generated by the change in
confining pressure is plotted (Figure 4). As can be seen, the diffusion coefficient decreases
exponentially with the increase in effective stress, and the speed of decrease slightly slows as the
effective stress increases. It is believed that the exponential decrease in the diffusion coefficient with
the increase in confining pressure is essentially determined by the change in effective stress.
According to the theory of material mechanics [46,47], coal deformation always increases with the
increase in stress. Therefore, under the condition that other conditions remain unchanged, as the
confining pressure increases and the pore pressure (gas pressure) remains constant, the effective
stress of the coal body will continue to increase, causing the coal body deformation to increase
continuously. The pores and pore throats in the coal are contracted and deformed under the action
of the effective stress, ultimately leading to a decrease in the porosity of the coal body and a decrease
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in the diffusion coefficient. It can be seen that the diffusion coefficient, like permeability [12,48], also

has a negative effect of effective stress.
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Figure 4. Relationship between Diffusion Coefficient and Effective Stress (Variable Confining

3.2. Influence of gas pressure on the diffusion coefficient

Pressure).

To explore the influence of gas pressure changes on the diffusion coefficient, the change in gas
pressure diffusion coefficient was measured using WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-2,
six original columnar coal samples as experimental samples. According to Table 3, the gas pressure
was set to 0.5MPa, 1.0MPa, 1.5MPa, 2.0MPa, the temperature was set to 31°C, and the confining
pressure was set to 6.7MPa for the diffusion experiment. The variable gas pressure experimental
conditions and measurement results are shown in Table 5.

Table 5. Variable Gas Pressure Diffusion Experiment Conditions and Results.
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According to the experimental results in Table 5, a graph of the relationship between variable
gas pressure and the diffusion coefficient was drawn (Figure 5). As shown in Figure 5, under the
same temperature and confining pressure conditions, as the gas pressure increased from 0.5MPa to
2.0MPa, the change pattern of the CHa diffusion coefficient of the six groups of measured original
coal columnar coal samples was opposite to that of the confining pressure, gradually increasing in an
exponential relationship, and the speed of increase slowed down as the gas pressure increased. It is
speculated that when the gas pressure continues to increase, the diffusion coefficient will tend to
stabilize and no longer increase, therefore there exists a limit diffusion coefficient for the original coal
columnar coal samples.
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Figure 5. Relationship between Diffusion Coefficient and Gas Pressure.

At the same time, based on the experimental results in Table 5, a graph of the relationship
between the diffusion coefficient and the effective stress generated by the change in gas pressure was
drawn (Figure 6). As can be seen, the CHs diffusion coefficient of the original coal increases
exponentially with the decrease in effective stress (Figure 6), and the speed of increase slightly slows
down as the effective stress decreases. It can be seen that the exponential increase of the CHs diffusion
coefficient of the original coal columnar samples with the increase in gas pressure is essentially also
determined by the change in effective stress.
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Figure 6. Relationship between Diffusion Coefficient and Effective Stress (Variable Gas Pressure).

Previous research has confirmed [49,50] that as the pressure of CHa gas in coal increases, coal's
adsorption of CHa4 gas molecules strengthens. Under external constraint conditions, the adsorption
expansion stress increases, leading to a decrease in the effective stress of the coal. As analyzed in the
aforementioned Section 3.1, a decrease in effective stress will lead to an increase in the diffusion
coefficient (Figures 4 and 6). On the other hand, during the diffusion process of CHs, the coal matrix
exerts an adsorption effect on CHs, with part of the adsorption expansion volume being converted
into expansion stress at the contact points, and another part being converted into inward adsorption
expansion strain that changes the pore volume. As the pressure of CHa4 gas increases, the inward
adsorption deformation of the coal matrix increases, the coal matrix expands, porosity decreases, and
the diffusion coefficient decreases; conversely, when pore pressure decreases, the coal matrix
contracts, porosity increases, and the diffusion coefficient increases. Therefore, compared to the
influence of confining pressure on the diffusion coefficient, the influence of gas pressure on the
diffusion coefficient involves two mechanisms: mechanical action and adsorption action.

The experimental results of the variable gas pressure on original coal columnar coal samples
show that as the gas pressure increases, the diffusion coefficient also increases. This indicates that the
control effect of gas pressure on CHa diffusion in coal is jointly constrained by the effective stress and
the shrinking/expanding deformation of the coal matrix. These two factors may bring opposite
results, but the final relationship between gas pressure and the diffusion coefficient will be
constrained by the dominant factor.

3.3. Influence of Temperature on Diffusion Coefficient

To explore the influence of temperature changes on the diffusion coefficient, the diffusion
coefficient measurement of columnar coal samples under variable temperature conditions was
carried out with WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-2, a total of 6 original columnar coal
samples as experimental samples. The temperature was set at 27°C, 31°C, 35°C, 40°C, 45°C, 50°C, with
confining pressure at 6.7MPa and gas pressure at 1.0MPa for the diffusion experiment. The
experimental conditions and results are shown in Table 6. According to the data in Table 6, a graph
depicting the relationship between the diffusion coefficient and temperature is shown in Figure 7.

Table 6. Variable Temperature Experimental Conditions and Results.
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Figure 7. Relationship between Diffusion Coefficient and Temperature.

As shown in Figure 7, under the same gas pressure and confining pressure conditions, as the
temperature rises from 27°C to 40°C, the variation pattern of the CH4 diffusion coefficient in the
measured six coal samples gradually rise in an exponential relationship. Furthermore, as the
temperature rises, the rate of increase slightly accelerates.

According to the theory of gas molecular motion [51,52], the impact of temperature on gas
molecular diffusion mainly changes the root mean square speed and the average free path of the gas
molecules. The molecular motion theory in material science clarifies that the temperature of a gas is
a sign of the average kinetic energy of the molecules [29,53]. With the increase in temperature, the
amplitude and frequency of molecular vibration can be increased, the speed of molecular motion
increases, the vigor of molecular movement increases, and the speed of movement from high
concentration to low concentration increases. This in turn speeds up the diffusion, ultimately causing
the diffusion coefficient to show an increasing trend.

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

To explore the influence of the degree of metamorphism and deformation on the diffusion
coefficient, the testing of original coal columnar coal samples with different degrees of
metamorphism and deformation was carried out with WYM-1, WYM-2, WYM-3, WYM-4, FM-1, FM-
2, FM-3, FM-4, a total of eight original coal samples as experimental samples. The confining pressure
was set at 6.7MPa, the temperature at 31°C, and the gas pressure at 1.0MPa (simulating a coal seam
buried 800m deep), and the confining pressure was 8.6MPa, the temperature 35°C, and the gas
pressure 1.5MPa (simulating a coal seam buried 1000m deep) for the experiment. The experimental
conditions and results are shown in Table 7.

Table 7. Experimental Conditions and Results for Coal Samples of Different Metamorphic and
Deformation Degrees.


https://doi.org/10.20944/preprints202308.1445.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 August 2023 doi:10.20944/preprints202308.1445.v1

16
Experimental conditions CHs Simulated
f Confining Temperature Gas diffusion coal seam
Samples . .
value pressure /°C pressure coefficient burial
/MPa /MPa D/(cm?/s) depth/m
WYM-1 1.19 6.7 31 1.0 5.67E-08
WYM-2  0.85 6.7 31 1.0 6.85E-08
WYM-3 041 6.7 31 1.0 4.12E-08
WYM-4 015 6.7 31 1.0 3.51E-08 800m
FM-1 0.81 6.7 31 1.0 5.57E-08
FM-2 0.64 6.7 31 1.0 5.65E-08
FM-3 0.31 6.7 31 1.0 3.78E-08
FM-4 0.15 6.7 31 1.0 3.24E-08
WYM-1 1.19 8.6 35 1.5 4.38E-08
WYM-2 085 8.6 35 1.5 5.46E-08
WYM-3 041 8.6 35 1.5 2.83E-08
WYM-4 015 8.6 35 1.5 2.53E-08 1000m
FM-1 0.81 8.6 35 1.5 4.25E-08
FM-2 0.64 8.6 35 1.5 4.73E-08
FM-3 0.31 8.6 35 1.5 2.56E-08
FM-4 0.15 8.6 35 1.5 2.14E-08

According to the data in Table 7, a graph of the change in the diffusion coefficient with different
degrees of metamorphism and deformation in coal methane diffusion coefficients (Figure 8) has been
plotted. As shown in Figure 8, under the same confining pressure, temperature, and gas pressure
conditions, the same degree of metamorphism coal (anthracite, fat coal) shows an increase first and
then a decrease trend with the increase in the degree of deformation, with the diffusion coefficient of
fragmented coal being the largest. The coal with similar degrees of deformation shows an increasing
trend with the increase in the degree of metamorphism, i.e., under the same degree of deformation
conditions, the diffusion coefficient of anthracite is greater than the diffusion coefficient of fat coal.
The diffusion coefficient measured by the granular method in literature [13,54] shows a continuous
increase with the increase in the degree of coal deformation, which is significantly different from the
rule obtained by the mutual diffusion experiment of different degrees of metamorphism and
deformation columnar coal samples.
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Figure 8. Change diagram of diffusion coefficient of different metamorphic deformation coal.

The solidity coefficient of coal (f value) is an indicator of the solidity of coal. In China, the drop
hammer method is commonly used to measure it. The measurement principle is based on the fact
that brittle materials follow the area force energy theory when they break, and it is assumed that the
work A consumed by broken coal is directly proportional to the surface area S of the broken material,
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and the surface area is inversely proportional to the particle diameter. The solidity of coal can be
expressed by the crushing ratio, the harder the coal, the higher its strength, the larger the f value, and
vice versa.

The hardiness coefficient of coal (f value) is an index reflecting the ability of coal to resist external
force damage. The f value of coal with different coal body structural types has a certain value range
and a relatively dense value range interval, i.e., the common value range. Therefore, the hardiness
coefficient of coal f value can be used as an index for classifying coal structures. According to Table 1
and Table 7, the relationship between the diffusion coefficient D of different coal structure coal and
the hardiness coefficient f value is fitted into a curve, as shown in Figure 9.
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Figure 9. Relationship Between Diffusion Coefficient and f Value of Coal with Different
Metamorphic Deformation.

As shown in Figure 9, the quantitative changes between the two can be expressed by the

following function relationship between the diffusion coefficient D and the f value:

D=al(a+b-f+c-f?) 2
where D is the diffusion coefficient, cm?/s; f is the hardiness coefficient of coal, dimensionless; a, b, c
are undetermined coefficients, dimensionless.

This shows that the diffusion coefficient D and the f value have good correlation, with
determination coefficient R? all above 85%, so the hardiness coefficient f value of coal can be used to
predict the diffusion coefficient of coal. The coal body structure changes from simple to complex, the
diffusion coefficient first increases and then decreases, showing a Holliday nonlinear function
relationship.

According to the data in Tables 1 and 7, the change in relationship between the diffusion
coefficient of different metamorphic deformed coal and porosity under simulated confining pressure,
temperature, and gas pressure conditions at a burial depth of 800m and 1000m has been plotted
respectively (Figure 10). As shown in Figure 10, the diffusion coefficient D and porosity of coal with
different metamorphic deformations basically show the same trend. That is, under the same coal rank
condition, with the increase of deformation degree, the diffusion coefficient D and porosity both
show a trend of increasing first and then decreasing. Under the same coal rank condition, the porosity
and diffusion coefficient of fragmented coal are the highest, followed by original structure coal,
granular coal, and the diffusion coefficient of granulated coal is the smallest. Under the same
deformation degree, the porosity and diffusion coefficient of anthracite are greater than that of fat
coal.
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Figure 9. Relationship Between Diffusion Coefficient and Porosity of Coal with Different
Metamorphic Deformation.

The effects of metamorphism and deformation are inseparable in the coal-forming process of the
same coal seam. The porosity of coal refers to the ratio of voids (including micropores and
microfractures) in coal to its total volume (GB/T23561.4-2009) [55]. The porosity measurement results
of coal samples from Table 1 show that under the same metamorphic conditions, the porosity of
different coal grades is the highest in fragmented coal, and with the increase of deformation degree,
the porosity shows a trend of increasing first and then decreasing. This is because in coal-bearing
strata near the same location, the coalification history and coalification process that the coal seam has
experienced are almost the same, the degree of coal metamorphism is basically the same, and the
confining pressure conditions it bears are also similar. That is, under the same stratum pressure
condition, the coal seam with a greater degree of deformation (granular coal, mylonitic coal) is more
likely to be compacted and solidified, resulting in a smaller macro porosity; on the contrary, the coal
seam with a smaller degree of deformation (original structure coal, fragmented coal) has stronger
ability to maintain the original skeleton, is less likely to be compacted, and the original pores and
microfractures are better preserved, so the porosity of fragmented coal is relatively high. Generally
speaking, the higher the porosity, the lower the displacement pressure, indicating that there are more
coarse throats, the better the pore structure, and the more conducive to diffusion; on the contrary, the
worse the pore structure, the more unfavorable for diffusion [8,27,37]. It is analyzed that the diffusion
coefficient measured in the columnar coal sample in the counter diffusion experiment is mainly
controlled by the porosity, and the large pores and microfractures play a leading role. Existing
research shows [43,47,48] that microfractures mostly constitute important channels for connected
pores and endogenous fractures and layer fractures, and the existence of microfractures shortens the
distance of coal seam methane diffusion. In addition to diffusing in micropores and flowing in
endogenous fractures, coal seam methane also diffuses or flows in microfractures. The macro
manifestation is that the permeability of soft coal (granular coal, mylonite coal) under reservoir
conditions is worse than that of hard coal, which can reasonably explain why soft coal is more difficult
to extract, the effect of gas injection displacement is poor, and the macro transformation of hydraulic
fracturing is difficult, etc. Therefore, it is suggested that in future research, columnar coal samples of
different metamorphic deformed coal under the action of effective stress should be used to study the
diffusion behavior of in-situ coal seam gas. The diffusion coefficients measured by particle method
and counter diffusion method cannot be simply substituted for application.

4. Conclusions

(1) The methane diffusion coefficient of raw coal cylindrical samples decreases in an exponential
relationship as the confining pressure increases, and the decrease slightly slows down with the
increase of the confining pressure. The decrease of the diffusion coefficient with the increase of the
confining pressure, which is essentially determined by the changes in effective stress, also shows an
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exponential relationship. The methane diffusion coefficient of cylindrical coal samples is similar to
permeability, both showing negative effects under effective stress.

(2) The change in the methane diffusion coefficient of raw coal cylindrical samples with gas
pressure is opposite to that with confining pressure, increasing gradually in an exponential
relationship, and the rate of increase slows down with the rise of gas pressure. The diffusion
coefficient also increases exponentially with the reduction of effective stress caused by changes in gas
pressure, and the rate of increase slows down slightly with the reduction of effective stress. There is
a limit to the diffusion coefficient under in-situ geological conditions. The impact of gas pressure on
the diffusion coefficient differs slightly from that of confining pressure, involving two mechanisms
of mechanical action and adsorption, which are jointly constrained by 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 diffusion coefficient of raw coal cylindrical samples gradually increases in an
exponential relationship as the temperature rises, and the rate of increase slightly grows with the
temperature. The influence of temperature on diffusion is mainly achieved by changing the root mean
square speed and mean free path of gas molecules.

(4) Under the same confining pressure, temperature, and gas pressure conditions, for coal
samples with the same degree of metamorphism, the methane diffusion coefficient presents a trend
of increasing first and then decreasing with the increase of deformation degree, with the maximum
diffusion coefficient in fractured coal. The diffusion coefficient and the firmness coefficient value
present a Holliday nonlinear function variation, and the diffusion coefficient first increases and then
decreases as the coal structure changes from simple to complex. Under similar deformation
conditions, the diffusion coefficient of anthracite is greater than that of fat coal. The porosity is the
key factor affecting the change in the methane diffusion coefficient of different metamorphic and
deformed coals.
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