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ABSTRACT: The permeability and diffusion coefficient of coal show multiscale
characteristics due to the influence of multiscale pore sizes. The gas pressure will
continuously decrease during the coalbed methane (CBM) extraction. However, there
are contradictory perceptions in the effect of gas pressure on the diffusion coefficient
and permeability. Therefore, it is essential to clarify the influence mechanism of gas
pressure on multiscale diffusion-seepage. Diffusion-seepage experiments are carried out
using particle coal and cylindrical coal without stress loading. Meanwhile, seepage
experiments measured by the steady-state method are conducted under stress loading.
The results show that the apparent diffusion coefficient is dynamically attenuated with
time in the experiments of particle and cylindrical coal. A new model of multiscale
dynamic apparent diffusion is proposed. The mechanism of gas flow in multiscale pores
is elucidated. The multiscale pores determine the attenuation of the diffusivity and
permeability of coal. The initial apparent permeability decreases and then increases
with the increase of gas pressure, which is caused by the effect of gas pressure stretching and multiscale flow regime. Three patterns
of permeability with gas pressure, monotonically increasing, monotonically decreasing, and U-shaped changes, will occur.

1. INTRODUCTION
Coalbed methane (CBM) is a clean and unconventional gas
energy. The development of CBM is beneficial to the energy
supply, environmental protection, and mining safety. CBM
extraction has become a significant national demand in major
coal-mining countries, such as the United States, Australia, and
China.1−5 However, the low permeability of coal severely
restricts the efficiency of CBM exploitation. The rapid
attenuation of the gas flow rate and production occurs in the
initial period of CBM extraction. The reasons for this
phenomenon are not known. Coalbed methane extraction is
a continuous process of pressure reduction, seepage, diffusion,
and desorption. The influence of gas pressure reduction on
seepage and diffusion has attracted attention in the industry. It
is significant to investigate the impact mechanism of gas
pressure on the permeability and diffusivity of coal.

The diffusion coefficient and permeability are the most
critical parameters that affect the CBM flow. The effects of gas
pressure on diffusion coefficient still show different exper-
imental results and interpretations. (1) The diffusion
coefficient increases monotonically with the increase of gas
pressure.6−10 (2) The diffusion coefficient decreases monot-
onically with the gas pressure increasing.11−17 (3) The
diffusion coefficient decreases and then increases as the gas
pressure increases.18−20 (4) The diffusion coefficient fluctuates
irregularly with increasing gas pressure.21−24 It is noted that a
particle coal was used to measure the diffusion coefficient in
most of the diffusion experiments. The basic assumption is that

particle coal can be approximated as a coal matrix, in which the
gas flow belongs to diffusion driven by concentration. The
model used for the calculation is the spherical diffusion model.

However, the experiments and models of particle coal can
only reflect the diffusion process of gas flow in a coal matrix.
The conventional seepage experiments measured by the
steady-state method cannot reflect the diffusion process. The
two types of experiments are not unified in terms of
experimental principles, measurement methods, and flow
mechanisms and cannot especially reflect the continuous
seepage-diffusion process of large-scale raw coal. Therefore, the
relationship between the gas pressure and the diffusion
coefficient and permeability of coal cannot be simultaneously
interpreted.

There are a large number of multiscale pores in coal that
greatly affect the diffusion coefficient and permeability of the
coal. The study in literature25 showed that the effective
diffusion coefficient decreases by millions of times with time
even without stress loading. During the process of coalbed
methane production, a shift in the flow regimes will occur due
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to a dramatic decrease in gas pressure and pore size. The
impact mechanism of gas pressure on the multiscale diffusion
coefficient and permeability is an important scientific issue.

To solve the problems above, in this paper, the experiments
of continuous diffusion-seepage are performed under different
pore pressures using particle and cylindrical coal. A novel
multiscale model of dynamic apparent diffusion is proposed.
The impact mechanism of gas expansion and flow regimes on
apparent diffusion-permeability is interpreted, which unifies
the previous contradictory understanding. The study provides
a new viewpoint for understanding the rapid attenuation of the
production of low-permeability coalbed methane.

2. EXPERIMENTS OF DIFFUSION-SEEPAGE AND
STEADY-STATE SEEPAGE OF GAS
2.1. Experimental Methods and Apparatus. 2.1.1. Coal

Sample Preparation. The coal samples are collected from the
Duanshi coal mine in China, and the ϕ 50 mm × 100 mm
cylindrical coal are drilled axially along the seam, and some of
the coal is crushed into 0.18−0.25 mm coal particles. All coal
samples are vacuumed and dried in a drying oven at 80 °C
without oxygen to remove moisture. The results of the basic
parameters of the coal samples are shown in Table 1.

2.1.2. Experiments of Diffusion-Seepage of Gas for
Cylindrical and Particle Coal. The experiments of gas
diffusion-seepage with cylindrical coal and particle coal without
stress loading are conducted, respectively. As shown in Figure
1, valves V3, V4, and V8 are closed, valves V1, V2, and V5 are
opened, the methane cylinder is turned on, pressure-regulating
valve 1 is controlled, and the gas pressure is set to 3 MPa to
inflate the cylindrical coal sample in the diffusion-seepage

device of cylindrical coal. After the cylindrical coal sample
reaches adsorption equilibrium for 72 h, V1, V2, and V5 and
pressure-regulating valves 1 are closed. Valve V8 is opened, and
gas in the cylindrical coal is released. After 5 s, valve V9 is
connected to measure the gas flowing from the cylindrical coal
for 180 min, and the accumulative desorption volume of gas is
measured by the measuring cylinder1 in the water sink using
the drainage method. When the cumulative gas volume is large
and the volume of cylinder1 is not sufficient to determine the
entire cumulative volume, it is necessary to switch to the
measuring cylinder234 to determine the remaining cumulative
desorption volume.

The accumulative desorption volume is recorded every 30 s
until the desorption volume changes very little and the test is
finished. The gas pressure is changed to 3, 2, 1, and 0.5 MPa in
turn, and the above experimental operations are repeated to
complete the diffusion-seepage experiments of gas flow in
cylindrical coal.

The experiments of diffusion-seepage of gas flow in particle
coal are similar to those of cylindrical coal. The diffusion-
seepage apparatus of particle coal is opened, the gas pressure is
changed to 3.5 2.5, 1, and 0.5 MPa in turn, and the above
operations are repeated to complete the diffusion-seepage
testing of gas flow in granular coal without stress loading.

2.1.3. Steady-State Permeability Experiments of Gas Flow
in Cylindrical Coal. As shown in Figure 2, a cylindrical coal is
placed into the triaxial seepage device, and the axial pressure of
8 MPa and the confining pressure of 4 MPa are kept. Valves V3
and V4 are closed, valves V1, V2, V5 are turned on, and
solenoid flow valve (meter) F1 is opened. The upstream
pressure (pressure gauge 1 and 2) is kept at 3 MPa by
regulating pressure valve 1. The outlet flow rate of gas is
monitored by solenoid flow meter F1, and the permeability is
determined after the flow rate is stable. The gas pressures are
changed to 3, 2, 1, and 0.5 MPa in turn, and the above
operations are repeated to measure the steady-state perme-
ability at different gas pressures.
2.2. Data Processing. After the diffusion-seepage experi-

ment, the accumulated volume of gas diffusion is converted
into the diffusion quantity Qt per unit mass of coal under
standard conditions. Divided by the ultimate diffusion
quantity, Q∞, a diffusion ratio curve versus time, Qt/Q∞ ∼ t,
is obtained. Owing to the drainage method is used to measure

Table 1. Basic Parameters of Coal Samples

parameters values

moisture (%) 1.08
ash (%) 10.17
volatile matter (%) 8.90
density (g/cm3) 1.59
porosity (%) 5.25
atw (adsorption constant) (cm3/g) 43.49
btw (adsorption constant) (MPa−1) 1.03

Figure 1. Experimental system of diffusion-seepage for particle and cylindrical coal.
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the gas diffusion, the ultimate diffusion quantity Q∞ is equal to
the difference that initial gas content, Q, minus gas content, Qa,
at atmospheric pressure, that is, Q∞ = Q − Qa, Q, Qa under
experimental conditions are calculated according to the
following equation

=
+

+ ·
+
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10 273
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where: atw, btw are the adsorption constant; p is the adsorption
equilibrium pressure; Aad is ash; θw is the experimental
temperature; ρ is the coal density; ϕ is the coal porosity; Q is
the total gas content corresponding to the initial adsorption
equilibrium pressure p, and Qa is the gas content at
atmospheric pressure. When calculating the gas content Qa at
atmospheric pressure, the pressure p in eq 1 is replaced with
atmospheric pressure.

3. ANALYSIS OF DIFFUSION-SEEPAGE EXPERIMENTS
USING CLASSICAL DIFFUSION MODEL
3.1. Comparison of Classical Diffusion Model and

Experiments for Particles Coal. The analytical solution of
the classical model of spherical diffusion can be expressed by
the following formula.26
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where Qt is the accumulative diffusion volume at time t, cm3/g;
Q∞ is the ultimate diffusion volume, cm3/g; Qt/Q∞ is the
diffusion ratio at time t; D is the apparent diffusion coefficient,
cm2/s; r0 is the radius of coal particle, cm.

To simplify the calculation, eq 3 can be obtained when
taking n = 1 in eq 2. This treatment can clearly demonstrate
the change of the constant diffusion coefficient with time.
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The experimental data of 2.5 MPa are selected, and the
experimental and theoretical curves of ln(1 − Qt/Q∞) ∼ t are

plotted in Figure 3a according to eq 3 and that of Qt/Q∞ ∼ t
are plotted in Figure 3b according to eq 2.

As shown in Figure 3a, the experimental curve of ln(1 − Qt/
Q∞) ∼ t attenuates dynamically with time, and its tangent
slope decreases with time. r0 and π in eq 3 are the known
constants, which indicates that the apparent diffusion
coefficient D should be a variable that attenuates with time.
However, in the classical diffusion model of eq 3, the apparent

Figure 2. Experimental system of steady-state permeability for cylindrical coal.

Figure 3. Comparison of diffusion parameter fitting and classical
models for 2.5 MPa gas pressure granular coal.
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diffusion coefficient, D, is a constant, which leads to the
inconsistency between the experiment and theory as the
straight line is shown in Figure 3a.

Substituting λ = 0.0000474 in Figure 3a into eq 2, a
comparison of the theoretical and experimental curves for CH4
at 2.5 MPa of gas pressure is obtained as shown in Figure 3b.
Figure 3b shows that the experiment value of diffusion ratio
Qt/Q∞ is larger than the theoretical value of the classical
diffusion model in 0−31 min; however, the experimental value
is smaller than the theoretical value after 31 min. In the late
stage of diffusion, the errors between the experimental value
and classical diffusion model gradually increase and the two
curves deviate seriously in the late stage. The classical diffusion
model cannot accurately describe the full-time process of gas
diffusion. The defect of classical diffusion mode lies in the
assumption that the apparent diffusion coefficient is constant,
which contradicts with the experimental diffusion coefficient
decaying with time.
3.2. Comparison of Classical Diffusion Models and

Experiments for Cylindrical Coal. The analytical solution of
the classical model of radial diffusion is shown in eq 426
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Q
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where Qt is the accumulative diffusion volume at time t, cm3/g;
Q∞ is the ultimate diffusion volume, cm3/g; Qt/Q∞ is the
diffusion ratio at time t; D is the apparent diffusion coefficient,
cm2/s; anR is the n-th positive root of zero-order Bessel
function of the first kind J0 (anR) = 0; R is the radius of
cylindrical coal, cm.

In eq 4, when n > 1, it is difficult to solve the apparent
diffusion coefficient D. The same treatment as eq 3 is used to
simplify eq 4 by taking n = 1.
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where a1R is the first positive root of the zero-order Bessel
function of the first kind J0 (anR) = 0. The experimental data of
the cylindrical coal are processed according to eq 5, and the
experimental data of 2 MPa are selected to plot the curve of
ln(1 − Qt/Q∞) ∼ t shown in Figure 4a. The experimental and
theoretical curves are plotted in Figure 4b according to eq 4.

Figure 4a shows that the experimental curve of ln(1 − Qt/
Q∞) ∼ t for cylindrical coal decreases dynamically with time
and its tangent slope decreases with time. a1 and R in eq 5 are
the known constants, which demonstrates that the apparent
diffusion coefficient D is a variable changing with time.
Substituting the fitted value ω = 0.00227 in Figure 4a into eq
4, a comparison of the theoretical and the experimental curve
at 2.0 MPa of gas pressure is obtained in Figure 4b. Figure 4b
shows that the classical diffusion model of eq 4 cannot
accurately describe the full-time process of the gas flow. The
main reason for the errors is the same as the model of eq 2 for
the particle coal, which assumes that the apparent diffusion
coefficient is a constant.

4. MODEL AND MECHANISM OF MULTISCALE
DYNAMIC DIFFUSION-SEEPAGE
4.1. Model of Multiscale Dynamic Apparent Diffu-

sion-Seepage for Particle Coal. The apparent diffusion
coefficient is related to the pore structure of coal. The
experiments of gas diffusion-seepage in a coal particle show
that the apparent diffusion coefficient attenuates with time.
The apparent diffusion coefficients in the previous experiments
with time include the processes of seepage and diffusion
simultaneously. The corresponding model should be called the
model of dynamic apparent diffusion-seepage.

To accurately describe the dynamic attenuation of the
apparent diffusion coefficient, a negative exponential function
is proposed to present the variation of the apparent diffusion
coefficient.27 Furthermore, we find that the conversion
relationship between the dynamic apparent diffusion coef-
ficient D(t) and the constant diffusion coefficient D is as
follows.
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where D(t) is the dynamic apparent diffusion coefficient that
decays with time, cm2/s; D0 is the initial apparent diffusion
coefficient when t = 0+, cm2/s; β is the attenuation coefficient

Figure 4. Comparison of diffusion parameter fitting and classical
models for 2.0 MPa gas pressure cylindrical coal.
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of the dynamic apparent diffusion coefficient, s−1, which
reflects the degree of transition from the exterior large pore to
the interior small pore at different scales; and t is the time, s.

The basic assumptions of the apparent diffusion-seepage
process are (1) coal grains are isotropic spheres; (2) the pore
structure of coal grains consists of multiscale inhomogeneous
pores, and the apparent diffusion coefficient attenuates
dynamically with the extension of time.

According to the assumptions above and the classical
diffusion model, a model of multiscale dynamic diffusion-
seepage is established, as shown in eq 7.
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where C is the methane mass concentration, g/cm3; r is the
diffusion path, cm; C0 is the methane mass concentration at
the initial adsorption equilibrium, g/cm3; C1 is the mass
concentration of methane at the surface of coal grain, g/cm3; r0
is the radius of the grain coal, cm.

Substituting eq 6 into eq 7 and solving it by the separation of
variables method,22 we get
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4.2. Model Verification for Particle Coal. The
experimental data of particle coal at 2 MPa of pressure are
processed according to eq 2 and eq 8, respectively. The
comparison of fitting between the model of dynamic diffusion-
seepage and the classical model is shown in Figure 5a,5b.

Figure 5a shows that compared with the classical diffusion
model, the model of dynamic apparent diffusion-seepage can
accurately describe the full-time flow process for CH4. As

shown in Figure 5b, the model of dynamic diffusion-seepage is
validated at other pressures, such as 0.5 1, 2.5, and 3.5 MPa.
4.3. Model of Multiscale Dynamic Apparent Diffu-

sion-Seepage for Cylindrical Coal. Similar to the treatment
of the model of dynamic diffusion-seepage for particle coal, the
negative exponential function of eq 6 is used to represent the
variation of the apparent diffusion coefficient with time.

To accurately describe the full-time diffusion process of
cylindrical coal, the assumptions of the model should be
obeyed: (1) The radial dimension of cylindrical coal is smaller
than the axial dimension, and the gas mainly flows out of the
radial direction of coal. (2) The cylindrical coal is assumed to
be heterogeneous, and the apparent diffusion coefficient of
cylindrical coal varies dynamically with time, and the dynamic
apparent diffusion coefficient includes both seepage and
diffusion. (3) The gas flow process is a continuous process
of diffusion-seepage and follows the law of mass conservation.

Based on the assumptions above, we obtain eq 9
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where C is the methane diffusion mass concentration as a
function of diffusion path r and time t, that is, C = C(r, t), g/
cm3; r is the diffusion path, cm; C0 is the methane mass
concentration at the initial adsorption equilibrium, g/cm3; Ca is
the methane mass concentration on the surface of the
cylindrical coal, g/cm3; R is the radius of the cylindrical coal,
cm.

Making a variable substitution and solving it by the
separation of variables method, we get
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Figure 5. Dynamic apparent diffusion-percolation model analysis of granular coal.
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4.4. Model Verification for Cylindrical Coal. The
experimental data of diffusion-seepage of cylindrical coal are
processed using eq 4 and eq 10, respectively. The comparison
of the classical diffusion model and model of dynamic apparent
diffusion-seepage with experiments for CH4 is shown in Figure
6a and Figure 6b, respectively.

Figure 6a shows that the classical diffusion model of eq 4
cannot accurately describe the full-time process of gas diffusion
and greatly deviates from the experimental data at a later stage.
Compared with the classical model, the model of dynamic
apparent diffusion-seepage, eq 10, has better computational
accuracy. Furthermore, Figure 6b shows that the new proposed
model has good agreement with the experimental data at
different gas pressures.
4.5. Dynamic Diffusion-Seepage Mechanism of Gas

Flow in Multiscale Pores. The attenuation of the apparent
dynamic diffusion coefficient with time reflects the narrowing
of the pore sizes during gas flowing in coal. There are
multiscale pores in coal that are continuously distributed in a
self-similar pattern. Accordingly, as shown in Figure 7, a

multiscale pore structure diagram of coal is hypothesized.
Figure 7 is a conceptualized model that is morphologically
consistent with the fractal model of aperture in coal. The
proposed model helps to better understand the multiscale
permeability pattern of coal. In Figure 7, M1 represents an
arbitrary size of coal block and M2 is the second-level coal
matrix in M1. This rule applies to M3···Mn and so on. d1, d2,

d3···represent the diameters of multiscale pores, D1, D2, D3···
Dn are the corresponding diffusion coefficients, and t1, t2, t3···
tn is time during gas flowing through the multiscale apertures.

In the initial stage during the time of t1, gas flows out of the
large pore d1 in the coal block of M1 first. Due to the pore
diameter of d1 is the largest, the flow resistance is the smallest,
which causes the apparent diffusion coefficient D1 is the
largest. During the time of t2, gas flows out of the smaller pore
of d2 in the second-level coal matrix of M2. Owing to the
decreases of pore diameter of d2, the flow resistance increases
and the apparent diffusion coefficient D2 decreases. The law
also applies to multiscale apertures from the third to n-th level.
As time goes on, the flow process is influenced by the
multiscale pores from the surface to the inside of coal. As
shown in the lower part of Figure 7, the pore diameters from
left to right gradually decreases, and the apparent diffusion
coefficient at all levels gradually attenuates with time.

Due to the continuity of the pore structure in coal, the
apparent diffusion coefficients of multiscale pores are
dynamically connected in series by that of the single-level
pore. As illustrated in Figure 7, the multiscale apparent
diffusion coefficient is the series connection of D1 and D2
when the gas flows out from d2 of the M2 matrix to d1 of the
M1 block. As the time goes by, gas flow through more and
more pores connected in a series, causing the equivalent pore
sizes connected in a series decrease gradually with the increase
of time and levels. Accordingly, the apparent diffusion
coefficient attenuates dynamically with time, which reflects
the multiscale structure of coal pores.

5. EVOLUTION MECHANISM OF GAS PRESSURE ON
MULTISCALE DYNAMIC APPARENT
DIFFUSION-PERMEABILITY
5.1. Conversion of Dynamic Apparent Diffusion

Coefficient to Apparent Permeability. In the experiments
of diffusion-seepage of gas, the processes of gas flow include
both diffusion and percolation, which cannot be distinguished.
Based on the principle of mass conservation, the diffusion
coefficient and permeability are apparently interconvertible in
terms of mathematical meaning and experimental meaning.27

According to the ideal gas equation and Darcy law, we get
the relationship between the dynamic apparent diffusion
coefficient and apparent dynamic permeability can be
determined as eq 11

Figure 6. Dynamic apparent diffusion-percolation model analysis of cylindrical coal.

Figure 7. Schematic diagram of multiscale aperture structure.
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where μ is the viscosity of gas, Pa·s; p is the gas pressure, MPa.
5.2. Multiscale Permeability Model Considering Gas

Pressure, Stress, and Flow Regime. Gas presents different
flow regimes when flowing through multiscale micro- and
nanopores. The multiscale regimes are divided by Knudsen
number (Kn) for gas flow in micro- and nanopores.28 In Kn <
0.001, the flow regime is defined as a continuous flow, in which
the slip effect on the boundary of the pore wall can be ignored.
Darcy law is applicable in this regime. In 0.001 < Kn < 0.1, the
flow regime is defined as slip flow, in which the slip effect on
the boundary of the pore wall should be considered. In the
range of 0.1 < Kn < 10, the regime is defined as transition flow,
in which the slip effect on the pore wall becomes more
pronounced. For Kn > 10, the regime is defined as a free
molecular flow that can be described by Knudsen diffusion.

As shown in Figure 8, a diagram of flow regimes varying with
multiscale pore sizes of coal in series is hypothesized.

From left to right in Figure 8, at a low Knudsen number (Kn
< 0.001), continuum flow occurs in large pores where the slip
effect can be ignored. The red area represents the continuum
flow in which yellow dots are the gas molecules colliding with
each other. As the aperture decreases, the slip effect gradually
appears in the second-level pore where slip flow occurs in the
range of 0.001 < Kn < 0.1 The blue area represents the
Knudsen diffusion layer where the gas molecules (green dots)
mainly collide with the pore wall. As the aperture continues to
reduce, the flow regime switches from slip flow to transitional

flow at 0.1 < Kn < 10. In nanopores, the transport behavior of
gas turns to free molecule flow at a high Knudesn number (Kn
> 10), where the gas molecules completely collide with the
pore wall.

Gas flow in micro- and nanopores is slow, and the
microscopic mechanism is more complex and challenging to
observe, so the transport coefficient is generally converted into
apparent permeability to describe and analyze the gas flow
regime in micro- and nanopores from a macroscopic point of
view. Karniadakis established an expression for apparent
permeability that can explain all flow regimes based on the
Kn number and the dilution effect coefficient α(Kn).29

Due to the observation challenge of the gas flow in micro-
and nanopores, an apparent permeability is adopted to analyze
the gas flow regimes by combining Knudsen number with pore
size. Karniadakis established an expression for apparent
permeability that can describe the complete flow regimes,
which is given by
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where λ is the mean free path of gas molecules; l is the
characteristic length of the pore and equals to the pore
diameter; KB is Boltzmann constant, 1.38 × 10−23J/K; T is
Kelvin temperature; ε is the molecular collision diameter; p is
the gas pressure; Kn is the Knudsen number; α(Kn) is the
dimensionless rarefaction effect coefficient.

Multiscale apparent permeability considering the flow
regimes can be expressed as

Ä
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+
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1 ( ) 1

4
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Based on eq 13, a model of multiscale apparent permeability
considering the effects of stress, gas pressure, and flow regimes
is established as

Figure 8. Diagram of flow regimes in multiscale series connection
pores.

Figure 9. Decay of dynamic apparent permeability.
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where ϕ is the porosity, τ is the tortuosity, Ct is the
compressibility of coal, σ̅ is the average stress, σ̅0 is the initial
average stress, p is the gas pressure, and p0 is the initial gas
pressure.
5.3. Influence Mechanism of Gas Pressure on Multi-

scale Dynamic Apparent Diffusion-Permeability. The
experimental data of the diffusion-seepage for granular and
cylindrical coal are processed based on eq 11, and the
attenuation of dynamic apparent permeability with time is
plotted as follows.

As shown in Figure 9a,9b, the apparent dynamic
permeability of the particle coal and cylindrical coal gradually
decreases with time, presenting a dynamic decay trend. A
crossover of the curves of dynamic apparent permeability
occurs at different gas pressures. The dashed lines in Figure
9a,b are the average apparent permeability corresponding to
the dynamic apparent permeability at each pressure, which are
equivalent to the constant permeability converted by constant
diffusion coefficient in eqs 2 and 4.

The apparent permeability at the beginning of the gas flow
reflects the relationship between gas pressure and apparent
permeability. Converting D0, the initial apparent diffusion
coefficient, into kapp0, the initial apparent permeability, the
curves of kapp0 with gas pressure for granular and cylindrical
coal are shown in Figure 10a,10b. In addition, the apparent

permeability measured by the steady-state method for
cylindrical coal in Section 2 is presented in Figure 10c.

As shown in Figure 10a, the initial apparent permeability
kapp0 for granular coal shows a “U” shape with the increase of
gas pressures and reaches the minimum value at 2.5 MPa of gas
pressure. The permeability is divided into two stages by 2.5
MPa of gas pressure. At p < 2.5 MPa, kapp0 decreases with
increasing gas pressure; however, at p > 2.5 MPa, kapp0
increases with increasing gas pressure. In Figure 10b, the
variation of the initial apparent permeability with pressure for
cylindrical coal is similar to that of granular coal in Figure 10a,
showing a “U”-shaped change divided into two stages by 2
MPa of gas pressure.

The diffusion-seepage experiments for granular coal and
columnar coal are conducted without stress loading. The
comparison of Figure 10a, Figure 10b, and eq 14 revealed that
the initial apparent permeability kapp0 is affected by a
combination of gas pressure expansion effect and slip effect.30

The “U”-shaped change of initial apparent permeability with
gas pressure depends on the contrasting relationship between
the two effects. In Figure 10b, at p > 2.0 MPa, the apparent
permeability for cylindrical coal is mainly influenced by the
expansion effect of gas pressure. At this stage, the higher the
gas pressure is, the higher the pressure difference is between
the inside and outside of coal during diffusion-seepage. When
the pressure difference exceeds the tensile strength of the coal,
the pores in coal are stretched by the gas pressure difference.31

At p < 2.0 MPa, the expansion effect of gas pressure in coal is
weakened and the slip effect dominates with decreasing gas
pressure. At this stage, the lower the gas pressure is, the more
pronounced the slip effect is. In Figure 10a, the variational
mechanism of gas pressure on the initial apparent permeability

Figure 10. Change trend of permeability with the gas pressure.
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for granular coal is similar to that of cylindrical coal in Figure
10b.

In Figure 10c, the apparent permeability, k, measured by the
steady-state method for cylindrical coal under the effective
stress decreases monotonically with the increase of gas
pressure. The “U”-shaped variation does not appear, and the
permeability decreases monotonically with the increase of gas
pressure. The trend of monotonically decreasing appears. The
reason is that the effective stress is larger under the stress
loading, and a gas pressure of 3 MPa is not sufficient to crack
the coal. The effect of gas expansion on the coal cannot expand
the gas transport channel and the slip effect dominates, which
cause the lower gas pressure, the more significant the slip
effect, and the greater the permeability.

In eq 14, the Knudsen number, a measure of the flow
regime, contains the variation of pore size and gas pressure.
The pore structure of coal is multiscale; however, the micro-
and nanopore sizes and gas pressures in coal cannot be
observed during the experiment of diffusion-seepage. To
simplify the analysis, the experimental data of cylindrical coal
are selected to calculate the equivalent pore size of the initial
apparent permeability at 0.5 MPa of gas pressure. According to
eq 14, the impact mechanism of gas pressure on apparent
permeability is investigated by changing the compressibility Ct
of coal.

For Ct = 0.1 in Figure 11, the effect of the flow regime
caused by gas pressure exceeds the gas expansion effect. The

diffusion effect, including slip-transition-Knudsen diffusion,
dominates the gas flow. Therefore, the apparent permeability
shows a monotonic decrease with the increase of gas pressure.
For Ct = 0.2, the effects of the flow regime and that of gas
expansion are comparable, and the apparent permeability
shows a “U”-shaped trend with gas pressure. For Ct = 0.45, the
effect of gas expansion exceeds that of the flow regime and the
apparent permeability shows a monotonic increase trend with
increasing gas pressure. On the basis of eq 14 and Figure 11, it
can be observed that the variation of apparent permeability
with gas pressure is related to the compressibility of coal. The
apparent permeability of coal with different compressibility will
demonstrate monotonic decrease, monotonic increase, and
“U”-shaped changes with increasing gas pressure, which
depends on the contrasting relationship between the strength
of the coal and the gas pressure. The main influence

mechanism of gas pressure on multiscale permeability is the
effect of gas expansion and flow regime.

6. RESULTS AND DISCUSSION
The low permeability of coal is a bottleneck problem that
restricts the exploitation of coalbed methane, which has
attracted widespread attention from the majority of schol-
ars.32−35 The results of the aforementioned studies show that
permeability in coal presents two important new phenomena.
(1) The permeability of gas flow in coal dynamically attenuates
as time goes by. (2) During the gas extraction process, the
change of permeability with the decrease of pressure presents
three different results. Over the past decade, we have
conducted at least 500 similar experiments, including granular
coal, cylinder coal with or without stress loading, and covering
most kinds of coal in China. We found that the two
aforementioned laws of permeability change are generalizable
and further discovered that the dynamic attenuation of the
permeability is determined by the multiscale pores in the coal.
Due to the reduction of pore size and gas pressure, it leads to
different gas flow regimes in various different pore sizes, which
further causes changes of gas permeability and flow
mechanisms at different times. The above two results are
important to further clarify the characteristics of the low
permeability of coal and the influence of gas pressure on CBM
extraction.

Our contributions are as follows in this paper. A novel model
of radial multiscale dynamic permeability is proposed, which
overcomes the defects of the constant coefficient model. Based
on experimental comparisons, the new model is used to
elucidate the mechanism of gas pressure on permeability.

7. CONCLUSIONS

(1) The classical diffusion model for cylindrical coal cannot
accurately describe the full-time process of gas flow. A
novel model of multiscale dynamic apparent diffusion-
seepage is proposed to precisely depict the complete
process of gas flow in coal. An expression of multiscale
dynamic apparent permeability is derived based on the
equivalent relationship between apparent diffusion
coefficient and apparent permeability.

(2) Constrained by multiscale pores in coal, the process of
gas diffusion-seepage presents a multiscale characteristic
in space and time. In the early stage of flow, the gas flows
out of the large pores first, in which the diffusion
resistance is small and the apparent diffusion coefficient
is large. As time goes by, from the surface to the inside,
the apparent diffusion coefficient decreases and the
diffusion resistance increases. The apparent diffusion
coefficient shows a dynamic attenuation during the full-
time process of gas diffusion-seepage.

(3) The gas flow in the coal is a continuous process of
desorption, diffusion, and seepage. Depending on the
pore size and gas pressure, the process of diffusion-
seepage demonstrates various flow regimes such as
continuous flow, slip flow, transition flow, and Knudsen
diffusion flow. The expression of apparent permeability
considering the impact of stress, gas pressure, and flow
regime is established. The influence mechanism of gas
pressure on the multiscale dynamic apparent diffusion-
permeability is elucidated. The impact of the slip effect
on apparent permeability is dominant at low gas

Figure 11. Effect of compressibility Ct on apparent permeability.
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pressure, and that of gas expansion effect is dominant at
high gas pressure. With increasing gas pressure, the
apparent permeability present monotonic decrease,
monotonic increase, and “U”-shaped changes, which is
related to the gas pressures, the strength, and
compressibility of coal Ct.
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