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Abstract: Coal permeability is related to the fracture-pore structure of coal and is a key factor in
determining gas drainage efficiency. The characteristics of the methane flow in coal fractures are
different from those in coal matrix pores. However, due to the difficulty of observing fast methane
flow in coal fractures, the effect of gas flow in coal fractures on coal permeability has seldom been
considered and investigated. In this study, a cylindrical coal sample is used for the measurement of
coal permeability under different gas pressures, and an abrupt change in coal permeability evolution
was observed. Then, a tandem fracture-pore permeability model was adopted to analyze these new
methane flow phenomena. In this permeability model, the deformation of coal fractures was directly
analyzed and modeled without the reversed derivation. With the consideration of elastic modulus of
coal fractures, the deformation of coal fractures is controlled by the effective strain of coal fractures,
the adsorption-induced strain and effective strain of coal matrix. The research results show that
(1) coal fractures quickly and significantly influence coal permeability by resisting coal deformation;
(2) a complete evolution of coal permeability consists of the fast permeability change caused by
methane flow in coal fractures and the slow permeability change caused by methane flow in coal
matrix; (3) the low efficiency of gas mass exchange between coal fractures and coal matrix leads to a
two-stage evolution for gas desorption flow and coal permeability.

Keywords: fractures; matrix; deformation; methane; permeability

1. Introduction

Coalbed methane (CBM) is a clean fuel and has attracted much attention for develop-
ment. Permeability is a key factor in assessing CBM development and methane drainage.
With the increase in coal mining depth, coal of higher rank is extracted with lower coal
permeability, resulting in huge challenges to methane drainage improvement [1-3]. The
change in coal permeability can be influenced by gas pressure, confining the pressure,
adsorption capacity and mechanical properties of coal [4-8]. As a result, it is not easy to
explain the complex evolution of coal permeability. Generally, CBM development is limited
by low coal permeability. Due to the low coal permeability, more time and measures are
needed for improvements in methane drainage, which is vital for coal mining safety and
gas production [9,10]. However, long-time methane drainage will slow coal mining. To take
effective measures to enhance coal permeability and shorten the methane drainage process,
understanding the characteristics of gas flow in coal and the change in coal permeability is
important for improving this situation. Meantime, the change of coal permeability is vital
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when gas, such as carbon dioxide, is injected into reservoirs, such as coalbeds, to form gas
hydrate for gas storage. The formation of gas hydrate usually needs a high gas pressure
under appropriate temperature. When gas is injected into reservoirs, the increasing gas
pressure changes reservoir permeability, which will influence the gas injection process.
Therefore, it is necessary to understand the change of reservoir permeability for better
gas drainage and injection.Gas movements in coal are complex due to the fracture-pore
structure of coal. Typically, coal is considered to be a dual-pore medium with coal fractures
and micro pores in coal matrix [11-13]. However, there are no uniform standards and
critical values for distinguishing coal fractures and pores. The pore size in coal varies from
nanometer to micrometer, and the micro pores in coal matrix significantly contribute to
coal porosity [14-16]. Gas movement in small channels, like coal matrix pores, is slow and
can be described by molecular diffusion, Knudsen diffusion and surface diffusion [17-20].
Darcy’s law is usually adopted to describe methane flow in coal fractures [7,13,21]. Accord-
ing to Darcy’s law, the fluid flow rate is determined by pressure gradient, coal permeability
and fluid viscosity. As Darcy’s law is proposed based on the water flow through beds of
sand, the difference in fluid properties between liquid and gas should be considered. For
example, the phenomenon of gas slippage at the pore wall is different from the boundary
layer theory for liquid [18]. Much methane can adsorb on and desorb from pore walls in
the coal matrix, and this causes coal deformation to influence gas flow. For example, during
methane drainage, methane desorbs from pore walls in the coal matrix and flows to coal
fractures. Due to gas desorption, the coal matrix will shrink to increase the volume of coal
fractures, and this increases resistance for methane to flow out from the coal matrix. On the
contrary, during gas injection, gas moves into the coal matrix pores through coal fractures.
Due to gas sorption, the coal matrix swells to reduce the volume of coal fractures, and this
increases resistance for methane to flow in from coal fractures [7,22]. Mojgan found that
the injection of CO, can cause coal matrix swelling to reduce coal permeability when CO,
pressure is above 1.5 MPa [23]. Based on the experimental results, coal matrix deformation
is considered a main influence on coal permeability [24].

To figure out the evolution of coal permeability during the methane drainage and gas
injection processes under stress-loading conditions, many coal permeability models are
developed based on the experimental results [11,25]. Typically, the steady-state method
is adopted for the measurement of coal permeability. With a simple experimental set-up
and a straightforward analytical solution, this method is believed to reflect the methane
flow in coal fracture systems [11,26,27]. To measure the low permeability of tight cores,
unsteady state methods are usually adopted for this goal [11,28,29]. For porous coal, coal
fractures are the main channels for methane flow, while the coal matrix is the main space
for methane storage. Yun established a numerical simulation mathematical model with
the consideration of oil-water—gas phase equilibrium to study the rapid flow of gas in
fractured reservoirs [30]. Based on the dual-pore characteristic of coal, a match stick model
was proposed to simulate the pore structure of coal [7,21,25]. In this model, the coal
matrix was the match stick and the void space between them stood for coal fractures. Coal
matrix and coal fractures can deform to change coal porosity and coal permeability when
gas pressure changes. Under the constant confining stress condition, coal deformation is
mainly determined by the adsorption-induced strain and effective strain. Based on the
definition of porosity and stress—strain relationships, the stress-permeability relationship
can be determined [22,31]. During a gas injection process, an increasing gas pressure
broadens coal fractures to increase the aperture of coal fractures. Meanwhile, the coal
matrix expands to decrease the aperture of coal fractures as gas absorbs on coal [7,22]. In a
gas drainage process, a pressure drop decreases the aperture of coal fractures because of the
compression effect of confining stress, and the coal matrix shrinks to increase the aperture
of coal fractures due to gas desorption [1,22]. Harpalani found that coal permeability
decreases with the reduction of gas pressure in coal pores [32]. In these two processes, the
gas pressure in coal fractures changes fast while it changes slowly in coal matrix [7,22,33].
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Furthermore, the coal matrix and coal fractures have opposite deformation to change coal
porosity, which causes complex changes in coal permeability [7,22].

In previous research, the influence of gas flow in the coal matrix on the evolution of
coal permeability was studied extensively. As gas flow changes quickly in coal fractures,
it is not easy to experimentally observe [11,22]. As a result, the effect of gas flow in coal
fractures on coal permeability is investigated insufficiently. To investigate a complete
change process of coal permeability including the influence of coal fractures, in this study, a
cylindrical coal sample is used to measure coal permeability under different gas adsorption
equilibrium pressures. Then, by directly describing the deformation of coal fractures
without any reversed derivation, a tandem fracture-pore permeability model is proposed
for studying the methane flows in coal fractures and the coal matrix for analyzing the
changes in coal permeability. Finally, this proposed model is used to investigate the
evolution of coal permeability under gas drainage condition for explaining a challenge for
CBM development.

2. Experimental Methodology

To study the effect of gas flows in coal fractures and the coal matrix on coal perme-
ability, an experiment was conducted to record the desorption flow volume of methane
from a cylindrical coal. A meta-anthracite sample was collected from the coal mining area
of Guhanshan, Jiaozuo, China. The measured basic parameters of the Guhanshan coal
samples are shown in Table 1. The coal sample was prepared as a cylinder with a height of
10 cm and a diameter of 5 cm. It was sealed by a rubber sealing stripe after 2 h of drying at
the temperature of 353 K before the test. The experimental platform, shown in Figure 1,
mainly consists of the gas injection unit, stress loading unit and measuring unit.

Table 1. Basic parameters of the Guhanshan coal.

Parameters Values
Moisture 0.035
Ash 0.081
Volatile matter 0.055
Density / g-cm_3 1.56
Porosity 0.041
a (Langmuir constant)/ Cm3~g_1 41.70
b (Langmuir constant)/ MPa~! 1.50

10 cm

Figure 1. Experimental platform and coal sample.
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Firstly, the coal sample was wrapped in a rubber envelope and placed in the sample
cylinder. Secondly, with other valves closed and valves 3 and 4 open, this coal sample
was degassed by starting the vacuum pump till the pressure gauge read 10 Pa. After that,
valve 4 was closed. Thirdly, the confining pressure was set to 12 MPa, while the axial
pressure was 6 MPa. The confining pressure was realized by adjusting the pressure of
the oil filling the sample cylinder. The axial pressure was realized by adjusting the water
pressure that presses on the metal at the head and tail of the coal sample. Then, different
gas adsorption equilibrium pressures for the cylindrical coal sample were achieved. By
opening and closing valves 1, 2 and 3 with other closed valves, the methane of the pre-set
pressure was injected into this sealed coal sample, and the gas pressure decreased as gas
adsorption proceeded. Repeat these operations until the adsorption equilibrium is reached
under 0.5 MPa, 1 MPa and 1.5 MPa. This process took 96 hours to reach the adsorption
equilibrium. Finally, the measurement of desorption flow volume of methane started. The
desorption flow volume of methane was recorded by a flowmeter for 180 min once the
system was connected to the atmosphere. The experimental platform structure can be
found in Figure 2.
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Figure 2. Experimental platform structure and Experimental set-up.
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3. Conceptual Model

The match stick model developed from the dual-pore reservoir, shown in Figure 3, was
adopted as the basis to construct a tandem fracture-pore permeability model for coal [7,34].
In this tandem fracture-pore permeability model, methane is assumed to migrate from
small pores to big pores in the coal matrix and finally to coal fractures [19,34]. A porous
solid medium can be considered to consist of ‘hard” and ‘soft” portions [35-37]. The solid,
the fluid and the pore space in a porous medium have strength against deformation [38].
As a kind of porous medium in which pores are formed during the formation of coal under
the metamorphism, coal has fracture structure and coal matrix to simultaneously resist
deformation. The overall strength of coal is determined by the strength of the coal matrix
and the structure of coal fractures [35,37]. As the series springs shown in Figure 4, coal
fractures and the coal matrix are considered to be in series to resist deformation. With
the bulk moduli of coal and the coal matrix, the bulk modulus of coal fractures can be
determined by the below equation [37]:

1 ¢ 1

i K7f + X, 1
where K is the bulk modulus of coal; K £ is the bulk modulus of coal fractures; K, is the
bulk modulus of the coal matrix and ¢ is the porosity of coal fractures.



Energies 2022, 15, 7842

50f18

Fracture

, s >
Drainage hole% o .. e .. ®o 0

b

Matrix_y 41 ¢ @

Fracture 51 |
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Figure 4. Series structure of coal fractures and coal matrix.

With the bulk moduli of coal, coal matrix and coal fractures, the effective strain of coal
fractures and the coal matrix can be determined based on the principle of effective stress.
Meantime, gas flows cause a change in gas pressures, which leads to coal deformation due
to the adsorption-induced expansion and desorption-induced shrinkage [7,22]. If there is
an increase in gas pressure in coal, coal fractures will be broadened and coal matrix will
swell. On the contrary, coal fractures will be narrowed and the coal matrix will shrink
when there is a decrease in gas pressure in coal. Changes in the gas pressures in coal
impose two-sided impacts on coal deformation, which leads to the complex evolution of
coal permeability. Due to the fast change in gas pressure in coal fractures and slow change
of gas pressure in the coal matrix, the evolution of coal permeability can be inferred to
experience fast changes at the initial stage and gradual changes at the later stage.

Due to the varying physical properties and adsorption capacity of different coal, the
deformation of coal fractures and the coal matrix can be different even under the same
conditions of confining stress and gas pressure. As a result, coal permeability shows
different change routines in a coal permeability map. However, with a reasonable coal
permeability model, the change in coal permeability for a selected coal can be investigated
and predicted under different conditions.

4. Numerical Modelling

The evolution of coal permeability is determined by the change in coal porosity with
the cubic law between coal porosity and coal permeability, which is related to the physical
properties of coal, effective strain and adsorption strain [7,22,31]. Under a stable confining
stress, the gas pressure is an important factor for investigating the effective strain and
adsorption strain, and changes in gas pressure can be determined by studying the methane
flow in coal. In this research, two sets of equations that describe methane flow and coal
deformation are built for coal fractures and the coal matrix to study the effect of gas flow
on coal permeability.

4.1. Methane Flow in Coal

Based on the ultra-slow outflow of methane in the coal matrix and the limited surface
of drainage holes, the methane migration in coal is assumed to be a series flow in which
methane moves from the coal matrix to coal fractures and finally to drainage holes. Methane
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flows in coal fractures and the coal matrix satisfy both the mass conversation law and
Darcy’s law [18,39]. The bridge between these two flows is the mass exchange of methane.
For a process of gas injection and gas drainage, gas flow in coal fractures first reaches the
equilibrium state, and then gas migrates slowly in coal matrix. The pressure equilibrium
in the coal matrix usually needs a long time due to the slow mass exchange between coal
fractures and coal matrix [27,28,31].

For a methane flow in coal fractures, the mass conservation equation and the momen-
tum conservation equation are described as below [7,21]:

> k
St =V (oL Vpp) = Qo o)

mf = pses ®
where m 7 is the mass of methane in coal fractures; p 7 is the methane density in coal
fractures; ky is the coal fracture permeability; y is the methane viscosity; py is the pressure
in coal fractures; ¢y is the porosity of coal fractures; and Qy is the exchange mass of
methane between coal fractures and the coal matrix, which can be determined by the
below equation [12,33]:

ki
Op = w(pm —ps) = v(pm — Pf);pm 4)

where v is the matrix-fracture transfer shape factor, p;, is the pressure in coal matrix; ky, is
the permeability of coal matrix; and p;, is the methane density in the coal matrix.

The methane flow in the coal matrix needs to satisfy the mass conservation equation
and the momentum conservation equation that are described below [7]:

Iy,
v en

km
m 5
Tl V pm) Qp 5)

My = PmPm (6)

where m,, is the mass of methane in the coal matrix and ¢, is the porosity of the coal matrix.

In the above equations, coal permeability and coal porosity are two vital variables. For
a selected coal, these two variables are influenced by coal deformation that is determined by
the mechanical properties of coal, adsorption-induced strain and effective strain, which is
analyzed in detail in the next section. Based on Darcy’s law, methane flow in coal fractures
that are directly connected to the drainage hole is faster with its big permeability and big
pressure differential. On the contrary, methane flow in the coal matrix is slow because the
pressure gradually changes in coal matrix due to its low permeability.

4.2. Deformation of Coal
4.2.1. Deformation of Coal Fractures

Gas flows cause changes in gas pressure, and this leads to coal deformation due to
effective strain and adsorption-induced strain. Coal deformation includes changes in the
volumes of coal fractures and coal matrix [7,22,31]. In this study, the deformation of coal
fractures is analyzed based on the fluid environment and the loading environment that it is
in. The change in the aperture of coal fractures is influenced by the effective strain of coal
fractures, adsorption-induced strain of the coal matrix and effective strain of the coal matrix.
Based on the effective stress theory, the increase in gas pressure in coal fractures reduces
the compression of coal fractures, broadening the aperture of a coal fracture. However,
the increasing gas pressure in coal matrix reduces the compression of coal matrix, which
decreases the aperture of coal fractures [7,22,31]. Additionally, the increasing gas pressure
increases the methane adsorption in the coal matrix to cause the swelling of the coal matrix,
resulting in the shrinkage of coal fractures. The deformation equation of coal fractures is not
derived from the deformation of coal matrix and bulk coal. This is different because many
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other permeability models determining coal fracture deformation using the derivation of
coal and the coal matrix may ignore the deformation characteristics of coal fractures. With
the determined bulk modulus of coal fractures in Equation (1), the change in the aperture
of coal fractures can be calculated by the below equation:

Ae
Ab = Agbetbo — ?‘GSO + Assetso (7)
where b is the initial aperture of a coal fracture; sy is the initial width of coal matrix; e is
the effective strain of a coal fracture; &5 is the adsorption-induced strain of coal matrix; and
€5t 1s the effective strain of coal matrix.
The effective strain of coal fractures is calculated by the below equation:

c—p
Epet = Tff 8)

where 0 is the confining stress; py is the pressure in coal fractures; and Ey is Young's
modulus of coal fractures, which can be obtained from Equation (1).

The adsorption-induced strain and effective strain of coal matrix can be calculated by
the below equations [22]:

Pm
= 9
& = €L P + PL )
0" I
Eset = Empm (10)

where ¢}, is the Langmuir volumetric strain constant; p,, is the Langmuir pressure constant;
and E,, is Young’s modulus of coal matrix.

Based on the definition of porosity, the porosity of coal fractures is calculated by the
below equation:

3b
= 11
4 s+3b (1)
where b is the aperture of a coal fracture; s is the width of the coal matrix.
Based on Equation (7), the strain of coal fractures can be described as below [7]:
Ab 5 1
& =3 = Aeps — 3—50(Ass — BAeger) = Aepy — (470 —1)(Ags —3Aeser)  (12)

With the strain of coal fractures, the change in the porosity of coal fractures can be
described as below [22]:

Pr g4 BbysF3k 1tey (13)
Pro bp’ s+3b T+ em(1 = o) + Proes
Ags
Em = ; - Agset (14)

Based on the changing porosity of coal fractures, the evolution of coal fracture perme-
ability can be determined with the cubic law as below [22]:

k 3
f_ of 15
ko "o 15
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4.2.2. Deformation of Coal Matrix

Coal matrix is considered to be a homogeneous, isotropic and elastic continuum for
model simplification [7]. Based on the elastic theory for a porous medium, the stress-strain
relationship for the coal matrix can be written as below [31]:

1 1 1 o €g
i — (77— = g )oukdij + 3K, Pl t 3

972G, 1 6Gy 9K % (16)

where G, and K}, are the shear modulus and bulk modulus of coal matrix; « is the Biot
coefficient; oy is the total stress; d; j is the Kronecker delta; p, is the pressure in coal matrix;
and ¢; is the adsorption-induced strain of coal matrix.

Considering the principle of effective stress and adsorption-induced strain, Equation (16)
can be further simplified as below [7]:

! (C—apm) + &5 (17)

Ev - — =
Kin

where €, = €11 + €27 + €33 is the volumetric strain of coal matrix and ¢ = % is the mean
compressive stress.

The coal matrix volume, V, is assumed to consist of the solid volume, V;, and pore
volume, V),. The porosity of coal matrix can be described as below [7]:

VP VP
= = — 1
=y = (18)
Based on Equation (17), the below relationships can be obtained [38]:
AV 1
S = (AT —alAp) + A 1
V Km ( o u p) + 85 ( 9)
AV 1, _
where f =1 — %

Solving Equsations (18)—(20), the change in the porosity of coal matrix can be obtained
as below [7]:

V, 1 1 _ Ao — A
Apm = Pm — Pmo = A(Vp) = ‘Pmo(a - E)(AU_ Apm) = —(a — ‘Pmo)% (21)
Ignoring the influence of (Aﬁlzijp’”), Equation (21) can be simplified into
Pm & (AT—Dpw) (22)
Pmo Pmo Kin

Based on the cubic law, the permeability of coal matrix is determined as below [22]:

3
LN N 23)

kmO B (PmO

By building the above equations for methane flows and coal deformation, a tandem
fracture-pore permeability model for coal was constructed in this study. The influence of
gas pressures in coal fractures and the coal matrix is reflected in this permeability model.
With Young’s modulus of coal fractures, the influence of methane flow in coal fractures on
coal permeability can be further analyzed.
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5. Results and Discussion
5.1. Model Validation

In this study, the ratio of the accumulative desorption flow volume of methane to the
total desorption volume is used to describe the experimental results. The experimental
results for adsorption equilibrium pressures of 0.5 MPa, 1.0 MPa and 1.5 MPa are shown
in Figure 5. It is clear that the desorption flow process can be divided into two stages like
two line segments connecting with an inflection point. Under the adsorption equilibrium
pressure of 1.5 MPa, at the first stage, the desorption flow volume of methane quickly
increases to 1.2% of the total desorption flow volume with a sharp slope in the first 6 min.
Then, the desorption flow volume of methane slowly increases by another 1.8% at the
second stage of 174 min. Under the adsorption equilibrium pressures of 1.0 MPa and
0.5 MPa, the desorption flow ratios at the first stage are 1.25% and 1.7%, respectively. The
desorption flow ratios at the first stage are 1.75% and 1.5%, respectively.

35q
| | Experimental results .
= (.5 MPa
3091 o 1oMmPa
A 1.5MPa

g
wn
1

g
=
1

Desorption flow ratio/1
&
1

1.0+ Numerical results
0.5 MPa
0.5 —— 1.0 MPa
—— 1.5 MPa
00 1 T 1 T T 1 1
0 30 60 90 120 150 180

Time/min
Figure 5. Experimental results of methane desorption flow for Guhanshan coal.

The numerical simulation results are shown with experimental results in Figure 5.
To avoid repeating the analysis, the results under the adsorption equilibrium pressure of
1.5 MPa are selected as a representative as shown in Figure 6. The basic parameters for
Guhanshan coal in the experimental and numerical research are listed in Table 2. With the
numerical simulation results that are close to the experimental results, the tandem fracture-
pore permeability model was used to analyze the changes caused by methane flows in
Guhanshan coal. Coal holds methane in the form of gas compression in coal fractures and
gas sorption in the coal matrix. The permeability of coal fractures can be several orders
of magnitude greater than that in the coal matrix due to the differences in pore size. For
Guhanshan coal, in the 6 min of the first stage, the limited methane stored in coal fractures
flows out of coal sample in a high speed as the red line shown in Figure 6d. the gas flow
velocity reaches the maximum of 1.78 x 107> m/s from zero in a very short time. Then,
the gas flow in coal fractures quickly slow down to the minimum of 0.025 x 107> m/s. As
a result, the gas pressure in coal fractures decrease quickly from 1.5 MPa to 0.1 MPa, as
the green line shown in Figure 6¢. Based on Terzaghi’s principle, these changes cause a
fast increase in the effective stress of coal fractures while the adsorption strain remains
the same. Therefore, coal fractures are narrowed under the increasing effective stress, and
the coal permeability ratio decreases by around 10%, from 1 to 0.9, as the red line shown
in Figure 6b.
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Figure 6. Numerical simulation results for Guhanshan coal.
Table 2. Basic numerical simulation parameters for Guhanshan coal.
Parameters Values Physical Meanings Units
K 2410 Bulk modulus MPa
€ 0.327 Poisson’s ratio -
Emo 3850 Young’s modulus of coal matrix MPa
E 2498 Young’s modulus of coal MPa
Py 1.54 Langmuir pressure constant MPa
Er 0.06328 Langmuir volumetric strain constant -
ko 0.096 Initial permeability of coal fractures mD
kmo 0. 00096 Initial permeability of coal matrix mD
Do 0.005 Initial porosity of coal fractures -
Dm0 0.05 Initial porosity of coal matrix -
Piyi 0.5,1.0,1.5 Initial equilibrium pressure in coal sample MPa

At the second stage, as the red line shown in Figure 6¢, the big pressure differential
between coal fractures and coal matrix reaches 1.4 MPa due to the fast gas outflow in coal
fractures and slow gas movement in coal matrix. This pressure differential causes methane
to gradually desorb from coal matrix and flow to coal fractures. However, as the blue line
shown in Figure 6d, the gas flow speed in coal fractures remains small, 0.025 x 102 m/s,
which indicates that the methane flow from the coal matrix to coal fractures is very slow.
As the gas pressure in the coal matrix decreases little, shown as the blue line in Figure 6c,
the reason for the slow methane movement in the coal matrix can be deduced to be the low
permeability of the coal matrix. Based on the theory on adsorption-induced deformation,
the coal matrix shrinks during methane desorption, and this broadens the aperture of coal
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fractures, which leads to an increase in the apparent coal permeability. Therefore, the coal
permeability ratio gradually increases by around 28% in the later 174 min, from 0.9 to 1.18,
shown as the blue line shown in Figure 6b. As analyzed above, the fast methane flow in
coal fractures contributes to the quick increase in the desorption flow volume of methane at
the first stage, while the slow methane migration in the coal matrix determines the gradual
increase in the desorption flow volume of methane at the second stage.

According to the above analysis of the experimental results with the proposed tandem
fracture-pore permeability model, gas flows in coal fractures and the coal matrix impose
different but significant impacts on the evolution coal permeability. However, for much
research, the effect of gas flow in coal fractures has not been well observed and analyzed
with the effects of gas flow in the coal matrix. The experimental data from the literature are
used to additionally validate and analyze the proposed tandem fracture-pore permeability
model [40]. In this experiment, the coal samples were collected from the Anderson seam
at the Powder River basin. Anderson coal is subbituminous and low-contaminant and
is adopted for the measurement of coal permeability. As shown in Figure 7, the stress of
6.89 MPa was applied to the boundary of the coal sample, and methane was used for gas
injection. The injection pressure increased from around 0.689 MPa to 5.512 MPa under the
constant temperature of 300 K. For Anderson coal, the parameters that were used in the
simulations are listed in Table 3. Since all the experimental data were collected at the final
equilibrium stages in this experiment, the change in coal permeability reflects the effect of
gas flow in the coal matrix on coal permeability without the influence of gas flow in the
coal fractures.

1.6
B Experimental results
= Numerical simulation results
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Figure 7. Experimental set-up and results for Anderson coal.

Table 3. Key parameters for Anderson coal in the numerical simulations [40].

Parameter Value Physical Meanings Units
E.o 4800 Young’s modulus of coal matrix MPa
E 2758 Young’s modulus of coal MPa
Pr, 4.823 Langmuir pressure constant MPa
33 0.007 Langmuir volumetric strain constant -
ko 0.0385 Initial permeability of coal fractures mD
kmo 0.0000385 Initial permeability of coal matrix mD
< o 0.0045 Initial porosity of coal fractures -
Dmo 0.045 Initial porosity of coal matrix -

The experimental results and numerical simulation results for Anderson coal are
shown in Figure 7. Based on the experimental results, it is clear that coal permeability
experiences an increase after a decrease when methane is injected into coal. As the blue
line shows in Figure 7, the coal permeability ratio first decreases from 1 at 0.551 MPa to
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Pressure/MPa

0.7 at 2.618 MPa and then increases to 1.15 at 5.512 MPa. Based on the tandem fracture-
pore permeability model, the gradual change is mainly determined by the deformation
of coal matrix. The changes in gas pressure and in coal matrix deformation are shown
in Figure 8. During this gas injection process, the gas flow in the coal fractures reaches
equilibrium quickly and the gas pressure holds at 5.512 MPa, while the gas pressure in the
coal matrix begins to increase from 0.69 MPa. The obvious pressure differential of 4.8 MPa
forms. Gas flow begins to intrude into the coal matrix. From Figure 8b, at the initial stage,
the coal matrix swells to narrow coal fractures and lower coal permeability because the
adsorption-induced strain of the coal matrix, shown as the blue line, is smaller than the
effective strain of coal matrix, shown as the green line. The adsorption-induced strain of the
coal matrix narrows the coal fractures, while the effective strain of the coal matrix broadens
coal fractures and improve coal permeability. When gas pressure in the coal matrix reaches
the rebound pressure of 2.618 MPa, the coal swelling reaches its maximum and the coal
permeability decreases by 30% [22]. After this point, the adsorption-induced strain of coal
matrix narrows begins to chase the effective strain of coal matrix with a bigger increase
rate, and coal permeability begins to increase. When gas pressure in coal matrix reaches
4.565 MPa, the adsorption-induced strain of coal matrix equals the effective strain of coal
matrix. As gas pressure in coal matrix reaches the recovery pressure of 4.545 MPa, coal
permeability ratio recovers to 1. From this point, coal permeability ratio begins to be larger
than 1 because the adsorption-induced strain of coal matrix is smaller than the effective
strain of coal matrix.

5 —Pressure in coal matrix 28} _ Lftective strain
N _\~\ Recover pressure Pressure in coal fractures) 24 Adsorption strain
N Pressure differential o = Apparent strain
4 ' L 20
\. S
\ —
3 Rebound N é 16
ebound pressyufe
, PR £12
g
2 Z 8
| 4 Rebound pressure Recover pressure
~. .,
L ~ 0 ]
ol e | \
0 2 3 4 1 2 3 4 S
Time/h Pressure/MPa
(a) Gas pressure in coal (b) Deformation of coal matrix

Figure 8. Change of gas pressure and coal matrix deformation.

However, this experiment did not observe the change in coal permeability at the
initial stage of gas injection. If the effective strain of coal fractures is considered, the
complete change process of coal permeability includes the red line part shown in Figure 7.
To conveniently compare the experimental results and numerical simulation results, the
inflection point of the evolution curve of coal permeability ratio was moved to 1. Before
the slowly increasing stage, the permeability of the Anderson coal quickly increased by
around 55%, which means a fast jump. This fast jump of coal permeability is mainly caused
by the injection-caused increase in the aperture of coal fractures. When gas is injected into
coal, gas quickly flows in coal fractures and the gas pressure in coal fractures reaches its
equilibrium in a short time. As the gas pressure in coal fractures increases, the effective
strain of coal fractures decreases while gas adsorption in coal matrix has yet begun. As a
result, the aperture of coal fractures is broadened and coal permeability increases in a short
time. From Figure 9, the coal fracture aperture ratio increases by 14%, from 1 to 1.14, in the
initial serval minutes of gas injection. After that, coal fracture aperture is mainly influenced
by the apparent coal matrix deformation.
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Figure 9. Deformation of coal fractures for Anderson coal.

5.2. Model Sensitivity Analysis

Based on the above analysis, the fast change as well as gradual change in coal perme-
ability could be investigated using the proposed tandem fracture-pore permeability model
for coal. In this model, the modulus of coal fractures was determined by the moduli of
coal and coal matrix. To analyze the effect of gas flows on the change of coal permeability
with different moduli of coal fractures and matrix, four coal samples of different physical
properties were used for the numerical simulation. The initial conditions and boundary
conditions were the same as the numerical simulation for Anderson coal, and the adsorp-
tion capacity remained the same as for the Anderson coal. The moduli for the coal and the
coal matrix are listed in Table 4, and the simulation results are shown in Figure 10.

Table 4. Coal moduli for the numerical research on model sensitivity.

Young's Modulus Coal 1# Coal 2# Coal 3# Coal 4#
E/MPa 3000 2760 1800 2000
Epo/MPa 5200 4800 2850 4000
Eso/MPa 52 47 36 29

4.0f[~Coal 4#

Coal 3# 1.0 f'tl""""""'..
3.5t —Coal 2# . *--‘M
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| }

3.0 0.6 :
25 0.4 |
0.2 i

Permeability ratio/1
—_— N
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\
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Pressure/MPa

Figure 10. Permeability changes under different coal modulus.

As shown in Figure 10, coals of different physical properties show different changes
in permeability. For coal 1# to 4#, Young’s modulus for coal fractures is 32 MPa, 29 MPa,
22 MPa and 18 MPa, respectively. At the initial stage, for coal 1# to 4#, the quick increase
in gas pressure in coal fractures leads to increases in coal permeability by 51%, 57%, 80%
and 100%, respectively. Although there are different moduli for these four coal samples,
the fast change in coal permeability shows a negative relationship with Young’s modulus



Energies 2022, 15, 7842

14 0f 18

of coal fractures. Then, coal permeability experiences a slow change with an apparently
different slope. This inflection point is taken as a reference point for the permeability
ratio of 1. At the second stage, coal permeability starts to decrease due to the dominant
adsorption swelling except coal 3#. For coal 1#, 2# and 4#, the rebound pressure is 2.894 MPa,
2.549 MPa and 1.86 MPa, respectively [22]. Then, coal permeability increases because of
the increasing compaction of coal matrix. The coal permeability for coal 1# recovers to
95% of the reference point at 5.512 MPa. For coal 2# and 4#, coal permeability increases
by 15% and 91%, respectively, and their recovery pressure is 4.961 MPa and 3.307 MPa,
respectively [22]. For coal 3#, Young’s modulus of coal matrix is small, and this leads to the
dominant shrinkage of coal matrix. Therefore, coal permeability keeps increasing all the
time, and it increases by 313% at 5.512 MPa.

Based on the numerical simulation results, the fast jump in coal permeability is related
to the effective strain of the “soft’ coal fracture part, which is influenced by moduli of
coal and coal matrix. The gradual change in coal permeability is related to the strain
of the ‘hard’ coal matrix, which is determined by the effective strain and adsorption-
deformation capacity and modulus of coal matrix. Therefore, the permeability of coal of
different mechanical properties and adsorption capacities constitutes a coal permeability
map including various evolution routines [33]. This explains the different change trend of
coal permeability even under the same experimental conditions.

5.3. Analysis on Methane Drainage Process

The fast decrease in gas drainage volume is an important engineering problem for
CBM development and prevention of methane accidents in coal mines. Taking Anderson
coal as an example, the initial gas pressure and drainage pressure were set to be 3 MPa and
0.1 MPa, respectively, to analyze methane flow during the methane drainage process with
the proposed tandem fracture-pore permeability model [40-42].

The changes in gas pressure in Anderson coal under the drainage condition are shown
in Figure 11. The numerical simulation results indicate that the gas in coal fractures quickly
flows out during methane drainage. Within the first 2 min, the gas pressure in coal fractures,
as the green line shown, decreased from the initial 3 MPa to around 0.74 MPa with a big
slope, which means a fast gas outflow; gas pressure of 0.74 MPa is one indicator of the
disaster risk of coal and gas outburst in coal mines in China. Thereafter, the gas pressure
in coal fractures slowly decreased to the drainage pressure of 0.1 MPa in one hour with a
moderate slope. Corresponding to the different stages of the gas pressure in coal fractures,
the gas pressure in the coal matrix, shown as the blue line, shows little change in the first
2 min with a small slope. At this stage, a big gas pressure difference between coal fractures
and coal matrix formed, shown as the red line. The gas pressure difference reached the
maximum of 2.4 MPa at this moment. Then, the gas pressure in the coal matrix began to
decrease from around 3 MPa to 0.74 MPa with a steep slope in the later 3 h. In this stage,
the pressure differential between coal fractures and the coal matrix promoted gas mass
exchange to speed the gas flow in coal matrix. However, this gas mass exchange was not
big or fast enough, which caused it to take a long time for the gas pressure in the coal matrix
to decrease to 0.74 MPa. After this stage, the gas pressure in the coal matrix experienced a
moderate decline and decreased to the drainage pressure of 0.1 MPa in another 77 h. In
this stage, the small and slow gas mass exchange between coal fractures and coal matrix
further weakened when the gas pressure difference decreased to zero.
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Figure 11. Gas pressure changes for Anderson coal under drainage condition.

The evolution of coal permeability for Anderson coal under the methane drainage
condition is shown in Figure 12. At the beginning, coal permeability shows a reduction
of 10% in a short time. This decrease in coal permeability is caused by the fast decreasing
gas pressure in coal fractures. In the first 2 min, the gas pressure in coal fractures decrease
to 0.74 MPa, which leads to the quick compression of coal fractures and the decrease in
coal permeability. After that, coal permeability experiences another sharp decrease of 10%
when the gas pressure in coal matrix decreases to around 2.7 MPa. In this stage, the gas
pressure difference between coal fractures and coal matrix gradually reaches maximum.
However, the low permeability of coal matrix leads to the slow and insufficient mass
exchange between coal matrix and coal fractures. The effective strain of coal fractures
changes slightly due to the small change in gas pressure in coal fractures. In the contrary,
the change in the adsorption-induced strain of coal matrix increases to lower coal porosity
and coal permeability. Thereafter, coal permeability ratio slowly decreases to around 0.55
during a long time period. In this period, the change in the effective strain of coal matrix is
bigger than the change in the adsorption-induced strain of coal matrix, which means the
effective strain of coal matrix dominants in coal deformation. This explains the long-time
and slow decrease in coal permeability. The fast and dramatic decrease in coal permeability
caused by coal fractures causes the quick reduction in gas production, and the further slow
decrease in coal permeability results in the low efficiency of gas drainage. This research
results can be supported by the change of gas production rate measured from the well in
developed coalbed methane reservoirs [43]. For the exploration of gas hydrate, this change
process of reservoir permeability can be used to analyze the gas flow process of gas hydrate
in the hydrate-bearing sediments for explaining the similar gas production rate. Although
the deformation characteristics of fractures and tight medium are similar, there is difference
between the physical properties of fluid gas and gas hydrate. The effects of hydrate phase
and phase transition on coal deformation should be considered to better understand its
flow process [44].
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Figure 12. Permeability change for Anderson coal under drainage condition.

6. Conclusions

Based on the characteristics of gas flows in porous coal, a tandem fracture-pore
permeability model is proposed and validated with experimental results. Different from
the previous coal permeability models, the deformation of coal fractures is determined
by its loading environment and adsorption environment rather than the derivation of the
deformation of the coal and the coal matrix. After the analysis of the evolution of coal
permeability under injection and drainage conditions with this proposed coal permeability,
the conclusions are summarized as below,

(1) Coal fractures may have strength to resist coal deformation. Based on the validated
numerical simulation results, the smaller strength of ‘soft’ coal fractures can quickly and
significantly resist swelling and shrinkage of coal fractures during gas injection and gas
drainage process. This causes the great but short time gas flow and greater coal permeability.
Based on the series springs model, Young’s modulus of coal fractures can be determined
theoretically.

(2) The complete evolution of coal permeability includes both the fast change caused
by gas flow in coal fractures and the gradual change caused by gas migration in coal matrix.
The fast gas flow in coal fractures causes quick change in coal permeability due to the
effective strain of coal fractures. The slow gas migration in coal matrix determines the
gradual change in coal permeability at the later stage owing to the effective strain and
adsorption-induced strain of coal matrix.

(3) The low efficiency of gas mass exchange between coal fractures and coal matrix
causes unusual change in gas flow in coal. After fast gas outflow from coal fractures, there is
insufficient gas supplement from the coal matrix due to ultra-low coal matrix permeability
even under an obvious pressure differential. This explains the quick reduction in gas
production after a good but short performance for CBM development.

7. Further Research

Hydraulic measures are popular to improve coal permeability for a better CBM pro-
duction. Coal matrix and coal fractures may show different deformation characteristics
when water is injected into coal. As water can be considered to be incompressible, this
may cause coal permeability to show different change routine, which is significant for CBM
improvement by hydraulic measures. Therefore, the deformation characteristics of coal
under the condition of high-pressure water injection needs to be studied in the future.
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