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Abstract: Methane drainage using boreholes is one of the most effective means of preventing coal mine methane disasters. However, the distributions of stress and
permeability around the borehole and the effective influence radius of methane drainage are not clearly known. To solve this problem, a mathematical model of gas—solid
coupling of coal rock was first established in this study based on the Kozeny-Carman equation. In this model, the coal rock was considered as a fracture—porosity dual
medium. Methane’s flow was seepage in the fracture system and diffused in the pore system. Second, the finite volume method was used to discretize the coupling model.
The Newton-Raphson iteration and generalized minimal residual algorithm method were used to solve the nonlinear coupling equation after diffusion. Finally, Fortran
language was used to simulate the process of methane drainage using a borehole. Results showed that there was respectively stress concentration on the left and right
sides of the borehole. This area was associated with the lower permeability in these zones and destroyed the borehole, which is the one of the main reasons for the low
efficiency of methane drainage. The relationship between the effective influence radius and the drainage time could be described by a power function. The effective influence
radius of the borehole, cumulative methane drainage volume, and residual methane content distribution obtained by simulation were well consistent with the data obtained
by the actual measurements, which proves the credibility of the gas—solid coupling and solving methods. This study provides some theoretical reference for methane drainage

and the solution of multi-physics field coupling model in coal mines.
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1 INTRODUCTION

Coal mine methane (CMM) is a clean and highly
efficient fuel. However, it can cause serious disasters,
which can threaten the safety of mine production [1-5].
Thus, methane control is significant for coal mining. At
present, borehole drainage is one of the most effective
means of extracting CMM. It cannot only decrease the
dangers of coal mining but also obtain clean energy and
reduce pollution [6-10]. However, the efficiency of
methane drainage is generally low. Some boreholes are
destroyed by the stress of surrounding rocks during drilling
and methane drainage, leading them to collapse. The flow
attenuation of some borcholes is very quick. Some
boreholes cannot eliminate methane outburst after methane
drainage. All these problems can influence and restrict the
safety of mine production.

The permeability of coal seams is one of the most vital
parameters that can influence the seepage of gas in the coal
rock. It can directly affect the methane drainage efficiency
of the borehole. The stress of surrounding rocks in coal
seams can change their permeability distribution. At the
same time, methane pressure can also affect the effective
stress distribution of the coal seam, so the deformation of
coal rocks is also influenced. Thus, a coupling interaction
exists between the stress of the coal rocks and the seepage
of methane [11, 12]. The permeability of the coal rock is
influenced by the stress of the surrounding rock. Thus, the
stress distribution of the coal rock around the borehole and
the influences of the stress distribution on the permeability
need to be investigated.

When multiple boreholes operate simultaneously, the
unreasonable distance between the boreholes will cause
methane outburst to become incompletely eliminated in the
zone of methane drainage by the boreholes, or the flow
attenuation becomes very quick, affecting the methane
drainage efficiency [13, 14]. The distance between
boreholes depends on the effective influence radius of
methane drainage by the boreholes. Thus, to improve the

methane drainage efficiency using boreholes and provide
basis for the reasonable layout of the distance between
boreholes, the relationship between the effective influence
radius and the drainage time must be studied [15].

2 STATE OF THE ART

The permeability of the coal seam is the basis for
studying the seepage of gas, which plays an important role
in gas migration. Currently, the permeability of the coal
seam has been the subject of many relevant researches. By
studying the volume strain in stress—strain and
permeability of rock samples, Lu et al. analyzed the
influences of factors such as stress and porosity on the
permeability of porous rock. Combined with Kozeny—
Carman’s model, Lu et al. (2002) presented the
characterization relation formula of the permeability of
rock in the entire stress—strain process [16]. Li et al.
introduced the principle of effective stress in porous media
into the seepage of fluid—solid coupling. According to the
equilibrium condition, the stress equation was established,
and the dynamic models of permeability and porosity were
derived according to physical characteristics of the seepage
of fluid-solid coupling. On this basis, the mathematical
model of the seepage of fluid—solid coupling in the
saturated porous media was constructed. Li’s (2003)
research results provided a theoretical basis for studying
the fluid—solid coupling in porous media [17]. Connell et
al. established a gas—solid coupling numerical model based
on geomechanical assumptions. To investigate the
applicability of the model to CMM drainage, the simulator
SIMEDIT was used to simulate gas migration in a
hypothetical coal seam, and the simulator FLAC3D was
used to solve the geomechanical response. The simulations
showed that the mechanical behavior of the coal seam and
the surrounding geology complicate the permeability and
gas migration of coal. The assumption of constant vertical
stress leads to the significant difference between the
permeability estimated by Shi-Durucan and the actual
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permeability, especially at early times during production.
Connell et al. (2009) analyzed the distribution of vertical
normal stress and shear stress around the borehole but not
the distribution of the maximum principal stress around the
borehole and its effect on permeability [18]. Lin et al.
considered the effect of gas adsorption expansion in the
gas—solid coupling model. They found that the
permeability of coal seams increases gradually with
increasing drainage time, which is divided into three
sections according to the increase rate. The increase of
permeability was sharp in 0-30 days, gradual in 30-220
days, and stable after 200 days. The relationship between
the permeability of coal seams and the volume adsorption
constant was negative linear, and that between the
permeability of coal seams and the pressure adsorption
constant was negative exponential [19]. Wei et al.
established a gas—solid coupling model based on fracture—
porosity dual medium. The classical Kozeny—Carman
equation was used to solve the permeability of coal seam.
The mass exchange between the fracture and pore system
of the coal seam was taken into consideration. The three-
dimensional simulation and analysis of the methane
drainage in the borehole were carried out by using the
multi-physics coupling software COMSOL. The results
showed that the fluid—solid coupling model, in which the
fracture—porosity dual medium was considered, was more
consistent with the actual situation than a single-seepage
field model. However, Wei et al. (2016) did not analyze the
stress field and permeability distribution around the
borehole [20]. Liu et al. improved the traditional fluid—
solid coupling model. The deformation of coal body,
diffusion of gas in the matrix, and gas seepage in the
fracture system were considered in the coal rock
permeability model, and the gas pressure in the coal was
divided into matrix pressure and fracture pressure.
Compared with the traditional fluid—solid coupling model,
more factors were considered in this model. Liu’s (2017)
model required more known parameter values such as
fracture pressure and pore pressure, which are difficult
because of the complexity of coal seam geological
conditions. Therefore, verifying the correctness of the
model is relatively difficult [21]. Zhang et al. regarded coal
seam as a combination of fracture and matrix systems. The
mass exchange between the matrix and the fracture is
considered. Different gas pressures exist in the matrix and
the fracture [22]. Zhang’s (2018) model is more
comprehensive in considering the seepage of gas in coal
seam, but it ignores the diffusion effect of gas in matrix
systems. In addition, determining the initial permeability
of fracture and matrix by experiments in coal seams is
difficult.

The above studies mainly solved the gas—solid
coupling model using commercial software such as
FLAC3D and COMSOL to analyze the law of gas
migration in borehole drainage and the evolution of coal
seam permeability. However, few studies investigated the
maximum principal stress and permeability distribution
around the borehole under the stress of the roof. In addition,
few comparisons were made with the actual test data of
methane drainage in coal mines from many aspects.

The effective influence radius is an important basic
parameter for borehole design and has been studied by
many scholars. Wu et al. established a single gas seepage

model, but the effects of gas adsorption, gas desorption,
and coal deformation on gas extraction were ignored.
FLAC3D was used to determine the extraction radius.
Wu’s (2012) model assumes that the coal seam has an
infinite thickness such that the influence of the coal seam
roof and floor boundary on the gas extraction radius is
ignored. However, it has a great impact on gas extraction
radius when a coal seam is thin [23]. Li et al. established a
gas—solid coupling model and found that the effective
influence radius gradually increases, but the growth rate is
reduced gradually by the multi-physics coupling software.
Li’s (2014) study provided the permeability change curve
of extraction under different times, but the function
between the effective influence radius and drainage time
was not obtained [24]. Li et al. established a mathematical
relation among methane drainage radius, coal parameters,
and drainage time according to the mass conservation law
and Darcy’s law. The model assumes that the extraction
quantity of borehole and drainage time have a simple
exponential relationship. The effective influence radius
was 2.70-3.72 m with the drainage of 60 days by
calculation. Li’s (2014) model is too simple because only
the seepage of methane is considered [25]. Lu et al.
obtained the methane drainage radius of borehole by
numerical simulations based on gas—solid coupling
mathematical model and determined the relation between
the borehole distance and methane drainage radius of
single borehole. However, only the gas pressure was
compared with the actual gas pressure. The methane
content and methane drainage quantity of the borehole
were not compared with the field experimental result [26].
Kong et al. used the response surface method and
COMSOL to simulate and analyze the effect of initial gas
pressure, permeability of coal seam, and borehole radius on
effective influence radius of methane drainage. They found
that the effective influence radius increased with increasing
borehole radius and initial permeability, and the
polynomial equation of effective influence radius and these
factors was obtained by fitting [27]. Yue et al. established
a gas—solid coupling anisotropic seepage model based on
the gas permeability test results of anisotropic coal seam
and simulation of the variation law of effective influence
radius with different borehole orientations. They found that
the permeability at the directions of face cleat and butt cleat
was larger than that at the vertical direction of cleat, and
the relationship of effective drainage radius and drainage
time can be expressed by power exponent. However, they
did not analyze the influence of roof stress of coal seam on
permeability [28]. Chen et al. established a gas—solid—
liquid coupling model based on an experiment and
optimized the spacing and layout of boreholes by
COMSOL. They found that the boreholes arranged in
rhomboidal form were more beneficial to eliminating gas
outburst than those arranged in rectangle form. In this
model, the wet strain of coal seam must be considered, but
some parameters, such as gas and water relative
permeability in coal seam, are difficult to obtain [29].

The above studies obtained the relation between
effective influence radius and drainage time based on
certain assumptions. Although the method was simple, the
factors of gas migration were not comprehensive enough.
Some researchers studied the effective influence radius
mainly through commercial software FLA3D or COMSOL,
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but their results were too simple compared with the results
of field tests.

In the present study, a gas—solid coupling model of
coal and gas was established. The permeability was solved
using the classical Kozeny—Carman model. The finite
volume method (FVM) was used to discretize the coupling
model. The Newton—Raphson iterative method developed
using Fortran language was used to solve the coupling
model. The distribution of maximum principal stress and
the permeability around the borehole, which were obtained
by simulations, were analyzed in depth. In addition, the
cumulative methane drainage volume, residual methane
content distribution, and effective influence radius were
compared by simulating with the data obtained by the
actual measurements in the selected coal mine to verify the
reliability of the model. On this basis, the effect of drainage
time on the effective influence radius was studied. Our
study provides an important theoretical basis for the design
of methane drainage and the solution of the multi-physics
coupling model.

3 METHODOLOGY
3.1 Mathematical Model of Gas-Solid Coupling in Coal

Coal consists of coal matrix and fracture [30-31]. The
methane in the coal matrix and the fracture is adsorbent and
free, respectively, as shown in Fig. 1. In other words, the
coal seam is regarded as a fractured—porous dual media.
Therefore, a dual-porosity single-permeability model was
used. The free methane flowed through the fracture system,
whereas the adsorbed methane diffused throughout the
pore system. The mass exchange consisted of the transfer
between positive and negative mass sources in the two
systems.

Free gas. Adsorbed gas
Figure 1 lllustration of coal, which is typically a dual-porosity system

3.1.1 Basic Hypotheses

1) The methane in the coal seam is considered as an
ideal gas, and its flow in the fracture follows Darcy’s
seepage law. The migration in the matrix satisfies Fick’s
laws of diffusion.

2) The deformation of the coal seam obeys the
generalized Hooke’s law.

3) The coal seam is a homogeneous, isotropic, and
fractured—porous dual medium.

3.1.2 Methane Seepage Equation in the Fracture System

A micro unit was selected for the computational
section of coal. According to the conservation of mass of
the free methane in the fracture, the methane mass that
flows into the micro unit in all directions minus the
methane mass that flows out of the micro unit in all
directions plus the methane mass desorbed from the pore
system in the micro unit is the methane mass change in the
micro unit. For the convenience of computation, the profile
of methane drainage from the coal seam borehole was
simplified to a two-dimensional physical model. The
methane seepage equation can be expressed as follows:

Ko L (o) =g (1
ot

where p is the free methane density (kg/m?); n is the
porosity of the micro unit, which is variable and can be
obtained by combining the methane pressure field with the
coal deformation equation field; ¥ is the velocity vector of
the methane seepage (m/s); g is the positive methane mass
source desorbed from the micro unit (kg/(m?3-s)).

3.1.3 Methane Diffusion Equations in the Pore System

The pore system and the fracture system exist in the
same micro unit. The mass exchange between the borehole
and the coal seam only considers the seepage. According
to the conservation of mass of the adsorbed methane in the
micro unit, the following expression can be obtained:

a—C+V~m=—q 2)
ot

where C is the mass of adsorptive methane per unit volume
of coal seam (kg/m®) and m is the velocity vector of
methane diffusion (kg/(m?-s)).

3.1.4 Control Equations for the Coal Rock Deformation
For the same micro unit mentioned above, the

equilibrium condition of the forces in the x and y directions
can be expressed as follows:

or
00 Ty g=0 ()
Ox oy ’
oo, Ot
—L =0 4
> or Iy “4)

where f,, f, are the body forces in the x and y directions,
respectively (Pa/m); a,, 0, are the normal stresses in the x
and y directions, respectively (Pa); and 7., 7., are the shear
stresses on the micro unit (Pa), where 7, = 7, according to
symmetry.

The y direction is regarded as the vertical direction. By
incorporating Hooke’s law, the geometric equation for coal
rock deformation, and the correctional effective stress
equation into the above equations, the differential
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equations for the deformation field in which displacement
is variable can be obtained as follows [21, 32]:

2 2 2
0
Ega—Z+Ga—Z+(G+/I)~ ov__ (ap)=0 (5)
S Ox oy Ox -0y Ox
2 2 2 2
ES6—§+G6—;)+(G+/1)~ ou__ (ap)+psg:0 (6)
oy Ox oy-Ox oy
E .
where G=——— is the shear modulus (Pa);
2-(1+p)

E

S

= > is the compression modulus of the lateral
1—p

E-u'

1— 1 2
o is the Biot number; u' is Poisson’s ratio; £ is the elastic
modulus (Pa); u, v are the displacement components in the
x and y directions, respectively (m); and ps is the density of
the coal in the micro unit (kg/m?); g is the gravitational
acceleration, equal to 9.81m/s?; p is the methane pressure

(Pa).

confinement (Pa); 4 = is the Lamé constant (Pa);

3.1.5 Computation of Coupling Parameters

With the Langmuir equation, the adsorptive methane
concentration can be calculated as follows:

abepp,
- 7
(1+bp) RT @)

where a is the limiting adsorption amount per unit mass
that is combustible at the referenced pressure (m*/kg); b is
the adsorption equilibrium constant (Pa™h;
100.0 100.0-4-M
P 100.0+0.31M 100.0
mass per unit volume (kg/m®); 4 is the ash content of coal
(%); M is the moisture content of coal (%); p, is the
reference pressure, equal to 101,325 Pa; p, is the

is the combustible

adsorptive equilibrium pressure of the pore system; R is the
methane constant (J/(kg'K)); and 7T is the temperature of
the coal seam (K).

The seepage velocity of the free methane, 7 , and the
diffusion velocity of the adsorptive gas, m, are calculated
using Darcy’s seepage law and Fick’s laws of diffusion as
follows:

7--ky, ®)
7
m=-DVC )

where k is the permeability of the fracture system (m?); k is
variable and is a function of the porosity, n; u is the
viscosity of the methane (Pa's); D is the diffusion
coefficient of the methane in the pore system (m?/s); and p
is the methane pressure (Pa).

The effects of temperature and methane adsorption and
desorption on the porosity of the coal rock are ignored.
However, the effect of the pore pressure on the solid

skeleton is considered. According to the definition of
porosity, the following expression can be obtained [17]:

l+¢, k

s

where ¢, is the body strain, ; is the solid skeleton modulus
of the coal rock (Pa), ny is the initial porosity, and py is the
initial methane pressure (Pa).

Permeability is a function of the porosity, which can
be described by the Carman—Kozeny equation as follows
[16,33]:

3
k= ky 1+5_V+(p_p0)'(1_n0)
I+eg, Ny kg -ny

(1)
where ky is the initial methane permeability (m?).
3.2 Solution of Gas-Solid Coupling Model

Eqgs. (8) and (9) are substituted into Eq. (1) and Eq. (2),

respectively. Then, Eq. (1) is added to Eq. (2). The
simplified model can be expressed as follows:

d(pn) acC (ko) o
Tt \% (p #vpj_v (DVC) (12)

Egs. (5), (6), and (12) describe the dual-porosity single-
permeability gas—solid coupling model of the coal seam.
These three equations have three unknown variables u, v,
p; thus, the equations are closed. These equations are
nonlinear, and therefore, the numerical solution is
necessary.

FVM is the most widely used numerical discretization
method in computational fluid dynamics and
computational heat transfer [34-37]. It is simpler than finite
element method (FEM) in mesh generation. The basic idea
of FVM is easy to understand, and its physical explanation
can be obtained directly. The advantage of FEM is that it
can use irregular meshes to calculate and process complex
geometric models. The physical model established in this
study is regular, so FVM can meet the calculation
requirements. In addition, the gas—solid coupling model
established in this study involves gas and stress fields. It
will provide great convenience for the design and the
implementation of programs if the two fields are
discretized and solved by FVM. Therefore, FVM was used
to discretize the gas—solid coupling equations in this study.
The linear equations of the large and sparse matrix could
be obtained through the Newton-Raphson iteration.
Finally, generalized minimal residual algorithm method
was used to solve linear equations [38].

In this study, the deformation field and the methane
field were solved. The deformation field was solved
primarily. The two displacement variables obtained were
substituted into the coupling models of the permeability
and the porosity such that the permeability, k, and porosity,
n, were obtained. Then, the methane field was solved.
Finally, the methane pressure obtained was substituted into
the equations of the deformation field again. When the
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deformation field and methane field were all convergent,
the iteration solution of this time step was over. The
process for solving the coupling equations is shown in Fig.
2.

Based on the above theoretical study, the Fortran
language was used to develop the numerical simulation
system of the methane drainage by the boreholes in the coal
seam.

| The initialization of the parameters in the coal seam |

| Time=0 |
¥

| The gas pressure value assigned with the last time step result |
T
y

| Solving the deformation field by iteration

| Obtaining the stress field and the displacement field |
L ]

| Solving the distributions of the permeability and the porosity |
¥

| Solving the seepage and thg diffusion field by iteration

Are the deformation field and gas
field convergent?

| The end |
Figure 2 Flow chart of the program for solving gas-solid coupling model of coal

influence radius of the boreholes at this roadway was
investigated. Three boreholes were present, and the study
area is shown in Fig. 3. The diameter of the boreholes is
113 mm, and the total length of the boreholes is 80 m. The
sealed borehole length is 20 m.

3.3.2 Gas-Solid Coupling Physical Model

Working Face 2651(1) has not been mined, and thus
the roadway studied was minimally affected by mining
activity. The stress distribution of the coal seam roof was
homogeneous. The elevation of the study location is =601
m, and the average bulk density of the rock is 2,400 kg/m>.
The stress of the surrounding rock roof was calculated to
be 1.415x107 Pa. The two-dimensional physical model is
shown in Fig. 4. The physical property parameters of coal
seam 11-2 are summarized in Tab. 1.

N oo s s et oe s Dard i g
VALVl
e oF
40 Boreholes () OF 11.7m
o X F
- 40.5m -

Figure 4 Drilling gas extraction geometry model

Table 1 Physical properties of coal

Parameter Value
Coal seam initial methane pressure (Pa) 9.0x10°
Elastic Modulus, E (Pa) 3x10°
Poisson's ratio, x4’ 0.4
Coal density, pv (kg/m?) 1470
Initial porosity, no (%) 3.92

and methane Initial permeability, ko (m?) 2.5x10717
limit adsorption gas volume, a (m’/kg) 17.71x1073
| / Adsorption constant, b (Pa™!) 9.96x1077
! L‘ 130 ‘ Diffusion coefficient, D (m’/s) 6.0x10°2
. | //" T N Coal moisture, M (%) 1.73
£ | | 1# borehole 24 borehole  3# borehole | \\% Coal ash, 4 (%) 27.18
= | | | S
g | :/ o 9 . ” "
G g = 10 rﬁj/ 3.3.3 Simulated Boundary and Initial Conditions
g ! BRI g |
é // \ LTh 1) b ainase road I ey The breathability of the rock in the roof and floor of
ik ; i ue (1) bottom Jramaf’e — g i — the coal seam was smaller than that of the coal seam itself.
| o | | ® pH o% | ™ Therefore, the top and bottom boundaries were assumed to
: =6 2651(1) intake roadway Position 124 be closed. In addition, the size of the borehole was much

Figure 3 Plan layout of drilling gas extraction test site

3.3 Numerical Simulation of Borehole Methane Drainage
3.3.1 Research Site Overview

Coal seam 11-2 in the Panyi Coal Mine in China was
selected as the simulated object. The elevation of the
ground is 16.0-20.3 m. The elevation of the working face
is —600.6 to —642.0 m. The strike length and the tendency
length of the working face are 815.8 and 226.5 m,
respectively. The thickness of the coal seam is 0.8-2 m,
with an average of 1.7 m. The bulk density is 1470 kg/m>.
The methane pressure is 9.0x10° Pa, and the methane
content in the coal seam is 4.11 m’/t. The effective

smaller than the strike length, and thus the boundary in the
strike direction (the x direction) was also assumed to be
closed. Therefore, the following can be obtained:

op(i,Jj
G
on

p(iaj)|l"r =Pout

(13)

where I is the computing area boundaries of coal seam, I';
s the borehole boundaries, and P, is the negative pressure
of the methane drainage of the borehole (kPa) and has a
value of —1.3x10* Pa.

The stress or displacement of the boundary should be
given when solving the deformation field. According to
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Fig. 4, the boundary of deformation field can be obtained
as follows:

u(iy j)|r, =0
V(l,]) ryl =0
(14)
o, )|r,, =1.415x10"Pa
O-n(iaj)‘l"r =0

where Ty is the boundary in the x direction, I'y; is the
bottom boundary in the y direction, and I, is the top
boundary in the y direction.

4 RESULT ANALYSIS AND DISCUSSION
4.1 Maximum Principal Stress and Permeability
Distribution around the Borehole

The unsteady numerical simulation of methane
drainage through a borehole in the coal seam was solved.
According to the simulation results of drainage for 30 days,
the distribution of the maximum principal stress and the
permeability of the coal around the borehole were
obtained, as shown in Figs. 5 and 6.

BT [ T T T T T 7T [

1415 14.16 1417 14.18 14,21 14.23.14.30 1441 14.84 1540 16.14 18.50 22.10

G,/x10°Pa
10 30 40
x/m

15
g1
ES

05

19 20 21 2

x/m
Figure 5 Maximum principal stress distribution around the borehole

y/m
[ I

[ ] [T T ] Kx10"m?

2111 2.230 2.236 2.240 2.245 2.248 2.250 2.252 2.254 2.256 2.274

10 ;
X/m
20

y/m
L

30 40
22

19 21
X/m

Figure 6 Permeability distribution cloud map around the borehéle

Fig. 5 shows that the maximum principal stress
distribution around the borehole is varied. The maximum
principal stress distributions at the top and bottom of the
borehole were approximately triangular. The isoline of the
maximum principal stresses in the area away from the
borehole showed a stratified depth-dependent distribution
because of gravity’s influence on the coal seam. An area of
stress concentration existed on the left and right sides of
the borehole. The maximum principal stress was 2.21x107
Pa, but the common principal stress of the coal rock was
1.415%107 Pa before the borehole was constructed. The

maximum principal stress in the stress concentration zone
was increased by 56.1%. Fig. 6 clearly shows that the effect
of the principal stress of the surrounding rock of the roof
causes a decrease in porosity, which results in a decrease
in the permeability from 2.5x107'7 m* to 2.27x107"7 m?.
After the borehole was constructed, the permeability
further decreased to 2.11x107'7 m? because of the stress
concentration area around the borehole. Compared with the
initial permeability, this is a decrease in permeability by
15.6%.

As seen from the bedding borehole arrangement of the
coal seam, the left and right sides of the boreholes are the
main seepage channels for the methane drainage in the
bedding borehole. The stress concentration on the left and
right sides of the boreholes not only reduces the
permeability but also causes borehole collapse, thus
blocking the seepage channels in the borehole chamber.
These are the main reasons for the low efficiency of
methane drainage in boreholes. Therefore, in addition to
hydraulic fracturing, sand injection, and hydraulic cutting
to improve the permeability of coal seam on the left and
right sides of the boreholes, a pipe with many small holes
must be set up in the borehole to construct a gas flow
passage. The pipe with many small holes will protect the
borehole from damage because it is equivalent to a solid
skeleton in coal seam. Fig. 7 shows a diagram of pipes with
many small holes after actual compression and destruction
in boreholes. As seen in the figure, the pipes with many
small holes were deformed due to the surrounding rock
stress, but some gaps remained, which created a migration
path for gas flow. This migration path could make the
methane drainage more durable and effective after setting
a pipe with many small holes in the bedding borehole.

Figure 7 Diagram of pipes with many small holes after actual compression and
destruction in boreholes

4.2 Cumulative Methane Drainage Volume per Day

We calculated the cumulative methane drainage
volume per day in the first month (30 days) according to
the volume flow, methane concentration, and drainage time
of the three boreholes at the study site. The distribution
curves of the actual drainage are shown in Fig. 8.
Moreover, we also calculated the cumulative methane
drainage volume per day in the first month (30 days)
according to the simulation results and the gas chamber
length in borehole. The distribution curves of the
simulation results are shown in Fig. 8.

Fig. 8 shows that the simulation results are consistent
with the results of the actual methane drainage. With the
increase of drainage time, the cumulative methane drainage
volume per day decreased rapidly, but the decline speed
gradually slowed down. Owing to the influence of negative
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pressure during methane drainage, the curves of 1#, 2#, and
3# borehole fluctuated from top to bottom. The cumulative
methane drainage volume of the test in the first day was
less than that of the simulation result due to the influence
of the borehole sealing time.

- 100
> 90 L —a— 1# borehole
3 \ —o— 2# borehole
g 803 \ —=— 3#borehole
% 0 LA\ —— Simulation
Z el
&h
g 50 1

a0t
&
2 30t
3
= 20}
§ 0 5 10 15 20 25 30

Pumping time/day
Figure 8 Relationship between the cumulative extraction amount and the
extraction time

4.3 Distribution of Residual Methane Content around the
Borehole

According to the simulation results, the residual
methane contents around the borehole after drainage for 30
days were obtained. The methane contents at different
distances from boreholes in the direction of X axis are
shown in Fig. 9. Moreover, the methane contents at
different distances from three boreholes were tested after
drainage for 30 days. The test results are also shown in Fig.
9.
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Figure 9 Residual methane content distribution in the direction of X axis

Fig. 9 shows that the residual methane content
distribution obtained by simulation coincides with the test
results of the three boreholes. The relationship between the
methane content and distance from the borehole was
exponential. The residual methane content was the lowest
at the borehole boundary and increased with increasing
distance from the borehole until it approached the initial
methane content of 4.111 m3/t.

According to the relevant regulations [39], if the
residual methane pressure is less than 7.4x10° Pa and the
residual methane content is less than 8 m*/t, the area is not
considered to be a methane outburst danger. Therefore, the
effective influence radius was defined as the region starting
from the wall of the borehole to the region where the
pressure did not exceed 7.4x10° Pa. The effective influence

radius of bedding drilling was tested using the methane
content method. This method was used to test the
distribution of methane content around the borehole. The
residual methane content around the borehole after
methane drainage was tested first, and then the gas pressure
distribution around the borehole was calculated according
to the Langmuir equation. Finally, if the methane content
and methane pressure obtained by the test met the
requirements, the area would be considered an effective
influence radius range in the experimental site. According
to the Langmuir equation, when the residual methane
pressure of the experimental site was 7.4x10° Pa, the
calculated residual methane content was 3.67 m’k.
Therefore, when the measured residual methane content
was less than 3.67 m’/t, it was considered to be in an
effective influence radius range in the experimental site.
The effective influence radius of 1#, 2#, and 3# borehole
after drainage for 30 days was 3.0-3.5 m according to the
test results, and the effective influence radius of simulation
was 3.15 m as shown in Fig. 6. Therefore, the simulation
results are consistent with the effective influence radius of
the actual methane drainage.

4.4 Prediction of Effective Influence Radius under Different
Drainage Times

Owing to mining on the working face, the actual
drainage times of boreholes varied. The drainage time can
be approximately 15 days, but it may reach 90 days or
more. Therefore, the relationship between the effective
influence radius and the drainage time must be simulated
and analyzed. The layout of the boreholes should be
optimized based on the actual drainage time. Six
simulation planes were made to simulate, analyze, and
compare the results. The drainage times were 15, 30, 45,
60, 75, and 90 days. The residual methane pressure
distributions obtained from the simulations with varying
drainage times are shown in Fig. 10. According to the
judgment standard for the effective influence radius, the
relationship between the effective influence radius and the
drainage time is shown in Fig. 11.
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Figure 10 Residual methane pressure distributions along the X axis at varying

drainage times

Fig. 10 shows that the residual methane pressure
distributions for the different drainage times clearly
differed. Owing to the methane drainage, the residual
methane pressure around the borehole decreased with
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increasing drainage time. However, the amplitude of the
residual methane pressure decrease was reduced gradually
at the same location. In addition, the farther away from the
borehole, the smaller the effect of drainage time on the
residual methane pressure. Fig. 11 shows that as the
methane drainage time increased, the effective influence
radius also increased, but the increment decreased
gradually. The function describing this relationship is
given in Eq. (16):

R =0.43887 .09 (15)

where R is the radius of the drainage (m) and ¢ is the
drainage time (day).
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0 10 20 30 40 50 60 70 80 90 10
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Figure 11 Relationship between effective influence radius and drainage time

5 CONCLUSIONS

To obtain the distribution laws of the stress and the
permeability of the coal seam around the borehole and the
relationship between the effective influence radius and the
drainage time, the gas—solid coupling numerical model was
established in this study, and the method of solving this
numerical model was given. This numerical model was
used to simulate the methane drainage by borehole in the
coal seam of the experimental coal mine, and the
simulation results were analyzed. The following
conclusions were obtained:

(1) Stress concentration exists respectively on the left
and right sides of the borehole, which leads to lower
permeability in this zone and borehole collapse.

(2) The effective influence radius after drainage for 30
days, cumulative methane drainage volume per day, and
residual methane content distribution, which were obtained
by the simulation, are approximately consistent with the
data obtained by the actual measurements in the coal mine.

(3) The greater the drainage time, the larger the
effective influence radius. However, the increment
decreases gradually. The relationship between the effective
influence radius of methane drainage by borehole and the
drainage time is a power function.

The FVM and Newton—Raphson iteration were used to
solve the gas—solid coupling model established in this
study, which was completed by Fortran language. The gas—
solid coupling model and its solution method could provide
researchers who devote themselves to solving the coupling
model of multi-physics field with some theoretical basis.

Based on analyses, the distribution laws of the maximum
principal stress and the permeability around borehole were
obtained, which can play a guiding role in the methane
drainage by borehole. Comparison of the simulation result
with the data obtained by actual measurements increased
the applicability of this study. However, in this study, the
deformation equation of the solid was assumed to be elastic
deformation, and the plastic deformation caused by the
stress of the coal rock was ignored. Thus, the deformation
field of the solid obtained by simulation was slightly
different from the actual deformation of the coal rock. In
future research, the real plastic deformation should be
considered to increase the integrality of the model, which
will help researchers determine the gas—solid coupling
interaction between coal rock and gas.
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