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Abstract: In order to study the gas migration in gas-bearing coal, and reasonably arrange gas drainage
boreholes to improve the efficiency of gas drainage, a gas-solid coupling model is established based
on the pore-fracture dual medium porous model. The solid deformation of coal body, gas seepage
and diffusion, and gas adsorption and desorption are considered in this model. The COMSOL
software is used to simulate the gas change in the coal matrix and coal fracture under single borehole
extraction. We analyze the effective extraction range and study the migration mechanism of gas
between coal fracture and borehole, coal matrix and coal fracture, and coal matrix. The effective
extraction area of multi-borehole negative pressure gas extraction varies with extraction time and
borehole spacing. At 140 d, the effective extraction radius is r = 1.3 m, and the spacing of boreholes is
% r=15m, 2r = 2.6 m,4 m,5m,and 6 m, respectively. The influence of the equilateral triangle
shape of three boreholes on the gas extraction effect is studied. The simulation results show that when
three boreholes are extracted for 140 days under different borehole spacing, different gas extraction
effects will be affected by a superposition effect. Considering the change in gas pressure, the effect of
gas extraction in the effective extraction area, and the safety and cost performance of gas extraction, it
is concluded that the optimal hole spacing is 5 m around 140 d. This study aims to provide reference
for underground gas drilling layout and reasonable hole spacing.

Keywords: gas extraction; gas-solid coupling; gas migration mechanism; effective extraction area;
borehole spacing

1. Introduction

Coal is the dominant energy source in China. With the depletion of shallow coal
resources, a large number of mines in China entered deep mining, and the threat of gas
disasters is extremely serious [1-3]. The hidden danger of coal and gas outburst increases,
which seriously threatens the personal safety of underground workers and affects the
mining efficiency of coal resources in China [4-6]. Pre-drainage of coal seam gas can
effectively prevent coal and gas outburst. Efficient gas extraction plays an important
role in reducing coal seam gas pressure and gas emission, as well as preventing coal-
gas outburst [7-9]. Drilling negative pressure extraction is the most common method of
gas extraction. Drilling spacing and extraction time are significant factors affecting the
extraction effect.

With the deepening of the research on the seepage law of coal seam gas, it is realized
that the migration mode of coal seam gas in coal body is not single, and there are many
flow modes among coal pores, fractures, and matrix [10-13]. According to the various
characteristics of coal mechanics and the migration of gas in coal, the establishment of a gas-
solid coupling model is the theoretical basis for the analysis of gas extraction by negative

Processes 2023, 11, 259. https:/ /doi.org/10.3390/pr11010259

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11010259
https://doi.org/10.3390/pr11010259
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr11010259
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11010259?type=check_update&version=1

Processes 2023, 11, 259

20f15

pressure drilling. Zhu et al. determined the dynamic change model of permeability and
porosity considering coal deformation and the Klinkenberg effect, and deduced the low
permeability gas-solid coupling model [14-16]. Based on the innovative gas-solid coupling
model, Cheng et al. used COMSOL Multiphysics to numerically solve the model. The
migration of gas in coal under the influence of diffusion and seepage is analyzed, and the
influence of negative pressure on gas migration is studied [17-19]. Li et al. simulated the
gas extraction effect under different hole spacing by analyzing the mechanism of gas flow
around the borehole and the superposition effect of extraction. He obtained the reasonable
hole spacing of bedding gas extraction: 2r < L < R [20]. Zhang et al. established a coal
seam gas seepage model considering the assumption of double-hole medium and the
influence of stress redistribution on the seepage characteristics of coal seam gas. They
studied the influence of coal seam pressure change on gas adsorption and seepage, and the
improvement of gas extraction effect by overlapping the arrangement of two boreholes [21].
Chen made a more detailed study on the optimization of borehole extraction spacing and
effective extraction area [22].

The study of gas migration and the effect of different borehole spacing on gas extrac-
tion have great reference value for practical engineering. The optimal design of extraction
boreholes affects the safety of coal mining and the sustainable development of coal re-
sources. [23]. In the existing research, the research results of coal permeability, porosity
change, and single row multi-borehole extraction effect of negative pressure extraction
gas are quite abundant, but most of them are based on a two-dimensional case. However,
based on pore-fracture dual porous media, there are few studies on understanding and
analyzing gas migration in coal from the perspective of a three-dimensional simulation.
There are also few studies on the gas migration and extraction effect in the coal body during
drilling negative pressure extraction through the three-dimensional visualization model.
In order to better reveal the migration of gas in coal during the extraction process of three
boreholes and the influence of different borehole spacing on effective extraction area, an
innovative gas-solid coupling model was proposed based on previous studies. The model
takes into account the Klinkenberg effect, coal matrix, and skeleton deformation of coal
fracture outward seepage and matrix diffusion gas influx, coal matrix adsorption gas, and
the desorption diffusion gas dynamic process. In order to provide a theoretical basis for
further understanding of gas migration law and studying the extraction effect under the
influence of the multi-hole extraction superposition effect, this research takes a coal mine as
the background and uses COMSOL simulation software for three-dimensional simulation.
The research intends to provide reference value for practical engineering.

2. Establishment of Coalbed Gas-Solid Coupling Model
2.1. Coal Deformation Equation

Coal deformation mainly refers to the effective stress acting on the coal skeleton to
deform the coal skeleton. In this paper, the double medium model is cited [24]. The stress
effect is also affected by gas adsorption and desorption. The effective stress expression is:

Eff_ 0y — (& p, PmAaPg) & —ase ) W

In the formula, O'Eff is the effective stress, MPa; 0jj is the total stress, MPa; any and a¢

are the effective stress coefﬁcients of coal pore and fracture, respectively; Py, and P are gas
pressure in the coal matrix and fracture, respectively, MPa; 8jisa Kronecker tensor; g is

the volumetric strain coefficient caused by gas adsorption and desorption in coal, kg/m?;

and ¢4 ;) is adsorption—desorption stram of coal under isothermal condition. Among them,

Am = % — K ;o= 1— KK ; Es(if) = P +b K is the bulk modulus of coal, MPa; Ky, and Kg

are the bulk modulus of the coal matrix and skeleton, respectively, MPa.
Equilibrium equation, geometric equation, and constitutive equation constitute the
volumetric deformation equation of coal containing gas.
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The force balance of each surface of the unit body is analyzed. According to the
conservation of momentum, the equilibrium equation is:

Gij,j+Fi: 0 2)
The coal skeleton undergoes slight deformation, and the geometric equation is:
1
& =5 (Hi,ﬁllj,i) (©)

Assuming that the coal is a linear elastic body, according to Hooke’s law, the constitu-
tive equation is:

v

3= ZGm Svéij +2G£ij + (IX um+DCfPf) 6ij +ag Es(ij) (4)

In the formula, G is the shear modulus, MPa; v is Poisson’s ratio; and ¢y is the volume
strain. Among them, G :2(%‘,), E is elastic modulus of coal, MPa.

The change in gas pressure will induce the deformation of the coal matrix and coal
skeleton. Gas adsorption and desorption in the coal matrix will also affect the deformation
of the coal matrix. Combining the three Equations (1)—(3), based on the dual pore medium
model, the governing equation of coal deformation can be obtained:

G
Gu 5 + muj,ji—Déum,i—OéfPf,i—Oésis,i+Fi= 0 )

2.2. Gas Migration Equation in Coal

Based on surface physical chemistry, considering the influence of effective stress, gas
pressure, coal matrix adsorption, and desorption gas, the porosity equation is [25]:

Ks PreL(Pmo—Pm) _ [ 1 (Pmo—Pm) +2¢(Pro—Pr)](1— so) (6)

= b +
(bf d)fo stam(Pmofpm) (Pm0+PL)(Pm+PL) stlxm(Pmofpm)faf(PfO*Pf)

In the formula, ¢y is the initial fracture porosity; €, is the adsorption deformation of
coal; and Py, is Langmuir pressure constant, MPa.
There is a cubic relationship between permeability and porosity [26]:

3

Considering the influence of the Klinkenberg effect in gas-bearing double porous
media, the permeability calculation formula is obtained:

3
_ <) o <) — K Ppep (Pmo—Pm)
ke_ k(1+ Igf ) o ko ( d)ff)) (1+ ISf) o k(] [1+ Ks—am (Pmo—Pm) (Pmo+PL)(Pm+PL) bgo
[&m (Pmo—Pm) +a¢(Po—Pr)] (%-1)
B Ksﬂxm(PmOme)fKraf(PmefPf) <1+P%>

In the formula, kg is the initial permeability of coal, mD; and c is the Kirsch coefficient.

Coal is regarded as a porous medium composed of pores and fracture. The gas content
in coal includes the gas content in coal matrix pores and coal fractures. The mass of gas in
the unit volume coal matrix is composed of adsorbed gas and free gas in coal matrix pores
and and free gas in coal fractures.

The gas adsorption in the coal matrix follows the Langmuir equation:

®)

o abPy, 1—A—B
1= Pe0Pspp 11+ 0318B

©)
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The free gas in coal matrix pores and coal fractures can be calculated by gas state equation.
The free gas quality in coal matrix pores:

M
my = Gppm = (memRiTCv (10)
The free gas quality in coal fracture:
M

mg = dspf = d>fPfITTC (11)

Gas quantity in unit volume coal pore:

abP,, 1-A—-B M,

Mm= M4 M= Pe0Ps 5 70318+ PmPm Ry (12)

In the formula, p is the density of gas under standard conditions, kg/ m?; p, is coal

density, kg/m?; a is the maximum adsorption capacity per unit volume of coal, m?/t; b is

the adsorption constant of coal, MPa~1; A is coal ash; B is coal moisture; dp, is the porosity
of the coal matrix, %; M. is the molar mass of gas, kg/mol; R is the ideal gas constant,
J/(mol-K); T is the temperature in coal, K; m; is the amount of gas adsorbed per unit
volume of coal matrix, kg/m?; m; is the amount of free gas per unit volume of coal matrix,
kg/ m? ; m¢ is the amount of free gas per unit volume of coal fracture, kg/ m3 ; and my, is
the gas content per unit volume of coal matrix, kg/m?>.

In the original state, without mining disturbance, coal pore pressure is equal to coal
fracture pressure. When the gas is extracted by a negative pressure borehole, the borehole
breaks the dynamic balance of coal structure and gas pressure in the original state. As
a result, the pressure difference between coal pore and gas pressure in coal fracture is
produced. The migration of gas in coal pores conforms to Fick’s diffusion law, and the
migration in fractures conforms to Darcy’s linear seepage law. The change in gas in coal
matrix pores of unit coal body per unit of time follows the law of conservation of mass. The
amount of gas change is equal to the amount of desorption gas of coal body outside the
absorption unit minus the amount of diffusion gas of unit body:

"= Qu-a.= DV(m) - 3 (P — P
= abMc (P o —Pm) 1-A—B
Q=DV (pgops ®P +g)RT 1+0.313> (13)

qs = %(Pm - Pf)

In the formula, Qq is the external mass source of the unit, kg/ (m3 8); q, is the unit
mass source, kg/ (m? :s); D is the gas diffusion coefficient, m?/s; T is desorption time of
adsorbed gas, d; and V is a Hamiltonian operator.

The change in gas in the coal fracture of unit time follows the law of conservation
of mass. The amount of gas change is equal to the amount of fracture seepage plus the
amount of coal matrix pore diffusion source:

S = =% ViegV) _TRT(Pm_Pf>+v(ngVPf> (14)
In the formula, V is the velocity of gas seepage in coal fracture, m/s; V = f%VPf; and

u is the gas dynamic viscosity, Pa-s.
The formula of pore gas pressure of the coal matrix changing with time can be obtained
from the Equation (13):

P _ [DV(m1) — g (P —P)](1+031B)(bP,, +1)°RT 15)
Ot (1—A—B)abpypRT+bmMc(1+0.31B)(bP,, +1)*
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The formula can be obtained from the Equation (11) and the Equation (14):

P _ dp; Pm—P k
oot p 9 4V <quVPf) (16)

ot ot

The deformation equation of gas-bearing coal is (1)—(5), (6), (8) is the change formula of
porosity and permeability of coal, and (9)—(16) is the equation of gas occurrence and migra-
tion in coal pores and fractures. In the process of negative pressure drilling, the mechanical
structure characteristics of coal body and the balance of gas in the original state of coal body
are broken, and the coal body structure is slightly deformed. The coal deformation leads
to changes in porosity and permeability, which affects the migration of gas in coal. The
gas-solid coupling model is established by combining the deformation control Equation (5)
of a gas-bearing coal body with the mass conservation control Equations (13) and (16) of
gas migration in coal pores and fractures.

3. Numerical Simulation
3.1. Model Assumptions

1.  Assuming that the coal body is an isotropic pore-fracture porous medium, the coal body
is regarded as a linear elastic body, and the coal body undergoes small deformation.

2. Assuming that there is no energy exchange between the coal body and the surrounding
environment, the roof and floor of the coal seam are impermeable, and the extracted
gas only comes from the coal body.

3. Itis assumed that the initial fracture gas pressure in the coal body is the same as the
initial fracture gas pressure in the coal matrix pore.

4. Assuming that the temperature does not change when the gas migrates in the coal
body during the extraction process, the gas is an ideal gas, which conforms to the
ideal gas state equation. Gas diffusion conforms to Fick diffusion law, gas adsorption
conforms to Langmuir adsorption law, and gas seepage conforms to Darcy law.

3.2. Model Introduction

In this paper, a coal mine of No. 4 coal seam gas extraction is taken as the research
object. No. 4 coal has an average thickness of 10.75 m, and the coal coefficient is 18.99%. The
apparent density of coal is 1.24~1.59 t/m3, with an average of 1.36 t/m>. The true density
is 1.41~1.59 t/m?, with an average of 1.49 t/m?>. The coal seam has an initial gas pressure
between 1.01 MPa and 1.29 MPa. The gas content in the coal seam is 3.91~4.58 m3/t.

Based on the gas-solid coupling model constructed above, with the help of the multi-
physics coupling simulation software COMSOL Multiphysics, the physical field coupling
calculation is carried out by using the custom partial differential equation module (PDE)
and the solid mechanics module in structural mechanics. The transient solver is selected.
The migration of gas in coal is described by the PDE module, and the deformation of the
coal structure is described by the solid mechanics module. The gas-solid coupling formula
derived above is embedded in the formula of the module.

A three-dimensional geometric model of 30 m x 40 m x 7 m is established as shown
in Figure 1a. The radius of the central extraction borehole is 75 mm. The coal seam has the
overlying strata load of 12 MPa, and the direction extends the Z-axis vertically downward.
The coal body is set not to produce energy exchange with the outside, so the outer boundary
of coal is set to zero flux. It is assumed that there is no displacement around the coal seam
in its normal direction and the bottom surface is fixed. The borehole extraction gas negative
pressure is set to 20 kPa. The initial gas pressure of coal matrix pores and coal fractures is
1.01 MPa. When meshing, as shown in Figure 1b below, it is set to user-controlled meshing.
The mesh is divided into a free subdivision tetrahedron with a curvature factor of 0.6. The
maximum element size is 2 m and the minimum element size is 0.5 m. The parameters
used for numerical simulation are shown in Table 1.
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Figure 1. Geometric model and meshing.
Table 1. Table of parameters required for simulation.
Parameter Numerical Value Parameter Numerical Value
elastic modulus of coal matrix 8210 [MPa] Langmuir volumetric strain constant 0.0021
elastic modulus of coal 2783 [MPa] Langmuir pressure constant 1.25 [MPa]
Poisson’s ratio of coal 0.35 coal moisture 0.017
initial permeability 0.05 [mD] coal ash yield 0.136
Initial matrix porosity 0.06 coal density 1490 [kg-m 3]
Initial crack rate 0.013 gas diffusion coefficient 5.536 x 10~ 11 [mz.sfl
Initial gas pressure of coal 1.01 [MPa] gas dynamic viscosity coefficient 1.15 x 107> [Pa-s]
maximum gas adsorption 22.5 [m3-t71] Klinkenberg coefficient 9.4382 x 1077
capacity per unit mass of coal
adsorption constants 0.8 [MPa—'] geothermal temperature 303.15 [K]

4. Simulation Results and Analysis
4.1. Influence of Negative Pressure Extraction on Gas Migration

The method of predicting whether it is an outburst danger zone stipulated in the “Coal
and Gas Outburst Prevention Rules” is based on the coal seam gas pressure of 0.74 MPa
and the content of 8 m3/t as the critical value. Reducing the gas pressure of coal seam to
0.74 MPa during the extraction process is an important discriminant index. In the two-
dimensional plane, the radius of the area where the gas pressure is lower than 0.74 MPa
is the effective extraction radius. The area where gas pressure is less than 0.74 MPa is
regarded as an effective extraction area. In the three-dimensional model, the area where
the gas pressure in coal is less than 0.74 MPa is regarded as an effective extraction area.

A single borehole is set up to simulate the effective extraction radius considering coal
fracture and gas pressure in matrix under different extraction time. As shown in Figure 2,
taking the bottom of the coal seam as an example, the effective extraction radius considering
gas pressure in the coal matrix is always smaller than that considering gas pressure in coal
fracture. However, the difference of effective extraction radius decreases with the extension
of extraction time. Combined with the three-dimensional effect diagram of the effective
extraction area at different times obtained by simulation, it can also be understood that
the effective extraction area with a smaller coal matrix gas pressure less than 0.74 MPa is
contained in the effective extraction area where the coal fracture gas pressure is less than
0.74 MPa. Two days before the extraction, the effective extraction radius of coal fracture
increased sharply, and then maintained a certain trend of continuous increase, but with
the increase in extraction time, the increase gradually decreased. In the first 5 days of
extraction, the increase in the effective extraction radius of the coal matrix was very small,
and then increased significantly, but with the increase in extraction time, the increase was
gradually reduced.
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Figure 2. Change in effective extraction radius under different extraction time.

As shown in Figure 3a, points A (0,0.5,0), B (0,1,0), C (0,2,0), and D (0,4,0) are selected
as simulation monitoring points to simulate the gas pressure of coal matrix pores and coal
fractures under different extraction time monitored in the same plane and different radius.
The result is shown in Figure 3b. It can be seen from Figure 3 that at the same extraction
time, the gas pressure in coal matrix pores is always larger than that in the coal fractures.
At 30 days before drainage, gas pressure in fracture of A and B coal bodies decreases greatly.
In contrast, with the four monitoring points farther away from the borehole distance, C and
D two-coal seam gas pressure in the fracture decreased slightly. The gas pressure of the
coal matrix at the four monitoring points did not decrease significantly as the gas pressure
of coal fracture. At the four monitoring points, the gas pressure of coal fracture and the gas
pressure of the coal matrix decrease gradually with the continuous extraction and tend to
be gentle. The difference between gas pressure in the coal fracture and coal matrix at the
four monitoring points decreases gradually.

A-Pm
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(a) monitoring points selection for simulation (b) gas pressure

Figure 3. Coal matrix and fracture gas pressure under different extraction time.

In the initial stage of drilling drainage, the pressure difference between the gas pressure
in the fracture and the negative pressure of the borehole is obvious, and the free gas in the
fracture flows to the borehole, so the gas pressure in the coal fracture decreases sharply.
The seepage of gas in the fracture to the borehole causes the obvious pressure difference
between the coal matrix and the gas in the fracture. The gas in the coal matrix diffuses to
the fracture, and the gas adsorbed by the coal matrix desorbs under the influence of the
pressure difference, and then participates in the diffusion to the fracture. Gas diffusion and
desorption diffusion in coal matrix produce gas pressure difference with surrounding coal
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matrix, which will also absorb gas diffused by surrounding coal matrix. Under the same
extraction time at the same position, the gas pressure in the coal fractures is always smaller
than that in a negative pressure borehole, and the gas pressure in coal matrix pores is
always larger than that in coal fractures. The influence scope of borehole negative pressure
extraction expands gradually with the increase in extraction time. The fracture around
borehole and matrix gas pressure decreases gradually with the increase in extraction time.
However, the gas content in coal is constant, and there is a pressure difference between
the negative pressure borehole and free gas in the fracture. The gas pressure between
the fracture and the coal matrix, and the gas pressure between the coal matrix and the
surrounding coal matrix gradually decrease with the extraction. The gas pressure in the
effective extraction area, the coal matrix around the borehole, and the fracture will tend to
be gentle and no longer change significantly after reaching a certain extraction time.

4.2. Drilling Engineering Optimization

When studying the effective extraction radius, in order to avoid the possible interaction
between multiple boreholes, the single borehole extraction used in Section 4.1 is adopted.
The effective extraction radius increases with the increase in extraction time, but the increase
gradually decreases until it tends to be gentle. With the increase in extraction time, the
amount of gas extraction increases. However, more than a certain extraction time, even
if the extraction time is longer, it has little effect on the pure amount of gas extraction.
Since the adsorbed gas in the coal matrix occupies the vast majority of the total gas in
the coal seam, the effective extraction radius r = 1.3 m, considering the gas pressure of
the coal matrix, is selected as the reference for the arrangement of borehole spacing when
the extraction is 140 d. According to the research of Chen Yuexia et al. [22,27] without
considering the influence of superposition effect between boreholes, when four boreholes
are used for extraction, through geometric derivation, it is concluded that when the spacing
between boreholes is less than or equal to \/2r, there will be no blank zone with pressure
higher than the specified pressure in the borehole layout area. However, in fact, when
multiple boreholes are extracted, due to the interaction between boreholes due to borehole
spacing, the superposition effect is generated [28,29]. As shown in Figure 4, when the hole
spacing of the three extraction boreholes is set to 21, the three boreholes are surrounded by
an equilateral triangle with a side length of 2r. In theory, if the superposition effect between
boreholes is not considered, there will be a blank zone shown in the shadow part, where
the gas pressure of the coal matrix is higher than 0.74 MPa. According to the Pythagorean

theorem, the AO length can be obtained as %r = 1.5 m. When the borehole spacing is

%r =15m,2r = 2.6 m,4 m,5 m,and 6 m, the gas extraction simulation is carried out by
three boreholes. Figure 5 shows the variation curve of the coal matrix gas pressure with
time at the center points (0,0,0) of three boreholes during gas extraction. When the drill
hole spacing changes, it is ensured that the point is always located in the center of the
equilateral triangle surrounded by three boreholes. It can be seen that when the extraction
spacing is 1.4 m and the extraction time is 0 d-70 d, the gas pressure of the coal matrix
decreases obviously. After the extraction time was 70 days, the gas pressure in the coal
matrix did not decrease significantly and finally stabilized. When the borehole spacing is
different, the depressurization effect of the drilling area is less obvious with the increase
in borehole spacing. The gas pressure in the coal matrix showed a rapid decrease trend
at the initial stage, and then the downward trend slowed down. The gas pressure in the
coal matrix decreases not obviously with the extension of extraction time, and gradually
tends to be gentle. The decrease rate of coal matrix gas pressure in the area surrounded
by boreholes becomes slower with the increase in borehole spacing. This is because the
superposition effect between boreholes decreases with the increase in borehole spacing. In
addition, with the continuation of the extraction process, the gas pressure gradient between
coal fractures and boreholes, between coal fractures and coal matrix pores, and between
coal matrix pores, gradually decreases, and the gas migration is not strong at the beginning
of extraction.
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Figure 5. Variation in coal matrix gas pressure with time under different extraction spacing.

Figure 6 shows the distribution of the coal matrix gas pressure and effective extraction
radius when the extraction time is 140 d and the borehole spacing is 1.5m, 2.6 m, 4 m, 5 m,
and 6 m, respectively. The light green surface in the figure is 0.74 MPa isosurface. It can
be seen from Figure 6a that when the borehole spacing is 1.5 m, the effective extraction
area of the three boreholes is approximately cylindrical, and the gas pressure of the coal
matrix in the area surrounded by the three boreholes is obviously low. This is because
the borehole spacing is small, the borehole superposition effect is obvious, and the gas
extraction effect in the area surrounded by the borehole is obvious. It can be seen from
Figure 6b-d that when the borehole spacing is 2.6 m, 4 m, and 5 m, the effective extraction
area of the three boreholes is a rounded triangular prism. With the increase in borehole
spacing, the higher the gas pressure in the area surrounded by the three boreholes, the
more irregular the effective extraction area, and with the internal depression, there is an
overall trend of division. This is because the superposition effect of boreholes decreases
with the increase in borehole spacing, and the effect of gas extraction in the area surrounded
by boreholes is weakened. It can be seen from Figure 6e that when the borehole spacing
is 6 m, the effective extraction area of the three boreholes is distributed around the three
boreholes in three irregular cylinders, and the blank zone appears in the area surrounded
by the three boreholes. This is because the superposition effect weakens with the increase
in borehole spacing until a certain distance between boreholes is no longer affected by
the superposition effect. The borehole spacing is different. The gas pressure in the area
around the borehole decreases continuously with the increase in the extraction time. The
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smaller the borehole spacing, the greater the gas pressure drop and the faster the gas
drop rate. However, the longer the extraction time, the slower the gas pressure decreases.
When the borehole spacing increases to a certain distance, a blank zone appears in the area
surrounded by boreholes. When the borehole spacing is small, the time required to achieve
the expected extraction effect is shorter; but the more boreholes required, the higher the
construction cost. When the borehole spacing is large, the extraction rate of gas slows down,
and it takes a long time to achieve the expected extraction effect. However, the number
of boreholes required is small, and the effective extraction area is large over time within a
reasonable project budget.
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Figure 6. Effective extraction area effect diagram under different hole spacing of 140 d extraction.

As shown in Figure 7a, (—15,0,0) and (15,0,0) points are selected to make the X-axis
direction section. The gas pressure of the coal matrix on the section line is simulated at
140 days of extraction with different hole spacing, and the results are shown in Figure 7b.
In the extraction of 140 d, under different borehole spacing: with the increase in borehole
spacing, the effect of gas pressure reduction is more obvious. The smaller the borehole
spacing is, the greater the gas pressure drop rate in the area around the borehole is, and
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(a) monitoring line selection

the more obvious the gas extraction effect is. The gas pressure drop rate around borehole
decreases with the increase in borehole spacing, and the effect of gas extraction is worse. It
shows that the drilling superposition effect is inversely proportional to the borehole spacing.
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Figure 7. Gas pressure distribution of coal matrix on the cut-off line under different extraction spacing
at 140 d.

Figure 8 is the volume change curve of the effective extraction area with time and
borehole spacing. It can be seen from the diagram that under the condition of five different
borehole spacing, the volume of the effective extraction area increases from gentle to sharp
and then to a large increase. When the borehole spacing is 1.5 m, 2.6 m, 4 m, 5 m, and
6 m, the effective extraction area volume increases sharply in about 10 d-15d, 15d-30d,
45 d-65d, 60 d-75 d, and 105 d-120 d, respectively. At the beginning of extraction, the
bigger the superposition effect is, the smaller the borehole spacing is, and the bigger the
effective extraction area is. Primarily, at about 25 d, the volume of the effective extraction
area with a borehole spacing of 2.6 m expands sharply, exceeding the volume of the effective
extraction area with a borehole spacing of 1.2 m. Next, with the increase in extraction time,
the volume of effective extraction area with borehole spacing of 4 m expands sharply, which
exceeds the volume of effective extraction area with borehole spacing of 1.5 m and 2.6 m,
successively. Then, the volume of the effective extraction area with a borehole spacing
of 5 m continues to expand, exceeding the volume of the effective extraction area with a
borehole spacing of 1.5 m, 2.6 m, and 4 m. As the extraction continues, the volume of the
effective extraction area with a borehole spacing of 6 m first expands sharply, and then the
increase decreases and continues to expand, successively exceeding the effective extraction
area with a borehole spacing of 1.5 m, 2.6 m, 4 m, and 5 m. The effective extraction area
volume of different borehole spacing changes with the extraction time, as shown in Table 2.

Table 2. Table of parameters required for simulation.

Drainage Time

Effective Extraction Area Volume Size

Drainage Time

Effective Extraction Area Volume Size

0d-25d
25d-50d
50 d-60 d
60 d-63 d
63d-70d
70d-85d

Vd=15m > Vd=2.6m > Vd=4m > Vd=5m > Vd=6m 85d-100d Vg=5m > Vd=4m > Vd=26m > Vd=15m > Vd=6m
Va=26m > Vda=15m > Vd=4m > Va=5m > Vd=6m 100d-115d Va=s5m > Vd=4m > Va=2.6m > Vd=6m > Vd=15m
V4=26m > Vd=4m > Vd=15m > Vd=5m > Vd=6m 115d-130d Vd=sm > Vd=4m > Va=6m > Vda=2.6m > Vd=15m
Vd=4m > Vd=26m > Vd=15m > Vd=5m > Vd=6m 130d-135d  Vg-5m > Vg=m > Vd=4m > Vd=26m > Vd=15m
Va=am > Va=26m > Vd=5m > Vd=15m > Vd=6m After 135d Va=em > Vd=5m > Vd=am > Va=2.6m > Vd=15m

Vd=am > Vd=5m > Vd=2.6m > Vd=15m > Vd=6m
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Figure 8. The volume change in effective extraction area under different extraction spacing at 140 d.

After the extraction time is 135 d, although the effective extraction area with borehole
spacing of 6 m has the largest volume, it can be seen from Figure 7b that when the extraction
time is 140 d, there is a blank zone with gas pressure higher than 0.74 MPa in the area
surrounded by boreholes, so the extraction effect is not ideal. As the extraction time becomes
longer and longer, the internal blank zone is gradually eliminated. Considering that if the
gas pressure in the internal area surrounded by the borehole already reached the standard,
the long extraction time may lead to safety problems due to pressure imbalance. When
the borehole spacing is small, the actual economic problems caused by the increase in the
effective extraction area with the extraction time are no longer obvious, and the extraction
time is allowed under the actual working conditions. The comprehensive analysis shows
that when the extraction time of the mine is about 140 d and the borehole spacing is set to
5 m, the extraction effect is the best.

5. Discussion

In this paper, based on the porous model of pore-fracture dual medium, considering
the influence of coal skeleton and coal matrix deformation when coal adsorbs and desorbs
gas, considering coal fracture seepage, coal matrix adsorption, desorption and diffusion gas,
gas diffusion between coal matrix, and the Klinkenberg effect, a gas-solid coupling model
is established. The effective extraction radius is obtained according to the variation law of
coal matrix gas content with extraction time. Extending from a two-dimensional plane to a
three-dimensional space, the volume change in effective extraction area is studied, so as
to more intuitively analyze and verify the migration of gas in borehole coal fracture coal
matrix during negative pressure borehole extraction. In the three-dimensional visualization
model, it can be clearly seen that under the same extraction time, the effective extraction
area, considering the change in gas pressure in coal fracture, is different from the effective
extraction area considering the change in gas pressure in the coal matrix. Compared with
two-dimensional theoretical analysis, it is more intuitive and more conducive to explain
the mechanism of gas migration. Through the three-dimensional visualization model,
at a certain distance between boreholes, it can be clearly seen that the gas pressure in
the area around the borehole decreases more obviously than that outside the borehole,
which indicates that the boreholes are affected by the superposition effect. When multiple
boreholes are used for gas extraction, the borehole spacing has a great influence on the
extraction effect. The extraction time required to eliminate the blank zone in the area
surrounded by the borehole is longer with the increase in the borehole spacing. As long
as the spacing of boreholes is within a reasonable range, the blank zone can be eliminated
by prolonging the extraction time in theory. If the borehole spacing is too large, in theory,
it reduces the number of boreholes and needs to extend the extraction time to eliminate
blank area. However, the pressure imbalance may be caused by excessive extraction, and
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safety accidents may occur. Extending the extraction also requires the consumption of
certain economic resources. If the borehole spacing is too small, the superposition effect
between boreholes is strong, and the extraction time required to eliminate the blank zone
time is short, but the increase in the number of boreholes may cause waste of resources.
Therefore, the study of reasonable borehole spacing has a certain guiding significance for
practical engineering.

This study has some inspiration and guiding significance for coal energy security
and sustainable mining, but there are still deficiencies. According to different geological
conditions, there are elastic—plastic changes in the actual coal, and the change in temperature
will also affect the deformation of coal structure, so the coal deformation control equation
remains to be improved. In the study of the optimal borehole spacing, the layout and
spacing of boreholes need to be adjusted according to the actual coal mine conditions and
engineering planning, and the selection method of the optimal borehole spacing needs to
be improved.

6. Conclusions

(1) The gas-solid coupling model of negative pressure drilling gas extraction was
established. The model is based on the coal pore-fracture porous media model, considering
the coal deformation, gas diffusion seepage, gas adsorption, and desorption process. The
change in gas pressure Py, in the coal matrix and gas pressure Pt in coal fracture is simulated,
and the migration mechanism of gas between coal matrix, coal fracture, and borehole
is verified.

(2) When gas is extracted by a negative pressure borehole, the gas in a coal fracture
seeps into borehole driven by extraction negative pressure. After the gas in the fracture
flows out, the coal matrix gas diffuses into the fracture under the pressure difference to
participate in the seepage. The gas pressure of the coal matrix decreases, the gas adsorbed
in the surrounding coal matrix desorbs, and the free gas contained diffuses to the coal
matrix under the action of pressure difference. The gas pressure in the coal body near
the borehole decreases obviously, and the farther away from the borehole, the weaker the
influence of extraction. The pressure gradient decreases with the increase in extraction
time, the effect of gas migration will gradually weaken, and the effective extraction range
of the borehole is limited.

(3) During multi-borehole extraction, the gas pressure in the area around the borehole
decreases obviously under the influence of the superposition effect. With the increase
in borehole spacing, the extraction effect in the area around the borehole decreases. The
effective extraction area formed by multi-borehole negative pressure gas extraction is
related to extraction time and borehole spacing. When the three boreholes are extracted
for 140 days, the effective extraction area is approximately cylindrical when the borehole
spacing is 1.5 m. The effective extraction area is approximately a rounded triangular prism
when the borehole spacing is 2.6 m, 4 m, and 5 m, but the longer the borehole spacing, the
surrounding inward depression is split. The effective extraction area is divided into three
near-cylindrical areas when the borehole spacing is 6 m, and a blank zone appears in the
area surrounded by the borehole. Considering the shape, volume change, extraction effect,
safety, and economic problems of the effective extraction area, the best effect is to select the
hole spacing of 5 m when the three boreholes are used as the group extraction for 140 days.
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