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Abstract: In order to determine the reasonable parameters of high-gas and extra-thick coal seam
drainage, considering the factors of the coal seam metamorphic degree, stress condition, gas occur-
rence state, and permeability dynamic change, the gas desorption, diffusion, and transport process of
coal seam gas are analyzed. A secondary distribution model of coal around the borehole, a porosity
variation model of coal around the borehole, a stress-seepage coupling model, a pore flow model of
the pressure-driven transition flow zone, and a free molecular flow zone are established. Taking the
gas drainage of Zhangcun Coal Mine of Lu’an Group as the research object, the influence of drilling
hole diameter, coal seam permeability, gas original pressure, and other factors on the control range of
coal seam drainage drilling is simulated by ANSYS Fluent 6.3.26. The results show that secondary
stress distribution occurs in the coal seam drill hole under the action of lead stress, which leads to the
change in porosity; the seepage zone, transition zone, molecular flow zone, and original rock stress
zone are presented around the drill hole; and the range of influence of the drill hole is mainly based
on the seepage zone and the transition zone, supplemented by the molecular flow zone. The control
range of the drill hole is in a positive proportional relationship to the diameter of the drill hole, the
porosity of the coal seam, and the original pressure of the gas.

Keywords: stress field; seepage field; multi-field coupling; pumping control range; numerical
simulation

1. Introduction

As an important basic energy source for China’s economic and social development,
coal has made remarkable progress both in terms of the scope and intensity of its exploita-
tion. Coal plays an indispensable role in national economic development and modern-
ization. With the development of the national economy and the continuous progress of
science and technology, large-scale mega coal mines have been put into operation one after
another, and the coal mining method has shifted from traditional artillery mining and
general mining to synthesis mining, which has a higher efficiency. The depth record of coal
seams has been broken continuously, and the high pressure and content of coal seam gas
has become one of the important characteristics of modern coal mining. According to the
requirements of the relevant laws and regulations, high-gas mines must extract the coal
seam gas before mining, so that the coal seam gas pressure and content can be reduced
to the mining requirements. However, in the case of high-gas and extra-thick coal seam
integrated mining, the high mining intensity, the high coal residue in the hollow mining
area, and the high gas content in the neighboring layers and surrounding rocks make it
very easy for the integrated working face to have the phenomenon of gas exceeding the
limitation, which may lead to gas explosions, gas asphyxiation, and other disasters and
bring a great safety hazard to the production of the mines.
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Since the first synthesized working face was put to the test in China in 1984, the technol-
ogy of synthesized-roof coal mining has been developed rapidly. At present, the working
faces of integrated-roof coal mining in China are among the top in the world in terms of
the number and scope of use, the advancement of technology, and the results achieved.
However, with the increase in demand for coal and the improvement in production tech-
nology, coal seams mined by integrated-roof coal mining are gradually characterized by
their high gas and high protrusion levels. At the same time, production practices have
also gradually exposed the many hidden disasters or dangers of comprehensive roof coal
mining technology, such as a high absolute gas outflow, frequent spontaneous combustion
and fire, and other problems, and this approach has triggered a number of various types
of major disasters and accidents. It is easy to see that gas accidents have become one of
the most serious types of accidents in China’s coal mines, and the number of deaths in gas
accidents (such as gas explosions, coal and gas protrusion, and gas asphyxiation) has been
the most common type of large accident for many years.

In recent decades, many scholars have conducted extensive scientific research and
production practices on the prevention and control technologies for major gas disasters in
comprehensive mining. They have proposed various gas management measures, including:
pre-mining gas extraction, gas extraction during tunneling and mining, high-yield drilling
for gas extraction, burying pipes in the upper corners for gas discharge, increasing air
distribution, and arranging the working face along the roof plate to facilitate gas discharge
towards higher-level tunnels. These measures aim to effectively prevent and control gas
disasters. Wang et al. [1] determined the effective influence radius of gas extraction by
numerical simulation for the reasonable arrangement of gas-extraction boreholes along a
coal seam, which provided a basis for the optimization of single gas-extraction boreholes
along coal seams. Liu et al. [2] theoretically studied the effective gas-extraction radius
of bedding boreholes. Zhao [3] gave full consideration to the technical advantages of
high-level roof drilling and improved the hole-forming rate of high-level drilling. Zhu [4]
proposed an evaluation method of drilling control effects based on a physical examination
method. This method divides a coal seam into several control bodies whose side lengths
are equal to the effective radius of extraction and uses computer technology to evaluate
the control effect of drilling. In the Hebi mining area, the layout method of using cross
boreholes is used to arrange a pair of boreholes every 2.5~3.0 m, in which one hole is
parallel to the working face and the other hole is oblique to the working face. The angle
between the two holes is 10°~15°, and the aperture is 79 mm. This method has achieved a
good drainage effect. These fruitful results provide a basis for mine gas control, reducing
the harm of gas in coal mining, and provide a guarantee for safe mine production. However,
due to the unpredictability of coal and rock storage conditions and the special nature of
production conditions, the prevention and control measures of major disasters often fail
to meet the design objectives, such as when the gas pumping effect of the mining area
is generally poor, with a low pumping rate. Because serious accidents caused by gas are
repeated, resulting in the majority of accidental deaths, the mortality rate per million tons of
coal production remains high, a serious threat to the majority of China’s coal mine workers’
safety, social stability, and unity, causing an extremely negative impact. At the same time,
it has also brought significant casualties and property losses to individuals, coal mining
enterprises, and the State.

Solving the problem of gas disasters in high-gas synthesized working faces is an
urgent task facing us. Multiple accident causative factors, a wide range of hazards, and
serious consequences have become the characteristics of roof coal mining in high-gas
mines. Therefore, it is necessary to summarize the valuable experience of predecessors
on the basis of the current mine production situation, to crack these technical problems,
and to provide theoretical support and a technological guarantee for the realization of
the development of high-gas comprehensive roof coal mining mines, with the goal of
a high output, high efficiency, high effectiveness, and high safety. With the increased
application of seepage diffusion theory in the field of coal seam gas drainage and the
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continuous deepening and improvement of theoretical research, domestic and foreign
experts and scholars have summarized the process of gas transport and its influencing
factors through theoretical analysis and experimental research. It has been proven that
the gas transportation process is a result of the joint action of multiple factors, such as the
geological conditions of the coal seam, the degree of coal body metamorphism, the original
pressure of the gas, and the ground stress. However, due to the special nature of its storage
conditions, the storage and seepage process of gas is subject to a variety of external forces,
such as the ground stress field, ground electric field, ground temperature field, etc., and
each of these factors will have different degrees of influence on its flow in a porous medium.
Worse still, the coupling of the various fields enhances the likelihood of composite disaster
and destruction, which makes the prevention and control become more difficult. In this
regard, some scholars have explored and researched the multi-field coupling law of coal
seam gas and put forward many fluid-solid coupling models [5-13]. Enever (1997) [14,15]
analyzed the relationship between the ground stress and the permeability of a coal seam
and obtained an exponentially correlated rule of change between the two. Zhen et al. [16]
established a coupled model of stress—seepage damage for hydraulic fracturing of rock
bodies. In order to determine the law of temporal and spatial evolution, Jasinge et al. [17]
conducted gas permeability testing experiments on coal samples under different enclosing
pressures and obtained the law describing the stress—permeability change of Australian
lignite coals. Cao et al. [18] established a nonlinear seepage equation of water injection in
coal seams by analyzing the stress distribution of the workings and its influence on the
characteristics of water injection into coal seams. Zhao et al. [19] established a multi-field
(including coal stress field, damage field, gas diffusion field, and seepage field) coupling
model based on the non-homogeneity of a coal body. Liu et al. [20] further discussed the
characteristics of the dynamic evolution distribution of stress and seepage throughout
the coal seam water injection process based on a numerical simulation and experimental
results.

In recent years, with the popularization and application of simulation (CFD) software,
domestic scholars have carried out simulation research on the air flow field and gas
migration in goaf and achieved certain results. Based on CFD simulation software, Yuan
et al. [21] systematically studied the dynamic changes in the stress field, fracture field,
and gas flow field in the No.11 coal seam of the Gugiao Coal Mine. Based on Fluent
simulation software, a three-dimensional heterogeneous numerical model of gas flow in
goaf was established by Hu et al., Li et al., and Zhang et al. [22-24]. In a study by Wang
et al. [25] based on the Fick diffusion law, Darcy seepage law, and Fourier heat conduction
law, a multi-physical field coupling model of goaf considering temperature change was
established by using mass conservation and energy conservation equations based on the
three-dimensional porosity model. The above researchers have analyzed the mechanism
and influencing factors of the multi-field coupling of coal seam gas through coal mine field
monitoring, laboratory experiments, and numerical simulation. However, the multi-field
coupling mechanism is not yet clear, the relevant prevention and control measures are still
not effective, and the research on the stress—seepage coupling field is relatively few. Based
on the secondary distribution of stress caused by coal seam drilling, combined with the
change in porosity around the borehole, this paper studies the seepage process formed
by the coupling of the stress field and seepage field and the void and micro-pore flow
process in the pressure-driven transition flow zone and free molecular flow zone [26-29].
According to the secondary distribution characteristics of borehole stress in coal seams,
the spatial variation law of permeability around boreholes, and the fluid-solid coupling
model of gas, the variation law of the control range of a gas drainage borehole in a high-gas
and extra-thick coal seam is simulated by ANSYS Fluent 6.3.26. The research results can
provide theoretical reference for the optimal layout of drainage boreholes.
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2. Theoretical Analyses and Model Establishment

In this section, the main sources of gas and its transport law in the face of compre-
hensive mining are studied and analyzed by reviewing relevant information; applying
theoretical knowledge and technical methods of geology, mining, fluid mechanics, the gas
disaster control principle, the comprehensive roof coal mining process, and other related
disciplines; applying the theory of seepage in porous media combined with the actual
characteristics of a mined coal seam; and establishing equations of gas desorption, diffu-
sion, and transportation of a coal seam under porous media. The secondary distribution of
the stress field in the coal body around the borehole, the change rule of the void degree
under the influence of stress—strain, the dynamic model of fluid-solid coupling in the gas
pumping process, and the pore flow model of the pressure-driven transition flow zone and
free molecular flow zone were determined.

2.1. Theoretical Analyses of Gas Migration Law of Pre-Drainage Coal Seam in Fully Mechanized
Caving Face

A coal seam is a dual medium of pore and fracture. Gas exists in the matrix in the
form of adsorption. It undergoes the process of desorption from the coal body, diffusion to
the pore, and fracture and transport in the coal seam fracture before production [30,31].

1.  Coal seam gas desorption

There are three main types of models describing coal seam gas adsorption, namely
the Langmuir isothermal adsorption model, potential difference theory model, and Gibbs
model [32]. Among them, the Langmuir isothermal adsorption model is the most commonly
used:

_ p
Ve(p) = vio L )

where Vg(p) is the adsorption capacity, g/m?3; p is pressure, MPa; V; is the Langmuir
volume, g/m3; and p; is the Langmuir pressure, MPa. Langmuir pressure is the pressure
when the adsorption capacity reaches 50% of the limit adsorption capacity.

2. Coal seam gas diffusion

Gas diffusion in a coal seam is divided into quasi-steady-state diffusion and non-
steady-state diffusion.

(1) Quasi-steady-state diffusion (based on Fick’s first law [33,34])

It is believed that the diffusion process of gas in a coal seam can be expressed by the
change in the average concentration in each time period being proportional to the difference
of time:

dcC
Ttm = DmFs(CZ - Cm) (2)
where: ic
qm = *GTtm 3)
1
T= D, L 4)
F, =8m/S? ®)

where C;;, is the concentration in the matrix, g/ m?3; D,, is the mass diffusion coefficient in
porous media, m?2/s; C, is the concentration at the edge of the matrix block, g/ m3; E, is the
matrix block shape factor, m~2; g, is the amount of gas desorption; G is a geometric factor;
T is the adsorption time constant, s; and S is cleat spacing, m.

It can be seen from the above formula that the adsorption time is related to the diffusion
distance; that is, it is proportional to the square of the fracture spacing.

(2) Unsteady diffusion (based on Fick’s second law [35,36])
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It is considered that the diffusion process of gas in the geometric block of the matrix
can be described in the form of partial differential equations. Coal seam gas mainly includes
two parts: one part is the free gas contained in pores and fractures and the other part is the
gas adsorbed on the surface of the matrix. The concentration of free gas is:

_ _ MPyu¢m
C1 = prgm = ©)
The concentration of adsorbed gas is:
p
C =V, 7
2=V (7)

The total gas concentration in the matrix block is:

C,y = Mbnfm P ®)

RTZ Lol P

According to Fick’s second diffusion law, the equation of pressure in pores is:

3 ( MPupm p ) [ (MPm<pm p )]
Z % —V|D 1% 9
at( RTZ TR VIPnV g7z L oL+ pm ©)

After the gas concentration is solved by Equations (8) and (9), the amount of gas
flowing out of the matrix block is:

A A
qm = Vl ] - Vl Dmvcm (10)

where C; is the concentration of free gas, g/ m3; ¢m is matrix porosity; Cy, is the sum of the
concentration of adsorbed gas Cy;; and free gas C, £in the matrix; py, is the gas pressure in
the pore, MPa; A is the surface area of the matrix block unit, m?; | is the diffusion flux,
g/ m?2-s; and Vj is the volume of matrix block unit, m3.

3.  Coal seam gas transport

Due to the continuous gas diffusion into the cracks in the coal matrix block, it should
be regarded as a continuous source distribution in the continuity equation. The mass
conservation equation of gas transport in cracks is [37]:

%(47 ngpfg) =-V: (Pngfg) + qm 11)

Among them is the quality of the gas that diffuses into the crack. The velocity consists
of two parts: the macroscopic seepage velocity following Darcy’s law and the diffusion
velocity following Fick’s law, that is:

v, = (Ksyp, 1 Pryc (12)
fs i fe T ¢ p f
The density and concentration in Equations (11) and (12) are expressed by pressure,

VG Prg Prg

When isothermal,
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o (PrsgPe _ pg Kg Dy o (8spg RT
at< )=V Zygvpg+sgv( )|+ < (15)

where Dy is the gas diffusion coefficient in the fracture; Cy is the gas concentration in the
fracture, C =P Of is the fracture porosity; s¢ is the gas saturation; K is the coal seam
permeability, m?; W is gas viscosity, Pa-s; and m, f, and g represent the matrix, fracture, and
gas, respectively.

In summary, a complete description of the coal seam gas output process was described
above.

2.2. Establishment of Secondary Distribution Model of Stress Field of Coal Around Borehole

The occurrence of gas disasters is ultimately a process of energy transfer and release.
Fully mechanized caving mining destroys the original stress equilibrium state of mining
coal seams and breaks the dynamic equilibrium condition of gas adsorption-desorption
in a coal seam, resulting in a large amount of adsorbed gas released from mining layer,
adjacent layer, and surrounding rock, forming gas accumulation in local space. Due to the
drilling construction, the original stress state of the coal seam changes, and the stress of the
coal body around the drilling site is redistributed. After the hole is formed, the coal body
at the hole wall produces large secondary stress and shear failure. The damaged coal body
still bears part of the overburden pressure; however, most of the pressure is transmitted
to the external coal body unit and generates concentrated stress, which further damages
the coal body. After the stress is balanced, the pressure relief zone, the stress concentration
zone, and the original stress zone are formed along the radial direction of the borehole [38].

According to the static equilibrium equation, it can be seen that the equilibrium condi-
tions along the tangential direction of the arc are naturally satisfied for the axisymmetric,
volume, and shape-invariant unit body, resulting in shear stress. The components of
tangential stress and radial stress in the radius direction are:

. de
()_09)r = 20pdrsin 5 = opdrdd (16)

(Y_ov)r = ovrdf — (07 — doy ) (r + dr)d6 (17)

From (Y 0p), + (L 0+), = 0, and by eliminating 46 and omitting the second-order trace
term drdoy, the static equilibrium differential equation is obtained:

do,
rd—;—l—ar—agzo (18)

Using geometric equations and physical equations to solve Equation (18):

r% 40 —09 =0
__du
& = ar
Eg — %
€z =0 (19)
0z = p(op + 07)
.2
g = 1 2 (or — %0’9)
1— 2
eo = —¢ (09 — ﬁ%)
There are: )
1o 3% _y (20)
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Combined with boundary conditions:

or=p r— 00
{ or=20 r=a 1)
The solution of Equation (20) is:
2
o =p(l-"1%) 22)

0 =p(1+%)

where 0y is the tangential stress, MPa; o; is the radial stress, MPa; r is the stress radius, m; a
is the diameter of the borehole, m; and p is the original rock stress, MPa.

According to Equation (22), the range of secondary stress distribution around bore-
holes with different apertures can be obtained, and the change curve is shown in Figure 1a—d.
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The stress distribution map of different boreholes
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Secondary stress distribution diagram of different stress ratio
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(d)
Figure 1. (a) The secondary stress distribution around the borehole with a diameter of 60 mm. (b)
Secondary stress distribution map around the borehole at a stress ratio of 0.5. (c) Secondary stress
distribution around different boreholes. (d) Secondary stress distribution around boreholes with

different stress ratios.

Figure 1a shows that when the diameter of the borehole is constant, the distribution
range of the secondary stress around the borehole decreases with the decrease in the stress
ratio, but the variation law is nonlinear. When the stress ratio is less than 0.5, the secondary
stress distribution line around the borehole is similar to a straight line, indicating that the
secondary stress in this area decreases very fast, so its influence range is small. When
the stress ratio is in the range of 0.5~0.9, the secondary stress distribution line around the
borehole is similar to the circular arc line, indicating that the secondary stress decline rate
in this area gradually slows down, and the influence range gradually increases. When the
stress ratio is greater than 0.9, the secondary stress around the borehole is affected by the
borehole very little, so the area is very wide.

Taking the stress ratio of 0.5 as an example, Figure 1b shows that the distribution
range of secondary stress around boreholes with different diameters is quite different.
When the borehole diameter is less than 70 mm, the increment value of secondary stress
distribution around boreholes is basically the same. With the increase in borehole diameter,
the distribution range of secondary stress around boreholes also increases obviously. For
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example, when the borehole diameter is 35 mm, the distribution range of secondary stress
is about 50 mm. When the borehole diameter is 70 mm, the distribution range of secondary
stress is about 100 mm, the borehole diameter increases by 35 mm, and the influence range
of secondary stress increases by 50 mm. When the borehole diameter is greater than 70 mm,
the secondary stress distribution around the borehole changes significantly, indicating that
the stress increment increases significantly with the increase in the borehole diameter and
also that the larger the borehole is, the wider the secondary stress distribution range is.

Figure 1c shows that the distribution of secondary stress around the borehole varies
obviously with different borehole diameters. When the stress ratio is less than 0.5, the
increase in the borehole diameter has little effect on the secondary stress distribution. With
the increase in the stress ratio, the influence range of the increase in the borehole diameter
on the secondary stress distribution increases gradually, and the increment of the shear
influence range increases obviously. When the strain is relatively large, the increase in
secondary stress around the borehole is more obvious. When the stress ratio is 0.3, the
influence range of the borehole diameter of 35 mm is about 41 mm, the influence range of
the borehole diameter of 70 mm is about 83 mm, and the influence range of the borehole
diameter of 110 mm is about 131 mm. When the stress ratio is 0.78, the influence range
of the borehole diameter of 35 mm is about 75 mm, the influence range of the borehole
diameter of 70 mm is about 150 mm, and the influence range of the borehole diameter of
110 mm is about 234 mm. When the stress ratio is 0.98, the influence range of the borehole
diameter 35 mm is about 245 mm, the influence range of the borehole diameter 70 mm is
about 500 mm, and the influence range of the borehole diameter 110 mm is about 780 mm.
It can be seen that different stress ratios have a significant effect on the secondary stress
distribution of different diameter boreholes.

Figure 1d shows that different stress ratios have significantly different distribution
areas around the borehole. When the stress ratio is below 0.75, the area of secondary stress
distribution is about twice the diameter of the borehole. When the stress ratio increases to
0.9, the influence area of the secondary stress increases to about three times the diameter of
the borehole. When the stress ratio increases to 0.98, the influence area of the secondary
stress increases to about seven times the borehole diameter. The area of secondary stress
distribution around the borehole is mainly concentrated in the range of twice the diameter
of the borehole.

2.3. Establishment of Porosity Variation Model Under the Influence of Stress—Strain

Due to the secondary stress distribution around the coal seam borehole, the coal seam
void volume will change [39].
The change in coal seam porosity around the borehole is as follows:

v av,
w=i(v) =% 9%
where:
adVy = —CpcVpdo + CppVydp (24)
dVy = —=CpcVpdo + CppVidp (25)
This is arranged as:
dp = —¢Cpedo + ¢Cppdp + ¢Cpedo — ¢Cp, Viydp (26)

Using the relationship between the compression coefficients, the relationship between
porosity and stress is:

dp = —[Cpc(1 - ¢) — Cs](do — dp) (27)
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Similarly, the expression of the volume strain is:
avy
dey = v = Cpedo — Cyppdp = Cye(do — dp) + Csdp (28)
b
Therefore, the relationship between porosity and volume strain is:
Cs
dey = —|1— = — ¢ | (dey — Csdp) (29)
Chc
This is arranged as:

:1—7 —_—
4) Cbc + d€v - Csdp

where ¢ is porosity; V), is the physical examination of coal pores with a volume of V, m?;
V}, is the volume of coal, m3; C is the compression coefficient; and p is the original rock
stress, Mpa.

Equation (30) shows that when the compression coefficient of coal and gas and the
original rock pressure of the coal seam are known, the change in porosity should become a
similar inverse proportional function relationship with the body. When the coal body is in
a compressed state, that is, greater than zero, the function is a decreasing function. When
the coal body is in the expansion state, that is, less than zero, the function is an increasing
function. Therefore, the pressure relief zone along the borehole is the coal body expansion
zone, and the porosity increases with the increase in the strain in the pressure relief zone.
The stress concentration zone is the coal body compression zone, and the porosity decreases
with the increase in the strain in the stress concentration zone. In the original stress zone,
the porosity of the region is unchanged because the coal body is not strained.

2.4. Establishment of Gas Migration Law Model Under the Condition of Stress—Seepage
Coupling Field

Under the action of an in situ stress field, the secondary stress distribution will occur
around the borehole. Affected by the secondary stress, the pressure relief zone, stress
concentration zone, and original stress zone will be formed along the radial direction of the
borehole. The porosity of each area around the borehole has also changed greatly. Due to
the difference in porosity, the gas migration law around the coal seam gas pre-drainage
borehole is divided into three parts. In the pressure relief area near the borehole center, the
gas will undergo a fluid—solid coupling seepage process [40]. In the excessive flow area of
stress concentration, the gas will undergo pipeline flow and molecular free flow, and the
gas movement will be stagnant when it is close to the original rock stress area. Therefore,
the stress—seepage coupling field model of the coal seam gas pre-drainage process includes
the dynamic model of the fluid—solid coupling field and the pressure-driven pore flow
model.

2.4.1. Establishment of Fluid—Solid Coupling Dynamic Model of Pressure Relief Zone
Around Gas Drainage Boreholes

In the process of coal seam gas drainage, its motion process satisfies the gas continuity
equation, gas motion equation, and gas state equation [1,2,41,42]. The above equations are
combined to obtain:

d(pgox) | 9(pgoy) | pgvz) | _ 3(¢ps)
— Sty | =
_ _Kkop
Uy = —— o=
M ox
v —_Kal (31)
y— ﬂgy
_ _K9p
'UZ—_ﬁg
pV =nZR
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Considering the viscosity and compression factor of real gas, the above equation is
solved, and the seepage differential equation of gas can be obtained as follows:

d p_dp| , 9 p  dp p__op|_¢df p
GX[V(P)Z(P)ax]+By_#(P) <p>ay}+az[y<p>z<p>az] Kat[ <p>} &8
The upper right side is:

of p | _[Y__ 1 o | P Op_ .\ P O

at[zw} E z<p>az<p>} Zwyor ~ “PZ0pyar @)
This is arranged as:

p _ ¢u(p)C(p) p__9p
V[u<p>z<p>v4 K [y(p)Z(p) at} 9

2.4.2. Establishment of Channel Flow Model in Stress Concentration Area Around Gas
Drainage Borehole

The stress concentration zone around the borehole can be subdivided into the over-
flow zone and the free-flow zone. It is assumed that the velocity distribution of the
pressure-driven over-flow zone and the free-flow zone is parabolic, and the slip velocity
can be expressed as follows:

2-0 [ K, [dUu
nou ] K ()] .

The dimensionless velocity scaling equation of micro-porous flow can be obtained:

g +1+2x

(1, K) = L0 (d) i (36)
U(x) 5 Lyiox - bKn
where d is the aperture, and then the volume flow rate in the hole is:

rd* L dp 4K,
=——Xx—(1-dKy)|(1 7
Q= 8uo dx( ”)( +1bKn) 37
Since b = —1 can be determined from the linearized Boltzmann solution, the only

parameter to be determined in the model is d. However, d should change from the zero
value in the slip flow region to the constant asymptotic value dy in the molecular flow region.
The asymptotic value of the mass flow rate at that time can be obtained by Equation (38).

o, 64
dmmz%—[ho_ﬂ] (38)

The variation of d as a K, function obtained from the numerical and experimental
data is as follows:

d= dO%mn_l <d11<'3) (39)

The volume flow rate of the channel flow in the excessive flow area is:

Q_C(AR)W<_dp> (40)
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The volume flow rate of the rarefied gas flow in the molecular flow region is:
: wh’ dp 6Ky,
Q—C(AR)%X (—dx>(1+txl<n)(1+1_61<n> (41)

where C(AR) is the correction factor, generally taking 1 in the micro-pore flow.

So far, the mathematical model of the gas migration law under the condition of
the stress—seepage coupling field in the coal seam gas pre-drainage process has been
established.

In this model, p is the gas density, Kg/m?>; v is speed, m/s; K is permeability, m?; y is
the viscosity coefficient, Pa-s; K, is the number of effort; p is pressure, Pa; Vis volume, m3;
1 is the amount of gas substance, mol; R is a gas constant, Pa-m3/(mol-K); T is temperature,
K; Z is the gas compression factor.

3. Numerical Simulation and Result Analysis

The difference of the drainage technology in the gas control of a high-gas and extra-
thick coal seam is directly related to the safety and overall progress requirements of
the mining work. In view of the complexity and non-repeatability of the coal seam gas
drainage system, the CFD commercial software Fluent is used to numerically simulate
the gas migration law of a pre-drainage coal seam in the fully mechanized caving face.
The CFD simulation study is used to obtain a numerical solution of the fluid flow control
equation. It obtains the mathematical description of the overall flow field concerned by
solving the space-time solution. The basis of CFD is to establish the Navier-Stokes equation.
It is composed of a series of partial differential equations describing the conservation law
of fluid flow, and the conservation equations of mass and momentum are solved. The
software has the ability to simulate complex flow fields from incompressible to highly
compressible. ANSYS Fluent 6.3.26 contains a very rich physical model that can simulate
complex multiphase flow. The model of the gas migration law based on a stress coupling
field is also solved by the mass conservation equation of fluid flow. ANSYS Fluent 6.3.26
has powerful operation energy to simulate the law of fluid flow in porous media and is
widely used in simulating the law of gas migration in goaf. In this section, the numerical
simulation method is used to simulate the gas drainage control range and drainage effect
by using computer technology. The core is to study the migration law of gas under
different coal seam geologies and occurrence conditions, study the distribution law of gas
movement under different boundary conditions, and study the main factors affecting the
gas accumulation in fully mechanized caving mining so as to provide a basis and guidance
for the application of gas disaster control technology in fully mechanized caving mining.

3.1. The Establishment of a Geometric Model and the Determination of Model Parameters

Taking a mine in Shanxi as an example, the coal seam occurrence conditions and
gas parameters of the mine are shown in Table 1. Under the condition of ignoring the
borehole pressure loss, the gas migration process and pressure change law of any section
perpendicular to the borehole axis are the same. Combined with the secondary stress
distribution law of the coal seam after drilling, the length is 150 m, the width is 50 m, and
the height is 6.31 m. For a cuboid geometric model with a borehole diameter of 0.12 m,
the schematic diagram of the coal seam drainage borehole is shown in Figure 2, and the
geometric simulation is shown in Figure 3.
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Table 1. Coal seam occurrence conditions and gas parameters.

Parameter Value
Coal seam thickness 6.36 m
Gas emission quantity 67.62 m3/min
Initial stress c/MPa 13.5 MPa
Radius of drill hole ry/m 0.06 m
Coal seam permeability coefficient 0.0605~0.1209 m? /MPa’d
Coefficient of kinetic viscosity y/Pa-s 11.2 x 107
Initial void 0.09
Initial gas pressure py/MPa 0.17
Adsorption constants a/m3-t~1 23.925
Adsorption constants b/m3-t~1 0.319
Coal density ps/t-m~3 1.39
Universal gas constant R/ (J-(mol-K)~1) 8.3143
Absolute temperature T/K 300
Gas molar volume 7/m3-mol ! 0.0224

Overlying |
strata

Upper roof

Direct roof

Coal layer Borehole drilling along seam g

Working surface/

Figure 2. Pre-drainage coal seam gas drainage schematic diagram.

Coal seam / / / / /

Drainage borehole

Figure 3. Geometric model of gas drainage in pre-drainage coal seam.

The setting of the boundary conditions mainly considers the porosity of the pre-
drainage coal seam, the amount of gas analysis, the pre-drainage negative pressure, the
pre-drainage borehole diameter, etc. The gas drilling in the coal seam is a kind of internal
boundary condition for the simulation of gas drainage in the coal seam. When the gas
drainage amount of the pre-drainage borehole is given, the known source and sink terms
need to be supplemented in the gas motion equation. When the gas flow pressure of the
pre-drainage borehole is given, it can be treated as a stable flow. The borehole flow pressure
is usually known in the study of coal seam drainage. According to the relevant parameters
of Table 1, the geometric area grid of the pre-drainage model is adjusted adaptively, and the
numerical simulation parameters of the gas migration law of the pre-drainage coal seam
are shown in Table 2.
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Table 2. Simulation parameters of gas drainage in pre-drainage coal seam.

Simulated Condition Simulation Parameters
Equation solver Separation solver
Turbulent flow model k-¢ two equations model

Component model Gas
Energy model Open
Convergence criteria 103
Porous media model Open
Percentage of void 0.09
Inertial resistance coefficient (1/m?) 1.0 x 108
Pressure inlet (MPa) 0.17
Pressure outlet (KPa) 5

3.2. Simulation Study on Variation Law of Gas Pressure Under Different Aperture Conditions

Taking the relevant parameters of Tables 1 and 2 as the boundary conditions, the gas
drainage process of 10 groups of boreholes, ¢35, 940, 47, 50, ©60, 70, ¢80, 94, ¢100,
and @120, is simulated. The gas pressure changes around the boreholes with diameters of
@70, 980, 994, ©100, and @120 are shown in Figure 4, and the gas pressure changes around
the boreholes with diameters of ¢35, 40, 947, 50, and @60 are shown in Figure 5.
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1.46x10%
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-
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8.60x108 |
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Figure 4. Gas pressure change cloud around different borehole diameters.
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Figure 5. Gas pressure curves around different borehole diameters.

Figure 4 shows that due to the large borehole diameters, which are 70 mm, 80 mm,
94 mm, 100 mm, and 120 mm, the secondary distribution of stress around the borehole
is very obvious. From Figure 4, the area range of the static pressure distribution can be
clearly distinguished. Through the gas pressure distribution diagram around different
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boreholes, it can be seen that the size of the aperture has a different influence range on the
surrounding gas pressure, and the influence range gradually increases with the increase in
the borehole. The variation law of the borehole and gas pressure shown in this diagram
is basically consistent with that in Figure 1, which also indirectly proves the reliability of
the secondary distribution model of the stress field of the coal body around the borehole.
Figure 5 shows that under the influence of drilling and drainage negative pressure, when
the borehole aperture is small, as shown in Figure 5, where the aperture is 35 mm, 40 mm,
47 mm, 50 mm, and 60 mm, the gas pressure around the borehole also changes, but its
influence range is small, and its influence range has little to do with the size of the borehole
aperture, generally not more than 1-2 times the diameter of the borehole. The simulation
results also show that the borehole must not be too small during the pre-drainage of the
coal seam gas; otherwise, it will affect the drainage effect of the coal seam gas.

3.3. Simulation Study on Variation Law of Gas Pressure Under Different Permeability Conditions

Due to the different degrees of metamorphism, the permeability of the coal body also
shows great differences. Under the condition that other conditions remain unchanged,
a gas drainage simulation study was carried out on the three groups of coal seams with
resistance viscosity coefficients of 3.54 x 10'7,3.54 x 10'3, and 3.54 x 10°. The change law
of gas pressure around it is shown in Figures 6 and 7.
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|

1.10x10% i-—— j —
| |
8.60x103

7.40x103 I .
6.20%103
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Figure 6. The pressure change cloud diagram around the aperture under different viscous resistance
coefficients.
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Figure 7. Pressure curves around the aperture under different viscous resistance coefficients.

Figures 6 and 7 show that the variation range of gas pressure around the borehole
in the coal seam with good permeability is obviously larger than that in the coal seam
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with poor permeability. The variation range of gas pressure in the coal seam with good
permeability is 1.7 m, while that in the coal seam with poor permeability is only 1.0 m. In
the coal seam with good permeability, the change rate of gas pressure around the borehole
is significantly higher than that in the coal seam with poor permeability. However, when the
gas pressure drops to a certain range, the change rate of gas pressure becomes significantly
weaker and eventually tends to be stable.

3.4. Simulation Study on Variation Law of Borehole Gas Pressure Under Different Initial
Pressure Conditions

Due to the different occurrence conditions of coal seams, the original pressure of gas
varies greatly. Under the condition that other parameters remain unchanged, the inlet
pressure, P = 0.17 MPa, P = 0.5 MPa, P = 1.0 MPa, P = 1.5 MPa, and P = 2.0 MPa, is changed
to simulate the pressure change law around the borehole under different original gas
pressures. The change cloud diagram and curve diagram are shown in Figures 8 and 9.
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Figure 8. Pressure cloud diagram around the aperture under different original gas pressure.
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Figure 9. Pressure curve around the aperture under different original gas pressure.

Figures 8 and 9 show that the greater the original gas pressure, the greater the influence
range of the gas pressure around the borehole, and the smaller the original gas pressure,
the smaller the influence range of the gas pressure around the borehole; in the range of
0.4 m around the borehole, the pressure change rate gradually increases with the increase
in the original gas pressure, indicating that the gas pressure attenuates rapidly under the
same conditions. The influence range of gas pressure around all boreholes does not change
linearly with the increase in the original pressure but changes in a curve law. Outside
the 0.6 m around the borehole, the difference in the change rate of each curve gradually
decreases, indicating that outside a certain range around the borehole, the original gas
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pressure has little effect on the control range of the borehole, and its influence range is still
limited.

Figures 10-13 show that when the pressure ratio is 0.98, the gas around the pre-
drainage coal seam is affected by the secondary stress, and the gas migration in the coal
seam of the porous medium is quite different. When the borehole is small, such as when the
diameter of the borehole is 35 mm and 45 mm, the influence range of the secondary stress
around the borehole is small, and the influence areas are not evenly distributed, so the gas
migration speed changes significantly. With the increase in the diameter of the borehole,
the influence range of the secondary stress around the borehole gradually increases, and
the range of each partition also increases, while the gas migration speed in each region is
more regionally stable.

11.69
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11.66
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:
i
Ma(?:/lzl;de 11.64 %U.’k '.
11.63 —- 1 2 o&' M
11.62 - h.!
11.61 ] . .
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| I |

1
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Figure 10. Gas migration velocity curve when the aperture is 35 mm and the pressure ratio is in the

range of 0.98.
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Figure 11. Gas migration velocity curve when the aperture is 50 mm and the pressure ratio is in the
range of 0.98.

Figures 12 and 14-16 show that when the diameter of the borehole is the same, the
pressure ratio around the borehole is different, so that the pressure of each pressure ratio
area is different, and the deformation degree of the coal seam is also different. Therefore,
the closer to the center of the borehole, the better the permeability of the coal seam, and
the influence of the coal seam on the gas is gradually weakened. As shown in Figures 12
and 14-16, the smaller the pressure ratio, the faster the gas migration, and the more stable
the operation. For example, when the pressure ratio drops to 0.3, the gas migration in the
coal seam remains basically unchanged.
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Figure 12. Gas migration velocity curve when the aperture is 65 mm and the pressure ratio is in the
range of 0.98.
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Figure 13. Gas migration velocity curve when the aperture is 80 mm and the pressure ratio is in the
range of 0.98.

13.99 —
13.98

|
ﬁ

13.97 -

13. B
Velocity 3.96

Magnitude 13.95 ]
(m/s) E
13.94

cue oooeme - oon

13.93

-

.

13.92

13.91

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Position (m)

Figure 14. Gas migration velocity curve when the aperture is 65 mm and the pressure ratio is in the
range of 0.75.
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Figure 15. Gas migration velocity curve when the aperture is 65 mm and the pressure ratio is in the
range of 0.5.
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Figure 16. Gas migration velocity curve when the aperture is 65 mm and the pressure ratio is in the
range of 0.3.

3.5. Analysis of Influencing Factors of Pre-Drainage Borehole Control Range

Generally speaking, the physical properties of coal, the borehole diameter, and the
environment of the coal seam have a significant influence on the evolution of the flow field
in the process of gas drainage. This section discusses the influence of borehole diameter,
coal seam permeability, and gas original pressure on the control range, which will help to
arrange gas drainage boreholes accurately and reasonably on site.

Borehole diameter. The influence range of the borehole is generally not more than
6~7 times the aperture. When the borehole aperture is 70 mm, the pressure influence range
is 0.45 m, and the pressure influence range is 0.6 m when the aperture is 120 mm. The
closer to the center of the borehole, the greater the change rate of the gas pressure, and
the farther away from the center of the borehole, the smaller the change rate of the gas
pressure, gradually approaching 0.

Coal seam permeability. The permeability of the coal seam is an important index in
measuring the difficulty of gas drainage, and its control range is about 1.0~1.7 m. When the
permeability of the coal seam is good, the gas pressure drop rate is small, and the drilling
control range is large. When the permeability of the coal seam is poor, the gas pressure
drop rate is large, and the drilling control range is small.

Gas original pressure. The control range of the gas drainage borehole and the original
pressure of the gas change is a curve law. The higher the original pressure of the gas is,
the larger the radius of the gas drainage is. A different original gas pressure will cause
different gas pressure drop rates. In the range of 0.4 m around the borehole, the change
rate of the pressure drop curve is larger. Outside 0.6 m around the borehole, the change
rate of each curve tends to be consistent.
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4. Field Practice and Effect Verification

In the study of the gas control effect in high-gas and extra-thick coal seams, field
practice and effect verification are important links to ensure coal mine safety and efficient
mining. First of all, according to the geological conditions of an extra-thick coal seam,
a detailed mine gas composition analysis and pressure tests should be carried out to
evaluate the gas content and its release characteristics. In the design of the drainage
system, the combination of multi-point drainage and centralized drainage is usually used
to achieve efficient gas removal. In the actual operation, by setting up multiple drainage
holes, selecting the appropriate hole spacing and depth, and combined with the real-time
monitoring system, the drainage parameters are dynamically adjusted. In this process, the
gas drainage rate and the gas emission effect of the coal seam are the main assessment
indicators.

The average thickness of the xxxx working face of a mine is 6.36 m. The initial stage of
extraction is designed as a single row of gas extraction along the layer, and the diameter of
the borehole is 70 mm. After a period of drainage, it is found that the gas drainage rate is
low and the pre-drainage time is long, which cannot meet the production needs. After that,
the gas drainage borehole is changed to 94 mm, and the upward and downward boreholes
are arranged along the inclined direction of the working face in the belt crossheading and
the auxiliary transportation crossheading, respectively. That is, half of the boreholes are
parallel to the working face, and the other half of the boreholes have a certain angle with
the working face and the horizontal plane. The two boreholes are alternately arranged to
form a cross between the boreholes, as shown in Figure 17. According to the simulation
results, the drilling control range is 0.7 m. When the cross hole is used, 70% of the coal
seam can be within the drilling control range, so the drainage effect is obvious. Taking xxxx
working face drainage in March 2013 as an example, the monthly gas drainage volume
is 122,457 m3, the daily maximum drainage volume is 6295 m?, the minimum drainage
volume is 2664 m?, and the average drainage volume is 4479.5 m®. The gas drainage rate
reached 51.7%, and the pre-drainage time was greatly shortened. The drainage volume

statistics are shown in Table 3.
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Figure 17. Working face drilling layout diagram.

The field data show that the optimized drainage design can effectively reduce the gas
concentration in the coal seam and improve the safety factor. In the aspect of effect verifica-
tion, the influence of gas drainage on mine safety and operation efficiency is evaluated by
a comparison with the traditional drainage method. The measured results show that the
newly designed drainage system not only effectively improves the gas drainage efficiency
but also significantly reduces the risk of gas accidents, ensuring the safety of workers and
the normal production of coal mines. In addition, the on-site feedback and continuous
monitoring data provide a valuable basis for the subsequent optimization of the drainage
scheme, forming a benign cycle improvement mechanism.
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Table 3. Gas drainage statistics of xxxx working face in a mine.
Return Laneway Tile Discharge Roadway Upper Corner Gas Primitive Residual
Working . CH4 Average . CH4 Average CH4 Average Drainage Gas Gas Drainage
Surface Wu;c/i Rate Concentration W11;¢/:l Rate Concentration  Concentration Volume Content Content Rate (%)
(m>/min) (%) (m’/min) (%) (%) (m3/month) (m3/t) (m?/t)
XXXX 1120 0.39 310 0.54 0.45 122,457 5.53 2.67 51.7

Through the above practice and verification, the gas drainage design of a high-gas,
extra-thick coal seam has achieved remarkable results in practical application, which
provides a solid guarantee for safe coal mining. The results also further verify the reliability
and accuracy of the numerical simulation results, which also show that the numerical
simulation results can be used as a theoretical basis and reference for the gas drainage
design of high-gas and extra-thick coal seams.

5. Discussion

This paper is based on the secondary distribution of coal seam stress around the
borehole due to the influence of the borehole on the pre-drainage coal seam, which leads
to the change in the porosity of the coal body around the borehole. Through theoretical
analysis, the effect of borehole pre-drainage of coal seam gas control in the stress—seepage
coupling field is studied in combination with the change in porosity around the borehole.
The reliability and accuracy of the numerical simulation results are verified by the field-
measured data. However, in view of the characteristics of complex coal seam occurrence
conditions, large mining intensity, and many gas sources in fully mechanized top-coal
caving mining, combined with the arduousness and urgency of gas disaster prevention
and control technology development and research, there are still some key problems to be
explored and discussed:

(1) Inthe process of high-gas coal seam mining, borehole drainage as an effective means
of gas control has attracted extensive research attention. Based on the theoretical
framework of the stress—seepage coupling field, this study deeply discusses the gas
control effect of a borehole pre-drainage coal seam. The coupling relationship between
stress and seepage has an important influence on the gas flow characteristics of the
coal seam. Borehole drainage not only changes the pressure state in the coal seam but
also significantly affects the release and migration mechanism of gas.

(2) Through the combination of numerical simulation and field practice data, we found
that under different borehole apertures, coal seam permeabilities, and gas original
pressures, the pre-drainage control range of boreholes shows obvious differences.
In addition, the application of the stress—seepage coupling model enables us to pre-
dict the gas control effect under different drainage schemes more accurately, which
provides a scientific basis for the safe mining of coal mines.

(8) In the practical application, the research results of the coupling model provide theo-
retical support for optimizing borehole drainage parameters and promote the devel-
opment of gas control technology. However, it is still necessary to further study the
drainage effect under different geological conditions and coal seam characteristics so
as to provide more detailed guidance and reference for the production practice of coal
mines. Future research should combine more field experiments and data analysis to
verify the reliability of the theoretical model and explore more efficient gas control
strategies.

6. Conclusions

Based on the theoretical analysis, this paper establishes a secondary distribution model
of the stress field of a coal body around a borehole and a porosity change law model under
the influence of stress—strain, The numerical simulation method is used to analyze the
influence of different borehole diameters, different permeabilities, and different initial
pressures on the gas pressure distribution around the coal seam borehole. According to the
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field-measured data, the mathematical model of the gas migration law in fully mechanized
top-coal mining is verified. The simulation results have guiding significance for the study
of gas control technology. The main conclusions are as follows:

(1) The law of secondary stress redistribution around the borehole and its influence range
are given. The size of the coal seam stress, to a certain extent, reflects the depth of the
coal seam. When the stress is large, the gas content and initial pressure of the coal
seam are generally high, and the gas pressure around the borehole changes in a large
range, but the larger ground stress will also affect the permeability of the coal seam.
When the permeability decreases, the range of gas pressure around the borehole will
also decrease.

(2) Under the premise of considering the influence of stress and strain around the bore-
hole, a fluid—-solid coupling model of the seepage zone based on different porosities
around the borehole, a pressure-driven transition flow zone, and a free molecular
flow zone were established. The model combines the in situ stress and the change in
porosity around the borehole, which makes the simulation more objective and specific.
The permeability of a coal seam is an important index in measuring the difficulty of
gas drainage. When the permeability of a coal seam is good, the gas pressure drop
rate is small and the drilling control range is large. When the permeability of a coal
seam is poor, the gas pressure drop rate is large and the drilling control range is small.

(3) The simulation results of the influence of the borehole diameter, the permeability of
the coal seam, and the original gas pressure on the control range of the gas drainage
borehole in the pre-drainage coal seam after the secondary stress distribution around
the borehole are compared and analyzed, which provides a theoretical basis for the
selection of the gas process parameters of the pre-drainage coal seam in the coal mine.

(4) The effective control range of drilling is that the gas pressure of the coal seam is
reduced to 30~50% of the original pressure. It is considered that the better the
permeability of the coal seam is, the higher the original pressure of the gas is, the
larger the aperture of the gas drainage borehole is, the larger the control range of the
gas drainage borehole is, the lower the density of the drainage borehole is, and the
more obvious the drainage effect is.
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