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Abstract: Crossing borehole is an effective means to eliminate the outburst risk of coal and gas. The
influence of borehole inclination angle, borehole diameter, and drainage time on the effective radius
of gas drainage are studied by numerical simulation and engineering example verification. The study
shows that the effective radius changes in a “U” shape with the increase in borehole inclination
angle. When the angle « of the borehole and coal seam plane decreases, the effective radius increases.
Furthermore, the coal mass around the borehole is broken by shear deformation, which is consistent
with the results of the inner peephole. The effective radiuses are different in coal seam dip X and
strike Y. When « is small, the effective radius in the X direction is generally wider. When « is large
(« <90°), the effective radiuses in the X and Y directions are close. The effective radius is positively
correlated with the borehole diameter and is more significantly influenced by increasing borehole
diameter when « is small. The effective radius increases as a negative exponential function with
time and eventually converges to a constant. The study has practical implications for the design of
crossing borehole in the coal seam floor.

Keywords: crossing borehole; borehole inclination angle; borehole diameter; drainage effective
radius; residual gas pressure

1. Introduction

As the depth of the coal mine increases, the conditions for gas deposition become
complex [1]. Because the deep rock mass bears the greater vertical stress caused by the
self-weight of the overlying strata and the tectonic stress caused by the geological structure,
the higher ground stress is eventually formed, thus, aggravating the outburst risk of coal
and gas [2]. Crossing borehole is a widely used technique in coal mine gas pre-drainage,
neighboring layers, and gas management in mining areas, especially in strip pre-drainage of
coal mine tunnels. Therefore, the discussion concerning the change law of effective drainage
area under different characteristic parameters is of practical significance for preventing and
controlling coal mine gas disasters and strengthening gas drainage [3].

The crossing borehole technique has been widely applied in the field practice, which
eliminates the risk of coal and gas outburst regionally in combination with the pressure
relief gas drainage of the protected layer [4]. Based on the crossing borehole, many new
techniques were put forward to improve the efficiency of gas drainage. The literature
details the use of static blasting techniques to pre-split the coal seam, thereby increasing
the permeability and enhancing the drainage of the crossing borehole [5]. In the literature,
the secondary drainage technique of pressure relief gas from the bottom rock tunnel was
researched, using the bottom rock tunnel to arrange the overlying coal seam to intercept
the flow through the layer [6]. When constructing upward crossing boreholes in bottom-
slab grid tunnels, high-pressure water to induce borehole blowout was used, forming
several borehole blowouts in the range of the hole group, causing the stress redistribution
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of the coal body [7]. In the literature, a pump-less dual-pass mechanical cavitation bit
for crossing borehole to improve borehole diameter and bit reliability was designed [8].
The technologies, such as gas drainage by a cluster of holes, hydraulic fracturing through
seam boreholes [9], and water—gas two-phase fracturing of coal seams, are based on the
arrangement of crossing boreholes [10], so the study of the impact parameters of seam
boreholes is helpful for technique optimization.

The parameters influencing the gas drainage from boreholes through or along the
layers are also research hotspots. In the literature, the interaction between boreholes was
studied by simulation [11] and by the three-dimensional experimental method [12] to
observe the degree of gas content or pressure drop at different borehole spacings and
arrangement shapes and, finally, to obtain the optimal gas drainage scheme. The literature
concluded that the difference in the gas drainage effect of the crossing borehole is mainly
due to the variation in the inclination angle [13], which causes different degrees of ground
stress in the borehole and, consequently, different degrees of damage to the coal body
near the borehole. The influence of the relationship between coal seam inclination and
borehole inclination angle on the amount of drilling chips from the perspective of borehole
arrangement was analyzed [14]. The influence of different borehole inclination angles on the
stability of coal was studied [15]. Researchers studied the influence of different parameters
on gas drainage in bedding borehole drainage [16] and verified that the influence of
drainage negative pressure change on effective gas drainage area and gas pressure was
very weak. The shear deformation and strength characteristics of loess boreholes under the
influence of normal stress and shear stress were studied [17], as well as the influence of
instability and collapse of drainage holes in soft coal seam on gas drainage [18].

Based on the change in inclination angle of the crossing borehole, it is relatively
rare to study the parameters affecting drainage effective radius, which exists in practical
engineering and has practical significance. When the coal seam has a certain inclination
angle, the laws of the residual gas pressure and effective radiuses in the dip and strike
are different, and it cannot be regarded as a standard circle. Therefore, in the X and Y
directions (dip and strike), this paper studies the influence of parameters such as borehole
inclination angle, borehole diameter, and drainage time on gas drainage. Analysis and
investigation parameters, such as effective radius and residual gas pressure, tested the
effect of different design schemes of floor crossing borehole and verified the reliability of
the simulation in practical engineering. The conclusions obtained in this paper, taking into
account the specific conditions of the coal seam and the optimal parameters of the borehole
arrangement, can lead to an efficient and economical gas drainage design solution.

2. Numerical Model
2.1. Fluid-Solid Coupling Model

For the fluid-solid coupling model of gas, the following assumptions are made:
(1) the coal seam is a porous medium that is saturated by single-phase gas; (2) the gas
seepage inside the coal seam is treated as an isothermal process; (3) the coal seam skeleton
is elastic—plastic; (4) the coal seam is an isotropic homogenous body.

(1) Gas seepage Equation

The seepage of gas within the coal seam is in accordance with the law of mass conservation:

am

3 T v (pgdg) = Qm @™

where m is the mass of gas per unit volume of coal body containing gas, kg/m?; p, is the
gas density, kg/m?; g, is the Darcy seepage velocity of gas, m/s; Qy is the source sink term,
kg/ (m3-s); t is the time-variant, s.

Assume that the gas content in the coal seam satisfies the Langmuir Equation [16]:

_ Pppg X agbgPPCPg
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where p is gas pressure, MPa; p, is the standard atmospheric pressure, 1.013 x 10°Pa;
pc is the density of the coal body, kg/ m3; ag, bg is the Langmuir constant, m3/t, MPa !,
respectively; ¢ is the porosity.

Gas is a compressible gas, and assuming it is an ideal gas:

Mgp
Py =1 €)

where Mj is the relative molecular mass of the gas, 16 g/mol; R is the ideal gas constant,
8.314 J/(mol-K); T is the absolute temperature, K.

Assuming that the gas moves linearly in the pore structure of the coal body under
the pressure gradient, in accordance with Darcy’s law [19] and considering the effect of
gas gravity:

kg
= (Vp+p38VZ) )

where yi is the dynamic viscosity of the gas, Pa-s; Z is height, m; kg is the effective perme-
ability of gas in the coal seam, m?; g is the acceleration of gravity, m-s~2.

Bringing Equations (2)—(4) into Equation (1), we can obtain the continuity equation
considering the gas seepage during adsorption and desorption (coal body density change
is neglected):

RT

2+b d M,k M
2t aghgpe—— 5P ]M”’”}g svp(vr+ EHEvz) ~ ©)

ot pa RTu

Pa (1+bgp)?

(2) Cross-coupling Equation

The porosity of the coal seam is related to the state of stress to which it is subjected,
and the porosity is dynamically changing. The stress state directly affects what stage the
coal seam is in, and the porosity of the coal seam under the elastic stage and the plastic
stage is different when the coal seam containing gas is in the elastic deformation stage,

porosity ratio ¢, is [20]:
o, 1=¢o(, Ap
P =110, (1 1<5> ©)

where ¢y is the initial porosity; €, is the volume strain; Ap is the amount of gas pressure

change, Ap = p — po; K is the bulk modulus of the coal skeleton, MPa: Ks = ﬁ ;Eis

the modulus of elasticity of coal body, GPa; v is the Poisson’s ratio of coal seam.
When the coal seam containing gas is in the plastic strain strengthening stage, the

porosity is:

4>p=(¢m—4>e>(""_‘75)+4>e @)

Oc — 0s

where ¢y, is the porosity of the coal body when the load applied to it reaches its peak stress
0. (MPa); 0; is the stress intensity; o; is the yield stress.

In low permeability coal seams, gas seepage has a significant Klinkenberg effect. The
relationship between gas pore pressure and effective permeability is [21]:

b

ke = koo <1 + ) (8)
P

where ko is the absolute permeability, m?2; b is the Klinkenberg factor, Pa.

According to the seepage mechanics Kozeny—Carman equation, it can be deduced that
the ko Equation is:

3

1+ ¢ (PO K QDO (9)
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1+¢p

where kg is the initial permeability of the coal seam, m?.

The effect of porosity should be taken into account when calculating the Klinkenberg

factor [22]:
—053
b = 0.0995 <k(;°) (10)

Combining Equations (8) and (10), when the low permeability coal seam is in the
elastic stage, its effective permeability dynamic evolution Equation is:

€ _ Ap(l B ¢0) 3 0.0995 ko 1.47 £ Ap(l _ (PO) 3.47
"9 Ks¢o > Ty (1 +ev) <1 T KS(PO) (11)

According to the definition of porosity and considering the skeleton volume defor-
mation caused by the gas pressure change, the equation of porosity calculation for the
elastic stage of gas-containing coal rocks is obtained. Furthermore, the equation for the
dynamic evolution of effective permeability during the strengthening phase of plastic strain
is derived [23]:

Ii”% 4k, (12)
S

kp = (om —ke) o=

where k;, is the permeability of the coal seam when it reaches peak stress.
(3) Deformation control Equation

The coal seam containing gas is in stress equilibrium before drilling, and the me-
chanical equilibrium equation is obtained from the law of conservation of momentum, as
follows:

Tij j +F =0 (i,j =1, 2, 3) (13)

where 0ijj is the stress tensor, Pa; F; for volumetric forces, Pa.
According to the characteristics of deformation continuity, the geometric equation of
gas-containing coal seam is obtained as:

1
gjj = 5 (Mi/]' + M]‘/l') (14)

where ¢;; is the strain component; and u; ; and u;,; is the displacement component.

The coal seam skeleton is elastic—plastic, so the stress—strain relationship of the coal
body needs to be treated as a nonlinear material. The principal equation of the deformation
field adopts the elastic—plastic principal equation with incremental form as [21]:

d[U’l/]} = Dgpd&ij (15)

where O'Z-/ ; is the effective stress tensor of gas-containing coal, Pa; D, is the elastic—plastic matrix.
The Drucker-Prager plastic yielding criterion is used for the coal body, which is:

F=kh+]—k (16)

where [; is the first invariant of effective stress; |, is the second invariant of the effective
. . o 2sin ¢ _ 6Ccos¢p . s .
bias stress; k1 = V36sing)’ 2 = VaG_sng) is the coal body constant; C is adhesive power,
MPa; ¢ is the angle of internal friction, °.
The elastic—plastic matrix is expressed as:

Dep = Do — D, (17)

where D, is the elasticity matrix, D) is the plasticity matrix.
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2.2. Borehole Parameters

The modeling is based on the crossing borehole of the fourth gas control lane in the
west wing of the twelfth mine of the Ping Coal Group. A group of crossing boreholes
includes 18 boreholes with different design parameters. The control range of boreholes:
15 m outside the lower side contour of Hexa 15 Coal-31020 inlet lane to 64 m toward the
mining face of Hexa 15 Coal-31020 inlet lane upper side, 79 m in total. Hole depth: the
distance from the borehole opening to the borehole bottom 0.5 m above the coal seam roof.
The design parameters of the hole are shown in Table 1. The arrangement of pre-drainage
gas by the crossing borehole in the lower part of the Hexa 15 coal-31020 mining face is
shown in Figure 1.

Table 1. Borehole design parameters.

Inclination Diameter Azimuth Hole Inclination Diameter Azimuth Hole
Hole No. Angle amete Angle Depth Hole No. Angle Angle Depth
5 (mm) o o (mm) 5
©) ©) (m) ©) ©) (m)
1 146 89 214.5 53 10 87 89 34.5 20
2 144 89 214.5 48 11 74 89 34.5 20
3 141 89 214.5 43 12 61 89 34.5 22
4 137 89 214.5 39 13 50 89 34.5 23
5 133 89 214.5 35 14 41 89 34.5 25
6 127 89 214.5 30 15 33 89 34.5 29
7 119 89 214.5 28 16 28 89 34.5 33
8 109 89 214.5 25 17 23 89 34.5 36
9 96 89 214.5 21 18 19 89 34.5 40
620
~He, 7
Xa 15 COa/~3102\ e
630
640 Lig,
18
-650

West Wing Fourth Gas Control.Lane

-660

-670
Figure 1. Schematic layout of pre-drainage gas in the crossing borehole.

2.3. Model Parameters

The inclination angle of the coal seam is 15°, the size of the geometric model is
20 x 20 x 20 m, and the thickness of the coal seam is 4 m. To study the law of residual
gas pressure and effective radius in dip and strike, an observation line is selected along X
direction (coal seam dip) and Y direction (coal seam strike) in the center of the borehole.

When the boundary condition is set, the bottom boundary of the model is set as
a fixed constraint, the surrounding boundary constrains the horizontal movement, the
surrounding boundary loads the pressure of 6 MPa, and the upper boundary reloads the
pressure of 10 MPa according to the overlying rock. The initial gas pressure of the coal
seam is 2.0 MPa, the boundary around the coal seam is set as the initial gas pressure value,
and the negative pressure of the borehole is set to 15 kPa. The physical parameters of the
coal and rock seams are shown in Table 2.
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Table 2. Model physical properties parameter values.

Parameter and Unit Parameter Parameter and Unit Parameter
Value Value
Modulus of elasticity of coal 12 % 109 Friction angle of coal body, 3
body, E/(Pa) ’ /(%)
Poisson’s ratio of coal body, v 0.2 Rock Young’s modulus, 2.7 x 1010
E/(Pa)
Initial plfo n/e(t;e;t)l on rate, 5 x 10714 Poisson’s ratio of rock layer, v 0.17
Initial porosity, ¢g 0.0604 Rock density, pyan/ (kg/m?3) 2600
p Yr ¢ P Yr Py g
Maximum penetration rate, 13 Adsorption constants,
4. 1 14.1
Ko/ () 510 a5/ (m/kg)
. . Adsorption constants,
Maximum porosity, gm 0.0650 by /(1/MPa) 0.77
Den;lt}/, ((l)i;/(ﬁlg,])wdy’ 1500 Gas power viscosity, #/(Pa-s)  1.84 x 107
C
C"hesmé‘ /‘E;Z‘)’al body, 3 x 10 Gas density, og/ (kg/m®) 0.717

3. Results and Discussion
3.1. Simulating the Effect of Borehole Inclination and Engineering Practice

After 90 days of pre-drainage, residual gas pressure distribution of the coal body
around the drainage borehole under 6 inclination angles 6 is shown in Figure 2. The
drainage time is the same, but the effective area of gas drainage still has an obvious
difference. When the angle « between the borehole and the coal seam plane is smaller (such
as 0 = 19° and 146°), the area of gas pressure drop is wider. When the angle between the
two is larger (the borehole is nearly perpendicular to the coal seam), the area where the gas
pressure drops is narrower. The area in the coal seam where the residual gas pressure is
lower than 0.74 MPa is judged to be effective drainage. Figure 3 shows the profile of the
effective drainage area. When the angle « is small, the effective area for gas drainage is

larger in the cross-section of the coal seam.

A 2x10°

%108
2

1.8
1.6
1.4
1.2
1

0.8

0.6
0.4

0.2

0
WV -1.5x104

6=74° 6=87° 6 = 146°

Figure 2. Residual gas pressure distribution at different borehole inclination angles.
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= s ’\ = j+
0=19° | ' 0 =50° 0=61°
0=74° 0=-87° 0=146°

Figure 3. Profile of the drainage effective area.

There are differences in the effective radius of different borehole inclination angles
(9), as in Figure 4: The angles « between the middle boreholes and the coal seam plane are
larger, and the angles between the boreholes and the vertical component of the ground
stress on the coal seam plane are smaller, so it is less damaged by the vertical ground stress.
However, when « is smaller, the area of the borehole subject to vertical ground stress is
larger. At this moment, the coal body around the borehole is prone to shear deformation,
and the degree of fragmentation increases, and then the permeability increases, so it helps
to improve the drainage efficiency. Combined with Figure 2 and 3, when « is small, the
effect of gas drainage is better.

3.0 T T T T T T T
_ -4 2
R=3.26-0.07a+4.30%10 "«
254 R, extraction effective radius (] T
e a, borehole inclination

g
=}
1

Drainage effective radius (m)
5 o
1 1

o
3
1

00 T T T T T T T
0 20 40 60 80 100 120 140 160

Borehole inclination angles (°)

Figure 4. Effective radius varies with the borehole inclination angles.

As shown in Figure 5, the fitted curves of the drainage effective radius in X (dip
direction) and Y (strike direction) both show a “U” shaped trend of high at both ends
and low in the middle, but the curvature of X curve is obviously stronger than that of
Y. When the borehole inclination is perpendicular to the coal seam plane, the drainage
effective radii of X and Y are similar, and the change of effective radius per unit distance is
small. In general, the change in borehole inclination will have a significant effect on gas
drainage through the crossing borehole, and the effect is greater in the direction of coal
seam inclination.
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T T T T T T T

4 ® R,=5.08-0.11a+5.90x10 *¢®> | @ X-direction | |
@ Y-direction

Ry=1.49-0.02a+1.44x10~4¢?
@ Ry, Ry are the effective extraction radiuses
3 in the X and Y directions, respectively.
a, borehole inclination )

Drainage effective radius (m)

0 T T T T T T T
0 20 40 60 80 100 120 140 160

Borehole inclination angles (°)

Figure 5. Comparison of drainage effective radiuses in X and Y directions.

Figure 6 shows the results of six inner peeping holes under different borehole inclina-
tion angles. At 6 = 74° and 87°, the coal body around the boreholes was less fragmented
and only a small number of fractures were produced. When 6 = 19° and 146°, the coal
body around the boreholes appeared as a cross-section of layers (shear surface), which is
the cause of shear stress action and generates a large number of fractures. When 6 = 50°
and 61°, the internal fractures of the borehole were at an intermediate level. Therefore, the
results and thesis of Figure 4 are consistent with the actual engineering. The fragmentation
of the coal body around the boreholes causes the fracture development and the permeability
increases, which is favorable to gas drainage. The drainage effective radius is also increased
accordingly, which is consistent with the simulation results.

Figure 6. Peephole fracture development in holes with different inclination angles 6.

3.2. Effect of Borehole Diameter under Different Drilling Inclination

The laws of drainage effective radius are studied for the same coal seam inclination
and borehole diameters of @ = 63 mm, 94 mm, and 125 mm, respectively. The laws of
residual gas pressure in X and Y directions for different borehole diameters at several
typical borehole inclination angles are shown in Figure 7. The residual gas pressure
increases exponentially as a function of distance, i.e., P = Py — Ple‘x/ B, where P is the
residual gas pressure, Py and P; are fitting constants, x is the distance from the borehole
center, and B is the residual gas pressure decay coefficient. As the borehole diameter
increases, the residual gas pressure decay coefficient 3 values of X and Y both increase. The
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residual gas pressure decreases with increasing borehole diameter, which corresponds to
the algorithm of residual gas pressure decay coefficient §, but a is smaller (6 = 19°, 119°),
and the residual gas pressure is lower than the pressure at other borehole inclination angles.
The gas pressure distribution characteristics in X and Y directions are similar and positively
correlated, and in general, the residual gas pressure distribution characteristics are similar
for different borehole diameters.
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L |
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Figure 7. Variation of residual gas pressure with distance under different borehole diameters.
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The drainage effective radius under different borehole diameters is given in Figure 8.
At the same borehole inclination angle, the effective radii in both X and Y directions increase
with the increase in borehole diameter, and the change characteristics of the fitted curves of
effective radius under three different borehole diameters are similar. For example, when
6 = 19° and the borehole diameter is 63 mm, the widths of drainage effective area in X and
Y directions are 1.84 m and 0.96 m, respectively; when the borehole diameter is 94 mm,
the values are 2.22 m and 1.16 m, respectively; when the borehole diameter is 125 mm, the
values are 2.60 m and 1.35 m, respectively.

2.0

4

Drainage effective radius (m)

Borehole inclination angles (°)

® ®=63mm ® ®=63mm -4 2
© @=94mm | Ri»=3.89-0.090+6.65x107%2 © ®=94mm | R155=1.78-0.030+1.87x10"a
= — - -4 2
® ¢=125mm R94:3.56—0A09a+6.19><10_4a2 £ ® @=125mm | R,,=1.49-0.020+1.55x10" "¢
3 0 -4 2
Rg;=3.05-0.080:+5.41x10™ 42 ‘?: = Rg3=1.24-0.020:+1.31x10"a |
o ©
s [}
/ 2
8
=
(0]
4 S0 .
(]
£
o
a
. - . 05 : : :
40 80 120 160 0 40 80 120 160

Borehole inclination angles (°)

(a)X-direction (b)Y-direction

Figure 8. Drainage effective radius under different borehole diameters in X and Y directions.

As shown in Figure 8a,b, when the borehole direction is close to the vertical ground
stress (« is larger), the value of the drainage effective radius in the X direction is close to
Y. At this time, increasing the borehole diameter, the effective radius increment is small
and expanding the diameter of the borehole has little effect on drainage. So if « is larger,
small diameter boreholes can be taken. When o is small, the borehole is subject to vertical
ground stress, and expanding the borehole diameter can significantly increase the effective
radius. Therefore, when the inclination of the borehole varies, a suitable borehole diameter
can be used to achieve economic and effective gas drainage.

3.3. Spatial and Temporal Evolutionary Characteristics of the Drainage Effective Radius

The effect of pre-drainage time on the drainage effective radius was studied, with data
recorded at 10-d intervals from 0 to 90 days. Borehole inclination angles were set to 50°,
61°,87°, and 119°. As shown in Figure 9, with the borehole as the center of the circle, the
observation radius is 10 m. The gas pressure curves show similar decreasing changes with
increasing time gradient of 10 d. However, the gas pressure reduction decreases with time,
and the gas pressure curves after t = 50 d are very similar. The results of the field test based
on the flow rate of the borehole in the literature [24] show that the drainage effective radius
tends to level off after a certain moment. The results of this paper are consistent with the
above phenomenon.

As shown in Figure 10, the drainage effective radius increases with time. Figure 11
plots the variation of the increase in the drainage effective radius (increment over the
previous node) at different time nodes. The increment fluctuates at = 119° and t = 30 h,
but overall, the increment of effective radius at the previous time node is greater than that at
the latter one. The increment of effective radius tends to 0.0038 with increasing pre-drainage
time and no longer shows significant fluctuations. After t = 80 d, the increment of effective
radius hardly changes and it is close to 0. There exists a reasonable range of pre-drainage
time for the borehole, when below the lower boundary of time, the gas pressure does
not drop below 0.74 MPa. When exceeding the upper boundary, the economic efficiency
of drainage is low. In practical engineering, it is important to determine the reasonable



Sustainability 2023, 15, 2485

11 0f 14

pre-drainage time of the borehole for the alternate work of mining and excavation the
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4. Conclusions

To investigate the influence of the design parameters of the crossing borehole on
the gas drainage radius, this paper studies the influence of borehole inclination angle,
borehole diameter, and pre-drainage time on the drainage effective radius. The results of
the simulations are mutually verifiable and have been validated in engineering practice,
with the following conclusions:

(1) Borehole inclination angle has a significant influence on the drainage effective radius.
When the angle a between the borehole and the coal seam plane is small, The vertical
component of the ground stress on the coal seam plane has a larger area of action on
the boreholes. It is easy to produce shear deformation in the coal body around the
boreholes and the degree of fragmentation increases. At this time, the permeability of
the coal body near this borehole increases and the drainage effective radius increases.

(2) The drainage effective radii are different in the dip and strike directions of the seam (X
and Y directions). When « is smaller, the drainage effective radius in the dip direction
is usually wider. When « is larger (maximum when vertical), the effective radii in the
dip and strike directions are nearly equal.

(8) In general, the drainage effective radius increases with the increase in borehole diam-
eter, but there are differences in the effective radius increment at different borehole
inclination angles. When « is larger, the borehole diameter increases but the effective
radius increment is small, and the influence of borehole diameter on gas drainage is
small at this time. When « is smaller, expanding the borehole diameter can signifi-
cantly increase the effective radius.

(4) The drainage effective radius increases with time, and the fitted curve has a negative
exponential relationship and gradually slows down and converges to a certain value.
The increment of effective radius is less affected by time after t = 60 d, and the
increment is close to 0 after t = 80 d. The residual gas pressure curve is very close after
t =50 d, so there is a reasonable interval of time for pre-drainage gas.
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