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ABSTRACT: To prevent the gas over limit in the upper corner of
the 215101 working face of the Yue Nan coal mine, a numerical
simulation method was used to analyze the gas concentration in the
upper corner of the working face at different air intake volumes and
mining velocities. The research results show that the gas
concentration in the upper corner is 0.78, 0.52, 0.39, and 0.32%
when the wind speed of the intake airflow roadway is 1, 1.5, 2, and
2.5 m/s, respectively, and an optimal wind speed of the intake
airflow roadway is selected as 2 m/s. When the wind speed of the
intake airflow roadway is 2 m/s, the working face mining velocity is
1,2, 3, and 4 m/d, and the gas concentration in the upper corner is §
0.27, 0.39, 0.58, and 0.83%, respectively, and an optimal working
face mining velocity of 3 m/d is selected. Under the optimal mining
conditions, the working face wind leakage area is divided, with 0~30 m of the working face as the main leakage area and 150—180 m
as the wind flow compensation area. According to the wind speed in the gob, the wind flow disturbance area is divided, the gob 0—
50 m is the wind flow intense disturbance area, which is the main area of the upper corner gas source; the gob 50—62 m is the wind
flow medium disturbance area, which is the secondary area of the upper corner gas source; the gob 62—75 m is the slight disturbance
area, which has less influence on the upper corner gas concentration; the gob after 75 m is the wind flow undisturbed area, and the
upper corner gas concentration is almost unaffected by it.
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1. INTRODUCTION

China’s coal seam geological conditions are complex;
production conditions are poor, and there are many kinds of
disasters; gas disasters and mine fires are the main disasters that

used numerical simulation software and a self-built experimental
platform to simulate the influence of different air intake volumes
on the upper corner on the working face and the gas distribution
in the gob and summarized the gas concentration distribution

affect coal mine safety,l*4 and gas aggregation and overlimit at
the working face are necessary conditions that cause gas disasters
in coal mines. China’s well mining operations are mainly long-
wall mining. Most of the working face is U-shaped ventilation;
wind flows from the intake airflow roadway into the mining
working face; a part of the wind flows over the working face,
through the return airflow roadway; another part of the wind
flows into the gob, resulting in the accumulation of gas in the
gob, and a part of the wind flows after mass exchange from the
upper corner and gushes out, resulting in the upper corner gas
over limit.” Once the gas in the upper corner exceeds the limit, it
may lead to spontaneous gas combustion, gas explosion, and
other mine disaster accidents, which is a serious threat to the safe
operation of the underground.

Alarge number of scholars have conducted a lot of research on
the management and prevention of mine gas disasters and mine
fires. The exchange of the wind flow between the working face
and the gob is one of the main reasons for the occurrence of two
kinds of disasters, so the study of the amount of the air intake in
the working face and the ventilation is essential. Wang et alo™®
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law by analyzing the simulation results: the larger the air intake
volume, the lower the gas concentration in the upper corner on
the working face; different air intake volumes have different
effects on different locations in the gob, and the shallow part of
the gob is more affected by the wind speed, while the deep part
of the gob is almost not affected by the wind speed. Some
scholars believe that the change of the ventilation mode will lead
to the change of gas distribution in the gob through numerical
simulations””~"* and field measurements'* compared with U-
type, U + L-type, Y-type, and Y + L-type ventilations, and
through a comparison, they found that Y-type and U + L-type
ventilations can effectively manage the upper corner gas over
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limit problem; at the same time, the change of the ventilation
mode brings some problems; Y-type ventilation leakage
compared with the U-type ventilation leakage area is larger;
the gob oxidation warming zone range is wider; as the U + L
digging volume increases, it will cause workload increase and
mining relationship imbalance. Zheng et al.">~"" conducted
similar simulation experiments through a self-built experimental
platform to simulate the effect of the presence or absence of a
heat source on the gas concentration in the gob and concluded
that the magnitude of gas concentration variation in the gob
decreases with increasing distance from the high-temperature
point vertically based on the measured point data, proving that
temperature is the main factor affecting the change in gas
concentration and gas accumulation in the gob.

In order to ensure safe and efficient mining, it is of utmost
importance to study how to manage the gas over limit in the
upper corner of the working face. The gas over limit in the upper
corner of the gob is caused by the air leakage from the working
face carrying out the gas in the gob, so the study of the air leakage
from the working face and the gas distribution in the gob is
necessary to prevent the gas over limit in the upper corner. Chen
et al.'®"” analyzed the wind flow transport characteristics by
numerical simulations and similar simulation experiments, and
the study showed that the larger the amount of wind leakage into
the gob, the greater the explosion potential of the gob.
Therefore, the air leakage area of the working face and the
contact surface of the gob is divided, and the air leakage area is
protected against wind leakage to effectively prevent the
occurrence of spontaneous combustion of coal left in the gob.
Wang et al”’ measured the gas concentration at different
locations of the gob by arranging measurement points in the
field, analyzed the gas distribution law in the gob according to
the measurement results, and explored the gas gushing
mechanism in the gob. Through gas extraction in the gob, the
gas concentration in the gob can be reduced, which can
effectively prevent the gas over limit in the upper corner of the
working face. In order to prevent the upper corner gas over limit,
some scholars have analyzed the upper corner gas concentration
and the gas concentration in the §ob on the working face under
different extraction positions,m’2 extraction volumes,>>** and
extraction angles™ through numerical simulations”**” and field
measurements”” and selected the optimal extraction position
and compared the upper corner gas concentration and the gas
concentration in the gob before and after extraction, which
proved that the extraction can better solve the problem of gas
over limit in the upper corner of the working face and has a
significant effect on the gas management in the gob. From the
above research, it can be seen that the results obtained by field
measurements and the results obtained using numerical
simulation software are in good agreement for mine gas research.

The above studies, whether numerical simulations or similar
simulated experiments, have conducted useful exploratory
studies on the gas gushing characteristics of the upper corner
of the gob and working face according to different actual
working conditions and geological conditions. However, some
scholars have only studied the wind flow, or most of the gas
studies have analyzed the gas gushing characteristics of the gob,
while the analysis of the gas gushing characteristics of the upper
corner is not clear enough. Therefore, in this paper, on the basis
of previous research, using FLUENT software to simulate the
effect of different inlet air volumes and working face advance-
ment speeds on the gas gushing from the upper corner of the
215101 back mining workings, we compare the simulation

results and select the air intake volume and mining velocity for
the Yue Nan coal mine to ensure that mining is carried out safely
and efficiently. In addition, we also study the effect of the wind
flow and gas transport in different areas of the gob on the gas
gushing out from the upper corner under such conditions and
verify the simulation results by measuring the gas concentration
in the upper corner and return airflow roadway during the actual
mining process so as to provide some theoretical reference for
the working face under similar mining conditions.

2. MODEL CONSTRUCTION AND MESHING

2.1. Overview of the Experimental Mine. The Yue Nan
coal mine is located in Dananzhuang village, 26 km northwest of
Jincheng City, Shanxi Province. The mine is a high gas mine with
a maximum absolute gas gush of 19.06 m*/min and a maximum
relative gas gush of 7.55 m*/t. The well field covers an area of
11.6582 km? the strata are generally gentle, with dip angles
between 2 and 7°, generally around 4°, and the no. 15 coal seam
is currently being mined. The mine is arranged with one
comprehensive mining once mining full height working face,
equipped with two comprehensive mechanized digging working
faces, with a production capacity of 1.2 million tons/year.

The gas content of the no. 15 coal seam in the Yue Nan coal
mine is high in the northwest and low in the southeast; the
maximum gas content is 5.68 m3/t in the first gob, 4.61 m’/tin
the second gob, and 7.46 m3/t in the third gob. The coal seam
thickness is 2.89—4.51 m, with an average of 3.26 m; the
stopping line is 50 m east of the wind tunnel; the strike length is
516 m in the stopping line, and the length of the open cut is 180
m. The average thickness of the coal seam is 3.26 m, which
generally contains 0—4 layers of gangue, and the structure of the
coal seam is simple. The lithology of the top plate of the coal
seam is K2 tuff; the lithology of the bottom plate is mudstone,
aluminous mudstone, and sandy mudstone. The upper distance
from the no. 9 coal seam is 34.02 m; the thickness of the coal
seam is 3.26 m, and the structure of the coal seam is simple-
complex, and it is a stable area-wide mineable coal seam; the
distance from the no. 13 coal seam is 14.78 m, and the thickness
of the coal seam is 0.38 m, and it is an unmineable coal seam.
The coal seam column diagram is shown in Figure 1.

The gas gushing out from the working face mainly consists of
coal relic gas gushing out from the gob, gas gushing out from the

iﬁr‘ﬁier Rock stratum name disct?iltl)llrllsil(l)n dg;;\i?;) thicli‘:g’sesr(m
o Sandy mudstone iR 24708 2005
9 9# Coal seam 448.11 1.02
10 Sandy mudstone i 455.88 7.77
11 Siltstone - 46697 | 11.09
12 13# Coal seam 467.35 0.38
13 Sandy mudstone SR 472,69 534
14 Limestone H fy 481.82 9.13
15 Mudstone 482.13 0.31
16 15# Coal seam 486.13 4.00
17 Mudstone 490.82 4.69

Figure 1. Integrated bar chart.
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Figure 2. Changes of interface parameters with different mesh numbers.
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neighboring layer, and gas gushing out from the neighboring
working face, and the gas gushing out is calculated according to
the method of predicting the gas gushing out from separate
sources, and the maximum absolute gas gushing out from the
working face is 6.17 m®/min; the gas gushing out from the
neighboring layer is 2.41 m®/min; the gas gushing out from the
neighboring working face is 3.24 m®/min, and the total gas
outflow is 11.84 m>/min.

2.2. Mathematical Modeling of the Gob. The wind flow
in the gob follows the law of conservation of mass and the law of
momentum equations in the three-dimensional (3D) model.

Equation of mass conservation

dp L d(pu) N d(pv) 4 dpw) _

0
ot Ox dy 0z (1)
dpu)  dpv)  dpw) _
ox dy 0z (2)
o(nu) N o(nv) N o(nw) —0
Ox dy (074 3)

where p is the density of the fluid in porous media, kg/ m?; tis the
time, s; n is the porosity, a dimensionless coeflicient; and u, v,
and w are the vector components of the fluid along the «, y, and z
coordinate axes, respectively.

Momentum equations

d(puu) N d(puv) N d(puw)
Ox dy 0z

a( au) d du a(du) op
= —|u—|+ —|p=— |+ —|u—| - = +5
ox\ Ox ay\ oy oz\ oz Ox
4)

where p is the pressure acting on the surface of the microelement
of the porous medium, Pa; p is the density of the fluid, kg/m?; tis
the time, s; y is the aerodynamic viscosity in the porous medium,
Pa-S; and S is the generalized source term of the fluid in the flow
process, respectively.

2.3. Assumptions for the Construction of the Physical
Model of the Gob. In the actual mining process, the
environment of the gob is very complex, so for the purpose of

analysis, idealized assumptions are made for the working face,
the roadway, and the gob. The specific assumptions are as
follows.

(1) The gob is treated as homogeneous for each multiair
medium, and the inlet and return roadways, working face,
and gob are considered as hexahedra for physical
modeling.

(2) Itis assumed that the gas mixture consisting of air and gas
inside the gob is an incompressible ideal gas.

(3) The simulation process does not consider the effect of
temperature, humidity, pressure, and other factors on gas.

(4) Assume that only gas gushes out from the gob, and no
chemical reaction occurs between the gas components.

(5) Assume that the gas in the fracture zone is uniformly
distributed.

(6) The coal seam dip angle is small, and it is assumed that the
coal seam is horizontal.

(7) Assume that the wind flow is turbulent in the inlet and
outlet alleys and working face, and the wind flow inside
the gob is laminar flow.

2.4. Physical Model Construction and Meshing of the
Gob. The average mining height of the 215101 working face of
the Yue Nan coal mine is 3.26 m, and the height of the fallout
zone in the gob is calculated according to the following empirical
formula.

_ m
" (kp — I)cos a (s)
1
1.6m + 3.6 (6)

where m is the thickness of the mined coal seam, m; k; is the rock
fragmentation and swelling characteristics, a dimensionless
coeflicient; and « is the dip angle of the coal seam, °.

The physical model is constructed according to the actual size
of the gob of the 215101 working face of the Yue Nan coal mine,
with a strike length of 300 m, a tendency length of 180 m, an
average mining height of 3.26 m, a caving band height of about
15 m according to eq 5, and a slit band height of about 30 m
according to eq 6. The working face adopts a U-shaped
ventilation system; the length of the intake and return airflow
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roadway is 20 m, the width is 4 m, and the height is 4 m, and the
length of the working face is 180 m, the width is S m, and the
height is 4 m.

Different grid sizes were set to divide the physical model, and
four grid quantities were divided into physical models with grid
quantities of 573198, 823596, 1043657, and 1342985, and the
average grid quality was above 0.95. The four grid quantities
were tested for irrelevance, and the pressure and velocity
measurement lines were set in the center of the working face, and
the results of the preliminary simulation under the same
conditions are shown in Figure 2.

As can be seen from Figure 2, after the number of grids
exceeds 1043657, the pressure and velocity distributions of the
working face in the simulation results are less affected by the
number of grids, and the calculation results tend to be stable
after the number of grids increases to a certain degree; taking
into account the calculation time and numerical simulation
errors, the grid size of the inlet and return airflow roadway and
working face is set to 0.5 m; the grid size of the caving band is 1
m, and the grid size of the slit band is 2 m, and a total of 1043657
grids and 1129165 nodes. The physical model and grid division
of the gob are shown in Figure 3.

Figure 3. Physical model and meshing of the gob.

3. MODEL OF GAS RELEASE AND TRANSPORT IN THE
GOB

3.1. Permeability Distribution Pattern in the Gob. The
porosity distribution in the U-shaped ventilated gob is in
accordance with the “O”-shaped circle distribution law.*”*’
Along the strike direction, as the distance increases from the
working face, the smaller the porosity of the gob, which finally
tends to stabilize; along the tendency direction, due to the
influence of the cantilever beam structure, the porosity is larger
at the location of the incoming and outgoing wind tunnels in the
gob, and the porosity gradually decreases from both sides of the
gob to the middle and finally tends to stabilize; along the vertical
direction, the porosity gradually increases from the bottom to
the top of the gob.

We take the bottom of the intersection interface between the
retrieval working face and the gob as the coordinate origin and
set the direction extending deeper into the gob as the positive
direction of the x-axis and the upward direction along the
retrieval working face as the positive direction of the y-axis.
According to theoretical and field experience analyses, the
porosity in the gob and the working face distance relationship is
shown in eq 7.

n, = 02e” %% 4 01 )

where n, is the porosity of the gob along the x-axis direction and
x is the coordinate value of the x-axis at a point in the gob, m.

The porosity variation coefficient along the y-axis direction is
related to the y-axis coordinate value as shown in eq 8.

(e_o'lsy + 1), y<L/2
n =
y _ _
(e 0IS(L=y) 4 1),y>L/2 (8)

where 1, is the coefficient of variation of porosity along the y-axis
direction; L is the length of the retrieval face, m; and y is the
value of the y-axis coordinate of a point in the gob, m.

The porosity variation coeflicient along the z-axis direction is

related to the z-axis coordinate value as shown in eq 9.
n, = 1.05° 9)

where 7, is the coefficient of variation of porosity along the z-axis
direction and z is the coordinate value of the z-axis at a point in
the gob, m.

Equations 7—9 can be multiplied together to obtain the
porosity distribution relationship within the gob. The expression
of the distribution function is*"**

n(x, y, z) =

(0.2¢7%3% 4 0.1)(e™™¥ + 1)01.05%, y
<L/2

(02729223 4 0.1)(e™ 50 4 1)e1.057, y
>L/2 (10)

where n(x,y,z) is the porosity, a dimensionless coefficient, and L
is the length of the working face, m.

Equation 10 is brought into the Blake—Kozeny ec;uation to
obtain the formula for the permeability of the gob.***

K ) Dy n(x,y,2)°
x,9,z)=— "
P T IS0 = nx, y, 2 (11)

where k(x,y,z) is the permeability, m? and Dj is the average
particle size of the collapsed rock in the gob, taken as 250 mm.

The porosity distribution of the gob is optimized according to
eq 10 of the porosity distribution of the gob, combined with the
actual measurement data, and constructed in MATLAB, as
shown in Figure 4.

According to the porosity distribution eq 10 of the gob,
combined with the following formula, the coeflicient of viscous

0.5~

0.4 -

0.3

0.2 -

porosity

0.1 4

0
200

o 1500 T __— 300
N, >~ _—
) o 100 o 200 ()

l/"l;g \ >

Figure 4. Distribution of porosity in the gob.
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resistance and the inertial resistance coefficient of the gob can be
calculated.

_ 115010 = n(x, y, 2P
! k(xx Vs Z) D; ”(x; ) 2) Z)3 (12)
c - 3.5[1 — n(x, y, )T
: DPn(xi Vs Z)3 (13)

where C, is the coefficient of viscous resistance, equal to the
reciprocal of permeability, a dimensionless coefficient; C, is the
coefficient of inertial resistance, a dimensionless coeflicient;
k(x,y,z) is the permeability, m?; Dy is the average particle size of
the collapsed rock in the gob, mm; and n(x,y,z) is the porosity of
the gob, a dimensionless coefficient.

3.2. Gas Dispersion Pattern in the Gob. The rate of relic
coal gas gushing from different depth locations in the gob is
different, and its formula®” is

q(y) = ae™0" (14)

where a is the initial strength of coal gas gushing out from the
gob, m?/min; b is the attenuation coefficient of coal gas gushing
out from the gob, min~}; y is the distance of coal gushing out
from the working face, m; and v is the average mining velocity of
working face, m/d.

3.3. Conservation Control Equation Parameters. The
source term part of the control equation in FLUENT
hydrodynamic numerical simulation software is modified by a
user-defined function (UDF), a custom function, specifically
using the DEFINE_PROFILE macro and DEFINE_SOURCE
macro, and the settings of the porosity distribution, viscous
resistance coefficient, and inertial resistance coefficient in the
gob are adopted from the DEFINE_PROFILE macro, and the
settings of the gas gushing source and oxygen dissipation in the
gob are adopted from the DEFINE_SOURCE macro.

The air flow process in the working face and the intake and
return airflow roadways is solved by the N—S equation system
using the RNG k—e model, and the low Reynolds number flow is
carried out in the gob, so the differential viscosity model is used.
The SIMPLE algorithm is used for pressure coupling, and the
pressure discrete term is in PRESTO! Order upwind to improve
the convergence accuracy.

3.4. Physical Parameter Setting and Boundary
Condition Setting. In order to ensure the safe and efficient
mining of the 215101 working face, according to eq 14, the
absolute gas gushing out from the caving band and slit band is
compiled by UDF and imported into FLUENT; the natural gas
gushing out is measured by field sampling, and the natural gas
gushing out is measured at different times, and regression
analysis is performed according to eq 14. As shown in Figure S,
the initial intensity of gas gushing out from the gob is found to be
0.015 m®/min, and the attenuation coefficient of gas gushing
from the gob is 0.002 min~!. The void ratio, viscous resistance,
and inertial resistance are compiled according to eqs 10, 12, and
13 for UDF and imported into FLUENT. The wind speed is
selected as 1, 1.5, 2, and 2.5 m/s according to the similar working
face, and the mining velocity is selected as 1, 2, 3, and 4 m/d,
simulated by FLUENT numerical simulation software, and the
parameter design is shown in Table 1.

0.015 (=
0.014 N

0.013 N

0.012 |

0.011 | .

0.01 [

Gas emission quantity (m?/min)
/

0.009 * * . * -
0 50 100 150 200 250 300

Distance from working face (m)

Figure S. Gas emission quantity.

Table 1. Physical Parameter and Boundary Condition Setting

parameter

parameter name setting
initial strength of gas gushing from the gob/(m®/min) 0.015
attenuation coefficient of gas gushing out from the 0.002

gob/min™!

average thickness of coal left in the gob/m 0.3
wind speed of the intake airflow roadway/(m/s) 1/1.5/2/2.5
mining velocity of the working face/(m/d) 1/2/3/4
absolute gas gush from the slit band/(m?/min) UDF
absolute gas gush from the caving band/(m?®/min) UDF
porosity, viscous resistance, inertial resistance UDF

4. NUMERICAL SIMULATION RESULTS AND
ANALYSIS

4.1. Influence of the Wind Speed of the Intake Airflow
Roadway on the Gas Distribution in the Gob. In order to
get the optimal wind speed of the 215101 working face of the
Yue Nan coal mine, the gas distribution in the gob and upper
corner of the working face at different wind speeds of the intake
airflow roadway was studied by using the unique variable
method, in which only the wind speed of the intake airflow
roadway was changed without changing other conditions. The
above conditions were used for numerical simulations, and the
simulation results were processed by CFD-Post software, and
the gas concentration was analyzed by intercepting the plane of
the gob at a height of 2 m, as shown in Figure 6.

Comparing with Figure 6, it can be seen that the gas
distribution law in the gob is generally consistent, but as the
wind speed of the intake airflow roadway gradually increases
from 1 to 2.5 m/s, the wind flow from the working face into the
gob gradually increases. Along the strike direction, the gas
concentration on the inlet side gradually decreases, and the gas
concentration on the return side changes less; along the
tendency direction, the gas concentration in the gob 0—80 m
changes less, the gas on the inlet side in the gob 80—200 m
decreases as the wind speed increases, and the gas concentration
on the return side changes less. With the increase of wind speed
and decrease, the gas concentration on the return side changes
less; after 200 m in the gob, the wind flow is slow, and the gas
concentration basically remains stable.

When the wind speed of the intake airflow roadway was 1, 1.5,
2, and 2.5 m/s, the gas concentration in the upper corner of the
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Figure 6. Distribution of the gas concentration in the gob at different wind speeds. (a) Gas concentration distribution in the gob at 1 m/s wind speed.

(b) Gas concentration distribution in the gob at 1.5 m/s wind speed.
concentration distribution in the gob at 2.5 m/s wind speed.

(c) Gas concentration distribution in the gob at 2 m/s wind speed. (d) Gas

working face was 0.78, 0.52, 0.39, and 0.32%, respectively. The
gas concentration in the upper corner decreased by 0.26% when
the wind speed of the intake airflow roadway increased from 1 to
1.5 m/s; the gas concentration in the upper corner decreased by
0.13% when the wind speed of the intake airflow roadway
increased from 1.5 to 2 m/s; the gas concentration in the upper
corner decreased by 0.07% when the wind speed of the intake
airflow roadway increased from 2 to 2.5 m/s. In summary, it can
be seen that the greater the wind speed of the intake airflow
roadway, the lower the upper corner gas concentration on the
working face, which is conducive to the upper corner gas
management on the working face, but in practice, we should
consider the impact of the wind speed on the staft in the working
face and various factors of economic benefits, so the wind speed
of the intake airflow roadway set to about 2 m/s is more
appropriate.

4.2. Influence of the Mining Velocity on the Gas
Distribution in the Gob. In order to get the most suitable
mining velocity of the 215101 working face of the Yue Nan coal
mine, the gas distribution in the gob and upper corner of the
working face at different mining velocities of the working face

was studied. Under the condition that other factors remain
unchanged, only the mining velocity is changed so that the gas
distribution in the gob can be studied. According to the study of
the gas concentration distribution in the gob at different mining
velocities, the wind speed of the intake airflow roadway is set to 2
m/s, and the mining velocity of the working face is set to 1, 2, 3,
and 4 m/d, respectively in the UDF. A numerical simulation is
carried out using the above conditions, and the simulation
results are processed by CFD-Post software, and the gas
concentration is analyzed by intercepting the plane of the gob at
a height of 2 m, as shown in Figure 7.

Comparing with Figure 7, it can be seen that the gas
distribution in the gob is basically the same but with the increase
of mining velocity, the gas gushing from the gob increases,
resulting in the increase of gas concentration in the gob. In the
case of a fixed wind speed of the intake airflow roadway, the wind
flow affects the same area; the wind flow from 0 to 70 m in the
gob has a greater impact on the gas concentration in the gob, and
the increase in mining velocity has a lesser impact on the gas
concentration in the gob; the wind flow from 70 to 150 m in the
gob has a lesser impact on it, and the increase in mining velocity
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Figure 7. Distribution of the gas concentration in the gob under different mining velocities. (a) Gas concentration distribution in the gob at 1 m/d
mining velocity. (b) Gas concentration distribution in the gob at 2 m/d mining velocity. (c) Gas concentration distribution in the gob at 3 m/d mining
velocity. (d) Gas concentration distribution in the gob at 4 m/d mining velocity.

leads to an increase in gas concentration outflow, resulting in an
increase in gas concentration on the return side; after 150 m in
the gob, the wind flow has almost no influence on it, the gas
gushing out in the extraction area increases, and the wind flow
cannot carry out the gas, resulting in the internal gas gathering
and the gas concentration increasing,

When the mining velocity of the working face is 1, 2, 3, and 4
m/d, the gas concentration in the upper corner is 0.27, 0.39,
0.58, and 0.83%, respectively. When the mining velocity
increases from 1 to 2 m/d, the upper corner gas concentration
on the working face increases by 0.12%; when the mining
velocity increases from 2 to 3 m/d, the upper corner gas
concentration on the working face increases by 0.19%; when the
mining velocity increases from 3 to 4 m/d, the upper corner gas
concentration on the working face increases by 0.25%. In
summary, it can be seen that as the working face mining velocity
increases, the upper corner gas concentration on the working
face increases, which is not conducive to the upper corner gas
management, but in actual production, considering mechanical
equipment, staffing, mine safety, and other factors, the working
face mining velocity should be about 3 m/d.

4.3. Analysis of the Flow Field in the Gob. According to
the above parameters’ selection, the wind speed of the intake
airflow roadway is set to 2 m/s, that is, the air intake volume is
1920 m®/min, and the working face mining velocity is 3 m/d,
and the flow field of the gob is simulated, and CFD-Post and
Tecplot software are used to process the simulation results, as
shown in Figures 8—10.

Figure 8 shows the pressure cloud map of the gob. As seen
from the figure, the air pressure near the intake airflow roadway
in the gob is greater than the air pressure near the return airflow
roadway; the highest point of air pressure at the working face is
located at the lower corner, and the lowest point is located at the
upper corner, and the pressure gradient on both sides of the
working face is the largest, and the pressure difference is the
reason for the formation of the wind flow, so the air leakage area
in the gob is mainly at the lower corner of the working face, and
the return area is mainly at the upper corner of the working face.

Figure 9 shows the wind flow line diagram of the gob. As
shown in the diagram, the wind leakage area is in the front half of
the working face; the main leakage area is concentrated in the
lower corner of the intake airflow roadway; most of the leakage
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Figure 8. Pressure distribution of the working face and gob.

Figure 9. Flow line of the working face and gob.

wind flow flows into the caving band and flows to the depth of
the gob; a small part of the leakage wind flow flows into the slit
band through the caving band; the return wind area is in the
upper corner of the return airflow roadway and the back half of
the working face, mainly in the upper corner of the return airflow
roadway. From the air leakage of the working face shown in
Figure 10, we can see that the air leakage of the working face is at
0—90 m of the inlet side of the working face; the total air leakage
is 1036.57 m*/min, accounting for 53.99% of the total air intake
volume, in which the air leakage is more concentrated at 0—30 m
of the working face; the air leakage is 806.86 m®/min, accounting
for 77.84% of the total air leakage; the wind flow gathering area
of the working face is mainly at 90—180 m of the working face,
mainly concentrated at 150—180 m of the working face; the
return air volume is 790.88 m>/min, accounting for 76.30% of
the total return air volume.

The occurrence of a disaster in the gob is due to the formation
of a certain disturbance effect between the working face and the
gob during the exchange of the wind flow. When the disturbance
is small, no disaster will occur in the gob, and when the

disturbance reaches a certain degree, a disaster will occur in the
gob. When the wind speed is less than 0.00167 m/s, it can be
regarded as no wind leakage.*® The wind flow disturbance area is
divided according to the wind speed size, and the wind speed less
than 0.00167 m/s area is defined as the wind flow undisturbed
area; the wind speed of 0.00167—0.00260 m/s area is defined as
the wind flow slightly disturbed area; the wind speed of
0.00260—0.00400 m/s area is defined as the wind flow
moderately disturbed area; the wind speed greater than
0.00400 m/s area is the wind flow strongly disturbed area.
From the wind velocity distribution map in Figure 10, it can be
seen that along the strike direction, the lesser the distance to the
working face, the greater the wind velocity; the 0—50 m range of
the gob belongs to the wind flow strongly disturbed area; the
wind velocity is larger, and the wind flow carries more gas from
the gob, which is the main area of the upper corner gas source on
the working face. The 50—62 m range of the gob belongs to the
wind flow moderately disturbed area; the wind velocity is lower,
and the wind flow carries less gas from the gob, which is the
secondary area of the upper corner gas source on the working
face. The 62—75 m range of the gob belongs to the wind flow
slightly disturbed area; the wind velocity is weak, and the wind
flow carries a small amount of gas, which has less impact on the
upper corner gas concentration on the working face. After 75 m
of the gob is the wind flow undisturbed area, this area is not
affected by the wind flow, and the upper corner gas
concentration is almost not affected by this area.

4.4. Gas Distribution Pattern and Analysis in the Gob.
We set the wind speed of the intake airflow roadway to 2 m/s
and the working face mining velocity to 3 m/d; other parameters
remain unchanged. The gas distribution in the gob is simulated,
and the gas distribution in the gob is shown in Figures 11 and 12.
Also, extract gas concentration data inside the gob are shown in
Figures 13—18.

From the distribution of the gas concentration in the gob,
along the strike direction, as shown in Figure 13, it can be seen
that the gas concentration on the inlet side gradually increases
from 0 to 1.58% with the increase of the depth of the gob, and
the gas concentration on the return side gradually increases from
0.58 to 8.90% with the increase of the depth of the gob; both
tend to stabilize in the deep part of the gob, mainly because the
wind speed gradually decreases when the working face reaches
the deep part of the gob, and the influence on the gas gradually
weakens. Along the tendency direction, as shown in Figure 14,
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Figure 10. Distribution of the air leakage and wind speed at the working face.
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Figure 13. Gas concentration in the gob along the strike direction.
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Figure 14. Gas concentration in the gob along the tendency direction.

the gas concentration in the shallow part of the gob gradually
increases from 0 to 0.58% from the inlet side to the return side,
and the gas concentration in the deep part of the gob gradually
increases from 1.58 to 8.90% from the inlet side to the return
side, mainly because the pressure in the return airflow roadway is
lower than the pressure in the intake airflow roadway, thus

forming a pressure gradient, and the fresh wind flows into the
gob from the working face, and the wind flow carrying the gas
flows into the working face from the gob. The fresh air flows
from the working face into the air gob, and air carrying the gas
from the air gob flows into the working face. Also, the inlet side
of the working face is the leakage area, and the return side is the
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Figure 15. Gas concentration in the upper corner along the vertical
direction.

wind flow gathering area; a large amount of leakage wind flow
carries the gas from the gob to gather in the corner of the
working face, which will easily cause the upper corner to exceed
the gas limit.

Along the vertical direction, the gas concentration in the gob
gradually increases from the bottom of the caving band to the
top of the slit band, and the gas concentration in the return side
of the gob gradually decreases from the bottom of the caving
band to the top of the slit band. Although the gas gushing out
from the caving band is more than that from the slit band,
because the wind speed is higher and the void rate of the slit
band is lower than that of the caving band, the wind speed of the
caving band is higher and the wind flow carries more gas, while
the wind flow of the slit band is lesser and carries less gas,
resulting in the gas concentration of the caving band being lower
than that of the slit band; however, the upper corner is the
convergence area of the wind flow, a large amount of gas
converges in the upper corner with the leakage wind flow,
resulting in the gas concentration of the caving band at the upper
corner being more than that of the slit band, as shown in Figure
1S.

5. DISCUSSION

In this paper, the optimal mining conditions are selected by
using numerical simulations before mining, which effectively
reduces mine accidents caused by unsuitable mining conditions,
reduces the probability of mine accidents, and provides a
theoretical basis for the safe mining at similar mines.

Comparing with some other literature studies®'®'” on the
wind flow and gas transportation, the form of ventilation and the
amount of ventilation changed, but they all present large air
leakage at large porosity, large air flow inside the gob near the
working face, and small air flow away from the working face; the
overall wind flow distribution is similar. Comparing with the gas
distribution law in the gob, they all show that the gas
concentration on the leakage side is lower than the gas
concentration on the return side, and the gas concentration in
the shallow part of the gob is smaller than the gas concentration
in the deep part of the gob, and the gas distribution law in the
gob is similar, which provides strong evidence for the accuracy of
the research study on the gas outflow characteristics in the upper
corner of this paper.

By analyzing the gas gushing characteristics of the upper
corner on the working face, the optimal air intake volume and

working face mining velocity are determined. However, due to
the complex structure of the gob, the distribution of porosity
needs to be decided according to the lithology, crushing and
swelling coeflicient, collapse degree, and so forth. It is impossible
to set the parameters of the porosity of the gob in detail, and we
can only set the idealized porosity of the gob, and the ideal
situation has errors with the porosity of the actual situation,
which will affect the exchange amount of the wind flow between
the working face and the gob; when the setting of the porosity of
the gob is small relative to the actual porosity, the gas exchange
between the working face and the gob is less, resulting in the gas
gushing from the gob, and the upper corner is large, and vice
versa, it is small. As the gas gushing out from different locations
inside the gob is different, this paper shows that the gas gushing
out mainly contains three parts: gas gushing out from the
neighboring layer, gas gushing out from the neighboring
working face, and gas gushing out from the coal remains,
among which the gas gushing out from the coal remains is
idealized according to the initial strength of gas gushing out from
the coal remains in the gob, the attenuation coefhicient of gas
gushing out from the coal remains in the gob, the distance of the
coal remains from the working face, and the average advance
speed of the working face. Considering that the actual gas gush
has a part of the error, when the gas gush is large, the gob and the
upper corner gas gush will be large relative to the actual gas gush,
and vice versa, it is small. In order to ensure safe mining, the
mine environment is assumed to be more dangerous than the
site environment, which will result in a larger inlet air volume
and lower advance speed.

Through the analysis of the gas in the gob, it can be said that
with an increase of wind speed, the gas concentration in the
upper corner decreases, but the amount of air leakage increases,
which leads to the increase of oxygen in the gob and the increase
of disaster rate in the gob; with the increase of working face
mining velocity, the gas gushing out from the gob increases, and
the gas concentration in the upper corner increases accordingly,
which leads to the increase of disaster rate in the upper corner.
From the viewpoint of the wind flow exchange between the
working face and the gob, the air leakage from the working face is
large, and the main air leakage area is concentrated in the inlet
side, and the wind flow compensation area is mainly
concentrated in the return side; this is the main factor
influencing the gas concentration in the upper corner, so it is
necessary to carry out wind leakage prevention and plugging
measures on the inlet and return side. From the site data, under
the best mining conditions, the gas concentration of the upper
corner and return air lane on the 215101 working face was
measured, and the measurement results are shown in Figure 16.
The maximum gas concentration of the upper corner is 0.18%,
and the maximum gas concentration of the return airflow
roadway is 0.14%, and the gas concentration did not exceed the
limit.

From the above discussion, the gas concentration in the upper
corner of the working face of the Yue Nan 215101 back mining is
low, so there is no need for gas extraction, but the wind leakage
from the working face is more serious, which is likely to lead to
mine disasters. In order to prevent the occurrence of mine
disasters, hanging a wind tent is a simple and effective preventive
measure to prevent wind leakage from the working face.
Hanging a wind tent at 0—30 and 150—180 m of the working
face can effectively prevent the wind flow from the working face
from converging into the gob, reduce the occurrence of mine
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Figure 16. Upper corner and return airflow roadway gas concen-
trations.

disasters, and guarantee the safe and efficient mining of the
working face.

6. CONCLUSIONS

In this paper, by using FLUENT software to simulate the
215101 working face of the Yue Nan coal mine under different
wind speed and mining velocity conditions, the best wind speed
of the intake airflow roadway and working face mining velocity
were selected, and the upper corner of the working face and the
gas gushing characteristics of the gob under these conditions
were analyzed, and the main research results are as follows.

(1) By comparing the simulation results, according to the gas
concentration in the upper corner, the best wind speed of
the intake airflow roadway was determined to be 2 m/s,
and the working face mining velocity was 3 m/d.

(2) Through the simulation analysis of the wind flow
transport law in the gob, the influence of the wind flow
in different areas of the gob on the gas gushing from the
upper corner was analyzed, and the wind flow disturbance
area is divided according to the degree of influence. Also,
the source of wind flow in the gob is analyzed, the main
source of the wind flow in the gob is concentrated in 0—30
m on the inlet side of the working face, and the main wind
flow gathering area is concentrated in 150—180 m on the
return side of the working face, which is the main factor of
the gas source in the upper corner.

(3) Through simulating and analyzing the gas transportation
law in the gob, it is found that along the direction, the gas
concentration in the gob gradually increases from the
working face to the depth of the gob; along the tendency
direction, the gas concentration gradually increases from
the inlet alley to the return alley of the working face, and
the gas reaches the maximum at the upper corner; along
the vertical direction, the gas concentration in the gob
gradually increases from the bottom of the caving band to
the top of the slit band, and the gas concentration at the
upper corner gradually decreases from the bottom of the
caving band to the top of the slit band. The gas
concentration at the upper corner gradually decreases
from the bottom of the caving band to the upper part of
the slit band.

Lin Wang — State Collaborative Innovation Center of Coal
Work Safety and Clean-Efficiency Utilization, Henan
Polytechnic University, Jiaozuo 454003, China; College of
Safety Science and Engineering, Henan Polytechnic University,
Jiaozuo 454003, China; ® orcid.org/0000-0001-9512-3924

Zhen Huang — College of Safety Science and Engineering, Henan
Polytechnic University, Jiaozuo 454003, China

Pengfei Cui — College of Safety Science and Engineering, Henan
Polytechnic University, Jiaozuo 454003, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c02898

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by the National Natural Science
Foundation of China (nos 51874122 and 52074105) and the
Key R&D and Extension Projects of Henan Province (nos
202102310223 and 222102320017).

B REFERENCES

(1) Tutak, M.; Brodny, J.; Szurgacz, D.; Sobik, L.; Zhironkin, S. The
Impact of the Ventilation System on the Methane Release Hazard and
Spontaneous Combustion of Coal in the Area of Exploitation—A Case
Study. Energies 2020, 13, 4891.

(2) Song, Y.; Yang, S.; Hu, X; Song, W.; Sang, N.; Cai, J; Xu, Q.
Prediction of Gas and Coal Spontaneous Combustion Coexisting
Disaster through the Chaotic Characteristic Analysis of Gas Indexes in
Goaf Gas Extraction. Process Saf. Environ. Prot. 2019, 129, 8—16.

(3) Li, X;; Cao, Z.; Xu, Y. Characteristics and Trends of Coal Mine
Safety Development. Energy Sources, Part A 2020, 1—19.

(4) Chen, X; Feng, S.; Wang, L; Jia, Q. Distribution and Prevention
of CO in a Goaf of a Working Face with Y-Type Ventilation. ACS
Omega 2021, 6, 1787—1796.

(5) Yujiang, L. Simulation study of gas transport pattern between upper
corner and gob. Master Thesis, Henan University of Technology, 2016.

(6) Wang, Z.; Ren, T.; Cheng, Y. Numerical Investigations of Methane
Flow Characteristics on a Longwall Face Part II: Parametric Studies. J.
Nat. Gas Sci. Eng. 2017, 43, 254—267.

(7) Li, H;; Liu, Z,; Yang, Y.; Zhu, D.; Yang, H.; Wang, W. Study on the
Evolution Law of the Gas Flow Field Based on the Distribution
Characteristics of Voids in the Overlying Strata in a Goaf. Arabian ]J.
Geosci. 2021, 14, 1056.

(8) Li, L.; Qin, B.; Ma, D.; Zhuo, H.; Liang, H.; Gao, A. Unique Spatial
Methane Distribution Caused by Spontaneous Coal Combustion in
Coal Mine Goafs: An Experimental Study. Process Saf. Environ. Protect.
2018, 116, 199—207.

(9) Shao, H.; Chen, K; Zhao, H.; Li, M. Comparison study of "U + L"
and "Y + L” working face ventilation patterns on gas control in a highly
gassy mine. Teh. Vjesn. 2015, 22, 443—452.

https://doi.org/10.1021/acsomega.2c02898
ACS Omega 2022, 7, 25663—25674


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangjun+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4849-8349
https://orcid.org/0000-0003-4849-8349
mailto:chenxj0517@126.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaozhen+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9512-3924
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhen+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengfei+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02898?ref=pdf
https://doi.org/10.3390/en13184891
https://doi.org/10.3390/en13184891
https://doi.org/10.3390/en13184891
https://doi.org/10.3390/en13184891
https://doi.org/10.1016/j.psep.2019.06.013
https://doi.org/10.1016/j.psep.2019.06.013
https://doi.org/10.1016/j.psep.2019.06.013
https://doi.org/10.1080/15567036.2020.1852339
https://doi.org/10.1080/15567036.2020.1852339
https://doi.org/10.1021/acsomega.0c02853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jngse.2017.03.038
https://doi.org/10.1016/j.jngse.2017.03.038
https://doi.org/10.1007/s12517-021-07398-4
https://doi.org/10.1007/s12517-021-07398-4
https://doi.org/10.1007/s12517-021-07398-4
https://doi.org/10.1016/j.psep.2018.01.014
https://doi.org/10.1016/j.psep.2018.01.014
https://doi.org/10.1016/j.psep.2018.01.014
https://doi.org/10.17559/tv-20141009065328
https://doi.org/10.17559/tv-20141009065328
https://doi.org/10.17559/tv-20141009065328
https://pubs.acs.org/doi/10.1021/acsomega.2c02898?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02898?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02898?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02898?fig=fig16&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(10) Li, T.; Wy, B.; Lei, B.; Huang, Q. Study on Air Leakage and Gas
Distribution in Goaf of Y-Type Ventilation System. Energy Sources, Part
A 2020, 1-14.

(11) Chen, X,; Jia, Q; Li, X.; Feng, S.; Wang, L.; Li, L. Characteristics
of Airflow Migration in Goafs under the Roof-Cutting and Pressure-
Releasing Mode and the Traditional Longwall Mining Mode. ACS
Omega 2021, 6, 22982—22996.

(12) Yang, J.; Qiao, B.; Gao, Y.; Gao, H.; Wei, X.; Fu, Q. Study on the
Gas Migration Laws of Non-Pillar Mining with Gob-Side Entry
Retaining in High Gas Outburst Coal Seam. IOP Conf. Ser. Earth
Environ. Sci. 2021, 861, 052058.

(13) Yunfei, D. Research on the characteristics of air leakage in the gob
under the Y-shaped ventilation mode of cutting the top and unloading the
pressure leaving lane. Master Thesis, Henan University of Technology,
2018.

(14) Yang, W.; Zhang, W.; Lin, B,; Si, G,; Zhang, J.; Wang, J.
Integration of Protective Mining and Underground Backfilling for Coal
and Gas Outburst Control: A Case Study. Process Saf. Environ. Protect.
2022, 157, 273—283.

(15) Zheng, Y.; Li, Q;; Zhy, P; Li, X.; Zhang, G.; Ma, X;; Zhao, Y.
Study on Multi-Field Evolution and Influencing Factors of Coal
Spontaneous Combustion in Goaf. Combust. Sci. Technol. 2021, 1—18.

(16) Gao, A; Qin, B; Zhang, L.; Ma, D.; Li, L. Experimental Study on
Gas Migration Laws at Return Air Side of Goaf under High-
Temperature Conditions. Combust. Sci. Technol. 2021, 1-18.

(17) Zheng, Y.; Li, Q; Zhang, G.; Zhao, Y.; Zhu, P.; Ma, X,; Li, X.
Study on the Coupling Evolution of Air and Temperature Field in Coal
Mine Goafs Based on the Similarity Simulation Experiments. Fuel 2021,
283, 118905.

(18) Chen, X.; Du, Y.; Wang, L.; Zhao, S. Evolution and Application of
Airflow Permeability Characteristics of Gob in Roof Cutting and
Pressure Releasing Mining Method. Energy Sci. Eng. 2020, 8, 2073—
208S.

(19) Zhu, P; Li, Q; Li, X; Zhang, G.; Zhang, Y,; Zheng, Y.
Investigation on the Potential Hazard Zone of Gas Explosion in the
Goaf under Longwall Top Caving Coal Mining Condition. Combust.
Sci. Technol. 2022, 1-20.

(20) Wang, D.; Zhang, P.; Zhang, Y,; Tu, S; Wang, J.; Hao, Z.
Distribution Characteristic and Migration Mechanism of Toxic Gases
in Goafs during Close-Distance Coal Seam Mining: A Case Study of
Shaping Coal Mine. ACS Omega 2022, 7, 7403—7413.

(21) Zhu, H; Fang, S.; Huo, Y.; Liao, Q; Hu, L.; Zhang, Y.; Li, F.
Study on the Optimal Position of the Roof Low Roadway Based on the
Response Surface Methodology. Sci. Rep. 2021, 11, 14508.

(22) Wang, W,; Li, Z.; Yu, H. Goaf Gas Control Improvement by
Optimizing the Adjacent Roadway Large-Diameter Boreholes. Adv. Civ.
Eng. 2021, 2021, 1933010.

(23) Li, Z.; Wang, F.; Ren, S; Liu, G. Gas Distribution Mechanism in
Goaf during Combined Drainage of Upper Corner Buried Pipeline and
Intubation for Thick Coal Seams. Lithosphere 2021, 2021, 8308256.

(24) Li, X.; Wang, C.; Chen, Y.; Tang, J.; Li, Y. Design of Gas Drainage
Modes Based on Gas Emission Rate in a Gob: A Simulation Study.
Arabian J. Geosci. 2018, 11, 456.

(25) Shang, Y.; Wu, G.; Liu, Q; Kong, D.; Li, Q. The Drainage
Horizon Determination of High Directional Long Borehole and Gas
Control Effect Analysis. Adv. Civ. Eng. 2021, 2021, 3370170.

(26) Cheng, C.; Cheng, X; Yu, R; Yue, W.; Liu, C. The Law of
Fracture Evolution of Overlying Strata and Gas Emission in Goaf under
the Influence of Mining. Geofluids 2021, 2021, 2752582.

(27) Chong, L.; Sifeng, H.; Zhijun, X. Disastrous Mechanism and
Concentration Distribution of Gas Migration in Fully Mechanized
Caving Stope in Wuyang Coal Mine. Geofluids 2021, 2021, 4366942.

(28) Huijun, D.; Shijun, H.; Yongzhe, Z. Differential Gas Drainage
Technology for Upper Corner of Working Face by High Position
Directional Long Borehole. IOP Conf. Ser. Earth Environ. Sci. 2021, 687,
012180.

(29) Minggao, Q.; Jialin, X. Characterization of the "O” shaped circle
of overburden mining fracture distribution. J. Coal 1998, 0S, 20—23.

25674

(30) Hegang, D.; Shan, F.; Tingxiang, C.; Minggao, Y. Determination
of gas extraction amount at the boundary of integrated workings in
extra-thick spontaneous combustion-prone coal seams. Min. Saf.
Environ. Protect. 2015, 42, 18—21.

(31) Jianliang, G.; Jiajia, L.; Xuebo, Z. Simulation study on the effect of
permeability on gas transport in the gob. Chin. J. Saf. Sci. 2010, 20, 9—
14.

(32) Yuehong, W. Finite Volume Method Simulation Study of Natural
Fire in Gob under Moving Coordinates. China University of Mining and
Technology: Beijing, 2009.

(33) Bingjian, W.; Zanyu, T.; Jun, L.; Longsheng, G. Study on gas
transport pattern in gob before and after buried pipe extraction in upper
corner. Coal Sci. Technol. 2012, 40, 32—35.

(34) Kai, W.; Shuguang, J.; Weiqing, Z.; Zhengyan, W.; Hao, S,;
Shiwen, K. Numerical simulation study of gas flow field in altered
extraction area in tailrace. J. Min. Saf. Eng. 2012, 29, 124—130.

(35) Yanging, L.; Lang, Z.; Wei, L.; Cong, S.; En, W. Distribution of
flow field and relic coal gas concentration field in the gob under moving
coordinates. J. Liaoning Tech. Univ. 2017, 36, 243—248.

(36) Hongmin, Y.; Niu, G.; Li, H. Exploration of natural “three zones”
index in gob. Coal Mine Saf. 1998, 0S, 26—28.

https://doi.org/10.1021/acsomega.2c02898
ACS Omega 2022, 7, 25663—25674


https://doi.org/10.1080/15567036.2020.1768321
https://doi.org/10.1080/15567036.2020.1768321
https://doi.org/10.1021/acsomega.1c03711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c03711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c03711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1755-1315/861/5/052058
https://doi.org/10.1088/1755-1315/861/5/052058
https://doi.org/10.1088/1755-1315/861/5/052058
https://doi.org/10.1016/j.psep.2021.11.016
https://doi.org/10.1016/j.psep.2021.11.016
https://doi.org/10.1080/00102202.2021.1947262
https://doi.org/10.1080/00102202.2021.1947262
https://doi.org/10.1080/00102202.2021.2006650
https://doi.org/10.1080/00102202.2021.2006650
https://doi.org/10.1080/00102202.2021.2006650
https://doi.org/10.1016/j.fuel.2020.118905
https://doi.org/10.1016/j.fuel.2020.118905
https://doi.org/10.1002/ese3.648
https://doi.org/10.1002/ese3.648
https://doi.org/10.1002/ese3.648
https://doi.org/10.1080/00102202.2022.2027393
https://doi.org/10.1080/00102202.2022.2027393
https://doi.org/10.1021/acsomega.2c00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-021-93997-w
https://doi.org/10.1038/s41598-021-93997-w
https://doi.org/10.1155/2021/1933010
https://doi.org/10.1155/2021/1933010
https://doi.org/10.2113/2021/8308256
https://doi.org/10.2113/2021/8308256
https://doi.org/10.2113/2021/8308256
https://doi.org/10.1007/s12517-018-3830-x
https://doi.org/10.1007/s12517-018-3830-x
https://doi.org/10.1155/2021/3370170
https://doi.org/10.1155/2021/3370170
https://doi.org/10.1155/2021/3370170
https://doi.org/10.1155/2021/2752582
https://doi.org/10.1155/2021/2752582
https://doi.org/10.1155/2021/2752582
https://doi.org/10.1155/2021/4366942
https://doi.org/10.1155/2021/4366942
https://doi.org/10.1155/2021/4366942
https://doi.org/10.1088/1755-1315/687/1/012180
https://doi.org/10.1088/1755-1315/687/1/012180
https://doi.org/10.1088/1755-1315/687/1/012180
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

