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ABSTRACT: The harmful gas in the sealed fire area of a small
coal mine rushes into the mining face of the lower coal seam,
which restricts the efficient promotion of the working face. In this
paper, based on the evolution law of caving coal rock dilatation
coefficient, the characteristics of the heterogeneous distribution of
permeability and voidage in goaf were obtained, and the
mathematical model of gas migration in goaf is constructed. The
numerical solution of gas migration in goaf under the sealed fire
area of a small coal mine was realized by using the Free and Porous
Media Flow module and the Transport of Dilute Matter in Porous
Media module in COMSOL Multiphysics, and the corresponding
measure was proposed. The results show that the fresh air flows
into the goaf from both the inlet air roadway and the working face and then flows out from the upper corner. Driven by the air flow,
the CO in the overlying sealed fire area of a small coal mine flows out from the upper corner of the working face, resulting in the CO
overlimit. Due to the influence of air leakage and the CO overlimit in the working face, low oxygen occurs in the working face.
According to the characteristics of gas emission, balanced pressure ventilation technology is proposed to control the low oxygen in
the working face and the CO overlimit in the upper corner. It is found that the balanced pressure ventilation obviously increases the
pressure of the working face, reduces the pressure difference between the two ends of the working face by 45.7—26.7%, and
decreases the air leakage to the goaf in the upper corner of the inlet air roadway. The field application shows that the problems of
low oxygen in the working face and a CO overlimit in the upper corner are effectively solved.

1. INTRODUCTION

Most of coal mines are mined underground in China, and the
spontaneous combustion fires in the airspace are one of the
main challenges to the safe and efficient advancement of the
working faces."”” The spontaneous combustion of residual coal
in goaf will produce a large amount of toxic and harmful gases
such as CO. These harmful gases migrate to the working face
under the action of concentration difference and air flow in the
goaf, which is easy to cause asphyxiation casualties.” > When it
comes to the spontaneous combustion of goaf, it is difficult to
control the spontaneous combustion of the overlying goaf,
especially when there is a sealed fire area 6°f small coal mine Figure 1. Schematic diagram of the impact of the sealed fire area of a
above the coal seam, as shown in Figure 1.” Due to the lack of small coal mine on the overlying working face.
corresponding information and the difficulty in sealing the air
leakage, it brought high safety risks to the advancement of the
working face.” Therefore, the development of appropriate
ventilation technology for the characteristics of gas emergence
under the sealed fire area of small coal mine is the key to safe
mining.8

To prevent the spontaneous combustion of residual coal in
goaf from threatening the working faces, the migration law of
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harmful gases in goaf should be clarified first. In order to more
closely match the environment of spontaneous combustion of
residual coal in goaf, experimental furnaces of different scales
were developed and used to simulate the spontaneous
combustion pattern of coal.”'’ Compared with the small
experimental equipment, the coal samples in the large
experimental furnace are more suitable for the coal sample
size in the field, but its cost is higher and the experiment period
is longer.'"""> Through these experimental devices, it is possible
to monitor the change pattern of each characteristic parameter
in the process of the spontaneous combustion of coal. For
example, the diffusion rate of O, at the inlet air side of the goaf
is obviously more rapid than that at the return air side,
especially if the inlet air velocity is high.'”” When the
temperature in goaf increases gradually, the concentration of
CO and C,H, gas also presents a corresponding increase, with
the ratio of CO/CO, increasing exponentially. When the O,
concentration becomes low, the ignition point of coal gradually
increases and the ignition time is delayed obviously.'*'> The
amount of air leakage is positively correlated with the intensity
of spontaneous combustion of coal and negatively correlated
with the scope of harmful gas aggregation, and the scope of
spontaneous combustion of coal increases when the air inlet
velocity is higher.'® In response to the disaster of spontaneous
combustion of coal, scholars have studied the suppression for
the spontaneous combustion of coal by different means
through experiments, such as the injection of inert gas, the
three-phase foam fire protection, the sand suspension colloid
fire protection, the spherical ice capsules filled with liquid
nitrogen to extinguish fires, and so on.'”7%° Although
experimental studies can obtain some laws, they cannot
present the real working conditions completely due to the
influence of scale. The computational fluid dynamics (CFD) is
more helpful to study the mechanism of fluid migration in the
goaf. Porosity is a key factor affecting permeability, air leakage,
and fluid migration in coal seams as well as simulating fluid
migration in goaf. During the advancement of the working face,
the cracks in the overlying rock strata continue to develop
upward, and the porosity in the center of the goaf decreases
while increasing near the working face and the ends of the coal
seam.”"?* On this basis, it is found through simulation that the
closer it reaches to the top, the wider the diffusion range of O,
concentration becomes.” When the air intake or porosity is
large, the temperature is more likely to rise and the coal is
more likely to spontaneously combust.”> With the increase of
air intake, the high temperature point of the goaf warms up,
resulting in the acceleration of the migration rate of CO and
other gases, and the high temperature area moves to the deeper
part of the goaf, which is not conducive to the control of coal
spontaneous combustion.”* As the spontaneous combustion of
coal consumes large amounts of O,, the hazard area on gas
explosion is shrinking, but the danger is increasing.”® The area
of the oxidation zone in the goaf reduced by 25% after the
injection of inert gas.”®>” All of the above studies provide
important references for the spontaneous combustion disaster
of coal in the goaf, but there are few studies on the migration
law of harmful gases in the working face under the sealed fire
area of a small coal mine. In order to solve the problem of low
oxygen and excessive harmful gas in the working face caused by
air leakage under the sealed fire area of a small coal mine. It is
necessary to clarify the migration law of harmful gas and
change the flow direction of harmful gas from the root, so as to

ensure safe and efficient mining of the working face under the
sealed fire area of a small coal mine.

This paper takes the 13102 working face of Shaping Mine as
the research background by constructing a mathematical
model of gas migration in the goaf and inverting the gas
migration process of the 13102 working face by using the Free
and Porous Media Flow module and the Transport of Dilute
Matter in Porous Media module in COMSOL Multiphysics.
On this basis, it is proposed to adopt balanced pressure
ventilation technology to solve the problem of low oxygen and
CO overlimit in the working face, in order to provide a
reference for other similar working conditions.

2. MATHEMATICAL MODEL OF GAS MIGRATION IN
GOAF

2.1. Momentum Conservation Equation of Gas
Migration. The coal rock fracture field after mining belongs
to a porous medium, and the migration of O,, CO, and other
gases in the mining fracture field satisfies the law of
conservation of momentum. The Reynolds number of Darcy
flow is 1—10, the Reynolds number of pipeline flow is generally
greater than 2300, and the Reynolds number of air flow in goaf
is less than 200. Therefore, the gas migration is between the
pipe flow and the Darcy flow.

The Brinkman equation can describe the fluid flowing
rapidly in porous media, and its kinetic energy comes from the
velocity, pressure, and gravity of the fluid driving the flow. This
equation extends Darcy’s law to describe the kinetic energy
dissipation caused by viscous shear. Therefore, Brinkman is
very suitable for simulating the fast flow in porous media,
including the transition between the slow flow in porous media
controlled by Darcy’s law and the fast flow described by
Navier—Stokes equations. The Brinkman interface can
simultaneously calculate the velocity and pressure of both.
The expression of the equation is*®

— ﬁuz— L u u)’
+ p Vp+V(8(V + (Vu) ))+F o

where u is the fluid migration velocity, m/s; p is the
underground air density, kg/m?; ¢ is the voidage of coal and
rock mass; k is the permeability of coal and rock, m? u is the
dynamic viscosity of downhole air, Pa-s; p is the pressure of
fluid, Pa; F is the external volume force, F = (p, — p)g, N/m?;
po is the mixed gas density of CH,, CO, and air, kg/m>.

2.2. Governing Equation of Gas Concentration Field.
The migration of CO and O, in goaf also follows Fick’s
diffusion law and the hydrodynamic dispersion law. The gas
diffusion in the mining fissure field can be described by the
convection-diffusion equation in porous media. The sum of the
rate of change of gas with time, the diffusion term, and the
comzfgctive term is equal to the relative emission velocity of

gas:

e—acf + V(=D V¢, + uc) = S
(= C. uc.) = 9.
sat L i i ci (2)

where 6, is the fluid volume rate; ¢; is the concentration of
different gases, kg/ m®; Dy is the pressure diffusion tensor, m?/
d; S, is the reaction term, referring to the increase of gas in
coal rock per unit volume in a unit time, where it represents
the relative emission rate of CO and O,, mol/(m>:s).
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2.3. Permeability of Caving Coal Rock in Goaf. The
relationship between permeability and porosity in the
postmining coal rock fracture field is

D, g3

T 150 (1 - &) 3)

where D,, is the average particle diameter of caving coal rock in
the goaf, m.

The relationship between the porosity and the dilatation
coefficient is*°

1
1 -
Kp(x ) y) (4)

where Kp(x, y) is the distribution of dilatation coefficients of
caving coal rock in the goaf.

Under the action of overburden stress, coal pillar, and
working face support, the distribution characteristics of fissures
in the mining area are different. The fractures are more
developed near the roadway and the working face, while the
caving coal rock behind the working face is gradually
compacted as the working face moves forward. The evolution
law of the fracture dilatation coefficient of the caving coal rock
behind the working face is obtained as’’

—ad(1- lydy)

Kp(x, y) = KI; + (Kg - Kl;)~e ()
where K’ is the dilatation coefficient of caving coal rock mass
after compaction; KOP is the initial dilatation coefficient of
caving coal rock mass; a, is the attenuation rate of coal rock
mass dilatation coefficient in the goaf away from the working
face, m™}; a, is the attenuation rate of coal rock mass dilatation
coefficient in the goaf away from the solid wall, m™'; d, is the
distance to working face, m; d, is the distance to the solid wall,

y
m; &, is the adjustment coefhicient of the “O” ring pattern.

3. RESULTS AND DISCUSSION

3.1. Numerical Simulation Experiment Method.
COMSOL Multiphysics is based on a finite element method
and realizes multiphysics coupling by solving partial differential
equations. The Free and Porous Media Flow module in
COMSOL Multiphysics is used to define the air flow in the
working face. By solving the module, it can obtain the
distribution of the pressure and velocity fields in the working
face and the mining area after air flow equilibrium. The
transport and diffusion of CH,, O,, and CO are described by
the dilute matter transfer in porous media. By solving the free
and porous media flow equations in conjunction with the
equation for the dilute matter transfer in porous media, we can
obtain the process of CH, and CO transport to the working
face, as well as the evolution law of the gas volume fractions at
each spatial location of the working face and the goaf.

3.1.1. Geological Background and Construction of the
Geometric Model. The main coal seam of Shaping Mine is
13#, the thickness of which is 8—14 m, with an average coal
thickness of 12 m. The goafs of the 8# and 9# coal seam of the
original volcano coal mine and 8# gob of Nanzhenggou coal
mine are overlying, which have the possibility of spontaneous
combustion. Among them, the 13102 working face is mined by
comprehensive mechanized top coal caving technology with
one full seam large mining height. The length of pushing
mining is 1651 m and the length of the working face is 180.5
m. The height of cutting coal is 4.3 m, and the height of
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releasing coal is 7.9 m, with the ratio of mining and releasing of
1:1.8. The working face is arranged along the inclination of the
coal seam with the adoption of U-shaped ventilation.
According to the field measurement, the inlet air speed is 1.5
m/s. Before the mining of the 13102 working face, the radon
method and the drilling hole detection were used to determine
two abnormal areas in the middle of the cutting eye and tape
transport roadway: within the cutting eye range, by using the
drilling hole detection, it found the CO levels that were above
1000 ppm, without high temperature being detected. After
analysis, it was determined that abnormal CO levels were
caused by the presence of the Nanzhenggou Old coal mine in
the overlying strata. In order to ensure the safe and efficient
mining of the 13102 working face, the migration law of goaf
gas during the mining process is analyzed by numerical
simulation. In the geometric model, the y-axis direction is
defined as the inclination of the working face, while the x-axis
direction is defined as the advancing direction of the working
face and the vertical direction is defined as the z-axis direction.
A geometric model measuring 180.5 m X 320 m X 47 m is
constructed, with the goaf of the 8# coal seam located 42 m
above the 13102 working face, as shown in Figure 2. The
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Figure 2. Geometric model of goaf in the 13102 working face.

geometric model was divided into hexahedral meshes, and the
total number of elements was 12546, the minimum element
mass was 0.4567, and the average element mass was 0.8096.
The cross section of the intake airway is set as the velocity inlet
boundary, the cross section of the return airway is set as the
pressure outlet boundary, and the junction between the
working face and the goaf is defined as the internal boundary.
The boundary conditions of the model are shown in Table 1.

As the working face advances, the overlying strata of the coal
seam are affected by mining-induced pressure, leading to the
formation of a caving zone, fracture zone, and bending

Table 1. Simulation Boundary Condition of Gas Migration
in Goaf under Small Kiln Fire Area

boundary
and
parameter specific setting conditions
air intake set to normal inflow velocity, wind speed is set to 1.5 m/s
air outlet set the outlet relative pressure to 1 Pa to inhibit reflux
CO volume  the CO volume fraction of high concentration was 20%
fraction
O, volume the O, volume fraction of the working face is set to 21%, and
fraction the O, volume fraction of the goaf is set to 0.5%
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Figure 3. Permeability distribution of the simulated goaf.

Table 2. Simulation Parameters of Gas Migration in Goaf under Sealed Fire Area of Small Coal Mine

parameter value parameter value
initial dilatation coefficient of caving coal rock mass  1.35 attenuation rate of coal rock mass dilatation coefficient in the goaf away from the ~ 0.0368
(KOP) working face (a,, m™)
dilatation coefficient of caving coal rock mass after L.1S attenuation rate of coal rock mass dilatation coefficient in the goaf away from the ~ 0.268
compaction (K',) solid wall (a,, m™)
average particle diameter of caving coal rock in the ~ 0.05 adjustment coefficient of the “O” ring pattern (&) 0.233
goaf (DP, m)
dynamic viscosity of downhole air (i, Pa-s) 1.84 X 10  underground air density (p, kg/m®) 1.29
subsidence zone. The collapsed rocks and remaining coal 0, volume fraction (%) A 21
blocks within the caving zone will form a void space with 20
specific structures as the working face advances. This spatial 6
characteristic exhibits a certain heterogeneity. Based on eq 4,
the distribution of void space in the goaf can be determined, 12
allowing for the characterization of the porosity distribution in s
the goaf of 13102. Figure 3 illustrates the distribution of the
4

porosity on the cross section at z = 2 m. In the vicinity of the
working face, the support of the working face and the coal
pillars provides a support to the back roof, resulting in the roof
not completely collapsing and the coal-rock mass not being
fully compacted, leading to a relatively large porosity. In the
deeper part of the goaf, the fallen coal-rock mass is completely
compacted, resulting in a smaller porosity. Permeability is an
important parameter that characterizes fluid flow in the coal-
rock mass. There is a certain correlation between the
permeability and the porosity of the goaf. According to eq 3,
the distribution of permeability in the goaf of the 13102
working face can be determined. The relevant parameters used
in the numerical simulation process are shown in Table 2.
3.1.2. Evolution of Gas Migration in Goaf under Sealed
Fire Area of Small Coal Mine. From Figure 4, it can be
observed that during the process of O, entering the working
face from the intake roadway, a portion of it leaks into the
deeper part of the goaf through the intake upper corner, while
some flow back toward the return upper corner with the return
airflow. This is because at the interface between the goaf and
the working face, where the overlying strata have not
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Figure 4. O, volume fraction evolution of goaf in the 13102 working
face.

completely collapsed, the porosity and permeability are
relatively large, resulting in less obstruction to the airflow.
According to Fick’s diffusion law, the concentration difference
between the inside and outside of the goaf will cause O, to
diffuse from the intake upper corner to the deeper part of the
goaf and the return upper corner. During this process, O, will
be consumed, resulting in a lower O, volume fraction in the
deeper part of the goaf. Due to air leakage, the O, volume
fraction at the return upper corner is lower (<18%), leading to
a low oxygen phenomenon.

Figure S shows the O, volume fraction at the intake side,
middle, and return side of the goaf, which are perpendicular to
the working face. The O, volume fraction follows the
distribution pattern of low concentration near the working
face and high concentration away from the working face on the
intake side, middle, and return side. The volume fraction of the
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Figure S. O, volume fraction at the intake side, middle, and return
side of the goaf.

aqueous O, gradually increases from the intake side to the
return side. At the deeper part of the goaf, the O, gradually
dissipates, and the volume fraction decreases to zero.

The distribution pattern of the CO volume fraction is
inversely related to that of the O, volume fraction, as shown in
Figure 6. In the regions with a high volume fraction of O,, the
CO volume fraction is low. As the airflow progresses, CO
gradually diffuses toward the return upper corner, resulting in a
higher CO volume fraction in the area where the airflow exits.
At the return upper corner, the CO volume fraction exceeds 24
ppm, posing a risk to the safe mining operations of the 13102
working face.

Figure 7 shows the CO volume fraction at the intake side,
middle, and return side of the goaf, which are perpendicular to
the working face. It can be observed that the CO volume
fraction is higher at the return side compared to those at the
intake side and middle. This is because the return airflow
carries CO with a higher volume fraction to the return side,
resulting in an increasing CO volume fraction at the return
side. Based on the analysis above, it can be inferred that the
13102 working face may experience low oxygen and excessive
CO levels during the mining process.

3.2. Application of Balanced Pressure Ventilation in
Controlling Harmful Gases in Goaf. The balanced pressure
ventilation technology involves taking measures to increase or
decrease the air pressure in the working face so as to alter the
leakage status of the goaf and control the airflow to prevent
spontaneous combustion of residual coal and the accumulation
of harmful gases in the working face. According to the
characteristics of outburst during the mining process in the

CO volume fraction (1000ppm)

15 /
o} “iddie
s intake side
0 —
1 n 1 L 1 1 1 1
0 50 100 150 200 250 300
Depth of the gob (m)

Figure 7. CO volume fraction at air inlet side, middle side, and return
side of goaf.

13102 working face, the application of balanced pressure
ventilation technology is proposed to address the issues of low
oxygen and excessive CO levels in the working face during the
mining process. This section will validate the feasibility of
applying balanced pressure ventilation in the 13102 working
face through numerical simulations. The boundary conditions
for balanced pressure ventilation are that before balanced
pressure ventilation, the airflow velocity in the intake roadway
is 2.5 m/s, and the relative pressure at the exit of the return
roadway is 1 Pa. After balanced pressure ventilation, the airflow
velocity in the intake roadway and of the local ventilation fan is
1.2 and 0.4 m/s, respectively. The airflow resistance at the air
window of the return roadway is increased by 10 Pa, and the
relative pressure at the exit is 11 Pa.

3.2.1. Static Pressure Analysis before and after Imple-
menting Balanced Pressure Ventilation. Figure 8 shows the
distribution of relative static pressure at both ends of the
working face before and after the implementation of balanced
pressure ventilation. The pressure of the working face has been
effectively increased after implementing balanced pressure
ventilation. Before balanced pressure ventilation, the relative
pressure at the upper corner of the intake roadway is
approximately 12.5—11.5 Pa, and the relative pressure at the
upper corner of the return roadway is approximately 4.4—S5.5
Pa. The relative pressure difference between the two ends of
the working face is approximately 8.1—6 Pa. After implement-
ing balanced pressure ventilation, the relative pressure at the
upper corner of the intake roadway is approximately 18.2—17.5
Pa, and the relative pressure at the upper corner of the return

Figure 6. CO volume fraction evolution of goaf in 13102 working face.
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Figure 8. Static pressure distribution before and after the
implementation of balanced pressure ventilation.

roadway is approximately 13.8—13.1 Pa. The pressure
difference between the two ends of the working face is
approximately 4.4 Pa. After implementing balanced pressure
ventilation, the pressure difference between the two ends of the
working face has decreased by approximately 3.7—1.6 Pa, with
a reduction of around 45.7 to 26.7%. The balanced pressure
ventilation greatly increases the pressure of the working face,
reduces the pressure difference between the two ends, and
effectively inhibits the air leakage of the working face.

3.2.2. Distribution of O, Volume Fraction. As shown in
Figure 9, the range of spreading of O, to the deep part of the

O, volume fraction (%) A2l

Figure 9. Distribution of the O, volume fraction under balanced
pressure ventilation.

goaf obviously reduces under the condition of balanced
pressure ventilation. The implementation of the balanced
pressure ventilation technology not only reduces the pressure
difference at both ends of the working face but also raises the
pressure of the working face, which effectively reduces air
leakage, increases the O, volume fraction of the working face,
and effectively prevents the problem of low oxygen in the
working face.

The O, volume fractions at the intake side, middle, and
return side of the goaf are shown in Figure 10. The closer the
goaf is to the inlet side, the higher the O, volume fraction is.
The closer it is to the return side, the lower the O, volume
fraction is. After the depth of the goaf exceeds 120 m, the O,
volume fraction gradually decreases to zero. The balanced

Figure 10. O, volume fractions at the intake side, middle, and return
side of the goaf.

pressure ventilation technology effectively controls the
diffusion of O, into the deep goaf.

3.2.3. Distribution of CO Volume Fraction. When no
measures are taken for U-shaped ventilation, CO is driven by
leakage air flow to surge rapidly into the return air side. Under
the condition of balanced pressure ventilation, CO in the goaf
uniformly diffuses toward the working face and is obviously
separated from the working face, as shown in Figure 11. Due to

A 3800
3500
3000
2500
2000
1500
1000
500
0

CO volume fraction (ppm)

Figure 11. Distribution of the CO volume fraction under balanced
pressure ventilation.

the combined pressure regulation, the air leakage volume
decreases and the pressure difference between the two ends of
the working face reduces, which inhibits the flow of CO from
the overlying CO in the goaf to the upper corner of the
working face and effectively prevents CO from gathering, as
well as eliminates the safety hazard of CO exceeding the limit
in the upper corner.

The changes of the CO volume fractions on the air inlet
side, middle side, and return side of the goaf are shown in
Figure 12. Corresponding to the cloud image, the CO volume
fractions on the air inlet side, middle side, and return side of
the goaf uniformly diffuse toward the working face due to the
pressure difference. In the range of 75 m from the working
face, the CO volume fraction is zero, and the problem of CO
overlimit in the process of advancing the working face is
effectively solved by the balanced pressure ventilation.

3.2.4. Field Application of Balanced Pressure Ventilation
Technology. The emergency dynamic pressure regulation
system of 13102 fully mechanized caving face is composed of
the emergency dynamic pressure regulation fan installed in the
room of the pressure regulator, the emergency dynamic
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Figure 12. CO volume fraction at the air inlet side, middle side, and
return side of the goaf under balanced pressure ventilation.

pressure regulation damper of the belt transportation roadway,
the pedestrian damper of the belt transportation roadway (the
main transportation roadway), and the emergency dynamic
pressure regulation damper of the auxiliary transportation
roadway. After the balanced pressure ventilation system is
started, the adjustment of the emergency dynamic pressure
regulating air door window of the main roadway is transported
by tape and the pressure of the working face is raised to
achieve the pressure balance of the overlying goaf and control
the harmful gas from leaking down.

The CO and O, volume fractions at the corner of the 13102
fully mechanized caving face under the condition of balanced
pressure ventilation are monitored. The monitoring data for 30
days are taken as shown in Figure 13. During the period, the
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Figure 13. Change of the CO and the O, volume fraction at the
upper corner of the return air roadway.

CO volume fraction fluctuates greatly but stabilizes below 24
ppm. The change of O, volume fraction is relatively stable,
roughly distributed in about 20.5%, which effectively solves the
problem of low oxygen in the working face and CO overlimit
in the upper corner.

4. CONCLUSIONS

(1) Based on the evolution law of the caving coal rock
dilatation coefficient, the characteristics of the hetero-
geneous distribution of permeability and porosity in goaf
were obtained. The mathematical model of gas
migration in goaf was constructed. The numerical
solution of gas migration in goaf under the sealed fire
area of a small coal mine was realized by using the Free
and Porous Media Flow module and the Transport of
Dilute Matter in Porous Media module in COMSOL
Multiphysics.

(2) Fresh air flows into the goaf from the inlet roadway and
working face and then flows out from the upper corner.
Driven by the air flow, CO flows out from the upper
corner of the working face in the overlying sealed fire
area of a small coal mine, resulting in a CO overlimit.
Due to the influence of air leakage in the working face,
the CO concentration in the upper corner of the return
air roadway is greater than 24 ppm and the O,
concentration is less than 18%, which seriously threatens
the production of the working face.

(3) The balanced pressure ventilation technology is
proposed to control the low oxygen and CO overlimit
in the working face. The balanced pressure ventilation
can not only increase the pressure of the working face
but also reduce the pressure difference at both ends of
the working face, as well as decrease the air leakage to
the goaf in the upper corner of the inlet air roadway.
After implementing balanced pressure ventilation, the
CO volume fraction in the upper corner of the return air
roadway is stable at less than 24 ppm, and the O,
volume fraction is stable at about 20.5%, which can
effectively solve the problem of low oxygen in the
working face and CO overlimit in the upper corner.
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