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Abstract: The purpose of this study is to understand the law of gas migration in the goaf
and reduce the gas on the working face. Taking the N2105 working face of the coal mining
industry as the research object, the mathematical model of gas seepage in the goaf was
established based on the percolation theory of porous media, and the model was solved.
Using Fluent software to simulate the initial pressure, the working face airflow, and gas
concentration distribution, different ventilation modes of gas concentration distribution
and migration law with different wind speeds after the initial gas pressure. It is concluded
that for the first time, the effect of gas on the working face is insignificant, and the influence
of the initial pressure on the working surface is gradually revealed. The influence of airflow
speed on the goaf is mainly concentrated in the 20~30 m area near the working face, which
is affected by the airflow speed of the working face. The gas concentration in the goaf is
low, and the fluctuation is obvious. The types of ventilation directly affect the seepage law
of goaf gas. The U + I and U + L type ventilation can reduce the gas concentration in the
upper corner and f gas seepages from goaf to the working face.

Keywords: goaf areas; component transport; gas accumulation; numerical simulation

1. Introduction

Fully mechanized top coal caving mining is a new mining technology with high yield
and high efficiency. However, due to its large mining intensity, fast propulsion speed, short
gas pre-discharge time of the coal wall, large gas emission from the working face (coal
body of the working face, caving coal body, coal wall including coal wall above support,
and residual coal in goaf, etc.), it is easy to cause gas accumulation or gas overrun in
the mining area, upper corner, and mine return airway. Gas overrun has caused serious
threats, hazards, and hidden dangers to coal mine safety production, which may cause
safety accidents such as gas explosion and gas suffocation, causing great property losses
and casualties to the country, enterprises, and individuals [1-4].

Aiming at the problem of gas hidden danger in the working face and goaf of high
gas and extra-thick coal seams, in recent years, scholars have extensively discussed the
theoretical analysis, numerical simulation, and experimental research on gas migration in
the working face and goaf and put forward and promoted gas control measures such as pre-
drainage before mining, simultaneous excavation and drainage, simultaneous mining and
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drainage, high-drainage drilling, buried pipe drainage in upper corners, and increasing air
distribution and gas drainage in high-level roadways along the roof layout of the working
face. A series of useful research results have been formed. For example, in 2007, taking the
Riosa-Olloniego coalfield coal mine in Spain as the engineering background, Aguado and
Nicieza compared and analyzed the effectiveness of two important measures to prevent
coal seam gas outburst, e.g., high-pressure water injection and protective coal seam (No. 7
coal seam) [5]. In 2011, Zhu Zhenghong, Guo Liangjing, Wang Xiang, and others used
experimental methods to optimize the ventilation system of a fully mechanized caving
face, reducing the accumulation of gas [6]. In 2013, Zhao Jingiang studied the gas emission
law of a fully mechanized top coal caving face and analyzed its influencing factors [7].
In 2014, Hao Yabing et al. studied the effect of parallel double U-shaped ventilation on
gas accumulation [8]. In 2015, in order to prevent the formation gas from entering and
submerging the mine ventilation system, Karacan put forward the control measures of
drilling the goaf gas vents (GGVs) on the long wall plate to reduce the gas content and
deeply analyzed the production performance of GGVs [9]. In 2016, Li Yanqing discussed
the gas control method of the outburst coal seam group [10]. In 2018, Zhang Xuechao and
Chang Weiqi explored and practiced gas control work such as high gas coal seam groups
and fully mechanized caving faces [11,12]. Zhou et al. studied the extraction effect of
high-level drainage roadway in fully mechanized mining face [13]. In 2022, Shi Liangliang
studied the gas control technology in the goaf of the fully mechanized mining face [14].
Huang Maozheng studied the relationship between coal seam gas occurrence conditions
and flow theory [15]. Lin Haifei et al. used experimental methods to study the influence of
multiple factors on the gas adsorption of coal samples [16]. Xin Yulun and Zhou Yanyang
et al. carried out systematic research on gas in layered mining of high gas thick coal
seams [17,18] and so on and achieved remarkable results in gas drainage and gas control in
the working face. Additionally, in 2023, Karacan proposed a comprehensive alternative
to the coal seam mining scheme of the Pocahontas No. 3 coal bed in Virginia (Central
Appalachian Basin), USA, including the comprehensive application of different methods
(e.g., fracturing vertical wells, horizontal wells in coal seams, and gas vents (GGVs) in
goafs), as well as the determination of the optimal duration and arrangement of different
prevention and control measures [19].

However, the production practice also exposed that the unreasonable gas layout of
the pre-drainage coal seam and the mismatch of ventilation parameter settings lead to gas
accumulation in the working face, upper corner, and goaf, and even the gas concentration
exceeds the limit. Due to the non-reproducibility of the mining process, gas hazards often
occur. As a simple, economical, practical, and repeatable research method, numerical
simulation has been widely used in gas migration and control. Soleimani et al. used
the energy balance principle to numerically model the initiation of coal and natural gas
outbursts, successfully simulated the gas outburst caused by deformed coal, and focused
on predicting the initiation of gas outbursts by using thresholds [20]. Szott et al. proposed
the technology of promoting gas seepage and emission by stimulating coal seams in a
multi-coal seam mining layout through a numerical simulation method [21]. Hu Qianting
used the CFD simulation of the gas flow law in the goaf to study the gas migration law in
the goaf [22]. Li Zongxiang conducted a numerical simulation study on the gas emission
law in the goaf of the fully mechanized caving face [23]. Zhang Yunzeng studied the gas
concentration distribution and migration law in the goaf of the fully mechanized mining
face through experimental methods [24]. Yu Yanan et al. conducted a numerical simulation
study on the air leakage field and gas flow field in the goaf of the “Y” type ventilation
system [25,26], which provided a basis for the improvement of coal mine technology.
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However, these studies are highly targeted, and there is a lack of simulation analysis
of the comprehensive factors affecting gas accumulation in mining, such as coal body in
working face, caving coal body, coal wall, and residual coal in goaf. How to theoretically
demonstrate and discuss the problem of gas concentration exceeding the limit caused by
gas accumulation caused by various comprehensive factors and find laws and methods to
fundamentally solve the problem of gas exceeding the limit in the working face and upper
corner of fully mechanized caving mining in high gas and extra-thick coal seams.

In order to effectively deal with the problem of gas accumulation and overrun in fully
mechanized caving mining of high gas and ultra-thick coal seams, this paper takes the
N2105 working face of a coal mine as the prototype and uses the method of numerical
simulation to deeply discuss the influencing factors of gas accumulation in the working
face, upper corner, and goaf. The influence degree and law of gas accumulation caused
by different factors, such as airflow speed of the working face, advancing speed of the
working face, ventilation mode of the working face, residual coal in goaf, and residual gas
in coal seam, are studied and analyzed, which provides technical support for the selection
of gas control process parameters in fully mechanized caving mining.

2. Study on Gas Migration Law in Fully Mechanized Caving Face and Goaf

The study of gas migration law in fully mechanized caving face and goaf focuses on
the non-chemical reaction single-phase multi-component diffusion model of gas moving
with airflow in confined space and the establishment of a mathematical model of gas
seepage in goaf and its equation solution.

2.1. Establishment and Solution of Mathematical Model of Gas Diffusion in Fully Mechanized
Caving Face

2.1.1. Establishment of Mathematical Model of Gas Diffusion in Fully Mechanized
Caving Face

The movement of gas with airflow in a confined space is a single-phase, multi-
component diffusion problem without chemical reaction. Its motion law satisfies the
basic equations of fluid mechanics described by the general Navier—Stokes equations, in-
cluding the continuity equation, momentum conservation equation, energy conservation
equation, component mass conservation equation, turbulent kinetic energy (k) equation,
and turbulent frequency equation (w) for turbulent airflow in confined space [27-30].

The mathematical expression of the Navier-Stokes equation has two different basic
forms: differential form and integral form. Suppose the volume force and external heat
source are not considered. In that case, in the rectangular coordinate system, the conserva-
tive integral form of the three-dimensional N-S equations of incompressible flow is:

;{)//Qdm#ﬂnds:#pv.nds (1)

Q) Q)

among them,

0 0 0 0
ou Txx Tyx Tzx
ow Txz Tyz Tzz
pE Px Py Pz
Px = UTyx + vTxy + WTy; + dx (3)
q)y = MTyx -+ 'Z)Tyy + wryz + Qy (4)

@z = UTzx + 0Ty + WTyz + 2 (5)
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Tey = —gy(ux—i—vy—b—wz)—t—Zyux (6)
2

Ty = —gy(ux + vy +w;) + 2puy )
2

Ty = —gy(ux+vy+wz) + 2uu (8)

Tay = Tyx = ]/l(uy + Ux) 9)

Txz = Tzx = ,u(”z + wx) (10)

Tyz = Tzy = H(vz + wy) (11)

where Q) represents the boundary of the control volume, N is the outer normal vector of
the boundary, Q is the conserved variable, F. is the inviscid flux, and F; is the viscous flux.
Txx, Tyy, and T represents the viscous stress component in different directions, gx, g, and
g- and represents the heat flux in different directions. p, P, and E represent the total energy
of density, static pressure, and unit mass, respectively, and u, a, w represent the velocity
component in the direction of x, y, z in the Cartesian coordinate system.

In order to close the N-S equation, some relational expressions need to be supple-
mented. For single-phase gas, there is a state equation:

p = pRT (12)

Unit mass gas total energy equation:
1
E:e+§(u2+vz+w2) (13)

Based on the eddy viscosity hypothesis, the viscosity coefficient y = u; + put, where
up is the laminar viscosity coefficient, given by the Sutherland formula, pt is the turbulent
viscosity coefficient, given by the turbulence model.

The laminar viscosity coefficient yi; can be expressed as:

3 1-S

pr=Tz2- T+S (14)

124K
§ ==
T

The turbulent viscosity coefficient y1 formula is:

(15)

ok
= 16
HT =" (16)
The turbulent viscosity coefficient y7 is determined by solving the turbulent kinetic
energy (k) equation and the turbulent frequency (w) equation.

The k equation and the w equation are:

a(pk) o dk
oF dx; pujk — (u + ‘TkVT)axj] = T4ijSij — B pkw (17)
pw) 9 | w| W o a2
o + aij pujw (.u + Uw,uT) axj] = “?Ttllsll Bow (18)

among them, o s
i 2
Ttij = Z‘MT (51] — 77!; l]> — 5pk5,] (19)
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where §;; is the average velocity strain tensor, p represents the fluid density, k represents
the turbulent kinetic energy, ¢;; is the Kronecker operator, and 1;; is the Reynolds stress.
a=3,B =009, =00750 =05and o, = 0.5.

At this point, the establishment of the mathematical model of the whole problem
is completed.

2.1.2. Solution of Gas Diffusion Equation in Working Face

In this paper, the finite volume method with a spatial discretization scheme is used
to solve the N-S equation describing gas diffusion, and the equation is discretized into
algebraic equations with the physical quantity at the center of the grid unit as the unknown
quantity [31,32].

On any control unit ();j; in the working face space, the N-S equation in the integral
form can be expressed as:

%///QdQJr A roonis= 7 nas (20)

ik 90k 90k

The control volume boundary d(); ; is composed of six surfaces of the control
unit, namely:

00 ik = dsi—%,j,k + dSH—%,j,k + dsi,]._%,k + dsi,j+%,k + dsi,].,k_% + dsi,j,k+% (21)
The flow Q; ;  is the volume average of the cell center, namely:
1
Qijk = QdQ) (22)
ijk
Q

ijk

the element volume V; ; ; can be calculated by the surface vector s, kr Sijjk—1 and
1]/ / K= 7

LS.,
: . 2K T3
its main diagonal vector 7; ; x.

rmkz(M+u+u+r*%m)h+(%+u+m+r*%¢0%4*@H&ﬁ&ﬂ&*zmﬁh (23)

1
Vi,j,k = gri,]',k . (dsif%,j,k + dsi,jf%,k + dsi,j,kf%) (24)
where ds is the area vector of the element, and ds i—Lik is calculated by the following
formula: 1
;g =5 (010 < Ui g @5

where g and b are the two diagonal vectors of the directed surface ds, which are expressed as:

4 1k = (xi,j+1,k+1 - Xi,j,k) Ly + (}/i,j+1,k+1 - ]/i,j,k) ly + (zi,j+1,k+1 - xi,j,k)lz (26)
bi1ix= (xi,j,k+1 - xi,j+l,k>lx + (yi,j,k+l - ]/i,j+1,k)ly + (Zi,j,kJrl - xi,j+1,k)lz (27)
where [, Zy, I, are unit vectors along the rectangular coordinates x, y, z.
Equation (22) is discretized into the following form:

d

kT (Vi,j,in,j,k) + Weijk — Woijk =0 (28)

where W. and W, are the net flow rate and net viscous flux of the outflow grid unit,
respectively.
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We,ijx = X Feeds
=F -ds. 1., — F, -ds. 1. F -ds. . —F, -ds. . F, -ds. .
Cielix it bk T TGk -3kt Cpedx ijrak T TG 1k Bji-bk T Cijked Tijktsy (29)
_FC

~dS. . 1
ijk-1 k=

where ds is the directed area of the unit interface, and the convective flux on the unit
interface is taken as the average value on the adjacent two units, that is:

1

Fcii%/]‘,k 92 (Fci/j,k + Fciil,j,k) (30)
1

Cjelk 2 (Fci,j,k + Ffz‘,jﬂ,k) (31)
1

Cijkxl ) (Ffi,j,k + Ffz;/,kﬂ) (32)

For the viscous flux, the thin layer approximation can be expressed as:
Wy = Wvg + Wwy + Wvg (33)

Taking the ¢ direction as an example, the expression of the viscous flux is given. The
viscous flux in the 77 and ( directions have a similar expression with the viscous flux in
the direction.

0
Pruz + Sex 2
Woe = ¢10¢ + Sgyp2 (34)
P1Wg + Sez 2 B
e1[(47/2) -E+1/((r = 1)Pr)] + Ug2
91 = St + 5%, + S%, (35)
1
@ = 3 (ngug + Sgyvg + SgZYUg) (36)
q2 = u? + v + w? (37)
u= ngu + Séyf) + ngw (38)

where ng, Sg;y, S(-;Z are the components of the directed area of the unit interface in the
¢ direction.
So far, the FCD model has been used to solve the gas flow equation of the working face.

2.2. Establishment and Solution of Mathematical Model of Gas Seepage in Goaf
2.2.1. Establishment of Mathematical Model of Gas Seepage in Goaf

In the process of establishing the mathematical model of gas migration law in the
goaf of the working face, the desorption and diffusion process of the residual coal gas is
ignored, and only the seepage process in the porous medium formed by the caving coal
and rock mass in the goaf of the working face is considered. The gas flow in the goaf
follows the mass conservation equation, momentum conservation equation, and continuity
equation. Without considering gravity, due to the continuous gas in the surrounding rock
and residual coal in the goaf, the transport of gas in the goaf should be regarded as a
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continuous source distribution in the continuity equation. Hence, the transport of gas in
the goaf satisfies the law of conservation of gas mass [33-36].

d J _ ] _
i (pcg) + a—xi(pcgu) =— Tm(]gu) + Sq (39)

The diffusion flux of gas in laminar flow is:

0
Jg = —ng (cqtt;) (40)

The diffusion flux of gas in turbulent flow is:

_ LI N
Jo = (Dp + Sq) 5% (cqui) (41)
The average gas velocity is regarded as the macroscopic seepage velocity, namely:

u=— K Vp (42)
H
Substituting Equations (40) and (41) and Equations (40) and (42) into Equation (39), re-
spectively, the continuous equations expressed by seepage velocity in laminar and turbulent
flows can be obtained:
The continuous equation expressed by seepage velocity in laminar flow:

d ? K, ? ? K,

The continuous equation expressed by seepage velocity in turbulent flow:

d 9 Ke . @ w9 1K
g(pcg)—i-a—xi(—pcgy—gVPg)— axiH(Dﬁsa)a@(%”l)]ygvpg +S; (44

The gas migration in the caving coal and rock mass in the goaf satisfies the law of
conservation of momentum, and the momentum conservation equation in the i direction in
the inertial (non-accelerating) coordinate system is:

%(P”i) + aaxj(P”i“j) = gzj - %}; +pgi + F (45)
Tij = [ueff (gi}l + g:l:> - ég:élj] (46)
Substituting (46) into (45) yields:
%(P“i) - g(f’”i“f) = ai (”Effg%) - ai (”eff?) e <8u]:> -2 it F, (47)
X; X X; Xj X; 3dx; \ 9x; ox;
when,

B 0 au] 2 0 au]
Ql—ax(”effaxl) _38xi<8x +F (48)
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When the momentum conservation equations in the x, y, z directions in the inertial
(non-accelerating) coordinate system are:

d d 0 Oy ap
57 (0tx) + ach(p”x”f) “ox; (ueff 0%, > — 5y T8+ Qx (49)
d d K ou,\  op
g(P”y) + E(P”y“]) —ach (”effaxj> ~ oy +p8y + Qy (50)
0 d 9 du, ap
g(PMZ) + aTCj(P”z”/) “ox (u"ffax]-> — 3, s+ Q: (51)

The source term of porous media consists of two parts: one is the viscous loss term,
and the other is the internal loss term, namely:

3 3 1
Fi =} Dijuersaj + ) Cijzplajl4) (52)
=1 =1

2.2.2. Solution of Gas Seepage Equation in Goaf

The model is selected to solve the gas flow equation in the goaf. The model is derived
from the transient Navier-Stokes equation by Yanhot and Orzag using the renormalization
group method. It is mainly composed of the turbulent kinetic energy (k) equation and the
turbulent kinetic energy dissipation rate (¢) diffusion equation, which is completed by the
tensor notation under the Einstein summation convention [31,37-40].

d 0 0 ok
5; (Pk) + a*i(Pkui) = ax (“k?"effax]) + Gk +Gp—pe—Yum (53)

0 el 0 ok £ &
57 (0e) + = (pku;) = 5 (“kl/‘effax> +Crep (Gr+CaeGp) = Coeppr = Re +5: - (54)
i j j

where
. du; a”] ou;
G = Vt<8x]+8xl>8x] (55)
T2
Gp= —gi oPr; 5, (56)
Cupn(L—1n/m0) €
_ e
Re=—"717 B3 k ©7)
_ 1/2k
n=(2E;-Ey) "7 8)
. 1( du; au]
Eij=3 <ax] + ax,> (59)

At the same time, in the RNG model, in order to make the model adapt to the influence
of near-wall flow, low Reynolds number, and modified turbulence in laminar flow by eddy
current, it is necessary to include the effective velocity and eddy current modified model

equation, that is:

0y A

d<\P/%> —172
Vo

P-1+Co

do (60)



Fire 2025, 8,13 9 of 23

For turbulence there is:

k2
e =Cup (61)
For eddy currents there is:
ue = 1o f(as, Q, k/€) (62)

where S, is the additional generation rate of the gas source term, c, is the gas concentration
in the goaf, ¢ is the porosity of the collapsed coal and rock mass in the goaf, ], is the gas
diffusion flux, i is the average seepage velocity of the gas in the goaf, D is the diffusion
coefficient of the gas in the mixed gas, Sc; is the turbulent Schmidt number, generally 0.7,
u; is the gas seepage velocity in the goaf, P is the pressure, K is the permeability of the goaf,
p is the gas viscosity, 7j; is the stress tensor, u; is the time average velocity, a; and a, are
the turbulent Prandtl number of the equation k and the equation ¢, and Gy is the turbulent
kinetic energy caused by buoyancy.

The RNG k — e model is used to solve the gas flow equation in the goaf, which satisfies
the stability and economic requirements of the solution process and makes the accuracy
higher when calculating the flow field with a large gradient of calculation speed; that is, the
solution of the gas flow equation under the condition of high Reynolds number is realized,
and the solution of the equation under the condition of low Reynolds number in the near
wall area is realized.

In this section, we deeply discussed the law of gas migration in a fully mechanized
caving face and goaf, established a mathematical model of multi-component diffusion with-
out chemical reaction, and based on porous media seepage, and solved the mathematical
model. This study not only provides a theoretical basis for the transport characteristics of
gas in the working face and goaf but also reveals the influence of the continuous release of
residual coal and surrounding rock gas on the concentration distribution in the working
face and goaf. The establishment and solution of the model are of great significance for
understanding the gas seepage mechanism, optimizing the safety of mining operations,
and reducing the risk of gas disasters, which lays a solid foundation for future related
research and practical application.

3. Establishment of Geometric Model and the Determination of
Simulation Parameters

This section introduces the establishment process of the geometric model of the work-
ing face and the goaf. According to the theory of surrounding rock mass deformation
and the needs of numerical simulation, a three-dimensional geometric model including
the working face, the air inlet roadway, the return air roadway, and the gas roadway is
constructed, and the simulated boundary conditions are set.

3.1. Establishment of Geometric Model of Working Face and Goaf and the Setting of
Boundary Conditions

The coal seam thickness of the N2105 working face in the coal mine of Shanxi Province,
China is 6.31 m, the mining height of the working face is 3.2 4= 0.1 m, the average thickness
of top coal is 3.11 m, and the inclined distance of the cutting hole in the working face is
285 m. The schematic figure of the section of the fully mechanized caving face is shown in
Figure 1.
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Coal layer Borehole drilling along seam

Working surface/

Figure 1. The schematic figure of fully mechanized caving face and goaf areas.

According to the actual situation, the model of the fully mechanized caving face is
simplified. The rocker arm and fuselage of the shearer are simplified as cuboids, drums
and hydraulic supports are simplified as cylinders, and cable grooves are simplified as
cuboids. A trapezoidal working face with a length of 285 m, a width of 8.5 m, and a height
of 3.5 m is established. The length, width, and height of inlet and return air lanes are 15 m,
5m, and 3.5 m, respectively. The length, width, and height of gas lanes are 20 m, 4.4 m,
and 3.5 m, respectively. The working face and goaf geometric model with a strike length
of 200 m, a tendency length of 285 m (including inlet and return air lanes), and a vertical
height of 40 m are shown in Figure 2.

’
fracture zone 2 f‘_‘-ﬁr
2 fracture zone 1 i—"l
15. O T ———— T T T T T T T T T T T —
- - | | of
[ T | | ‘_1,
!éo‘;—=80=!= 80 vt 100 o
L [ I J
o — | |
g | |5 & |
‘Worl .
face ¢ s g_l caving zone 2 | caving zone 3
|
|

279
A\
§§
2895

7/

ip}

Figure 2. Fully mechanized caving face and goaf geometry size figure.

3.2. Setting of Boundary Conditions of Working Face and Goaf Areas

According to the actual parameters and measured data of the N2105 working face
and the adaptive adjustment of the comprehensive regional grid, the numerical simulation
parameters of gas migration law in the fully mechanized caving face are set in Table 1, and
the numerical simulation parameters of gas migration law in goaf are set in Table 2.
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Table 1. Working face gas diffusion numerical simulation parameter setting table.

Simulated Boundary Condition Simulation Parameter Setting
Equation solver Separation solver
Turbulent flow model Kx-¢ two-equation model
Component model Gas-air
Energy model Open
Convergence criteria 103
Porous media model Open
Percentage of void 0.2
Inertial resistance coefficient (1/m?) 1.0 x 10°
Type of jet source Body spray
Material quality Methane
Density (kg/m?) 0.716
Total mass flow rate of injection source 1.5 x 1077

Table 2. Simulation parameters of gas migration law in goaf areas.

Fissure Fissure
Zone 1 Zone 1

Porosity 0.333 0.231 0.167 0.05 0.02
Coefficient of viscous
Resistance (107 m~2) 0.7 15 > 100 200
Methane source term 0.043 0.147 0.17 0.25 0.06

Name Fall Zone1 Fall Zonel Fall Zonel

4. Numerical Simulation of Gas Migration Law in Working Face and Goaf
4.1. Simulation Study on the Distribution Law of Air Flow Field in Fully Mechanized Caving Face

Taking the airflow speed of 2.92 m/s as an example, the distribution law of the airflow
field in the working face is simulated. The distribution cloud figure of the airflow field
in a fully mechanized caving face is shown in Figure 3, and the vector figure is shown in
Figure 4.

1.91x107
1.82x107
1.72x10
1.62x10

f.53<10" [

143107 %?— e 3
1.34x10° r, air flow speed distribution cloud map of ,"
0.5 m plane from the floor

1.24x10
1.15x107
1.05x10"
9.56x100

8.60x10°0 | I air flow speed distribution cloud map of n
7.65x10° 1.35 m plane from the floor
6.69x10°

5.74x10°
4.78x10° l air flow speed distribution cloud map of “

3.82x10° 2.9 m plane from the floor
2.87x10°

1.91%100 X

9.56%10°"! \L»Z

0.00x10°

Figure 3. Airflow speed flow field distribution cloud of working face.
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Figure 4. Airflow speed distribution vector map of working face.

It can be seen from the figure that the airflow speed distribution of the flow field in
the working face is extremely uneven. Due to the large channel space and small resistance,
the wind flow is mainly dominated by the channel space flow, which is hindered by the
hydraulic prop. The airflow speed between the hydraulic prop and the coal chute is small.
Due to the flow around the hydraulic prop, the flow field stability is poor, and it is easy to
produce gas accumulation. During the working process of the shearer, it is easy to form a
flow around it, and the flow field has a large disturbance phenomenon, forming a large
range of eddy current area; in the process of transporting coal by the front and rear chutes,
because the direction of movement is opposite to the direction of airflow flow, the flow
field also has a certain disturbance effect, which affects the distribution of airflow.

4.2. Simulation Study on Gas Concentration Distribution Law of Fully Mechanized Caving Face

The working face adopts the U-shaped ventilation mode, the average airflow speed
of the working face is set to 3.0 m/s, the advancing speed of the working face is 4.8 m/d,
the desorption amount of coal seam gas is 3.9 m3/t, the desorption amount of coal body is
36 m>/min, the amount of gas in the goaf into the working face is 3.6 m®/min (10% of the
amount of gas emission from the falling coal), and the amount of gas emission from the
surrounding rock is 7.2 m3/min (20% of the amount of gas emission from the falling coal).
The distribution of gas concentration along the 0.5 m, 1.35 m, and 2.9 m planes from the
coal seam floor is shown in Figure 5, and the curve is shown in Figure 6.
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Figure 5. Gas concentration distribution cloud of working face.
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Figure 6. Gas concentration distribution curve of working face.

From the figure, it can be seen that the gas concentration of the working face gradually
increases from the beginning of the air intake roadway, and the gas concentration reaches
the maximum at the return air roadway. In the working face, the gas concentration is
inversely proportional to the airflow velocity. In the same cross-section, the higher the
airflow speed is, the lower the gas concentration is. The reason is that the existence of the
airflow takes the gas away from the area, while the gas in other areas gradually enters
the area in a diffusive way. The gas concentration between the hydraulic support and the
ore-drawing chute is high and fluctuates greatly. The reason is that due to the existence
of the hydraulic support, there is a phenomenon of flow around it, which leads to the
fluctuation of gas concentration. There is a peak value of gas concentration fluctuation on
the downwind side of the shearer at 3 m (equivalent to 8 m downwind of the rear drum),
and the maximum peak value of gas concentration appears at the upper corner of the
working face. This is mainly due to the high initial velocity of gas emission from the raw
coal cut by the coal cutter. At the same time, it is affected by the shearer, and the airflow is
disturbed, which affects the gas migration.

4.3. Simulation Study on Gas Concentration Distribution Law of Working Face, Goaf and Upper
Corner Under Different Airflow Speed Conditions

4.3.1. Simulation Study on Gas Concentration Distribution Law of Working Face

In the case of other conditions unchanged, by changing the velocity inlet conditions,
the average airflow speed of the working face is 1.5m/s, 2.0 m/s, 2.5 m/s, 3.0 m/s, and
3.5 m/s, respectively. The gas concentration distribution along the 1.5 m plane from the
coal seam floor is shown in Figure 7, the gas concentration distribution at the 2.5 m distance
from the center line of the return air roadway to the coal seam floor is shown in Figure §,
and the gas concentration distribution curve at the upper corner is shown in Figure 9.
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Figure 7. Gas concentration distribution curve of working face under different airflow speed conditions.
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Figure 8. Gas concentration distribution curve of return airway center line under different airflow
speed conditions.
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Figure 9. Gas concentration distribution curve of upper corner under different airflow speed conditions.

It can be seen from the figure that the airflow speed of the working face directly affects
the airflow of the working face. If the airflow speed is too low, the gas concentration will
increase under the condition of the same gas release amount. The airflow speed also affects
the stability of the airflow in the working face. The larger the airflow speed is, the worse
the stability of the airflow is, and the wider the gas dissipation range in the working face
is. The airflow velocity of the working face greatly influences the flow state of the airflow
in the upper corner and the lower corner of the working face. When the airflow speed is
too low, a large airflow vacuum zone will be formed at the upper corner. Due to the low
airflow replacement rate, the gas concentration in this area will increase. When the airflow
velocity is too large, it is easy to form a vortex zone at the upper corner. The gas-containing
airflow stays too long at the upper corner, which also easily causes gas overruns.

4.3.2. Simulation Study on Distribution Law of Gas Concentration in Goaf

From the floor z = 3 m goaf gas concentration distribution cloud.

It can be seen from the Figure 10 that the gas concentration can be divided into three
stages in the whole goaf trend: in the first 30 m near the working face, the gas concentration
increases slowly, and the gas concentration is low; in the range of 30 m~160 m, the gas
concentration increases rapidly, and there is obvious stratification. After 160 m, the growth
of gas concentration gradually slowed down and eventually stabilized. Along the dip
direction of the working face, the gas concentration distribution in the goaf shows a trend
of increasing gas concentration from the intake side to the return side, especially the gas
concentration on the return side of the working face.
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Figure 10. Under the U-shaped ventilation mode, v =1.5m/s, v = 2.0 m/s, v = 25 m/s, the gas
concentration cloud map is obtained.

4.3.3. Simulation Study on Gas Concentration Distribution Law in Upper Corner

The change curve of gas concentration in the upper corner of the working face is
shown in Figure 11.
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Figure 11. The change curve of gas concentration in upper corner under U-shaped ventilation mode.

It can be seen from Figure 11 that the change in airflow speed in the working face has
a great influence on the gas concentration in the upper corner. However, in practical work,
it should be determined by the amount of gas emission from the working face. For the
fully mechanized caving face with large absolute gas emission, it is very limited to reduce
the gas concentration in the upper corner and the return air side only by increasing the
airflow speed (pressure difference). As the pressure difference increases, the air leakage
volume will also increase, which will take away more gas from the goaf so that the gas
concentration in the return air side and the upper corner will not decrease significantly or
even increase.

4.4. The Influence of Different Advancing Speed of Working Face on the Distribution Law of Gas
Concentration in Upper Corner

In the simulation, the working face adopts U-type ventilation mode, the desorption
capacity of coal seam gas is 3.9 m3/t, the average airflow speed of the working face is
3 m/s, and the working face advancing speed is 4 (3.2 m), 5 (4.0 m), 6 (4.8 m), 7 (5.6 m), and
8 (6.4 m) cycles per day. The amount of desorption gas in mined-out coal is 24 m3/min,
30 m3/min, 36 m3/min, 42 m3/min, and 48 m3/min. The amount of gas emission in
goaf is 2.4 m3/min, 3.0 m3/min, 3.6 m®/min, 4.2 m3/min, and 4.8 m3/min, respectively.
The amount of gas emission in surrounding rock is 4.8 m3/min, 6.0 m?/min, 7.2 m3/min,
8.4 m®/min, and 9.6 m>/min, respectively. The change curve of gas concentration in the
upper corner is shown in Figure 12.
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Figure 12. Gas concentration distribution curve of upper corner under different advance speed conditions.

It can be seen from the figure that when the advancing speed of the working face is
four working face cycles, the gas concentration in the upper corner is the lowest, and the
change is stable. With the increase in the advancing speed, the gas concentration gradually
increases. When the advancing speed of the working face reaches eight working face
cycles, the gas concentration in the upper corner is the highest, and the change is extremely
unstable. This is mainly because the advancing speed of the working face is accelerated,
the number of coal cuts per unit of time is increased, and the amount of gas released is
increased, resulting in an increase in the gas concentration in the upper corner and obvious
fluctuations. Therefore, it is more conducive to the discharge of gas in the upper corner by
controlling the advancing speed of the working face in 5~7 working face cycles.

4.5. The Influence of Different Amount of Residual Coal in Goaf on the Distribution Law of Gas
Concentration in Upper Corner of Working Face

In the simulation, the working face adopts a U-shaped ventilation mode, the residual
gas volume of coal seam is 3.9 m3/t, the advancing speed of the working face is 4.8 m/d,
the recovery rate of the coal seam is 85%, 87.5%, 90%, 92.5%, and 95%, respectively, the gas
emission volume of caving coal is 36 m®/min, the gas emission volume of surrounding rock
is 7.2 m3/min, and the gas emission volume of goaf is 10.8 m3/min, 9 m3/min, 7.2 m3/min,
5.4 m3/min, and 3.6 m3/min. The distribution of gas concentration along the center line of
the return airway is shown in Figure 13, and the change curve of gas concentration in the
upper corner is shown in Figure 14.
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Figure 13. Gas concentration distribution curve of return airway center line under different recovery
conditions.
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Figure 14. Gas concentration distribution curve of upper corner under different recovery conditions.

From the figure, it can be seen that the higher the recovery rate, the smaller the gas
concentration in the upper corner, mainly because the higher the recovery rate, the less the
amount of residual coal in the goaf, the less the amount of desorbed gas, and the less the
amount of gas seeping into the goaf, resulting in a weak change in the gas concentration in
the upper corner.

4.6. Simulation Study on Gas Migration Law in Goaf Under Different Ventilation Modes
4.6.1. Numerical Simulation of Gas Concentration Distribution Law in Goaf of Working
Face Under U-Type Ventilation Mode

In the N2015 fully mechanized caving face, the actual air supply volume is
3000 m3/min. In the initial stage of mining, the air inlet roadway is set as the veloc-
ity inlet, the converted airflow speed is 2.85 m/s, the return air roadway is set as the free
outlet, and the interface between the working face and the goaf is set as the porous jump
condition. The desorption gas of the coal seam in the working face is 3.99 m3/t, and the
absolute gas emission is 42.9 m3/min according to the recovery amount of 12,000 t/d. The
velocity cloud figure of the goaf is shown in Figure 15, the velocity vector figure is shown
in Figure 16, and the gas concentration distribution in the plane 1.5 m from the coal seam
floor is shown in the figure.

8.72x10°
8.29%10°
7.85%100
7.41x10°

6.98x10°
6.54x10°
6.11x10°
5.67x100
5.23%10°0
4.80x10°
4.36x100
3.93x10°
3.49<100
3.05%10°
2.62x10°
2.18x10°

1.75x10°
1.31x10°
8.73x107!
4.73%x107!
1.21%1073

Figure 15. Speed cloud map before the first weighting of roof.
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Figure 16. Velocity vector map before the first roof weighting.

From Figures 15 and 16, it can be seen that under the condition of U-shaped ventilation,
the ventilation airflow mainly flows through the working face from the return air lane, and
a very small part of the airflow bypasses the support between the working face and the
goaf into the goaf. Affected by the support and the caving coal and rock mass, the airflow
velocity entering the goaf decreases rapidly and tends to stop as the airflow speeds away
from the working face. When the airflow moves in the working face, the airflow speed near
the roof and floor is low, which is also one of the reasons for the high gas concentration
near the roof of the working face.

4.6.2. Numerical Simulation of Gas Migration Law in Goaf Under U + Iand U + L
Ventilation Modes

Based on the process parameters of the N2105 working face in the Yuwu Coal Industry,
the working face is designed as U + I and U + L ventilation mode, and a three-dimensional
geometric model of goaf in a fully mechanized caving face is established, which is 15 m
in length, 5 m in width, and 3.5 m in height of intake and return air roadway; 15 m in
length, 4.4 m in width, and 3 m in height of gas roadway; 10 m in the bottom surface of gas
roadway from coal seam floor and 20 m in horizontal distance from return air roadway;
275 m in length, 5 m in width, and 3.5 m in height of working face; 285 m in length, 200 m
in width, and 40 m in height of goaf, as shown in Figure 17.
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Figure 17. Geometric model of goaf under different types of ventilation modes: (a) the geometric
model of goaf under U + I ventilation mode is established; (b) the geometric model of goaf under
U + L ventilation mode is established.

Under the condition that other parameters remain unchanged, the inlet air lane is
selected as the speed inlet, the airflow speed is 2.5 m/s, and the return air lane and the gas
lane are free exits. The absolute gas emission in the goaf is 44.89 m®/min, respectively, to
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simulate the distribution and migration law of gas concentration in the goaf when U + 1
and U + L ventilation modes are used.

Figures 18 and 19 are the gas concentration distribution cloud maps in the horizontal
and vertical directions of the goaf under the U + I ventilation mode.
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Figure 18. Gas concentration in different horizontal sections of goaf under U + I ventilation mode:
(a) gas concentration in goaf at horizontal section position Z = 0 m; (b) gas concentration in goaf at

horizontal section position Z = 3 m; (c) gas concentration in goaf at horizontal section position Z = 8 m.
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Figure 19. Gas concentration in different vertical sections of goaf under U + I ventilation mode:
(a) gas concentration in goaf at vertical section x = 20 m; (b) gas concentration in goaf at vertical
section x = 265 m.

It can be seen from the figure that compared with the U-type ventilation mode, some
gas is discharged with the “I” lane in the U + I type, and the gas concentration in the upper
corner and the support influence area can be effectively reduced in the horizontal direction.
In the vertical direction, the stratification of gas concentration distribution in the deep goaf
is more obvious. The reason for this phenomenon is that the gas in the shallow caving zone
of the goaf is eliminated with the airflow of the gas roadway. The deep airflow speed in
the goaf is very minimal, and the gas mainly depends on gravity and free diffusion. In
addition, the viscous resistance coefficient of the fracture zone is large, the porosity is low,
and the gas accumulation makes the concentration gradually increase.

Figure 20 shows that under the U + L ventilation mode, when the air volume ratio
of the return air lane and the “L” lane is 2:1 (the airflow speed of the return air lane is
1.33 m/s, the airflow speed of the “L” lane is 0.67 m/s), 3:1 (the airflow speed of the return
air lane is 1.5 m/s, the airflow speed of the “L” lane is 0.5 m/s), and 4:1 (the airflow speed
of the return air lane is 1.6 m/s, and the airflow speed of the “L” lane is 0.4 m/s), the gas
concentration distribution cloud map of the goaf.
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Figure 20. Gas concentration in goaf under U + L ventilation mode when air volume is 2:1, 3:1, 4:1.

It can be seen from the figure that due to the existence of the “L” roadway, the gas in
the goaf flows to the “L” roadway with the airflow, so the concentration of the coal mining
face and the return air roadway is low, and the gas concentration of the outer tail roadway
is high. The influence of the tail roadway on the gas flow field in the goaf of the working
face is mainly reflected near the upper corner. The farther away from the tail roadway, the
smaller the change in gas concentration. The outer staggered tail roadway can effectively
reduce the gas concentration in the upper corner and effectively alleviate the problem
of gas overrun. By comparing the gas concentration distribution in the goaf with the air
volume ratios of 2:1, 3:1, and 4:1 in the return air lane and the outer staggered tail lane, it
can be seen that the concentration in the upper corner is significantly lower than that in the
U-type ventilation. However, the change in air volume ratio has a limited impact on the
gas concentration in the upper corner. If conditions permit, increasing the air volume of
the outer staggered tail lane will help reduce the gas concentration in the gas tail lane and
ensure safety.

5. Conclusions

In this study, the N2105 working face of Yuwu Coal Industry was taken as an example.
By establishing the mathematical model of gas seepage in goaf and using ANSYS Fluent
6.3.26 for numerical simulation, the migration law of gas in goaf and its influencing factors
were systematically analyzed. The research shows that the ventilation mode and the airflow
speed of the working face have a significant influence on the distribution and change in
gas concentration in the goaf, which provides a theoretical basis for reducing the risk of gas
overrun in the working face.

If the airflow speed of the working face is too low, it is easy to cause gas accumulation.
With the increase in the airflow speed of the working face, it is beneficial to discharge gas,
but the increase in the airflow speed will also increase the gas seepage flow in the coal seam
and goaf and increase the gas concentration in the working face and return airway. When
the average airflow speed of the working face is about 3 m/s, the gas emission effect is the
best under the condition of meeting other wind requirements such as dust emission.

Affected by the airflow speed of the working face, the air leakage in the goaf near the
working face is large. With the increase in depth, the air leakage gradually decreases, and
the gas accumulation is obvious. The goaf along the strike can be divided into three stages:
in the first 30 m near the working face, the gas concentration increases slowly, and the gas
concentration is low; in the range of 30~160 m, the gas concentration increases rapidly,
and there is obvious stratification. After 160 m, the growth of gas concentration gradually
slowed down and eventually stabilized, but the concentration can reach more than 90%.

Along the dip direction of the working face, the gas concentration distribution in the
goaf shows a trend of increasing gas concentration from the inlet side to the return side,
especially the gas concentration on the return side of the working face. The reason for this
phenomenon is that in the early stage of coal release, the direct roof and the main roof are
prone to the phenomenon of cantilever beam under the action of their own strength, and
the caving rock in the goaf is freely accumulated, the porosity is large, and the air leakage



Fire 2025, 8,13

21 0f23

References

airflow speed is large. Part of the gas is easy to accumulate on the return air side and the
upper corner.

The recovery rate of coal seam is directly reflected in the amount of residual coal in
goaf. When the amount of residual coal is less, U-type ventilation mode should be selected.
When there is more residual coal in goaf or more gas emission in adjacent layers, the
U + I-type ventilation mode is easy to use. When the working face needs more air volume
and more gas emission, U + L-type ventilation mode is easy to be used.

The influence of advancing speed of working face on gas concentration of working
face is mainly reflected in the gas release intensity of mining coal. The faster the advancing
speed of the working face, the more the mining coal, the greater the amount of gas released,
and the higher the gas concentration of the working face. When the advancing speed of the
working face is 5~7 working cycles, the gas concentration control effect of the working face
is the best.

U-shaped ventilation has the smallest influence range on gas concentration in goaf.
Under this ventilation mode, the fluctuation of gas concentration in the goaf is small, and
its variation range is mainly affected by the airflow speed of the working face. This method
is more suitable for low gas mines with less gas emission and can solve gas problems
by ventilation. U + I type ventilation mode, that is, a special gas discharge roadway is
dug at the roof of the coal seam. The tail end of the roadway is in the upper part of the
collapsed coal and rock accumulation body in the goaf. Because the collapse of the coal
seam roof is affected by the time effect, and the gap between the coal and rock mass is large
at the initial stage of collapse, it is more conducive to the migration of gas. Therefore, it
is more effective for the gas control in the working face of high gas and thick coal seam
mining. The U + L type ventilation mode is based on the U type ventilation mode, and a
gas roadway parallel to the return air trough is arranged. The roadway spacing is 15-20 m.
During the excavation process, a certain distance is connected at each interval to form a
contact roadway. Because the gas roadway is not destroyed during the mining process, it is
beneficial for the high-concentration gas in the goaf to flow into it and effectively reduce
the gas concentration flowing into the working face from the upper corner. The ventilation
method solves the problem of high gas concentration in the upper corner of the working
face due to the influence of air volume.
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