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Abstract: Understanding the characteristics of coal spontaneous combustion (CSC) in goaf under
different porosities is crucial for comprehending the mechanism of CSC and its prevention and
control. In this paper, a multi-field coupled model of CSC in the goaf, considering porosity variation,
is developed to investigate the effect of porosity on the CSC characteristics in the goaf. The results
indicate that, as the goaf depth increases, both porosity and permeability decrease. When the highest
goaf porosity is 25%, the average airflow velocity is between 0.00134 and 0.00139 m/s. In contrast, the
average airflow velocity in the goaf with a porosity of 40% is approximately six times greater than that
of the goaf with a porosity of 25%. As the goaf porosity increases, the overall oxygen concentration,
temperature, and oxidized zone area also rise. Moreover, the oxidation zone area can be quantified
and visualized, thereby enabling more effective prediction of the CSC risk in the goaf. The findings
of the study have a positive significance in guiding the prevention and control of coal fires.

Keywords: pore evolution; coal spontaneous combustion; oxygen concentration; oxidation zone

1. Introduction

Due to the gradual depletion of shallow coal resources, coal mining in China has
reached depths of 1000-2000 m, entering the stage of deep mining. The high ground
pressure and temperature in deep mines increase the likelihood of spontaneous combustion
in coal seams, which can result in mine fires, gas explosions, dust explosions, and other
secondary accidents [1]. The goaf is a region where coal spontaneous combustion (CSC)
occurs frequently, and its interior is a nonlinear flow field that includes turbulence, laminar
flow, and transitional flow. CSC is the consequence of the paradoxical development
between heat production via coal oxidation and heat dissipation to the environment, and
associated factors can affect the process [2,3], such as coal rank, rock composition, sulfur
content, water content, pore structure, and gas content. During coal self-heating, heat
collects in the coal body, leading to thermal expansion of the matrix, evaporation of water
and precipitation of volatiles. As the self-heating reaction progresses, thermal damage
occurs to the coal body structure, resulting in alterations to the permeability of the coal
body. Concurrently, the heat accumulated on the coal surface heats the coal body once
more, causing further thermal damage. Following the volatiles” combustion, the newly
formed coal body structure provides an optimal conduit for fresh external air, facilitating
further combustion of the coal body [4]. When a fire occurs in goaf, the surrounding
coal seams are heated and damaged, especially the protective coal pillars between the
working faces [5]. If the coal pillar is not wide enough, a large amount of fissure-porosity
space can be created between the fire zone and the adjacent mining area or ventilation
roadway. By the action of hot wind pressure, a large amount of fresh air from outside
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will flow into the fire central area through these fissure-porosity channels, intensifying
the development of the coal fire. The goaf is a porous medium composed of residual coal
and fractured rock, which together influence the size and spatial distribution of porosity
and permeability [6,7]. During the initial stage of CSC, the low oxygen content inside the
goaf hinders the CSC. However, when the pore structure of the goaf changed, air leakage
provided sufficient oxygen to the goaf, thereby promoting the CSC. In this process, air
leakage from goaf, spontaneous combustion of the coal body, and energy exchange between
the coal and gas all affect the distribution of the flow field in goaf. Furthermore, the oxygen
consumed by goaf combustion alters the flow field distribution, which is a multi-field
coupling process. Consequently, it is essential to investigate the impact of pore alterations
on the characteristics of goaf CSC, which is of practical significance for fire prevention and
suppression in goaf.

An accurate prediction of the CSC process is crucial for fire prevention and suppression
in the goaf, and appropriate mathematical descriptions can help to further understand the
CSC mechanism [8,9]. Many extensive mathematical models are currently available for the
prediction of the CSC process, including analyses in different dimensions, steady state and
unsteady state [10]. However, existing models have mainly focused on coal piles and coal
seams [11], with less attention paid to the CSC process in the goaf. Furthermore, in previous
studies of goaf CSC, the actual state parameters of the goaf, such as coal physical parameters,
ventilation parameters, and the spatial evolution of porosity and permeability, have not
been adequately considered. Through CFD modeling, Tutak [12] investigated the effect of
rock compressive strength on the CSC characteristics in Y-ventilated goaf, and used the
oxygen concentration as the basis for delineating the three zones of CSC in the goaf, but did
not take into account the spatial distribution of the oxidation zone. Taraba [13] developed
a three-dimensional single-phase model to characterize the coal oxidation process in the
goaf, but has not yet considered the nonequilibrium heat transfer between the gas-solid
phases. Zhang [14] developed a model of goaf CSC with dynamic change of porosity using
a combination of discrete and finite elements to obtain the airflow distribution and risk
zones in the goaf. However, the model is considered as an isothermal process and does
not take into account heat transfer or heat release from coal reactions. Lei [15] developed
a model for goaf CSC during working face advancement and investigated the effect of
advancement speed on the flow and temperature fields in the goaf, but did not consider
the evolution of the CSC risk in the goaf. With COMSOL 5.5 software, Wang [16] simulated
the dynamic evolution of the high-temperature zone during CSC, but did not consider
the dynamic evolution of porosity and permeability in the goaf. Based on the above brief
review, previous studies have approached the prediction of the process of goaf CSC from
different perspectives but have not yet addressed the complete interaction between non-
Darcy flow and heat transport of gases in the gas—solid phase in the goaf under in situ
conditions. The collective effect of these interactions on the characteristics of goaf CSC is
unclear, and this knowledge gap defines the goal of this study.

Therefore, on the basis of the original study, a multi-field coupled model of CSC in
the goaf was established, which takes into account the mutual and complex interactions
between porosity change, gas component transportation and energy transfer in the goaf.
Additionally, the area distribution of the oxidation zone was quantified and visualized,
which enabled the accurate characterization of the CSC risk under the change of pore
space in the goaf. This study effectively predicts the development process of coal seam
collapse (CSC) in the goaf due to conditions such as high geo-stress or mining. The use of
the oxidized zone area as an important indicator of the CSC risk in the goaf improves the
efficiency of fire prevention and control.

2. Governing Equations for Goaf CSC
2.1. Momentum Conservation Equation

Due to the non-uniform distribution of the rocks in goaf, the gas exhibits different
movement trends in different regions. The coal and rock on the near working face of
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the goaf are loose, and the wind flow is turbulent due to the large void space between
them. The coal and rock in the deep part of the goaf are compacted, resulting in laminar
wind flow due to the small gap space between them. The coal and rock in the region
between the loose and compacted zones are in a transitional state, and the wind flow in this
region is transitioning from turbulent to laminar flow [17,18]. The conventional Darcy’s
law only applies to laminar movement in the central and deeper parts of goaf, where wind
movement is dominated by gas viscous forces [19,20]. However, the turbulence state in the
loose zone is more complicated and, in addition to the gas viscous force, the movement
of the wind flow in this region is also affected by the medium resistance of the coal and
rock, the pressure difference, the gas density and other factors. The conventional Darcy’s
law is no longer able to describe the movement state of the turbulent flow, while this
region is the important region for the goaf CSC. Therefore, based on the properties of the
porous medium and the complex fluid movement state inside the goaf, the momentum
conservation equation is as follows [20]:

u

.V)} =V. {—pl—i— F (w+(W)T)] —~ (yk1+ﬁp|u|+(§2m>u+l-" (1)

Ep Ep p
where i is the kinetic viscosity coefficient of goaf gas, kg/(m-s); Br is the Forchheimer
coefficient, kg/ m?: [ is the volumetric force, N/m?; and |u| is the velocity modulus of the
gas transport in goaf, m/s. B Mainly related to the structure of porous medium and the

properties of fluid [21]:

Br = PsepCy
vk

where py is the density of the goaf gas, kg/m%; and C  is the friction coefficient of the goaf
1.75

, Cr = .
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2.2. Mass Conservation Equation

)

The mass conservation equation for any gas component inside goaf is satisfied as

follows [11]:
ndce

ot

where O represents the each gas component in goaf, such as CHy, O,, CO and CO», etc.;
o is the concentration, mol/ mS3; W is the source term, mol/ (m3 -s); ¢ is the concentration
of the mixed gas components in goaf, mol/m?, ¢ = p/RTg; R is the universal gas constant,
J/(mol-K); vg is the velocity vector, m/s; Ty is the gas temperature, K; ¢ is the time, s; Dg is
the diffusion coefficient tensor, m?/s, which can be expressed as [22]:

C—Cp

+ V'(—nD@'VC@) + UgVC@ = We (3)

Do = (at|vg| + T1-Dea)dij + (a1 — a1)vgxvgy/ || 4)

where J;; is the Kronecker symbol; vgx and vgy are the gas flow velocity components in the
x and y directions, m/s, respectively; a; and at are the longitudinal and transverse disper-
sion of the gas, m, respectively; 1j is the tortuosity of the porous medium, dimensionless;
and Dg, is the molecular diffusion coefficient, m?/s. The chemical composition of coal
exhibits considerable variation with respect to its rank and source. It is challenging to as-
certain the precise correlation between the rate of gas production and oxygen consumption.
During the initial stages of coal oxidation, the chemical reaction equation can be expressed
as follows:

Coal + Oy — CO; + 0.1CO + heat (5)
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The oxygen transport in goaf is affected by CSC, and the source term of the gas
component equation is the oxidative oxygen consumption of the coal body in goaf, which
can be obtained by the Arrhenius equation [23]:

E
ACp, exp <— R’IH‘ ) (6)
S

where 7 is the porosity; A is the finger forward factor for gangue oxidation, 1/s; E,
is the activation energy, k] /mol; T; is the solid temperature, K; and Cp, is the oxygen
concentration, mol/ m3.

1—n
2 n

Wo

2.3. Energy Conservation Equation

The temperature variation in goaf mainly originates from the exothermic effect of the
coal-oxygen reaction, and the heat accumulation causes the heat exchange between the
wind flow and the coal body. According to the principle of energy conservation, the heat
transfer between the coal body and the multiple gases in goaf can be expressed as [24]:

aT,
(1 - n)PstST: — (1 — W)V'(kSVTS) = (1 — 1’1)QTq — hsgasg(TS — Tg) (7)
T,
nngng + ngpgngg - nv(ksst) - hsgﬂsg(Ts - Tg) (8)

where the subscripts s and g represent the solid and gas phases of goaf, respectively; c,
is the specific heat capacity, ]/ (kg-K); k is the thermal conductivity, J/(m-s-K); T is the
temperature, K; Qr is the heat source term in goaf, J/ (m3-s); asg is the specific surface area
of the porous medium in goaf, m~!; and /g is the heat transfer coefficient at the gas—solid
interface, J/(m?-s-K).

The Q7 is mainly the result of the combined effect of the heat released from the
oxidation of the coal body and the heat exchange of the top and bottom plates, thus the
heat accumulated in goaf can be expressed as [11,22]:

kspscps
it

Qr, = 2L QiWo, ~2(T, ~ T) ©)

where Q is the reaction heat of coal oxidation, J/mol; and T, is the temperature of the top

or bottom plate, K.
According to Alazmi [25], as¢ and hsg can be expressed respectively as:

asg = 6<1d; 8) (10)

Cpe ) 3 vgld, )
th:kglzﬂ.l(”k;g) ("3; ") ]/d,, (11)

2.4. Cross-Coupling Relationship

Equation (1) can describe the non-Darcy seepage process in goaf, Equation (3) can
describe the gas transport process in goaf, and the coupling Equations (6) and (7) are used
to describe the gas—solid energy transport in goaf. The coupling between them is achieved
by modelling the evolution of goaf porosity, as shown in Figure 1.
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Figure 1. Coupling relationship of numerical model.
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3. Model Construction and Validation
3.1. Engineering Overview

The Yunhe Coal Mine is a production mine owned by the Jining Mining Group Co.
(Xiamen, China). It is located in Jining City, Shandong Province, China. The 1302 working
face is the 4th working face in the first mining area of Yunhe Coal Mine, with the 1301 and
1303 comprehensive mining areas above and below it, respectively. The #3 coal seam, which
has an average thickness of about 9 m and ranges between 6.3 m and 9.3 m, is mined at
the working face. The working face has a strike length of 1110 m and an inclined length of
140 m. The mine is a storm and low-gas mine, with a coal dust explosion index of 34%, an
absolute gas outflow of 0.66 m3/min from the working face, and the natural ignition period
of the coal seam is from March to June [26]. During mining, an open fire was discovered
in the upper corner of the working face. This was mainly caused by the spontaneous
combustion of a large amount of residual coal inside the goaf, which then spread to the
working face. Air leakage is a significant factor in the development of goaf CSC, and
porosity plays a crucial role in air leakage in goaf [27]. Consequently, we conducted an
investigation into the impact of porosity on the characteristics of the goaf CSC, with a focus
on the change in porosity resulting from the CSC.

3.2. Assumptions and Physical Modelling

To simplify the problem of goaf CSC and reduce calculation time, the following
assumptions are made:

(1) The gas movement in goaf conforms to the non-Darcy Forchheimer’s law, and the
oxygen consumption for coal oxidation is determined using the Arrhenius equation.

(2) The gas in the goaf is considered an ideal gas, and the impact of temperature on its
kinetic viscosity is disregarded.

(3) Disregarding the gas outflow from the goaf and other gases (CO, CO,, CHy, SO, and
NOy, etc.) produced during CSC, the gases in the goaf are mainly air.

(4) The goaf is simplified to a two-dimensional non-homogeneous porous medium flow
field.

(5) Using the 1302 working face as an example, a physical model was established, as
shown in Figure 2. The inlet and return airway measure 4 m in width and 8 m
in length, the working face measures 7 m in width and 132 m in length, and the
goaf measures 140 m in width and 150 m in length. The simulation boundaries and
parameters for goaf CSC are shown in Tables 1 and 2.
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Table 1. Proximate Analyses of Sample S1.
Coal Sample Number M,q (%) Vaa (%) FCq (%) Aq (%)
Lignite coal S1 16 33.5 317 34.8
Table 2. Initial Boundary Conditions.
Boundary Pressure Concentration Temperature
AD p=po+RQ*(L—y) Co, = CP, T=Ty
AB/BC/CD <p.§v;7 =0 Co, =0 —¢-(KVT) =0
R 150 m |
| Ip lc
- 1.0
—
Out
10.8
_ 1o
o
S
® o4
0.2
Inlet VAVAS
—_— VAVAY
v
0
A B

Figure 2. Physical model and meshing.

3.3. Permeability Evolution of Goaf

Affected by factors such as mining, crustal stress, and CSC, the coal rock in goaf
undergoes compression deformation and fracture, forming a caving zone, fracture zones,
and curved subsidence zones in the vertical direction of the goaf [28,29]. The irregular
arrangement of collapsed coal rocks and residual coal in the caving zone creates a specific
void space under the influence of geology, mining, and coal rock properties. The densifica-
tion of coal rock increases over time, reducing void space and the rock expansion coefficient
in the caving zone, accompanied by the reduction of goaf permeability. We use the “O”
ring theory of caving zone, and the expansion coefficient of the fallout coal rock is [22,30]:

Kp(x; y) = Kp,min + (Kp,max - Kp,min) : eXp{—ﬂldl'[l - eXP(Cl'ﬂodo)]} (12)

where Kp(x,y) is the expansion coefficient, dimensionless; Ky max is the initial value of the
Kp(x,y), dimensionless; Kpmin 18 the compaction expansion coefficient, dimensionless; a is
the decay rate of expansion coefficient, m~!; d is the distance from any point to a specific
location in goaf, m; and ¢; is the adjustment factor for the “O” ring shape.
The following relationship exists between the porosity (1) and Kp(x,y) in the goaf [31]:
1

n=1- 7Kp(x,y) (13)
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Assuming that the permeability within the extraction zone is homogeneous and
isotropic, the relationship between permeability (k) and 7 in the goaf can be expressed by
the Blake-Kozeny equation [32]:

d2n?
= 7’72 (14)
150(1 —n)
where dj, is the particle diameter of the porous medium in the goaf, m.

Setting ag = 0.0368, a1 = 0.268, and d), = 0.04 m, the spatial distribution of the expansion

coefficient, porosity and permeability of the goaf is obtained, as shown in Figure 3.

1.50 0.33
1.45 0.30
1.40
1.35 0.25
1.30 0.20
1.25
1.20 0.15
1.15 0.11

(a) expansion coefficient (b) porosity

x107
16

14

12

10

8

6

4

2

(c) permeability

Figure 3. Expansion coefficient, porosity and permeability of collapsed rock in the goaf.

3.4. Parameter Setting

Combined with the results of previous studies [33-36], we established a multi-field
coupled model of CSC in conformity with the 1302 working face. The activation energy
of the CSC reaction was taken from the thermodynamic parameters of the Sample S1 in
the literature [36], and its approximate analysis is shown in Table 1 and used to determine
the activation energy of the CSC reaction. The solid- and gas-phase parameters from the
literature [35] were used to determine the physicochemical parameters of the solids and
gases. The initial boundary conditions and numerical simulation parameters are shown in
Tables 2 and 3, and the model grid is shown in Figure 2. For the numerical calculations,
5014 grid cells were set up and the grid was analyzed for skewness, where the closer
the skewness to 1 represented the higher quality of the grid. As shown in Figure 2, the
minimum mass of the grid cell is 0.5662 and the average mass is 0.913, so the grid quality
of the model is relatively good. The calculation step was set to 2.4 h, and the simulated
CSC time was 240 h, taking into account the calculation accuracy and computing cost.
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Table 3. Numerical simulation parameters.
Parameters Value Unit Parameters Value Unit
Initial expansion coefficient, Kj max 1.5 - particle diameter, d, 0.04 m
Compaction expansion coefficient, K, min 1.12 - Initial pressure, py 1 atm
Attenuation rate, ag 0.0368 - Adjustable parameters, ¢ 0.233 -
Attenuation rate, a1 0.0268 - Initial O, concentration, C(sz 9.375 mol/m?3
Initial temperature, T 27 °C solid density, ps 1250 Kg/ m3
Activation energy, E, 45.5 KJ/mol Gas density, pg 1.1 Kg/m?3
Indexing factor, A 180 1/s Solid specific heat capacity, Cps 1200 ]/ (kg-K)
Ideal gas constant, R 8.314 J/(mol-K) Gases specific heat capacity, Cpe 1012 J/(kg-K)

3.5. Model Validation

The distribution of airflow velocity, streamlines, and oxygen concentration in the goaf
is presented in Figure 4. The results show that: (1) the wind flow enters into the goaf
from the down corner of the working face, and then flows out from the upper corner near
the working face; the airflow velocity at the down corner is about 1 m/s, and the airflow
velocity at the upper corner is about 2 m/s. (2) The oxygen concentration is asymmetrically
distributed inside the goaf, which is similar to the measured results. (3) According to the
oxygen concentration, there is a clear distribution of “three zones” in the goaf, which is
also similar to the field observations at the Yunhe Mine.

Coa(%0)

20
16
12
8
4
0

(a) Airflow velocity and streamlines b) Oxygen concentration

Figure 4. Distribution of airflow velocity, streamlines, and oxygen concentration in the goaf.

To further verify the accuracy of the numerical model, the distribution of oxygen
concentration in goaf obtained from the simulation was compared with the measured data
from the Yunhe Coal Mine, as shown in Figure 5. The gas collection is carried out through
the pre-buried pipeline method in the Yunhe coal mine’s goaf, and the AD509 temperature
measurement system and the beam pipe monitoring system are used as the means of
on-site measurement and adopting the measurement method of distributing the points
along the whole line of the tendency of the working face. Three sampling points were
arranged, which were 35 m, 70 m and 105 m away from the down corner of the working
face respectively. It can be seen that the simulation results are in good agreement with the
measured results. Therefore, the numerical model can characterize the goaf CSC.
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Oxygen concentration (%)

Measured results

Simulated results

o

=  Measured results = Measured results
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v
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(a) First sampling point

40 60 80

Goaf depth (m)
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Goaf depth (m)

100 120 0 20 40 60 80

Goaf depth (m)

100 120

(b) Second sampling point (c) Third sampling point

Figure 5. Comparison of simulated and measured data.

4. Results and Discussion
4.1. Spatial Distribution of Porosity and Permeability

The impact of pore evolution on CSC characteristics in the goaf was studied by altering
the pore distribution, with the maximum porosity set at 25%, 30%, 35%, and 40%. Taking
the centerline of the goaf as the reference (75 m from the down corner), the distribution
of the porosity and permeability of the cavitation zone with the depth of the goaf under
different porosity is shown in Figure 6. For instance, the extraction zone’s maximum
porosity is 25%, which gradually decreases to 8.27% with depth. The distribution of goaf
pore with different porosity has a similar trend, and the lowest porosities correspond-
ing to the highest porosities in the goaf of 30%, 35%, and 40% are 9.93%, 11.58%, and
13.24%, respectively. The permeability of the goaf is distributed spatially in a manner
similar to the distribution of porosity. When the highest porosity is 25%, the permeabil-
ity is highest near the working face side (5.48 x 1077 m?/s), and then it decreases with
increasing goaf depth, reaching a minimum of 1.33 x 108 m2/s. The goaf highest perme-
ability corresponding to the highest porosity of 30%, 35%, and 40% is 1.09 x 107° m?/s,
2.00 x 107 m? /s, and 5.48 x 107 m? /s, respectively, and the corresponding lowest per-
meability is 2.38 x 1078 m?/s, 3.95 x 1078 m?/s, and 6.08 x 107° m?/s, respectively. In
addition, the goaf permeability at different porosity varies near the working face (<60 m),
indicating that the wind flow variations are more significant in this region.

4.0x10°
40 b
"\' —=— Maximum porosity 25 % 3510 L= Y i -
35 Fa —=— Maximum porosity 30 % a L =~ Maximum porosity 25 ;0
X I —A— Maximum porosity 35 % 3.0x10° - - Max?mum poros?ty 30%
p ; ; 0 o —A— Maximum porosity 35 %
30 o % & —7— Maximum porosity 40 % 2 Mo iy 40 %
;\3 i 2 2.5x10° - —=— Maximum porosi o
z z
2 = 2.0x10°
g 2
& g 15x10°
[0}
A~ 1.0x10°¢
5.0x107
5 1 1 1 1 1 1 00
0 30 60 90 120 150

Arc length (m)

(a) Porosity distribution

Arc length (m)
(b) Permeability distribution

Figure 6. Spatial distribution of porosity and permeability in goaf with different porosity.
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Overall, porosity and permeability of the goaf decrease with increasing goaf depth.
The overall porosity of the goaf increases more steadily as the porosity increases, the higher
the goaf porosity, the higher its overall permeability.

4.2. Spatial Distribution of Oxygen Concentration and Airflow Velocity

Figure 7 shows the spatial distribution of oxygen concentration with time in the goaf
with different porosity. It can be seen that the wind flow leaks into the goaf through the
down corner of working face and spreads to the return side of the goaf. Theoretically,
in the absence of goaf CSC, the fresh airflow from the leakage will gradually spread
oxygen throughout the goaf. When CSC occurs, a large amount of oxygen will begin to be
consumed near the CSC region and, as the coal-oxygen reaction intensifies, more oxygen is
devoted to the CSC. Therefore, with the advancement of CSC, the oxygen concentration
in the goaf will show a trend of “increasing and then decreasing” over time. Due to the
effects of oxygen consumption by CSC and goaf permeability, oxygen does not eventually
diffuse throughout the goaf, but instead appears in some regions with poor oxygen. At a
porosity of 25%, the overall oxygen concentration in the goaf increased with time before
the 7th day, after which the oxygen concentration decreased. This is because, before the 4th
day, the air leakage brought fresh airflow to the goaf, resulting in a significant increase in
oxygen concentration. From the 4th to the 7th day, the CSC consumed a large amount of
oxygen, leading to a decrease in the oxygen concentration in the goaf. After the 7th day,
the coal—oxygen reaction intensifies and consumes more oxygen, leading to a significant
drop in oxygen concentration. The trend in oxygen concentration in the goaf with different
porosity was similar, and the oxygen concentration showed an increase and then a decrease
with time. The trend of oxygen concentration variation in goaf with different porosity is
similar, with oxygen concentration first increasing and then decreasing over time. The
higher the goaf porosity, the higher its overall oxygen concentration.

The variation of the average flow rate with goaf porosity is shown in Figure 8a. It
can be seen that the average flow rate in the extraction zone remains stable with time. As
the goaf porosity increases, the overall average flow rate changes significantly. When the
highest goaf porosity is 25%, the average flow rate is between 0.00134 and 0.00139 m/s. The
average flow rate with a goaf porosity of 30% is twice as high as that in the goaf porosity
of 25%. Meanwhile, the increase in the average flow rate is more significant with further
increase in goaf porosity; the average flow rate at the highest goaf porosity of 40% can
reach up to 0.00806 m/s. It is evident that porosity greatly affects the airflow movement in
goaf. Figure 8b shows the evolution of the average oxygen concentration with time e with
different goaf porosity. The average oxygen concentration is strongly influenced by goaf
porosity; the higher the goaf porosity, the higher the average oxygen concentration. The
average oxygen concentration ranged from only 4.16% to 7.61% at 25% goaf porosity and
from 11.04% to 15.62% at 40% goaf porosity. This is because, when the goaf porosity is low,
the lower average flow rate makes the wind pressure difference inside smaller, resulting in
insufficient oxygen that diffuses into the deeper part of the goaf. In addition, lower airflow
velocities bring less oxygen to the goaf, which is not enough to sustain the CSC process.
When the goaf porosity increases, the airflow velocity and oxygen concentration increase
significantly, which promotes the CSC reaction. Overall, the increased goaf porosity results
in a significant increase in flow rate and oxygen concentration, while the oxygen consumed
by CSC is much lower than that produced by air leakage. Therefore, the higher the goaf
porosity, the higher the average flow rate and average oxygen concentration.
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4.3. Spatial Distribution of Temperature

Figure 9 shows the spatial distribution of temperature with time with different goaf
porosity. It can be seen that variations in porosity can directly affect the CSC process. When
the goaf porosity is low, less oxygen leaks into the mining area and is transported more
slowly, and most of the oxygen mainly accumulates on the side of the mining region near
the working face. Over passes, the coal rock near the working face reacts with oxygen,
causing a rapidly increased temperature in the region. The temperature then gradually
decreases along the deeper part of the goaf. As the goaf porosity increases, it provides
sufficient oxygen for CSC. When the oxygen consumption of CSC is saturated, the coal rock
near the high-temperature region will also heat up rapidly and spontaneously combust,
thus there is a phenomenon in which the high-temperature region migrates to the deeper
part of the goaf. When the porosity is 25%, the overall goaf temperature slightly increases
with time before the 7th day, and then the temperature increases significantly. This is due to
the fact that, during the 1st to 4th day, the leakage brought fresh airflow to the goaf, and the
coal rock gradually stored heat and the overall temperature increased slightly. Over time,
heat storage in the coal rock intensified and CSC began to occur on the near-leakage side,
thus increasing the temperature substantially. The trend in temperature variations with
different goaf porosity is similar, and the range of the high-temperature region gradually
increases along the goaf depth as the porosity increases. Consequently, the higher the goaf
porosity, the higher its overall temperature.
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Figure 9. Spatial distribution of temperature distribution with time with different goaf porosity.
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Figure 10 displays the relationship between average temperature and goaf porosity
over time. The data indicates that, as goaf porosity increases, so does the average tempera-
ture. The goaf average temperature was 26.85-36.83 °C at 25% porosity and 26.85-42.465 °C
at 40% porosity. When the goaf porosity is 25%, the average temperature is 26.85-36.83 °C,
and, when the porosity is 40%, the average temperature of the goaf is 26.85-42.465 °C. This
is because the increase in goaf porosity allows a significant increase in the oxygen concen-
tration, which accelerates the CSC process. It follows that the higher the goaf porosity, the
higher the average temperature.

42 | |—=—Maximum porosity 25 % bk
—®— Maximum porosity 30 % / A
39| [~ Maximum porosity 35 % ‘/_

(98 (98
w (o))
T T

Average temperature of goaf (°C)
s

S
~
T

Days (d)
Figure 10. Variation in average temperature with time for different goaf porosity.

4.4. Spatial Distribution of CSC Three Zones

Air leakage is a crucial factor that affects the goaf CSC. It provides oxygen for CSC
and also takes away the goaf heat [37]. The concentration of oxygen is frequently utilized
to classify the three zones of goaf CSC. The radiator zone corresponds to the region with an
oxygen concentration greater than 18%, the oxidation zone corresponds to the region with
an oxygen concentration between 10% and 18%, and the asphyxiation zone corresponds
to the region with an oxygen concentration of less than 10% [38]. In this paper, oxygen
concentration is used as an indicator for the delineation of the three zones.

Figure 11 shows the spatial variation of CSC three zone with time for different goaf
porosity. When the goaf porosity is low, oxygen mainly accumulates on the side near the
working face, and the CSC reaction consumes a large amount of oxygen, leading to the
reduction in overall oxygen concentration, thus the range of radiator zone and asphyxiation
zone decreases with time. With the rise in goaf porosity, the overall oxygen concentration
increases, and the oxygen consumption rate by CSC is smaller than the amount of oxygen
from air leakage; over time, even though the oxygen concentration decreases, it can still
be maintained at a high level. As a result, the high porosity goaf has significantly higher
regions of radiator and oxidation zones than the low porosity goaf. At a goaf porosity of
25%, the range of both the radiator and oxidation zones decreases with time, while the
asphyxiation zone increases. The variation trend in the three zones with different goaf
porosity are similar, with the three zones ranges showing a trend of low radiator and
oxidation zones and higher asphyxiation zone over time. The higher the goaf porosity, the
greater the range of the three zones.
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] Asphyxiation zone

The calculation of the CSC three zones’ area can be performed through the integration
method, as shown in Figure 12. It is evident that the porosity has a significant impact on
the area of the three zones. For instance, when the goaf porosity is 25%, the radiator and
oxidation zones’ area decrease with time from 4105.75 m? and 3928.24 m? to 1200.41 m?
and 1951.11 m?, respectively. In contrast, the asphyxiation zone’s area increases with time
from 12,951.10 m? to 17,817.64 m?. The oxidation zone is the region where CSC occurs
frequently and is the focus of much scholarly attention. When the goaf porosity is 25%, the
variation in the oxidation zone area with time ranges from 1951.11 m? to 3928.24 m? only,
whereas when the goaf porosity is 40%, the variation in the oxidation zone area with time
ranges from 3699.07 m? to 6156.88 m2. It can be seen that the higher the goaf porosity, the
higher the oxidation zone area and the higher the CSC risk.
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5. Conclusions

In this paper, a multi-field coupled model of goaf CSC is established to study the

CSC characteristics under goaf pore space variation, which can quantitatively analyze the
evolution of permeability, oxygen concentration, temperature, and the CSC’s three zones in
goaf under the pore space variations. The results were well validated with the measured
data. The main conclusions are as follows:

@

@)

®)

Both porosity and permeability decrease with increasing goaf depth. The goaf porosity
is positively correlated with the permeability. When the goaf maximum porosity was
increased from 25 to 40%, the average flow velocity increased by about 6 times. This
demonstrates that porosity has a significant impact on air leakage in the goaf.

The oxygen concentration in the extraction zone increases as the porosity increases
and exhibits a trend of initially increasing and then decreasing over time. Similarly,
the temperature trend varies with different goaf porosities, increasing over time. As
porosity increases, the high temperature zone gradually expands along the goaf depth.
Over time, the CSC three zones in the goaf exhibit a tendency to decrease in the
radiator and oxidation zones, while increasing in the asphyxiation zone. The range of
the CSC three zones is positively correlated with the goaf porosity. Specifically, the
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higher the goaf porosity, the greater the area of the oxidation zone and, consequently,
the higher the CSC risk.
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