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Abstract: In coal mine goafs, spontaneous combustion of coal can result in methane accumulation,
which raises the danger of methane explosion disasters. As an atmospheric control tool, ventilation
is applied to ensure air quality for avoiding disasters in underground mines. However, during the
process of the spontaneous combustion of coal in coal mine goafs, the impact of ventilation dilution
on the possible methane explosions induced by coal combustion has not been well investigated. In
this study, a validated gas flow model for the spontaneous coal combustion environment in goafs
of coal mines is adopted to investigate the influence of ventilation dilution at the three stages of the
spontaneous combustion of coal. The research conclusions suggest that (1) ventilation dilution is a
quick measure to dilute methane concentration and intensify heat transfer in the vertical direction
in coal mine goafs; (2) ventilation dilution can lessen the danger of methane explosions by diluting
methane concentration to the lower explosive limit for methane when coal combustion takes place on
the air-inlet side; (3) however, ventilation dilution increases the methane explosion risk by decreasing
methane concentration, resulting in explosive methane limits, if coal combustion occurs on the
air-return side. This provides a reference for the management of ventilation during a spontaneous
coal combustion disaster in the goafs of coal mines with methane.

Keywords: coal mine goafs; spontaneous coal combustion; ventilation dilution; three stages; methane
explosions

1. Introduction

Coal is a main source of energy in China. The complex geological conditions in
coal mining areas and mining-induced changes in the geological environment have led
to mining disasters and endangered coal mining in China. One such disaster caused by
mining activities in coal mines is spontaneous coal combustion. Air leakage in goafs is
caused by ventilation in coal mines, which provides necessary oxygen for coal oxidation,
resulting in the spontaneous combustion of coal in coal mine goafs and the generation of
heat [1,2]. With the improvement in mining mechanization and mining speed, more coal is
left in coal mine goafs, with increasing ground temperature. This leads to a higher risk of
disaster caused by spontaneous coal combustion in underground goafs, which may cause
serious methane explosions as methane is released from coal [3,4].

Spontaneous combustion of coal influences gas movements and gas concentration dis-
tribution in coal mine goafs. As coal is exploited, coal mine goafs are created as a result of
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the overlying strata of coalbed collapse and the space left by mining filling [2,5,6]. During
this mining process, some of the coal is not transferred out and is buried in coal mine goafs.
This coal is called the residual coal. Air leakage from a mining face to a coal mine goaf
occurs due to the porosity formed by the collapsed rock and broken coal in the goaf of a coal
mine [2,5]. Oxygen from the air leakage spontaneously adsorbs on the residual coal, resulting
in a coal oxidation reaction and a temperature increase [7,8]. Along the arc-shape pathway
of air leakage, due to coal oxidation, oxygen is consumed continuously from the air-inlet
side to the air-return side of the goaf. Consequently, oxygen concentration in coal mine goafs
declines in both the strike direction and the dip direction [3,4,9]. With the continuous oxygen
consumption in a coal oxidation reaction, the residual coal temperature rises in the goafs of
coal mines. The air-inlet and air-return sides of a coal mine goaf are typical areas that are
prone to spontaneous coal combustion due to air leakage and the porosity distribution [3,4].
With a continuous increase in temperature caused by the spontaneous combustion of coal,
the density of the air nearby falls to produce a buoyant force and changes gas movements in
coal mine goafs [5,10,11]. Under the superimposed action of air leakage and the buoyancy
effect caused by coal combustion, methane accumulation appears near the coal combustion
space in the goafs of coal mines [3,5,12]. This increases the risk of a methane explosion
caused by combustion in the goafs of coal mines.

Many preventive measures can be adopted for avoiding possible coal combustion-
induced methane explosions after the detection of the change in atmospheric environment
in the goafs of coal mines. Owing to the oxygen consumption in a spontaneous coal
combustion process, an area expected to experience spontaneous coal combustion is used
to determine the oxygen concentration distribution in the goafs of coal mines [4,9,13-15].
Ethylene and acetylene are used as the characteristic gases at 400 K and 500 K to determine
the occurrence and development of spontaneous coal combustion [16]. Therefore, with
a tube bundle monitoring system that contains gas sensors and temperature sensors, the
atmospheric data in coal mine goafs can be collected and analyzed for determining the
area and development of spontaneous coal combustion [17]. However, a tube bundle
monitoring system provides limited static data for analysis; this is especially true when
this system is destroyed by the collapsing rock in coal mine goafs. With the suspicious
area of spontaneous coal combustion determined using a tube bundle monitoring system,
many measures, such as slurry irrigation and inert gas injection, are applied in a coal
mine goaf to reduce coal-oxygen contact and improve explosive methane limits for the
purpose of minimizing spontaneous coal combustion and methane explosions [18-23].
However, these measures sometimes cannot effectively extinguish these disasters without
an accurate location of spontaneous coal combustion. In addition, these measures usually
require more time to prepare materials and devices before application, which may lead to
missed opportunities to prevent disasters. Ventilation is an empirical engineering technique
proposed to decrease air contaminants, such as methane, below the threshold limits in
coal mines [24-28]. The ventilation volume can be quickly increased by adjusting the vane
angle of a ventilation fan. Using a spare ventilation fan in coal mine, the underground
ventilation volume can be significantly increased for a better ventilation dilution effect. A
larger ventilation volume could accelerate heat dissipation and dilute gas concentration
to prevention spontaneous coal combustion and explosions caused by methane from
coal combustion.

Spontaneous coal combustion is a process of continuous increase in temperature; this
makes it harder to prevent methane explosions in coal mine goafs [29-31]. Due to the
inaccessibility of coal mine goafs and the methane explosion risk, ventilation dilution is con-
sidered a high priority measure to prevent coal combustion-induced methane explosions.
However, the disaster prevention effect of ventilation dilution is not well known. Under
some conditions, ventilation dilution cannot decrease the risk of coal combustion-induced
methane explosion in coal mine goafs. In this study, a gas flow model is adopted to simulate
the methane accumulation caused by spontaneous coal combustion in a coal mine goaf,
which is validated by the experiment results. Further, under ventilation dilution, this gas
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flow model is used to obtain the distributions of methane concentration and temperature
at the location of spontaneous coal combustion at the early, middle and late stages of
spontaneous coal combustion occurring on both the air-inlet side and air-return side. The
risk of methane explosion at the location of spontaneous coal combustion is analyzed to
reveal the disaster prevention effect of ventilation dilution on coal combustion-induced
methane explosion in coal mine goafs.

2. Numerical Model

In this study, a gas flow model for the spontaneous coal combustion environment in
coal mine goafs is adopted in Comsol Multiphysics software [5]. As shown in Table 1, this
model is made up of governing equations and coupling equations, and it is applied to a
3D coal mine goaf to realize the buoyancy effect by introducing the ideal gas law related
to temperature [32,33]. The three conservation equations include the mass conservation
equation (Equation (1)), momentum conservation equation (Equation (2)) and energy
conservation equation (Equation (3)). These three conservation equations in the governing
equations are necessary to provide basic principles for obtaining fluid flow results. To
obtain the specific fluid flow in a special environment, the coupling equations are essential
to realize the influence of the environmental factors. The coupling equations include the
ideal gas state equation (Equation (4)), the species transport equation (Equation (5)) and
equations for porosity distribution in 3D coal mine goafs (Equations (6a)—(6d)).

Table 1. Gas flow model for spontaneous coal combustion environment in coal mine goafs [5].
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The high temperature of spontaneous coal combustion in a coal mine goaf can change
air density to produce buoyancy force and change airflow. In accordance with the ideal gas
state equation, the gas density inversely changes with temperature. Temperature changes,
such as temperature decrease and temperature increase, can lead to dense air and thin
air [10,11]. Therefore, the ideal gas state equation is introduced in the coupling equations.
The 3D porosity distribution equations are introduced to realize the vertical buoyancy
effect and study the horizontal gas concentration distribution. The 3D porosity distribution
characteristics are associated with the position in the goaf of a coal mine [6,26,34]. In the
vertical direction, the porosity distribution of the ‘vertical three zones’ can be determined
by the mining height and subsidence height with the gradual change of crushing expansion
coefficient of rock. In the horizontal direction, the porosity distribution of the ‘horizontal
three areas’ can be determined by its location with the caving characteristics of ‘O’ type for
overlying strata.

According to this gas flow model, the temperature-induced change in air density
further changes airflow velocity and temperature distribution. If the mass conversation
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equation is analyzed with the ideal gas state equation, as shown in the first equation
combination in Table 2, coal combustion’s high temperature leads to an increase in airflow
speed at the coal combustion area [5]. If the mass conservation equation is analyzed with the
ideal gas state equation in the 3D coal mine goaf, as the second equation combination shown
in Table 2, coal combustion’s high temperature results in upward airflow by producing
vertical buoyancy force at the coal combustion area [12]. Airflow velocity is an important
variable in the energy conservation equation; the equation for gas species, temperature
and gas species distributions can be affected by variation in airflow velocity derived from
the ideal gas state equation. These two changes are listed as the third and fourth equation
combinations in Table 2.

Table 2. Gas flow field changes caused by spontaneous coal combustion.

Equation Combinations New Phenomena

Combination 1: Equation (1) + Equation (4) Changes in gas flow rate

Combination 2: Equation (1) + Equation (4) +

Equations (6a)~(6d) Changes in gas flow direction

Combination 3: Equation (3) + Equation (4) Changes in temperature distribution

Combination 4: Equation (5) + Equation (4) Changes in gas concentration distribution

3. Experimental and Numerical Simulation Methods

In the experimental platform, the goaf of a coal mine is connected with a mining face,
an air-inlet roadway and an air-return roadway. The ventilation is realized by adjusting a
ventilation fan. In the goaf of a coal mine, the porosity distribution is consistent with the
caving characteristic of the overlying strata. The locations of spontaneous coal combustion
are respectively placed at the air-inlet and air-return sides of the coal mine goaf. Two
heating modules create the high temperature of spontaneous coal combustion. By opening
a gas cylinder, the gas source, which is set on the bottom of the goaf of the coal mine, is
realized. To reduce the possible experimental risk, helium is released instead of methane
because its properties are similar to methane. The monitoring data are collected during the
experiment. Table 3 provides a summary of the fundamental parameters for the numerical
and experimental simulations. The geometry model for numerical simulation is built based
on the experimental platform in Figure 1.

When fresh air flows from the air-inlet roadway into the mining face, some of it
continues to flow into the goaf of the coal mine and returns back to the air-return roadway
after experiencing a flow path of an arc shape. During this period, spontaneous combustion
of the coal may occur on both sides of the air-inlet and air-return in the goaf of the coal mine.
As methane is desorbed from coal and migrates into the goaf, methane explosions caused
by coal combustion are possible. The methane migration into the goaf is complex under the
effects of the airflow leakage and the high temperature of spontaneous coal combustion.
As a result, it is challenging to research the risk of a methane explosion caused by coal
combustion. This study’s numerical simulation is a continuation of a previous study; the
validation of the numerical simulation will be introduced briefly in the next section. More
specific analysis can be found in our previous research [3,5,12].

As spontaneous coal combustion is a dynamic process, the temperature continues
to rise. Based on the temperature of ethylene produced during coal combustion and the
ignition temperatures of coal and methane, 400 K, 700 K and 900 K are adopted to represent
the early stage, middle stage and late stage of the spontaneous combustion of coal, respec-
tively [16,35,36]. According to the coal mine safety regulations in China, the ventilation
efficiency should be greater than 60%, and a spare ventilation fan is necessary [37]. Addi-
tionally, some local auxiliary devices can be used to enhance the ventilation. Consequently,
airflow velocities of 0.2 m/s and 1.2 m/s are selected as the normal ventilation condition
and enhanced ventilation (ventilation dilution) condition, respectively. According to en-
gineering research, methane concentration in the goaf of a coal mine can reach 40% and
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even higher [38]. Therefore, a methane concentration of 40% is adopted as one condition in
the simulation research. The new conditions in this numerical simulation research based
on engineering conditions can be found in Table 4. Under these new conditions, the effect
of ventilation dilution on disaster prevention during the dynamic process of spontaneous
coal combustion is studied.

Table 3. Initial conditions and boundary conditions in numerical simulations.

Geometric Sizes Description
Coal mine goaf 2m x 1.2m x 0.8 m (length x width x height)
Roadways 0.2m x 0.04 m x 0.03 m (length x width x height)
Mining face 12m x 0.5m x 0.3 m (length x width x height)
Distance to mining face Distance to side boundary

LOiZ:L‘g;rla‘t’i E‘elgh 0.45m 0.15m

Loiz;‘;r;fa(t’i ::gh 0.45m 0.15m

Initial conditions Description

Pressure in coal mine goaf 0Pa
Coal mine goaf porosity See Equations (6a)—(6d)

Volume force See Equation (4)
Temperature 293 K

Gas concentration in 02: 9.5 mol/m3, N2: 34.5 mol/m?

atmosphere
Boundary conditions Description
Air-inlet boundary Inlet; O2: 9.5 mol/m?, N2: 34.5 mol/m3
Air-return boundary Outflow
Other face boundary Wall
Heating temperature 404K
Gas release volume 150 mL/min
Airflow vel;):cizy in mining 02m/s
Coal mirié goaf

Monitoring points
-
-
-

Inner combustion locations~ < -
i i N . i
Front view Rear view SO L1-SLipe! — ~“Monitor laver 3
-
~ P -9
Air-return roadway - - 2] e
: 2 1 P a - —=
S L ~ b ~MonitoHave
l e PR "~ _ ~I7-SLige2 _- N «:'n_mrhurz
S " N - -~
~ > L{1-DLine2 c - =
S & - =
~ ~ S - - .
N o< @ - Monitor layer 1
~ ~- - N
Mining face -
~ -
< -
I Air-inlet roadway

Figure 1. Experimental platform of a coal mine goaf for numerical simulation.
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Table 4. Setup for study of ventilation dilution effect.

Methane Concentration Temperature Ventilation Velocity
400 K (Early stage) 02m/s
40% 700 K (Middle st (Normal ventilation)
(Middle stage) 12m/s
900 K (Late stage) (Enhanced Ventilation)

The validation of the gas flow model is introduced first in this paper. Then, the effect
of ventilation dilution on disaster prevention is investigated by analyzing the change in
methane concentration under the temperatures of 400 K, 700 K and 900 K. For convenient
description and discussion, three monitoring layers are set, 1 cm (z =1 cm), 8 cm (z = 8 cm)
and 20 cm (z = 20 cm) to the bottom of a coal mine goaf, for observation and analysis,
where ‘z’ represents the vertical direction. As monitoring lines L1-SLine2, L1-SLine5 and
L1-DLine?2 are close to the high temperature, the data on these monitoring lines will be
used for additional analysis. In the mining plane, the mining direction is defined as the
strike direction, and its orthogonal direction is defined as the dip direction. Around the
coal combustion area, the windward side is the area closest to the mining face, and the
leeward side is the symmetrical area.

4. Results and Discussion
4.1. Validation of Methane Accumulation in Coal Combustion Area in Coal Mine Goaf

Figure 2 depicts the methane distributions in coal mine goafs with areas of spontaneous
coal combustion. It is obvious that methane accumulates in these two spontaneous coal
combustion areas. The concentration of methane increases gradually in both the strike and
dip directions, as a result of the dilution impact of the air leakage from the mining face.
The locations of the methane accumulation move to the upper right corner of the heating
modules for the same reason. Under the same simulation conditions, the accumulative
concentration of methane on the air-return side is 4.1%, higher than that of the air-inlet
side, at 2.5%. The minimum methane concentration is 0% at the air-inlet corner of the coal
mine, while the maximum methane concentration of 12.5% is at the deepest corner of the
air-return side.

Air-return side Concentration ‘]’/?(
0.9
78
59
1.1
22
n
Air-inlet side Air-inlet side

al. Numerical simulation result a2. Experimental simulation result

a. Simulation results with spontaneous combustion of coal on air-return

Air-return side Concentration / % Airreturn side Loncentratmn 1 %

125
10
7.5
5
2.5
0

Air-inlet side Air-inlet side
b2. Experimental simulation result

b1. Numerical simulation result
b. Simulation results with spontaneous combustion of coal on air-inlet side Side view

Figure 2. Methane concentration distribution with spontaneous coal combustion in a coal mine goaf.

As shown in Figure 3, the representative change occurred in the methane concentration
along the monitoring lines. The local peak of methane concentration at the location of
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spontaneous coal combustion is evident based on the methane distribution along the
monitoring lines, which demonstrates methane accumulation on both the air-inlet side
and the air-return side in the area of spontaneous coal combustion. For the spontaneous
combustion of coal at the air-inlet side, when the temperature reaches 400 K, methane
concentration in the area of coal combustion jumps to 4.1%, which is significantly higher
than the surrounding methane concentration. A similar accumulation of methane can be
observed on the air-return side of the coal combustion area, with an accumulative methane
concentration of 2.5%.

S -
10 —m—Numerical simulation result (L1-SLines) —&— Numerical simulation result (L1-DLine5)
—a— Experimental simulation result [L1—_SL\ne5: —a— Experimental simulation result (L1-DLineS5)
—&— Numerical simulation result (L1-SLine2) 5 —&— Numerical simulation result (L1-DLine2)
g =¥ Experimental simulation result{L1-SLine2) o\ 44 —w— Experimental simulation result(L1-DLine2)
S
=
6 g 3
A =
IS
£
44 =24
Y
g
24 0"
0 f T T T T T T T 0 T T T T T |
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120
Location in dip direction / cm
a. Methane concentration distribution on the strike direction b. Methane concentration distribution on the dip direction

Figure 3. Representative curves for methane concentration distribution in the coal combustion area.

In accordance with the ideal gas law in the gas flow model, when the temperature in
the location of spontaneous coal combustion rises to 400 K, the air density decreases by
28%. The difference in air density produces a buoyancy force in the vertical direction at the
same gravitational acceleration. Therefore, the local air starts to flow upward, displaying
the famous chimney effect. As a result, the negative pressure is formed at the starting
of the updraft, and the positive pressure is formed in the updraft path. The methane
emitted from the goaf bottom is drawn into the area of high temperature by the local
negative pressure, leading to the phenomenon of methane accumulation, which may cause
methane explosions. The distribution of methane concentration is mainly determined by
the airflow movements surrounding the spontaneous combustion of coal, which is related
to the horizontal air leakage intensity and vertical buoyancy force caused by the high
temperature of spontaneous coal combustion. Gas accumulation similar to that produced
by burning coal in a coal mine goaf can be reproduced experimentally [39].

Because the temperature control of spontaneous coal combustion in the goaf of a
deep porous coal mine is relatively difficult, ventilation caused by air leakage is a practical
strategy to avoid potential methane explosions caused by coal combustion [40]. However,
due to the change of chimney effect, ventilation dilution may affect methane accumulation
differently depending on the spontaneous combustion temperatures. After validation of
the model, it is adopted to examine the impact of ventilation on methane explosions under
engineering conditions.

4.2. Effect of Ventilation Dilution on Airflow Field with Coal Combustion on Air-Inlet Side

The evolution of methane concentration and temperature in coal mine goafs is shown
in Figure 4, where the spontaneous coal combustion temperature increases to 400 K on the
air-inlet side. The areas marked by the red dot in Figure 4c,d represent the temperatures
exceeding 400 K. At 40 min, the coal combustion area has a 1% methane concentration, and
the coal combustion temperature does not reach 400 K. At 80 min, a methane accumulation
can be seen in the coal combustion area’s upper right corner. The accumulated methane
concentration is 2.5%, and the temperature increases to 385 K. The buoyancy effect brought
on by coal combustion is the primary cause of this methane accumulation [5,12]. At
120 min, the coal combustion temperature reaches 400 K, and the accumulated methane
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accumulation reaches 7.5%. The middle line of the combustion area’s points, where its
temperature is 400 K, are selected as the representative points to show the change in the
methane concentration in the strike direction. Taking the coal combustion center location
as the origin, the variation in methane concentration at the representative points is shown
in Figure 5. Before ventilation dilution, the coal combustion area’s leeward side has a
maximum methane concentration of 4.8% at point (5, 0), while its windward side has
a minimum methane concentration of 2.4% at point (—4, 0). After ventilation dilution
starts at 120 min, the accumulated methane concentration reduces quickly. At 160 min, the
methane concentration at the above two points decreases to 1.8% and 1.1%, respectively.
The accumulated methane concentration decreases to 3.8% at the upper right corner of the
coal combustion area. Meanwhile, points (8, 0) and (—2, 0) become the new locations, with
the temperature at 400 K, as the temperature of coal combustion increases. On the coal
combustion area’s leeward side, the maximum methane concentration falls to 2% at point
(8, 0), whereas on the windward side, the minimum methane concentration falls to 1.2% at
point (-2, 0).

The temperature distributions before and after the ventilation dilution are shown in
Figure 6. The red arrow represents the airflow direction in the figure. Before ventilation
dilution, the temperature distribution around the area of coal combustion is shaped like a
semicircle, with a slight shrinkage on the windward side. After ventilation dilution, the
temperature distribution changes to be a half ellipse, with an obvious shrinkage on the
windward side. Meanwhile, the coal combustion area’s upward airflow inclines to the
leeward side. The increase in air leakage flux enhances the vertical heat dissipation at
the location of coal combustion, leading to a smaller temperature gradient in the vertical
direction [24]. A detailed change in the temperature distribution can be found in Figure 7.
In the horizontal direction, the ventilation dilution leads to a drift of the center of the
high temperature area. In monitor layer 1 (z = 1 cm), the center of the high temperature
area moves to the leeward side by 2 cm after ventilation dilution, while it moves to the
leeward side by 4 cm in monitor layer 2 (z = 8 cm). In the vertical direction, the temperature
difference caused by ventilation dilution is almost zero in monitor layers 1 and 2. However,
close to monitor layer 3 (z = 20 cm), the temperature difference reaches 15 K. Thereafter, the
temperature difference gradually decreases to zero as the height increases. The change in
the pressure difference in the area of coal combustion in Figure 8 can be used to analyze
the effect of ventilation dilution. After ventilation dilution, the porous chimney effect’s
negative pressure of —0.065 Pa turns into a positive pressure of 0.015 Pa.

Air-return side Concentration / % Air-return side Concentration / :ﬁ
= - 36.5 —Z
29 l
21.5
14
65
—. @
Air-inlet side
a. t=40 min Air-inlet sids
Ar-mlet side b. t =80 min
Air-return side Concem'rahoxl i “/g Air-return side Concentration / A) <
355
rature 26.5
-atire exc
Air-inlet side Alr siilst side
¢ t=120 min d. t=160 min

(Ventilation dilution starts)

Figure 4. Change of methane concentration distribution with coal combustion on air-inlet side in the
goaf of a coal mine (T = 400 K).



Energies 2023, 16, 3168

90f18

Temperature > 400 K| — (5.0

-4,0)
i ation dilution)| - (-2,0)
2 (8,00
-
=]
_E 2
; C>
G I
& 2
2 |
8
9] ==
|-
| Temperahu:e:> 400 K
ol ' (after ventilation dilution)
0 50 100 150

Time / min

Figure 5. Evolution of the accumulated methane concentration on air-inlet side in the goaf of a coal

mine (T = 400 K).
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a. Normal ventilation velocity condition

Temperature /| K
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Figure 6. Changes of temperature distribution at coal combustion location on air-inlet side.
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Temperature distribution curves around the area of coal combustion on air-inlet side.
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{ —a— Ventilation velocity=0.2 m/s
0.08 4 —=— Venulanon velocity=1.2 m/s
0.06 1
]
[l .
.
g[}ﬂ-‘l -
0.02 -
-
0.00 4
-0.02
T T d T T T
0 50 100 150

Location in strike direction / cm
Figure 8. Changes in pressure difference in coal combustion area on air-inlet side (T = 400 K).

As shown in Figure 9, when the temperature of spontaneous coal combustion continu-
ously increases from 700 K to 900 K, the coal combustion area’s methane concentration rises
from 5.9% to 6.5%. The accumulated concentration of methane rises from 11.8% to 12.7% in
the coal combustion area’s upper right corner. The area of high temperature enlarges to
change the representative points as the coal combustion temperature rises. Before venti-
lation dilution at 700 K, the maximum methane concentration at point (5, 0) reaches 7.8%
on the coal combustion area’s leeward side, whereas on the windward side, the minimum
methane concentration reaches 4.6% at point (-5, 0). At 900 K, the maximum methane
concentration reaches 8.8% at point (6, 0) on the coal combustion area’s leeward side, while
the minimum methane concentration reaches 5.3% at point (—6, 0) on the windward side.

Concentration / %

Air-return side Concentration / % Air-return side e
e —— —
365 20
tempera % \
27 14.5
K
17.5 9.5
8 4.5
= : 0 S X 0
Air-inlet side Air-inlet side _ .
al. t=120 min a2.t= 160 min
(Ventilation dilution starts) a. T=700K
1 0,
Air-return side Concentration4/4 "? Air-return side Goncentration /2{:

temperal :
26 K 14

0

Air-inlet side
bl.t=120 min b2. t =160 min
(Ventilation dilution starts)

Air-inlet side

b. T=900 K

Figure 9. Effect of ventilation dilution on methane accumulation formed on air-inlet side.

After ventilation dilution at 120 min under 700 K, the methane concentration at
the above two locations quickly decreases to 2.8% and 1.8%, respectively. At 160 min,
the cumulative methane concentration decreases to 5.9% at the coal combustion area’s
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upper right corner, as shown in Figure 9. The points (6, 0) and (—4, 0) become the new
representative points after ventilation dilution. The maximum methane concentration
decreases to 3% at point (6, 0) on the coal combustion area’s leeward side, while the
minimum methane concentration decreases to 1.8% at point (—4, 0) on the windward side.
At 900 K, the methane concentrations at the above two locations decrease to 3.7% and 2.2%,
respectively. At 160 min, the accumulated methane concentration decreases to 6.4% at
the coal combustion area’s upper right corner. Meanwhile, point (7, 0) and point (-5, 0)
become the new representative points. The maximum methane concentration decreases
to 3.8% at point (7, 0) on the coal combustion area’s leeward side, while the minimum
methane concentration decreases to 2.4% at point (—5, 0) on the windward side.

The temperature distribution around the area of coal combustion has the shape of a
half ellipse, with some shrinkage on the windward side before ventilation dilution, as the
temperature of spontaneous coal combustion rises from 700 K to 900 K. The upward airflow
within the area of coal combustion and the vortex airflow surrounding it are obvious. The
area of high temperature expands in the vertical direction after ventilation dilution, while
the shrinkage area on the windward side weakens. Meanwhile, the airflow movement
direction at the location of coal combustion hardly changes. Due to the enhanced air
leakage, the vortex airflow on the windward side grows in size. Therefore, the upward
airflow and the vertical heat dissipation at the location of coal combustion are strengthened
by the increased air leakage flux. As the temperature of coal combustion rises, there is a
weakening of the horizontal drift of the high temperature area center. In monitor layer 1
(z =1 cm), the drift distance of the high temperature center to the leeward side decreases
from 1.5 cm to 1 cm when the temperature of coal combustion rises from 700 K to 900 K.
In monitor layer 2 (z = 8 cm), the drift distance decreases from 2 cm to 1.5 cm when the
temperature of coal combustion rises from 700 K to 900 K. As the temperature of coal
combustion rises, the coal combustion-induced buoyancy effect becomes stronger. After
ventilation dilution, the porous chimney effect’s negative pressure rises from —0.2 Pa at
700 K to —0.15 Pa at 900 K, as shown in Figure 10. The changes in main indexes are listed
in Table 5 when the coal combustion temperature increases on the air-return side.

The distribution of methane concentration and temperature in the goaf of a coal mine at
400 K, 700 K and 900 K changed, indicating that methane explosion risk can be significantly
decreased by ventilation dilution. In the goaf of a coal mine, when a spontaneous coal
combustion area of 400 K appears on the air-inlet side, the combustion area’s methane
concentration is close to the explosive methane concentration limits. Under this condition,
the ventilation dilution can reduce the accumulated methane concentration to a safer range
quickly. At 700 K and 900 K, the accumulated concentration of methane reaches explosive
levels under a high combustion temperature, resulting in significant danger of a methane
explosion. By enlarging air leakage in the goaf of a coal mine, ventilation dilution can
decrease the methane concentration to below explosive methane limits, reducing the risk of
a methane explosion. However, the strong porous chimney effect at the location of coal
combustion is unaffected by air leakage, and the methane accumulation is present there.

Table 5. Ventilation dilution-induced changes in airflow field in high temperature area on air-

inlet side.
Temperature Max1mu1?1 Pressure Difference Ventilation Velocity
Concentration
0, —
400K 7.5% 0.065 Pa 02m/s
3.8% 0.015 Pa 1.2m/s
700 K 11.8% —0.21 Pa 02m/s
5.9% —0.2Pa 1.2m/s
900 K 12.7% —0.15Pa 02m/s

6.4% —0.12 Pa 1.2m/s
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Figure 10. Changes in pressure difference in the area of coal combustion on air-inlet side.

4.3. Effect of Ventilation Dilution on Airflow Field with Coal Combustion on Air-Return Side

When spontaneous coal combustion of the air-return side of the goaf reaches 400 K,
a change in the methane concentration distribution occurs, as shown in Figure 11. The
red dot represents the area where the temperature is above 400 K. Before ventilation
dilution, the accumulated concentration of methane in the area of coal combustion increases
from 12.5% at 345 K at 40 min to 14% at 375 K at 80 min, and finally to 15.5% at 400 K
at 120 min. Taking the coal combustion center’s location as the origin, the change in
methane concentration at the representative points is shown in Figure 12. The maximum
methane concentration reaches 15.5% at point (4, 0) on the coal combustion area’s leeward
side, whereas the minimum methane concentration reaches 12.5% at point (—5, 0) on the
windward side. After ventilation dilution begins at 120 min, the concentration of methane
in the accumulation area reduces quickly. At 160 min, the methane concentration at the
above two points decreases to 9.2% and 7.8%, respectively. Although methane accumulation
is still obvious in the area of coal combustion, the accumulated concentration of methane
drops to 8.8%. Point (7, 0) and point (—8, 0) become the new location where the temperature
is 400 K. The maximum methane concentration decreases to 9.5% at point (7, 0) on the coal
combustion area’s leeward side, whereas the minimum methane concentration decreases
to 7% at point (-8, 0) on the windward side.

In the case of spontaneous combustion of coal on the air-return side, according to the
temperature distribution before and after ventilation dilution in the goaf, before ventilation
dilution, the temperature distribution around the area of coal combustion has the shape of a
symmetrical semicircle. An upward movement and vortex airflow around the combustion
area are the predominant airflows in the area of coal combustion. After ventilation dilution,
the temperature distribution changes little. In the meantime, the coal combustion area’s
main airflow slightly inclines to the windward side. Outside of the combustion area,
the vortex airflow becomes weaker. However, the center of the high temperature area
remains stationary. Additionally, the temperature disparities between the horizontal and
vertical planes also remain stable. Therefore, on the air-return side of a coal mine goaf, the
temperature distribution near the area of coal combustion is not significantly affected by
ventilation dilution. The pressure difference caused by coal combustion changes little after
ventilation dilution, as shown in Figure 13.

If the spontaneous coal combustion temperature increases from 700 K to 900 K on the
air-return side in the goaf of a coal mine, an obvious methane accumulation constantly
appears in the area of coal combustion, as is shown in Figure 14. Before ventilation dilution,
the accumulated methane concentration increases to 23% at both 700 K and 900 K. At
700 K, the maximum methane concentration, before ventilation dilution, reaches 22% at
point (4, 0) on the coal combustion area’s leeward side, whereas the minimum methane
concentration reaches 17.8% at point (—5, 0) on the windward side. At 900 K, the maximum
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methane concentration reaches 21.5% at point (6, 0) on the coal combustion area’s leeward
side, whereas the minimum methane concentration reaches 16% at point (—7, 0) on the
windward side.

After ventilation dilution at both 700 K and 900 K, the temperature distribution around
the coal combustion changes little. The temperature distribution is symmetrically shaped
like a semicircle. The upward airflow inside the area of coal combustion becomes stronger
as the temperature of the coal combustion rises, and the vortex outside the combustion
area becomes more noticeable. After ventilation dilution, the distribution of temperature,
upward airflow and vortex change little. In the area of coal combustion, the strong upward
airflow inclines slightly to the windward side. On the horizontal plane, the center of the
high temperature area does not move. On the air-return side in the goaf of a coal mine,
the ventilation dilution exerts little impact on the temperature distribution near the area of
coal combustion. The negative pressure caused by coal combustion increases from around
—0.16 Pa at 700 K to —0.21 Pa at 900 K, as shown in Figure 15. The changes in main indexes
are listed in Table 6, when the coal combustion temperature increases on the air-return side.

Air-return side Concentration / ‘znl

Air-inlet side

st A0l Air-inlet side T -

Air-return _side

Concentration / 9:%

Air-inlet side

T Air-inlet side

d. t=160 min
(Ventilation dilution starts)

Figure 11. Change of methane concentration distribution with coal combustion on air-return side in
the goaf of a coal mine (T = 400 K).

Temperature > 400 K
16+ i (betore ventulation dilution)

Concentration / %
o°6

il g Temperature > 400 K
L}
(atter ventilation dilution)
f
U " i} ]
0 50 100 150

Time / min

Figure 12. Evolution of the accumulated methane concentration on air-return side in the goaf of a
coal mine (T =400 K).
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Figure 14. Effect of ventilation dilution on methane accumulation formed on air-return side.

After the ventilation dilution at 700 K, the accumulated methane concentration at
the representative two points decreases to 12.2% and 10.2%, respectively. Meanwhile,
points (6, 0) and (-7, 0) become the new points where the temperature is 700 K as the
temperature of coal combustion rises. On the coal combustion area’s leeward side, the
maximum methane concentration drops to 12.1% at point (6, 0), while on the windward
side, the minimum methane concentration drops to 9.8% at point (—7, 0). At 900 K, the
ventilation dilution lowers the methane concentration at the above two locations to 12%
and 9.8%, respectively. Meanwhile, point (7, 0) and point (—8, 0) become the new points
where the temperature is 900 K. The maximum methane concentration decreases to 12% at
point (7, 0) on the coal combustion area’s leeward side, whereas the minimum methane

concentration decreases to 9.7% at point (—8, 0) on the windward side.
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Figure 15. Changes in pressure difference in the area of coal combustion on air-return side.

Table 6. Ventilation dilution-induced changes in airflow field at high temperature area on air-

return side.

Temperature Max1mu1fl Pressure Difference Ventilation Velocity
Concentration
100K 15.5% —0.04 Pa 0.2m/s
8.8% —0.05Pa 12m/s
700 K 23% —0.13 Pa 0.2m/s
9.8% —0.16 Pa 1.2m/s
900 K 23% —0.18 Pa 0.2m/s
9.7% —0.21 Pa 1.2m/s

Although ventilation dilution can effectively decrease the accumulated methane con-
centration, methane accumulation occurs easily and stably in the combustion area if spon-
taneous combustion of coal appears on the air-return side. Before and after ventilation
dilution, the accumulated concentration of methane at 400 K is consistently within the
explosive methane limits. Because of the large amount of energy consumed along the air
leakage flow path, ventilation dilution exerts limited impact on the porous chimney effect
in the area of coal combustion on the air-return side [41]. The porous chimney effect on the
air-return side cannot be defeated by ventilation dilution when the temperature increases
to 700 K and 900 K. The negative pressure in the combustion area changes little before and
after ventilation dilution. Before ventilation dilution, the accumulated methane concen-
tration is above the explosive methane limits. After ventilation dilution, the accumulated
methane concentration decreases to within the explosive methane limits with a high coal
combustion temperature. Therefore, at these two stages, ventilation dilution raises the
possibility of a methane explosion in the goaf of a coal mine caused by coal combustion.

5. Conclusions

Methane accumulation in goafs of coal mines is a result of the chimney effect of
spontaneous coal combustion. In the numerical simulation, applying the validated gas
flow model for the environment of spontaneous coal combustion in goafs of coal mines,
the effect of ventilation dilution on disaster prevention is studied at early, middle and late
stages of spontaneous coal combustion by analyzing the changes in methane concentration
and temperature distributions. The main conclusions are as follows.

(1) Ventilation dilution can quickly dilute methane concentration and influence the
porous chimney effect by enlarging air leakage in a coal mine goaf. The accumulated
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concentration of methane quickly declines by around 49% and 57% on the air-inlet side and
air-return side, respectively, once ventilation velocity increases from 0.2 m/s to 1.2 m/s
at the mining face. Only at the early stage (400 K) of spontaneous coal combustion can
ventilation dilution have a limited impact on the combustion-induced negative pressure.

(2) With spontaneous combustion of coal on the air-inlet side, ventilation dilution
exhibits a tendency to reduce the risk of methane explosions. After ventilation dilution, the
accumulated concentration of methane drops from explosive values to the non-explosive
concentrations of 3.8%, 5.9% and 6.4% at early, middle and late stages, respectively.

(3) If spontaneous combustion of coal occurs on the air-return side, ventilation dilution
could increase the risk of methane explosions. In this study, the accumulated methane con-
centration, after ventilation dilution, decreases to around the explosive values of 8.8%, 9.8%
and 9.7% at the early, middle and late stage of spontaneous coal combustion, respectively.
The ventilation exerts little impact on the combustion-induced porous chimney effect in
goafs of coal mines.

6. Further Research

Based on the numerical simulation as verified by experimental results, this study
is conducted on an experimental platform in accordance with the actual situation of the
engineering site. However, the experiment cannot replicate the actual engineering. The
next step is to conduct numerical simulations and field tests at the engineering size, so that
the numerical simulation results can provide better on-site guidance.
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Nomenclature

ap, a1 Attenuation rate of the distance to the boundary/ mining face
R Ideal gas constant J/(mol-K)

c1 Adjustment coefficient

t Time (s)

G Concentration of species i (mol/ m?)

T Temperature (K)

Cpfs Cps Fluid/solid heat capacity at constant pressure (J/(kg-K))
u Velocity vector (m/s)

doy, dq Distance to the boundary/mining face (m)

B Forchheimer coefficient

D, Coal diameter (m)

Ay fr Avs Vertical bulking factor in fracture/ sinking zone
Dy Mechanical dispersion (cm?/s)

Aobr Mk Vertical/horizontal bulking factor in broken zone
F Volume force (N/m?)

Anbmins Mibmax ~ Minimum/maximum of the horizontal bulking factor in broken zone
Hy Height of fracture zone (m)

A Bulking factor

k Boltzman constant (J /K)

U Fluid viscosity (kg/(m-s))

k Permeability (m?)

s Cs Thermal conductivity of fluid/solid (W/(m-K))
M Relative molecular mass of gas (g/mol)

0fs Ps Fluid/solid density (kg/m?)

p Pressure (Pa)

1Y Gas density (kg/m3)

q Fluid source/sink term (kg/(m?3-s))

T Tortuosity

Q Heat source or heat sink (W/m?)

@ Porosity

r Radius of sphere (m)
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