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Coal seam mining, especially during roadway driving with narrow coal pillars, can cause air leakage
along the gob side and increase the risk of spontaneous coal combustion. To explore the oxygen dis-
tribution and spontaneous coal combustion risk zone in an adjacent gob of a fully mechanized mining
face, a temperature-programmed experiment, a secondary oxidation experiment, gas monitoring, and
numerical simulation were conducted. The oxygen consumption rates of the coal sample in primary and
secondary oxidation processes were compared, and the oxygen concentration at the inner coal pillar of
an adjacent gob was monitored. The oxygen concentration distribution in the adjacent gob was simu-
lated, and the spontaneous coal combustion risk zone in the adjacent gob was determined. The results
show that secondary coal oxidation was stronger than primary oxidation below 90 °C, and primary coal
oxidation was stronger than secondary oxidation above 90 °C. The oxygen consumption rate ratio (i.e.,
the oxidation size) of the coal sample during primary and secondary oxidation processes below 90 °C was
fitted to obtain the relationship. During roadway driving of the 2202 working face along the gob, the air
leakage intensity of the coal pillar was between 0.0335-0.0365 cm?/(s-cm?). The area 23 m from the coal
pillar to the depth of the adjacent gob behind the heading face was found to be at risk of spontaneous
coal combustion. During normal and end mining of the 2202 working face, the air leakage intensity of the
coal pillar along the gob was between 0.005-0.024 cm?/(s-cm?). The residual coal in a narrow area, 87 m
long in the adjacent gob was in an oxidizing environment. When the working face advanced slowly, the
residual coal in this area was prone to oxidation and at risk of spontaneous combustion.

© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

In China, many coal mines face the threat of coal fire disas-
ters, and the outlook is not optimistic. Coal fire can produce large
amounts of toxic and harmful gases which threaten the work safety
of miners (Bai et al., 2020a). More seriously, coal fire can cause huge
economic losses and environmental damage. (Suetal.,2017; Querol
et al., 2011). Twenty-five major coal mining provinces, with more
than 130 large and medium-sized coal mines, are threatened by
spontaneous coal combustion to varying degrees (Kuenzer et al.,
2007; Wessling et al., 2010). From 2004 to 2015, 87 coal fire acci-
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dents caused a total of 661 deaths in China (Zheng et al., 2019).
India, the United States, South Africa, Australia, Indonesia, and
other countries have also been plagued by coal fire disasters (Ma
et al., 2019). The gob is a key area for coal fires, and the prevention
and control of spontaneous coal combustion in gobs is particularly
important (Huang et al., 2018; Lei et al., 2018).

Mine ventilation provides fresh airflow for miners to breathe,
dilutes toxic and harmful gases, and improves the underground
climate for a good working environment (Cheng and Yang, 2012;
Widiatmojo et al., 2015). Even with ventilation, air leakage fre-
quently occurs due to the crushing and falling of coal, poor design of
the ventilation structure, and poor sealing. Air leakage is one of the
main causes of spontaneous combustion of residual coal in the gob,
stop line, and coal pillar (Wu and Liu, 2011; Yuan and Smith, 2012;
Yangetal., 2014; Tang et al., 2016). When air leakage provides ade-
quate oxygen, residual coal undergoes coal-oxygen complexation

0957-5820/© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Nomenclature

C oxygen concentration, %

Co oxygen concentration in the fresh airflow, mol-cm—3

Cq oxygen concentration in the inlet of the coal sample
tank, mol-cm—3

G, oxygen concentration in the outlet of the coal sam-
ple tank, mol-cm—3

c actual oxygen concentration, mol/cm3

Co standard oxygen concentration, cg=9.375 x 106
mol/cm3

D oxygendiffusion coefficient, m2/s

g gravitationalacceleration, m/s2
AH®  reaction heat of and CO, kj/mol
AH®C2reaction heat of CO5, kj/mol
AH" 58.8 kJ/mol

K permeability coefficient, m3-s/kg

k absolute permeability

L coal sample height, cm

P air leakage pressure, Pa

p porosity, %

Q air leakage intensity, cm3/(cm?2-s)

Q gas supply, cm3/s

Qx air leakage intensity component in X direction

Q air leakage intensity cVomponent in Y direction

Q; air leakage intensity component in Z direction

Qmax(T) the maximum heat release rate, Jjcm3-s

Qmin(T)  the minimum heat release rate, J/cm3-s

S tank bottom area, cm?

T temperature, °C

Vi oxygen consumption rate of primary oxidation,
mol/(cm3-s)

Vs oxygen consumption rate of secondary oxidation,
mol/(cm3-s)

W(T) oxygen consumption rate, mol/(cm?3-s)

Vo(T) oxygen consumption rate in the fresh airflow,
mol/(cm3-s)

V&, (T) standard CO production rate, mol/(cm?s)

vZ,2(T) standard CO, production rate, mol/(cm3-s)

vo(0) oxygen consumption rate when the temperature is
0, mol/(cm?3-s)

X the coordinates in the loose coal body of the road-
way, cm

X0 the coordinates in the surface of the roadway, cm

X coal temperature, °C

y the ratio of V; and V,

Greek Symbol

P oxygen density, kg/m?3

w air viscosity coefficient, kg/(m-s)

I calculation model in roadway driving along gob

11 calculation model in normal mining

11 calculation model in end mining

through physical adsorption, chemical adsorption, and chemical
reaction. In a suitable heat storage environment, heat accumulation
induced by coal oxidation leads to spontaneous coal combustion
(Bai et al., 2020b; Deng et al., 2018b; Xi et al., 2017). Air leakage
may lead to accelerated coal oxidation, an increased heating rate,
and an enlarged high-temperature area. As aresult, the time needed
for spontaneous combustion of coal is greatly reduced (Song et al.,
2014). Many scholars have investigated the influence of air leak-
age on spontaneous coal combustion, the laws of gas production

during spontaneous coal combustion, and the determination of
spontaneous coal combustion risk zones in gob (Zhou et al., 2019).

The ventilation mode mainly depends on the coal mining
method. Due to different layouts of the working face and roadway,
the ventilation mode can change. The development of narrow coal
pillar mining technology has not only improved the coal recovery
rate, but also maintains the stability of the surrounding rock in the
roadway along the gob. Air leakage into the gob through coal pil-
lar cracks is also an important consideration (Lu and Qin, 2015).
After roadway driving along the gob, the initial equilibrium state
of the stress is changed, leading to redistribution of the mine stress
(Gao et al., 2014). Cracks appear in the upper coal pillar, allow-
ing air leakage, which can lead to spontaneous coal combustion.
Moreover, it takes a significant amount of time to pass through the
roadway, causing loose and residual coal in the adjacent gob to be
exposed to conditions conducive to spontaneous coal combustion.
The loose coal beside the roadway along the gob and residual coal
in the adjacent gob are at risk of coal fire.

During the spontaneous combustion of coal, oxygen is continu-
ously consumed, and specific gas products are generated (Ren et al.,
2019; Li et al., 2018). The composition, content, growth rate, ratio,
and other indicators of self-combustion coal products can be used
to assess the stage of development of spontaneous coal combustion
(Liang et al., 2019). The oxygen consumption rate, CO generation
rate, various gas ratios, and fire coefficient are used to predict spon-
taneous coal combustion (Zhu et al., 2012; Wang et al., 2018; Liu
and Qin, 2017a; Guo et al., 2019).

Many scholars have studied the risk zone of spontaneous coal
combustion in gob. The indicators of spontaneous combustion of
residual coal in the gob are oxygen concentration distribution
(Deng et al., 2018a), wind speed distribution (Zhuo et al., 2019), CO
emissions (Liu and Qin, 2017a), and temperature change (Huang
et al., 2018). With the development of numerical simulation tech-
nology, simulation of spontaneous combustion of residual coal in
the gob has changed from a two-dimensional model to a three-
dimensional model (Shi et al., 2019), from a single physical field
to a multi-physical coupling simulation (Rosema et al., 2001), from
fixed coordinates to moving coordinates (Liu and Qin, 2017b).

Till date, most studies have focused on the spontaneous com-
bustion of residual coal in a single gob (i.e. the gob of the working
face), while adjacent gobs have not been considered. Spontaneous
coal combustion in an adjacent gob is different from spontaneous
coal combustion in other areas. The residual coal in an adjacent gob
will be affected by coal mining activities twice. The adjacent gob is
directly or indirectly connected to the new working face gob, and
residual coal in the adjacent gob undergoes secondary oxidation or
even multiple oxidations (Deng et al., 2016a, 2016b). After residual
coal undergoes oxidation, its microstructure and surface structure
is changed, thus affecting the oxidation degree, and increasing the
risk of fire (Tang and Wang, 2019).

The purpose of this paper is to investigate the risk zones of
spontaneous coal combustion of adjacent gobs in the three mining
stages, and achieve early prediction, which is conducive to under-
ground environment protection and safety production. Through
primary and secondary oxidation experiments, the oxygen con-
sumption rate and heat release rate of coal samples in the new
gob and adjacent gob were obtained. The oxygen consumption rate
was used as the basis for setting numerical simulation parame-
ters. Models with an adjacent gob were established to simulate the
oxygen distribution during roadway driving along the gob, normal
mining, and end mining. Risk zones of spontaneous coal combus-
tion in adjacent gob were determined by the oxygen consumption
rate measured experimentally, the oxygen concentration observed
in the field, and the oxygen concentration distribution numerically
simulated. This paper provides a certain reference for the early
prediction of spontaneous coal combustion in adjacent gob.
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Table 1
Coal sample size and experimental conditions for temperature-programmed
experiment.

Coal Granularity Coal
sample (mm) weight (g)
Number

Air flow Heating
(ml/min) rate
(°C/min)

Mixed 0~10 250 30 0.5
sample

Table 2
Proximate analyses of the coal samples.

sNOR Mad(%) Ad(%) vdaf (%) FCaa (%)
Bituminous coal 5.69 9.06 38.39 46.86

2. Overview of working face

The average elevations of a coal mine ground and working face
in a 2-2 coal seam are 1244.9 m and 523 m, respectively. A 2-2 coal
seam has a simple structure, an average inclination of 3°, and an
average thickness of 6.3 m. A 2-2 coal seam is mainly composed of
non-caking coal, with small amounts of long flame coal and slightly
caking coal. The 2201 and 2202 working faces of the Yingpanhao
coal mine are adjacent working faces. The 2201 gob is located south
of the 2202 auxiliary transport roadway. There is a 5 m wide pro-
tective coal pillar between the 2202 auxiliary transport roadway
and the 2201 gob. The layout of the 2202 working face and 2201
gob is shown in Fig. 1.

3. Materials and methods
3.1. Spontaneous coal combustion characteristics experiment

3.1.1. Experimental conditions

Coal samples from a 2-2 coal seam of the Yingpanhao coal mine
were crushed and sieved into particle sizes of 0-0.9 mm, 0.9-3 mm,
3-5mm, 5-7 mm, and 7-10 mm. A mixed sample was made using
50 g of each of the five particle sizes. Coal sample size and exper-
imental conditions for the temperature-programmed experiment
are shown in Table 1.

Ash, moisture, volatile carbon, and fixed carbon of coal samples
were obtained through proximate analysis. Proximate analyses of
the coal samples are shown in Table 2.

3.1.2. Experimental device

The temperature-programmed experimental system consists of
five parts: a gas supply system, a coal sample tank, an intelligent
temperature control system, a gas collection system, and an anal-
ysis system. The experimental system is shown in Fig. 2. The gas
in the cylinder was of standard airflow with 21 % oxygen and 79 %
nitrogen. After flowing through the preheated copper pipe, the air-
flow passed through the bottom of the coal sample tank and reacted
with the coal sample. The gas generated by the reaction was col-
lected through the outlet above the coal sample tank. To eliminate
other gaseous impurities in the spontaneous coal combustion pro-
cess, the standard airflow was introduced to the reactor at a steady
flow rate of 30 mL/min for 20 min. The coal samples were then
heated steadily from 30 °C to 180 °C, and data were recorded at
intervals of 10 °C. The gas supply and heating rate were constant at
30 mL/min and 0.5 °C/min, respectively. The collected gases were
analyzed using a gas chromatograph with a minimum accuracy of
0.1 ppm.

The operation procedure for secondary oxidation was as fol-
lows: after primary oxidation the coal sample was cooled to room
temperature under nitrogen conditions, then sealed and stored.

Using the same procedure as in the primary oxidation, the coal
sample was oxidized again.

3.2. Gas monitoring in gob

To monitor the gas content and concentration along the gob side
as accurately as possible, 49 boreholes were drilled through the
narrow coal pillar into the adjacent gob, with a distance between
boreholes of 50 m. The drilling depth was just enough to penetrate
the coal pillar. The boreholes were 1.5-2.0 m from the bottom plate.
A2 in.steel tube with a bundle tube was inserted into each borehole
to monitor the gas in the adjacent gob. The drilling arrangement of
roadway driving along the gob of the 2202 working face is shown
in Fig. 3.

3.3. Oxygen distribution in adjacent gob

3.3.1. Calculation model

The geometries and mesh of the model are generated by ANSYS
15.0 workbench design modeler and mesh tool, respectively. The
calculation models in three mining stages of the 2202 working face,
roadway driving along the gob, normal mining, and end mining
were selected and named as Models I, II, and III, respectively. The
size of the calculation model was determined according to actual
field size. The height of residual coal in the two crossheadings of
the gob and the middle area of the gob was set to 1.5 m and 1 m,
respectively. The height of the calculation model was set to 10 m.
The calculation model of the adjacent gob in three mining stages of
the 2202 working face is shown in Fig. 4.

3.3.2. Simulation parameter

To facilitate the numerical simulation calculations, the follow-
ing hypotheses were made: the gob is regarded as a uniform and
isotropic porous medium region consisting of the residual coal
and the upper overburden. The seepage caused by airflow in the
residual coal and the upper overburden will not change its den-
sity (Liang and Wang, 2017). When the airflow passes through the
porous medium, laminar flow occurs in the gob due to the small
airflow velocity, and its momentum equation is in accordance with
Darcy’s law (Pan et al., 2011). Air leakage in the gob occurred only
in fractured coal and rock mass. Then the governing equations are
as follows (Zhai et al., 2011, 2019):

9 . 30y . 3Q,
o Ty Ta 0 W
Ky OP
Q=g x
K, oP
== 2
@ =-leay ()
K, oP
="t
0 [ Ky OP d Ky aP d (K, oP _
Bx(pgax>+3y(pgay>+az<pgaz>_o ®
ac ac ac 8%x 3%y 9’z
QX'$+Qy'87y+Qz'§=Dx'w+Dy~W+DZ'§
—V(T) (4)
C
V(T)=Vo(T): & (5)
0

where coordinate axes are represented by x, ¥, and z, and Q rep-
resents the air leakage intensity. Qx, Qy, and Q, indicate the air
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leakage intensity component in their respective directions, m/s;
P represents the air leakage pressure, Pa; p represents the oxygen
density, kg/m3; g represents the gravitational acceleration, m/s?;
absolute permeability is defined as: k = K-p, m?; u represents the
air viscosity coefficient, kg/(m-s); K represents the permeability
coefficient, m3-s/kg; D represents the oxygen diffusion coefficient,
m2/s; C represents the oxygen concentration at a certain time,
mol-cm—3; Cy represents the oxygen concentration in the fresh air-
flow, mol-cm~3; V(T) represents the oxygen consumption rate at a
certain time, mol/(cm3-s); Vo(T) represents the oxygen consump-
tion rate in the fresh airflow, mol/(cm3-s).

There is a small elevation difference between the air inlet and
outlet, where the pressure difference is negligible. The specific set-
tings of the parameters required for the simulation are shown in
Table 3.

4. Results and discussion
4.1. Spontaneous coal combustion characteristics

4.1.1. Oxygen consumption rate
The ability of coal samples to consume oxygen can be an impor-

tant indicator to identify spontaneous coal combustion tendency
(Qin et al., 2012; Zhang et al., 2019a). The difference in oxygen
concentration at different locations inside the coal pile mainly
depends on air convection, diffusion, and oxygen consumption of
the coal-oxygen composite reaction. The mathematical expression
of oxygen consumption rate is shown in Eq. (6). The oxygen con-
sumption rates of the coal sample during both oxidation processes
were calculated from the oxygen concentration and other param-
eters obtained from experiments. The relation between oxygen
consumption rate and oxygen concentration is (Liu et al., 2017a;
Zhao et al.,, 2019):

Q-G

S L

Vo(T) = (6)

Fig. 5. Fitting curve of oxygen consumption rate ratio during two oxidations.

where Q is the gas supply, cm3/s; S is the tank bottom area, cm?;
L is the coal sample height, cm; C; is the oxygen concentration in
the inlet of the coal sample tank, mol-cm~3; and C, is the oxygen
concentration in the outlet of the coal sample tank, mol-cm=3.

According to the experimental results of the two oxidation pro-
cesses, the oxygen consumption rates of primary and secondary
oxidations were defined as V; and V5, respectively, and the ratio of
V1 and V, was obtained. The ratio of the oxygen consumption rates
of the two oxidation processes is shown in Fig. 5.

Fig. 5 shows that the oxygen consumption rate increased with
the increase in temperature. At temperatures below 90 °C, the oxy-
gen consumption rate of the secondary oxidation is greater than
that of primary oxidation. The oxygen consumption rates of coal
samples were less than 2 x 10~2 mol/(cm?3-s), and the growth ten-
dency was relatively slow. Between 90 °C and 100 °C, there was a
crossing point of the oxygen consumption rates between primary
and secondary oxidation processes. The results show that the rate
of oxygen consumption during the two oxidations of coal samples is
abruptly changed at the intersection (i.e. the temperature between
90-100 °C), which is consistent with the result of the literature
(Dengetal., 2016a). After the intersection, the oxygen consumption
rate of the primary oxidation was greater than that of the secondary
oxidation. Between 100 °Cand 140 °C, the oxygen consumptionrate
increased significantly, indicating acceleration of the coal oxidation
reaction. When the temperature reached 140 °C, the coal oxidation
consumed more supply oxygen, and oxygen deficiency limited the
oxidation of coal. As a result, the oxygen consumption rate was still
increasing, but at a slower rate.

Below 90 °C, V;/V, was less than 1, and above 90 °C, V{/V, was
greater than 1. Below 90 °C, the secondary oxidation was stronger
than the primary oxidation; above 90 °C, the secondary oxidation
was weaker than the primary oxidation. The moisture of the coal
sample was reduced after primary oxidation, and cracks developed
in the coal, increasing its porosity and with an increased contact
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Fig. 6. Relationship between heat release rate and temperature during two oxida-
tions.

area between coal and oxygen. Thus, the oxygen consumption rate
was accelerated in the early stage of secondary oxidation. In the
later stage of the reaction, the number of active groups participating
in the coal-oxygen complex was reduced, resulting in a decrease in
oxygen consumption rate.

Considering the importance of the stage before crossing point
temperature to coal-oxygen complexation, and providing a refer-
ence for the oxygen consumption rate user-defined function of the
coal sample in the numerical simulation, the ratio of the oxygen
consumption rates for temperatures less than 90 °C was fitted. The
fitting degree was approximately 0.9. The mathematical expression
is shown as Eq. (7).

(—§/13.89)
y =4.24e +0.67 (7)

where X is the temperature of coal, °C; y is the ratio of V; and V5,

4.1.2. Heat release rate

Heat release from the coal-oxygen reaction is the main heat
source for coal self-heating, and the heat release rate is a crucial
indicator of spontaneous coal combustion. The actual heat release
rate is between maximum and minimum value. As shown in Egs.
(8)and (9) (Zhang et al., 2019b):

0
Vo, (1)
Ve (1) + V&, (T)

Vo (T)

=— O 1 v (T)AH +
Ve (D) + V&, (T)

Amax (T)

Amin (T) = AH" [Vo (T) = V&, (T) = V&, (T)] + AHPVE, (T) + AHY,

where gmax(T) is the maximum heat release rate, J/cm3-s; and
Qmin(7) is the minimum heat release rate, J/(cm?3-s); Vgo(T) and

V802 (T) are the standard CO production rate and CO, production

rate, mol/(cm3-s); AH®®2 and AH are the reaction heat of CO,
and CO, kJ/mol; and AH" =58.8 k]/mol.

Based on the equations, the curves shown in Fig. 6 were
obtained. As shown that the maximum and minimum heat release
rates increased with the increase in temperature. At the same
time, between 90 °C and 100 °C, there was a crossing point of the
maximum and minimum heat release rates between primary and
secondary oxidation processes. The results showed that the oxi-
dation intensity of secondary oxidation was stronger than that of
primary oxidation before the crossing point. When the temperature
exceeded the crossing point, the opposite result was displayed.

Vo (T) AH

15.4

—=&— [# drilling hole
152 —e— 24# drilling hole

I —&— 3# drilling hole
15.0 -
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14.0 1 N | s 1 N 1 N 1 s 1

Days /d

Fig. 7. Monitoring data of boreholes 1, 2, and 3 along gob-side entry during driving
period.

4.2. Oxygen distribution

During the monitoring period, oxygen concentration was mea-
sured in the borehole. Other gases with small concentration values,
such as CO, were not included in the analysis. The variation of oxy-
gen concentration in boreholes 1, 2, and 3 during roadway driving
along the gob is shown in Fig. 7.

Fig. 7 illustrates that as the depth of advancement of the heading
face increased, the oxygen concentration at the 1, 2, and 3 measur-
ing points decreased. The oxygen concentration at the borehole 1
measuring point decreased from 15.05 % to 14.65 %, the oxygen
concentration at the borehole 2 measuring point decreased from
14.63 % to 14.43 %, and the oxygen concentration at the borehole 3
measuring point decreased from 14.87 % to 14.66 %. The coal pillar
was damaged by rock pressure, creating many cracks that allowed
air leakage, resulting in a high oxygen concentration in the adjacent
gob.

4.3. Simulation results and analysis

4.3.1. Oxygen distribution under each model

During roadway driving along the gob, local ventilation was
adopted because the roadway was not connected. Fig. 8(a) shows
that the airflow in the roadway seeped into the adjacent gob due
to cracks in the coal pillar generated by rock pressure. The residual
coal was exposed to oxygen, which was continuously consumed
byz sical adsorption, chemical adsorption, and chemical reac-
tion, resulting in lower oxygen concentration farther from the coal
pillar in the adjacent gob. Fig. 8(b) shows that the oxygen concen-

0 trgﬂ)ﬁg deeper in the gob gradually decreased. The red area on the
COsiri ez

side is wider than on the air return side, because the airflow
was affected by diffusion, migration resistance, and the oxidation of
residual coal. In the positive z-axis direction, the diffusion region of
the oxygen concentration was increased. Compared with Fig. 8(b),
it is observed in Fig. 8(c) that the oxygen distribution was similar,
but there was a difference in the adjacent gob due to the presence
of a stop line, which is prone to backflow when airflow is nearby.

4.3.2. Profile of oxygen distribution under each model

To more intuitively display the oxygen distribution in the three
models, the oxygen profiles at different depths in the z and x direc-
tions of each model were selected, as shown in Figs. 9 and 10.

The cross-sectional views of oxygen distribution at different
depthsinthe zdirection are shownin Fig. 9.1tis observed in Fig. 9(a)
that as the height in the z direction increased, oxygen continu-
ously penetrated deep into the gob from the coal pillar, and the



376 L. Ma et al. / Process Safety and Environmental Protection 142 (2020) 370-379

(@)

©

Fig. 8. Oxygen distribution in the gob during: (a) roadway driving along gob; (b) normal mining; (c) end mining.

(a)

high-oxygen region continuously expanded. During roadway driv-
ing along the gob, oxygen diffused to the adjacent gob behind the
heading face, due to air leakage from coal pillars. The highest oxy-
gen mass fraction was 17.9 %. Fig. 9(b) and Fig. 9(c) show that the
oxygen concentration on the air inlet side was greater than on the
air return side at the same distance from deep in the gob, which
is consistent with previous research results (Zhang et al., 2019a).
As the height increased, the area of the oxygen region continued to
expand, indicating that the underlying coal had consumed signifi-
cant oxygen, while the overlying rock had not. As cracks in the coal
pillar were generated by rock pressure, air leakage resulted in the
formation of a long, narrow region of high oxygen content in the
adjacent gob near the coal pillar and working face. During mining
of the 2202 working face, high oxygen levels and good heat storage
conditions were likely to cause continuous oxidation of residual
coal, inducing spontaneous combustion. Fig. 9(c) shows the oxy-
gen distribution near the stop line of the 2202 working face, and a
disordered airflow due to the stop line in the adjacent gob. The air-
flow cannot pass through the stop line and several high-speed areas
were formed in front of the stop line. The oxygen concentration was
less than 2% in the internal stop line.

The cross-sectional views of oxygen distribution at different
depths in the x direction are shown in Fig. 10. It is observed
in Fig. 10(a) that the oxygen concentration gradually decreased
from the coal pillar into the adjacent gob. As the vertical distance

(©)

Fig. 10. Oxygen distribution sectional view in the x direction under three different propulsion states.

increased, the oxygen concentration increased. The oxygen con-
centration in the direction from the open-off cut to the heading
face gradually decreased. The area of the high-oxygen region also
decreased. Fig. 10(b) and (c) show that the oxygen concentration
gradually decreased deeper in the gob.

4.3.3. Laws of air leakage intensity

It is assumed that the air leakage flow in the loose coal along
the gob flows in one direction. When the air leakage intensity is
constant, the relationship between air leakage intensity and oxygen
concentration can be described as (Zhai et al., 2019):

g = Lo(0)(x ~ x0) (10)

Coln (co /c)

where ¢ and cg are the actual oxygen concentration and the
standard oxygen concentration (cog = 9.375 x 1076 mol/cm3),
respectively; vg(0) is the oxygen consumption rate when the
temperature of the loose coal body is 0 in the standard oxygen con-
centration, mol/(cm3-s); Qs the air leakage intensity, cm3/(s-cm?);
x and xg are the coordinates in the loose coal body and the surface
of the roadway, respectively, cm.

According to the oxygen distribution in the numerical simula-
tion of the three models, the law of air leakage intensity in the
adjacent gob can be obtained using Eq. (10).
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Fig. 11. Schematic diagram of air leakage intensity inside the coal pillars in adjacent gob.

Dangerous Zone

Dangerous Zone

(d

To study the spontaneous coal combustion zone in the adja-
cent gob, it is particularly important to understand the air leakage
intensity in the coal pillar. Air leakage from the coal pillar is a signif-
icant factor in the high oxygen concentration of the adjacent gob.
Fig. 11(a) shows that during roadway driving along the gob of the
2202 working face, the air leakage intensity of the coal pillar along
the gob was between 0.0335-0.0365 cm3/(s-cm?), and the value
remained nearly the same. Fig. 11(b) shows that during normal
mining of the 2202 working face, the air leakage intensity of the
coal pillar in front of the working face decreased. The air leakage
intensity sharply decreased at 15 m in front of the working face.
The maximum air leakage intensity of the coal pillar at the work-
ing face was 0.024 cm?3/(s-cm?), approximately six times the value
at 300 m in front of the working face. Fig. 11(c) shows that during
end mining, the air leakage intensity of the coal pillar in front of
the 2202 working face decreased. The air leakage intensity sharply

(e)

Fig. 12. Distribution of oxygen concentration in the z = 0.5 plane in three different propulsion states.

Dangerous Zone

)

decreased at 15 m in front of the working face. The maximum air
leakage intensity of the coal pillar at the working face was 0.0208
cm?/(s-cm?), and the minimum air leakage intensity at 300 m in
front of the working face was 0.005 cm?3/(s-cm?). It is observed in
Fig. 11 that the air leakage intensity of the coal pillar during road-
way driving along the gob is greater than during normal mining and
end mining. This is mainly due to the use of push-in local ventila-
tion in roadway driving, and the length of the roadway, which was
100 m. The wind pressure during driving was much greater than
during normal mining and end mining.

4.3.4. Classification of hazardous areas under each model

Based on the theoretical knowledge of the’ three zones’ of spon-
taneous coal combustion, this study uses oxygen concentration
(oxygen volume fraction) as an index to classify the spontaneous
coal combustion zone (Huang et al., 2018; Song et al., 2019). An
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oxygen concentration of 18 % is the critical point between the
cooled zone and the spontaneous combustion zone; an oxygen con-
centration of 10 % is the critical point between the spontaneous
combustion zone and the suffocation zone. The planes with ver-
tical direction z = 0.5 m in the three models were selected, and
risk zones were classified according to their oxygen concentration.
Fig. 12(a-c) are overall schematic views of the three models, and
Fig. 12(d-f) are partial enlarged views of the three models.

As shown in Fig. 12(a) and (d), during roadway driving along the
gob of the 2202 working face, the oxygen concentration on the coal
pillar side of the adjacent gob behind the heading face of Model I is
relatively high. The oxygen volume fraction in the area 23 m behind
the heading face to the depth of the adjacent gob was between 10
% and 18 %, which is considered to be the spontaneous coal com-
bustion zone. The area at the heading face was narrow, while the
area of the open-off cut was wide. It is shown in Figs. 12(b) and (e)
that during normal mining there was a long, narrow region of high
oxygen near the 2202 working face and coal pillar in the adjacent
gob of Model II. This region had an oxygen volume fraction ranging
from 10 % to 18 % along the coal pillar from 14 m in front of the
2202 working face to 73 m behind the working face. Its maximum
width was 15 m, and its minimum width occurred 73 m behind the
working face. Fig. 12(c) and (f) show a similar long, narrow region
of high oxygen during end mining in the adjacent gob of Model III.
This region had an oxygen volume fraction ranging from 10 % to 18
% along the coal pillar from 12 m in front of the 2202 working face
to 74 m behind the working face. Its maximum width was 16 m,
and its minimum width occurred 74 m behind the working face. An
area of residual coal approximately 87 m in length in the adjacent
gob was in a high oxygen environment for a significant time. When
the advancing speed of the working face was slow, the residual coal
in this area was prone to oxidation. If heat storage conditions for
combustion were met, the coal was at risk of fire.

5. Conclusion

In this work, coal oxidation experiment, site monitoring, and
numerical simulation were applied to investigate the risk zone of
spontaneous coal combustion in the adjacent gob during different
stages of coal mining. This work has certain guiding significance
for the theoretical research and prevention of spontaneous coal
combustion in coal mines. Based on the results, the following con-
clusions can be drawn:

—

Through two temperature-programmed oxidation experiments,
it was found that below 90 °C, secondary oxidation of coal sam-
ples was stronger than primary oxidation; above 90 °C, primary
oxidation was stronger than secondary oxidation. The ratio of
oxygen consumption rates of coal samples during the two oxida-
tion processes below 90 °C was fitted to obtain the relationship.
2 Air leakage of coal pillars was a primary cause of high oxygen
in the adjacent gob. During roadway driving along the gob of
the 2202 working face, the air leakage intensity of the coal pillar
along the gob was between 0.0335-0.0365 cm?3/(s-cm?). During
normal mining and end mining, the air leakage intensity of the
coal pillar along the gob was between 0.005-0.024 cm?3/(s-cm?).
3 During roadway driving along the gob of the 2202 working face,
the area 23 m behind the heading face to the depth of the adjacent
gob was considered to be the spontaneous coal combustion zone.
During normal mining and end mining, an area of residual coal
87 mlong in the adjacent gob was in a high-oxygen environment
for an extended period of time. When the working face advanced
slowly, the residual coal in this area was susceptible to oxidation.
Given heat storage conditions necessary for combustion, the coal
was easily ignited, threatening the safety of the mine.
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