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In order to study the dynamic development law of different regions in the spontaneous
combustion process of coal, the spontanecous combustion process of loose coal under
constant air volume from normal temperature to 140 °C was tested by using large coal
spontaneous combustion simulation test bench, so as to analyze the change law of oxygen
consumption rate and heat release intensity in time and space. The results showed that the
temperature of the loose coal spontaneous combustion process varies with the height of the
coal body at different temperature stages. The high temperature point moved from the
upper middle position of the coal body to the air inlet side; the oxygen consumption rate
and time of different coal body heights showed indexes Increase, and the rate of oxygen
consumption coincided with the migration law of the high temperature point of the coal
body height. The coal body exhibited slow and rapid growth in stages around 75 °C; the
heat release intensity of the loose coal inlet gradually increased. After the temperature
exceeds 75 °C, the heat release intensity of different coal heights gradually increased with
time, and the intensity of heat release coincides with the migration law of the high

temperature point of the coal body height.

1. INTRODUCTION

Coal spontaneous combustion is a huge problem that
troubles all coal mines in the world. More than 90% coal
seams in China have a tendency to spontaneously combust.
Coal spontaneous combustion seriously threatens human
physical and mental health, the natural environment, and the
safe production of coal mines, causing huge economic losses
and waste of resources [1]. The cause of spontaneous
combustion of coal seam is mainly the combined reaction of
coal and oxygen, and the process is affected by many factors.
Therefore, mastering the distribution law of oxygen
consumption rate and heat release intensity in the process of
spontaneous combustion of coal plays a very important role in
preventing and controlling spontaneous combustion of coal
seam.

Yang et al. [2] designed and built an experimental system
for testing the spontaneous combustion characteristics of coal,
as well as examined parameters such as the exothermic
strength and thermal conductivity of coal spontaneous
combustion at a low temperature (<110°C). Cardenas-Lea et
al. [3] determined the relationship between the oxidation rate
and the oxygen absorption tendency in the natural process of
coal. Based on the Wiser chemical structure model, some
experts and scholars have proposed the surface molecular
model of self-burning coal and discussed the mechanism of
spontaneous combustion of coal [4-9]. Zhu et al. [10] analyzed
the relationship between the exothermic strength and
temperature in the process of coal oxidation through the
oxidation heating experiment. The exothermic strength was
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low before the critical temperature, and the exothermic
strength increased sharply after the critical temperature. Sasaki
et al. [11] estimated the heat release rate of coal based on the
equivalent exposure time method, and predicted the danger
degree of spontaneous combustion of coal stack based on the
changes of temperature and oxygen concentration of coal seam
exposed in air flow. Chen et al. [12] developed an
experimental device for self-absorption of loose coal at high
temperature, and concluded that the thermal convection effect
has a great influence on the heat transfer in loose coal. Li et al.
[13] simulated the spontaneous combustion process of coal by
using the coal spontaneous combustion experimental furnace,
and determined the evolution law of the accelerating point and
high temperature region of coal autooxidation. Nordon [14]
established an active unsteady spontaneous combustion model
to predict the spontaneous combustion of coal. Jones [15]
examined the solution model of the bituminous coal
spontaneous combustion period. Liang et al. [16] examined the
control equation for the shortest spontaneous combustion
period of loose coal considering heat convection and
conduction, and then provided its analytical solution. Feng
[17] and Cudmore [18] used the combustible method to
determine the oxygen consumption rate and heat release rate
of coal. Liu et al. [19] studied the spontaneous combustion
process of loose coal under the condition of constant air
volume, and obtained the temporal and spatial evolution law
of temperature and oxygen concentration. Glasser [20]
predicted the spontaneous combustion tendency of coal by
using the computer-controlled calorie-free thermal method.
Pan et al. [21] comprehensively studied the change of CO and
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O, concentration in the whole goaf, combined with numerical
simulation results, and used multiple indicators to determine
the scope of spontaneous combustion "three zones" in goaf
with high accuracy. Lei et al. [22] established a 2-t
experimental furnace for coal spontaneous combustion. Their
experimental results demonstrate that it takes 27 days for the
coal in Dafosi to rise from 19.8 to 96.89 °C. Wen et al. [23]
then established a 1.5 tones experimental furnace for coal
spontaneous combustion. Based on that furnace, the effect of
thermal boundary on the temperature distribution and
spontaneous combustion period was examined by combining
the gas flow equation for loose coal and CFD simulation.
Most of the previous studies have made a detailed analysis
of a specific characteristic parameter in the process of coal
spontaneous combustion, but few have carried out in-depth
research on the characteristic parameters of coal spontaneous
combustion process from two perspectives of time and space.
In recent years, Li et al. [13] analyzed the temporal and spatial
variation rules from the perspectives of high temperature point
migration and index gas in the spontaneous combustion
process of coal. However, due to the volume limitation of
experimental equipment, the experimental simulation of the
spontaneous combustion process in fire areas could not be well
realized. Zhou [24] analyzed the change of characteristic
parameters in the process of coal spontaneous combustion by
simulating the spontaneous combustion situation in goaf, but
the temperature rise was passive and did not reflect the
experimental characteristics of spontaneous heating. In this
paper, a large coal spontaneous combustion furnace was used
to simulate the spontaneous combustion process of coal (from
normal temperature to 140°C), and the differences and laws of
the heat released intensity and oxygen consumption rate in
different areas and time in the spontaneous combustion
process of coal are analyzed, so as to provide reference for

further research on the multi-field coupling effect of coal
spontaneous combustion.

2. EXPERIMENTAL APPARATUS AND PROCESS
2.1 The experimental device

This experiment uses the XK-VII large coal combustion
firing test bench, the maximum loading capacity of 2 tones, the
test bench mainly includes the furnace body, gas circuit device
and monitoring system three parts, the furnace body is
cylindrical, the maximum loading height of 200cm, the inner
diameter of 120cm. 10 ~ 20cm free space is reserved at the top
and bottom respectively, to ensure that the inlet and outlet gas
uniform, the top left with exhaust port. The outer wall of the
furnace body has an insulation layer and a temperature-
controlled water layer to ensure that the temperature of the
incoming gas is roughly the same as the temperature of the
coal sample inside the furnace and to maintain a good heat
storage environment. The structure of the furnace body is
shown in Figure 1.

2.2 Collection and control of gas and temperature

Experimental furnace from 0.05m away from the furnace
bottom, within every 0.2m transverse and longitudinal cross
distributed temperature measuring probe, each temperature
probe 0.2m apart, and set up along the central axis of each
layer gas sampling tube, a total of 131 temperature distribution
of the probe and 40 gas sampling points. Temperature
measuring points were automatically controlled by computer,
and the temperature of each measuring point was
automatically updated and recorded every 30 minutes.
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Figure 1. Structure diagram of coal spontaneous combustion experimental furnace
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2.3 Experimental conditions and procedures

The coal samples for the experiment were crushed into
standard particle sizes by the mandible coal crusher. In order
to avoid oxidation of the coal samples, the pulverized coal
samples were put into the experimental furnace within 6 hours.
The specific particle sizes and basic data of the coal samples
are shown in Table 1, Table 2 and Table 3. Before the start of
the experiment, check the tightness of the furnace body,
whether the air supply system and temperature control
monitoring system work normally. After ensuring the normal
operation of the system, inject the dry air preheated in the
temperature control water layer into the experimental furnace,

and record the gas data every day from the normal temperature
(36°C) until it reaches 140°C.

Table 1. Particle size of coal sample

10 -10, -7, s, 3, 09
+7 +5 +3 409
Mass (g) 1.7 191 265 62 1125 2122
Frequency 0.004 0.044 0.061 0.143 0259 0.489
(%)

Note: the "+" in the table indicates that the filter is not passed, and the "-"
indicates that the filter is passed

Table 2. Basic data of coal samples

Starting Average particle Coal sample Coal sample Coal sample Void Air supply
temperature /°C size /cm height /cm weight /kg volume /cm? ratio volume /m%h
36 2.08 141 1373.66 1582560 0.38 0.1
Table 3. Proximate analysis and Ultimate analysis of pulverized coal
Sample Proximate analysis (%) Calorific value (MJ-kg™) Ultimate analysis (Wad/%)
P Mad Aad Vad FCuad Q or,ad Qnel,ad C H O N S
ZX 9.54 13.88 39.10 37.48 28.32 24.11 80.11 3.03 1464 192 0.30

In the process of the experiment, the migration rule of the
high temperature area of the central axis measuring point was
shown in Figure 2.
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Figure 2. Relation diagram of temperature and height at
center axis measuring point

Selecting the number of days in the process of selecting the
high temperature points in different areas is shown below, it
can be seen that at the beginning of the experiment, the high
temperature area did not appear on the intake side with high
oxygen concentration, but in the low oxygen concentration
area of the upper layer of the coal body, with the advance and
increase of temperature, the high temperature area gradually
moved towards the inlet side. It took about 29 days for the
temperature of the central axis to rise from the initial normal
temperature to 75°C, while it only took about 10 days for the
temperature to rise from 75°C to 140°C, and only 1 / 3 of the
time for the high temperature stage, which shows that the loose
coal body is mainly oxidation heat storage in the low
temperature stage, and the heat accumulation is a very long
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process. When the coal body heat storage environment reaches
a certain state, the loose coal body enters the high temperature
stage, high temperature stage is the violent stage of coal
oxygen compound chemical reaction in loose coal body, so the
coal temperature increases rapidly.

3. ANALYSIS OF EXPERIMENTAL RESULTS

In the process of coal spontaneous combustion, when the air
volume was constant, the oxygen consumption rate and heat
released intensity of each distribution point in the furnace body
change with time and heat dissipation conditions, and the peak
value gradually moved towards the air inlet side.

3.1 Temporal and spatial distribution of oxygen
consumption rate in coal spontaneous combustion

Oxygen is an important index to measure the process of coal
spontaneous combustion. The change of oxygen concentration
at each measuring point in the furnace is mainly related to air
flow, molecular diffusion, turbulent diffusion and oxygen
consumption due to the action of coal oxygen. Fresh air is
injected into the experiment, and the coal sample is subjected
to coal-oxygen composite reaction. By measuring the oxygen
concentration at different measuring points and at different
time periods in the spontaneous combustion process of the coal
sample, the oxygen consumption rate can be calculated as
follows [25]:

Q- Co .
S(Zis1 — Zy)

C;
Cive

Ve, (T) = In (1)

where: ng (T) is the oxygen consumption rate at the standard
air oxygen concentration (21%), mol/(cm3-5s); Q is the
available air quantity, ml/s; C, is the oxygen concentration of
fresh air, %; S is the section area of the experimental
furnace, cm?; Z; 1 — Z; is the height of coal sample, cm; C;



and C;,, respectively represent the oxygen concentration at
point i and point i + 1, %.

Figures 3 and 4 show the evolution of the oxygen
consumption rate in time and space during coal spontaneous
combustion.

3.1.1 Relationship between oxygen consumption rate and
height

It can be seen from Figure 3 that the oxygen consumption
rate was lower when the coal temperature was below 75°C,
and the maximum oxygen consumption rate was distributed in
the low oxygen concentration area far from the inlet side. As
the temperature rises, the oxygen consumption rate gradually
increased, and the position of the maximum oxygen
consumption rate moved towards the inlet side. The oxygen
consumption rate in the area with a low oxygen concentration
remained at a low level. It can also be seen from Figure 3 that
the oxygen consumption rates in different regions were
positively correlated with their heating rates, and the spatial
distribution law of the locations where the maximum oxygen
consumption rate appears coincided with the transport law of
the high-temperature region.
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Figure 3. Relationship between oxygen consumption rate
and height at central axonometric point

3.1.2 Relationship between oxygen consumption rate and time
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Figure 4. Relation between oxygen consumption rate and
time at center axis measuring point
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Figure 4 shows the relationship between oxygen
consumption rate and time at the measuring point of the central
axis in the process of coal spontaneous combustion. In the
region of low oxygen concentration (far away from the inlet
side), the oxygen consumption rate reached its peak at the
beginning of the experiment. After the temperature rose, the
high temperature region moved down gradually, and the
oxygen consumption rate in the low oxygen concentration
region decreased first, then slowly increased and become
stable. When the coal temperature was below the critical
temperature (65~75°C), the oxygen consumption rate of coal
sample increased slowly. When the coal temperature exceeded
this temperature, the oxygen consumption rate increased
significantly. When the coal temperature exceeded the dry
crack temperature (90~100°C), the oxygen consumption rate
increased sharply. In the area with high oxygen concentrations
which closed to the inlet side, before the temperature reaches
100°C, the oxygen consumption rate was positively correlated
with the temperature. After the temperature rose to 100°C,
higher-temperature area shifted to the inlet side, and the
oxygen consumption rate at the bottom reached its maximum
value. The heating rate of coal accelerates, and the loose coal
samples approached the spontaneous combustion point.

3.2 Spatial and temporal distribution of exothermic
intensity in spontaneous combustion of coal

The spontaneous combustion heating of loose coal is mainly
caused by the combined reaction of coal and oxygen and the
heat storage environment. In other words, when the heat
release intensity of the experimental coal sample under the
spontaneous combustion heating, condition is compared with
the heat dissipation condition of the surrounding environment,
when the heat release intensity is greater than the heat loss of
the coal sample, the experimental coal will heat up.

During the heating process of spontaneous combustion of
coal samples, the temperature at each point of the experimental
coal and the oxygen concentration at the control center were
measured. According to the principle of energy conservation
and the method of heat transfer, the calculation formula of coal
heat release intensity can be deduced [25]:

0T Q pg T A,
W) =S gty 5 0,
0°T 0°T

where: q(T, Coz) is the oxidative exothermic strength of coal,
J/(g-s); T and t are respectively the temperature and
oxidation time of loose coal, °C, s; Q the strength of air
seeping through the loose coal, cm3/(cm? - s); is the thermal
conductivity of a loose coal , J/(cm-°C-s); rand z are
radial and longitudinal coordinates, cm; p.» pg » S; and Sg
are respectively the density and specific heat capacity of loose
coal and air, g/cm3, J/g-°C.

Figure 5 and Figure 6 showed the evolution rule of
exothermic intensity in time and space during spontaneous
combustion of coal.

3.2.1 Relationship between heat intensity and height

As can be seen from Figure 5, before the coal temperature
reached the critical temperature, the temperature rose slowly
and the exothermic intensity was low. The peak of exothermic



intensity was mainly concentrated in the upper part of the coal
body, and the heat intensity under low temperature condition
was always relatively stable. This is because the coal upper
initial heat storage environment was better, heat accumulation,
high heat released intensity. With the increase of coal
temperature, the exothermic strength was enhanced as a whole,
and the difference between the exothermic strength at high
temperature point and that in other areas of coal body was
larger. The exothermic intensity on the inlet side first reached
the spontaneous combustion point, and the region where the
exothermic intensity was gradually moved to the inlet side.
The occurrence sequence of the exothermic intensity peak was
consistent with the change sequence of the high temperature
region.
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Figure 5. Relationship between heat release intensity and
height of central axonometric point

3.2.2 Relationship between heat intensity and time
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Figure 6. Relationship between heat release intensity and
time at central axonometric point

As can be seen from Figure 6, in the early stage of the
experiment, the exothermic strength tended to be stable and
the rising speed was slow, and the peak of exothermic strength
was mainly concentrated in the upper part of the coal body.
This was because the air leakage intensity on the upper part of
the coal body was small at the early stage of the experiment,
and the heat concentration was better. As the temperature
increased, the peak exothermic intensity gradually moved
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downward, and the upper exothermic intensity dropped
slightly before the critical temperature. After the coal
temperature exceeded the critical temperature, the exothermic
intensity increased sharply, and the closer it was to the inlet,
the faster the exothermic intensity increased after the critical
temperature, and the greater the difference between the
exothermic intensity before and after the critical temperature.

3.3 Results discussion

Whether the loose coal body can spontaneously ignite
mainly depends on the heat storage conditions, that is, the heat
release strength of the coal body and the size of the thermal
strength of the surrounding environment, in a good heat
storage environment, the oxidation and heat release intensity
of the coal body is greater than the heat lost by the environment,
the coal body will heat up [26].

However, due to the coupling effect of air seepage field,
oxygen concentration and temperature field in loose coal, the
unsteady change is essentially due to the contact between a
large number of loose coal and oxygen. The thermal
conductivity of coal is poor, and the continuous accumulation
of heat leads to the gradual heating of coal, thus accelerating
the reaction [27, 28]. The combined reaction of coal and
oxygen in loose coal is mainly chemical reaction, which
produces more heat. The coal at different heights has different
heat storage conditions. In the middle and lower regions near
the air inlet, the coal has good oxidation heat storage
conditions and high oxygen concentration, and the coal
temperature rises rapidly. Especially, when the maximum coal
temperature exceeds 75°C, the coal temperature at the inlet
side increases rapidly within 2/10 of the coal height. The
accumulated heat heats the surrounding coal, resulting in an
increase in gas density, while the difference in temperature
between the inside and outside of different areas within the
loose coal increases the amount of oxygen the coal gradually
consumes. The high temperature zone leads to the damage of
the internal structure of the coal body, which further develops
the cracks and voidage in the coal body, and forms the
phenomenon of '"self-absorption" oxygen in the high
temperature zone, and changes the distribution of oxygen
concentration field in the coal body under the constant air
leakage state. Literature studies have also shown that due to
the presence of gases in pore areas between particle sizes of
loose coal. The heat transfer effect in the hot heat source region
leads to the temperature gradient field in different regions of
the coal and finally leads to the gradient effect of the gas
density field in the loose coal.

4. CONCLUSIONS

1) In the process of spontaneous combustion of loose coal
bodies, the high temperature point first appears in the upper
7/10 of the coal body, when the temperature is lower than the
critical temperature (about 75°C), the high temperature point
moves slowly; after exceeding the critical temperature, it
moves rapidly to the high oxygen concentration area on the
inlet side, and the bottom of the coal seam first reaches the
spontaneous combustion point, while the temperature change
of the surrounding measurement points varies with the height
of the coal body and the intensity of air leakage in different
temperature stages.

2) The distribution pattern of the oxygen consumption rate



in time and space of the loose coal body shows that: the oxygen
consumption rate of the coal body rises slowly at the beginning
and decreases as the temperature gradually moves downwards,
coinciding with the transport pattern of the high temperature
point, the oxygen consumption rate of the upper part of the
coal body increases less over time, while the oxygen
consumption rate of the high oxygen concentration area on the
inlet side increases more before and after.

3) From the distribution pattern of the exothermic intensity
of the loose coal body in time and space, it can be seen that:
the exothermic intensity of the coal body is consistent with the
transport of the high temperature point, the exothermic
intensity of the inlet side has a large span before and after and
reaches the spontaneous combustion point first, the peak of the
exothermic intensity can be judged according to the location
of the high temperature point of the detected coal seam in the
actual observation, the research results are more relevant and
directional for the use of the actual project.
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