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ABSTRACT

In this paper, our main aims are to make up for the defects of large-scale coal spontaneous heating tests
on trial methods. An unsteady-state numerical model is developed to simulate self-heating in a large-
scale coal spontaneous heating reactor with experimental conditions. The self-heating process of coal is
reproduced successfully, and the main characteristics of nonlinear heating and windward movement of
the fire source are obtained during the whole process. By comparison, the simulated and experimental
results of the Tianchi coal samples show a good agreement with the temperature rise features and fire
source positions. This confirms the validity of the model. Based on the model, a sensitivity analysis
is constructed to investigate the influence of the external environment on coal spontaneous heating.
The main contents include (1) heat dissipation surroundings; (2) air quantity; (3) air direction. The
simulated conclusions contribute to optimizing the experimental parameters and obtaining the shortest
spontaneous combustion period. In addition, the model is found to be of great significance for predicting
the fire source temperature and position in practical coal mine conditions.

Keywords: numerical simulation, temperature rising feature, fire source position, experimental parameters,
spontaneous combustion period

1 INTRODUCTION

Spontaneous combustion of coal is a critical mining hazard that all coal-producing countries
have to face [1, 2]. Accurate prediction of when and where the spontaneous combustion will
occur is crucial to reduce the harm caused by spontaneous combustion of coal. It is well
known that the oxidizing properties of coal are the essential reason for spontaneous combustion.
However, in coal mines, whether or not a fire, caused by the coal’s self-heating, occurs will
depend on the external environment [3]. Experimental simulation is undoubtedly the most
effective way to study the formation characteristics and the evolution law of coal self-heating.
However, as there are extremely complex internal and external factors, a small-scale
experimental method can better reveal the thermodynamics characteristics, temperature
variation, and law of production for indicator gases, although it cannot monitor the position
of the fire source due to passive heating or altering the external environment [4-8]. A large-
scale test of the spontaneous heating of coal can well simulate the field conditions and
investigate the coal oxidation and exothermic features [9]. Because of this, many large-scale
experiments have been proposed under actual mine conditions and used in an attempt to predict
the self-heating tendencies of coals. However, because of the long experimental period,
tremendous workload, for the same coal sample, it is impossible to change the conditions
and repeat experiments. Therefore, establishing numerical models is crucial to study coal’s
spontaneous combustion process under various conditions.

Numerous models were used to research the process of the spontaneous combustion of
coal in mined-out areas, coal heaps or bunkers [10, 11]. Taraba et al. revealed the characteristic
of fire source versus time in coal heaps by numerical simulation [12]. Yuan et al. numerically
investigated the spontaneous combustion process of coal in a large-scale coal chamber and
focused on the low-temperature oxidation reaction rate [13]. Some studies also discussed the
influence of simulated parameters on the rising temperature feature [14, 15]. However,
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correlative studies on the characteristics of the fire source position and its influencing factors
combined with various heat dissipation conditions were not found.

Firstly, the self-heating process of broken or crushed coals in a reactor is reproduced
successfully by a numerical method. Then, through the model transformation, the influence
of heat dissipation conditions, air quantity, and air direction on temperature and the position
of the self-igniting fire source were evaluated, and the results were thoroughly analyzed.

2 NUMERICAL STUDY
Before the model is established, the following assumptions are presented:

1. Coal is homogeneous and isotropic;
The temperature of coal and air is equal at the same location;

3. The effects of water phase change, absorption, and desorption on temperature and volume
of coal are deliberately ignored;

4.  When the air outflow from the preheating water layer, its temperature is identical to the
water temperature at this moment.

2.1 Mathematical model

The mathematical model of the spontaneous combustion of coal included gas flow, mass
transport and energy conservation. Here, the governing equations are established as follow
[16-18].

1. Gas flow
The Darcy-Brinkman equation, which is suggested to describe the gas flow behavior for
highly permeable media, can be written as Eq. (1)

—Vp:%u—/,tevzu, (1)

where p is the gas pressure, Pa; Vis the Hamilton symbol; v is velocity, m/s; x is dynamic
viscosity, Pa-s; k is permeability, m?; and , is effective viscosity, Pa-s.

2. Mass transport
In this part, both convective and diffusive oxygen transport are considered; these are
reported in Eq. (2)
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where € is porosity; ¢ is oxygen concentration, mol/m?; ¢ is time, s; D is the diffusion
coefficient of the gas component, m%/s; r is the oxygen-consumption rate of coal, mol/
(m?3-s); this is defined as the Arrhenius equation [19].

c
r=—A exp(—E/RT), 3)
CO
where c,, is initial oxygen concentration, mol/m?; A is the pre-exponential factor, mol/
(m3-s); E is the apparent activation energy with a unit of kJ/mol; R is the universal gas
constant.
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3. Energy conservation
The equivalent energy conservation equation includes convective and conservative
processes; it is formulated as Eq. (4)

[(p,C)+(1-2)pC, ]‘z—f+ OV)(p,C, T) = AV°T +(1-&)rAH, )

where p o Py is density of gas and coal, kg/m?; p  can be described as p .= Mp/TR, M is the
average molecular weight of the gas, T'is temperature of the coal, K; C, and C, represent
the heat capacity of the gas and coal, J/(kg-°C); T is temperature, °C; Xe =X gs+ks( 1-g),
A o Xs is the heat conductivity coefficient of gas and coal, W/(m-°C); and AH is heat of
reaction, J/mol.

2.2 Simulated background

The simulated background of a large-scale experimental furnace is shown in Figure 1. The
external and inner diameter of the cylindrical reactor was 100 and 60 cm, respectively, the
height of coal loading was 150—170 cm and the largest coal was 1.5 tons. There was a
10-20 cm air buffer zone on both the top and bottom of furnace, correspondingly. In this
reactor, automatic temperature measurement including thermocouples arranged in eight
vertical layers of seven probes, the spacing between the layers of the monitoring point was
20 cm, the lowest layer was 5 cm from the bottom, and the radial spacings were 20, 40, and
60 cm, respectively. Gas samples including CO, O,, CO, and CH, were collected manually
or automatically using beam tubes which were arranged in the central axis of the furnace.
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Figure 1: Large-scale coal spontaneous combustion experimental platform and its two-
dimensional geometric model.
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Table 1: Experimental conditions.

Reference Lump coal Initial
particle size Height Mass  Volume density Bulk density temperature
(mm) cm) (kg (M) (gmmd) (gmm?)  Porosity (°C)

2.14 140 1415.13 1.58 1.40x 103 0.89x 103 0.36 26.2

Table 2: Proximate analyses of the coal sample.

Coal sample Moisture (wt.%) Volatiles (wt.%) Fixed carbon (wt.%)  Ash (wt.%)

Tianchi 8.2 42.00 58.75 5.21

Gas chromatography was used to analyze the gas composition and concentration. The
detailed structure and process of the experimental apparatus are described in the literature
[9]. The geometric model is established at the ratio of 1:1. The experimental conditions and
proximate analysis of the Tianchi coal sample are shown in Table 1 and Table 2,
respectively.

2.3 Procedure for solution

The solved parameters are obtained either from the experimental results, including porosity,
oxygen-consumption rate and heat of reaction, or from the related research results [9, 20].
The boundary conditions (Table 3) are set as far as possible according to the heat preserving
circumstances of the experimental furnace. Then a finite element method is adopted for solv-
ing the governing equations.

Note: Q is the air quantity of the inlet, with air flow moving from the bottom to the top. The
initial air quantity is 0.1 m3h. However, in view of with the temperature rising, the require-
ment of air volume significantly increases. Therefore, to obtain the shortest spontaneous
combustion period, the air quantity increased to 0.2 m3h when the maximum temperature
reached 60°C, 0.3 m*/h when the maximum temperature reaches 110°C. Beyond 170°C, the
air quantity is fixed at 0.4 m3h. T, is the temperature of the preheating water layer. When the
minimum temperature of the coal close to the water layer is below 100°C, T is equal to the
coal temperature close to the water layer. Otherwise, T, is fixed at 100°C. 4 is the heat transfer
coefficient of the wall which is 0.15 W/(m?-°C) in the model; n represents the normal
component.

Table 3: Boundary conditions of the model.

Physical field Boundary conditions
Air inlet Air outlet Wall
Flow 0=0.1-0.4m%h p=0 -nv=0
O, concentration ¢ =9.375 mol/m? -n(-DVc+ve) =0

Temperature T=T, -n( XquT) =0 -n( kquT) =NT-T)
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2.4 Results and validation

The test for spontaneous heating of Tianchi coal finished when the coal temperature reached
170°C [20]. During the experimental procedure, the central fire source zone always varied
along the central axis. This is because the air flow along the central axis leads to a sufficient
oxygen supply at this location. The comparison between the simulated and experimental
results is shown in Figure 2.

The experimental results were compared to the simulated results in Figure 2a—d; this
showed the same rule on temperature rise features at the same place in Figure 2a—c. There
was an obvious nonlinear heating characteristic during the whole process of spontaneous
combustion. The highest temperature reached by Tianchi coal was 170°C when the experi-
ment had been underway for 54.1 days, contrasted with 53.1 days for the simulated results in
Figure 2c. As is reported in Figure 2a—c, during the period when the temperature was between
50 and 100°C, the simulated results are always lower than the measured results. The influence
of moisture on heat release is neglected in the model, which is the main reason for this phe-
nomenon [21]. Figure 2d showed the variations of the maximum temperature postions, it
illustrated that when the temperature of the fire source was more than 50°C, as the tempera-
ture rises, the position of the fire source changes correspondingly, and the tendency is to
move towards the wind side. The significant increase of oxygen-consumption rate at high
temperature stage should be responsible for this phenomenon. Finally, combustion always
takes place at the face. Moreover, as can be seen in Figure 2d that there was a slight deviation
in fire source positions between the experimental and the simulated results at the same tem-
perature range. However, taking into account the distance between the adjacent measuring
points (0.25, 0.45 and 0.65 cm height in the reactor), which is 20 cm in the experimental
installation, also the locations of high temperature points could only be embodied by fixed
sensing points in a certain space. Therefore, it demonstrated that simulated results can accu-
rately reflect the positions of fire source at different temperature stages.

In a word, despite the existence of the deviation, the verified numerical methods can make
up for the defects of the experiment and predict the temperatures and the positions of the
spontaneous fire source of coal at various temperature stages in a large-scale spontaneous
heating reactor.

Broken coal

eA\

T

Figure 2: Comparison of simulated and experimental results.
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3 SELF-HEATING SUSCEPTIBILITY ANALYSES
3.1 Effect of the conditions of heat dissipation

The spontaneous combustion of coal is closely related to the complicated external environ-
ment. Whether the heat from low-temperature oxidation accumulates or not is primarily
dependent on the heat dissipation to the surroundings [20, 22]. However, the experimental
equipment only provides a closed system and results in heat dissipation only by forced venti-
lation. These conditions are different from the actual coal mine environment. In this section,
the boundary conditions in the heat transfer equations are modified to simulate various condi-
tions of heat dissipation. The atmospheric environment which the parameters / and T, in Table
3 would be changed into 10 W/(m?-°C) for h and fixed temperature 20°C for T, is used to
contrast with the experimental conditions when the highest temperature reached 100, 200 and
300 °C; the respective temperature profiles are presented in Figure 3.

Figure 3 indicated that the conditions of heat dissipation were a significant factor in fire
source positions. At the same temperature period, with a stronger heat dissipation capacity,
the center fire source is formed at a location further from the air surface under the same air
quantity, and the high temperature zone becomes more concentrated. In worse heat dissipa-
tion conditions, another distinct feature is that the temperature gradient is reduced and the
high temperature zone is amplified due to a radial spread occurring simultaneously. Both the
thermal conduction characteristics of coal and the buoyancy effect are responsible for the
above-mentioned phenomenon. The rising coal temperature characteristics in experimental
conditions and at atmospheric temperature are shown in Figure 4.

Figure 4 showed that, in the atmospheric environment, the spontaneous combustion period
of coal was clearly extended. But a similar heating rate of coal will be obtained in both the
atmospheric environment and the experimental conditions when the maximum temperature
exceeds 100°C. The numerical and experimental results proposed a common rule that there
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Figure 3: The temperature profile in various heat dissipation conditions; (a) under experimental
conditions and (b) under atmospheric temperature.
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Figure 4: The characteristics of rising coal temperature in various heat dissipation conditions.

was a high demand for the conditions of heat accumulation at the low-temperature stage. In other
words, as a result of increased heat exchange, the heat, which came from low-temperature
oxidation, was unable to accumulate to make the temperature rise, which reduces the probability
of spontaneous combustion of the coal. However, heat dissipation conditions have little impact
on the temperature of the fire source at the high temperature stage.

3.2 Air quantity and direction

The air quantity was set as 0.50Q and 2Q in gas flow equations respectively; the temperature
profiles on various air quantities are shown in Figure 5.
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Figure 5: The temperature profile in various air quantities; (a) 0.5Q and (b) 20.
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Comparing Figure 5 with Figure 3a, at the same temperature stage, changing the air
quantity would lead to different fire source locations. In Figure 5a the temperature was
about 200°C when the high temperature zone gradually moved to the air surface; a similar
case was 300°C in Figure 3a. This indicated that the greater the air quantity, the higher the
temperature when the fire source arrived at the air surface. Such movement of fire source
can be explained by oxygen starvation when there is a serious increase in the coal’s oxygen
consumption.

Meanwhile, as the air quantity increased, the coal temperature gradient decreased, apparently
at an identical temperature stage. This means that an enhanced diffusion of air would increase
the proportion of fire source zones significantly. The above results illustrated that at various
temperature periods, air quantity was another critical factor affecting the fire source position.

To study the relationship between air direction and fire source position, the air inlet position
is set at the middle or edge in the boundary conditions respectively. The temperature profile
from simulated results can be seen in Figure 6.

Comparing Figure 6 with Figure 3a revealed that, when the air inlet was set at the border,
because of less oxygen consumption in the low-temperature oxidation process, the driving
force of the airflow may cause a slight shift of the high temperature zone in the reverse direction
of the air inlet. With the temperature increase, the air direction did not have a significant impact
on fire source distribution. However, above 200°C, the wind direction evidently promoted the
radial diffusion of the fire source zone, and a larger fire area could be seen in Figure 6. The
reason for this was that different air inlet positions brought various air leak intensities at
the same position and then affected the development of the fire source position.

The fire source temperature in various air quantities during the coal’s self-heating is shown
in Figure 7a, meanwhile Figure 7b presents the fire source temperature difference for two air
directions (middle subtract boundary) at the same time.

Figure 7a showed that the improvement in air quantity within certain limits will accelerate
the occurrence of spontaneous combustion. However, a significant increase of air quantity
would result in the heat dissipated completely, and then coal temperature remains stable
throughout. When the highest temperature was below 70-80°C, the coal heating rate for various
air quantities (0.5Q, Q and 2Q) was approximately equal. Once above 70-80°C, the coal’s
oxygen requirement increased significantly; There was an obvious influence on the heating rate
of the fire source if the air quantity changed at this stage. Meanwhile, the temperature difference
for various air quantities (0.5Q, Q and 2Q) increased remarkably. The above phenomenon
indicated that the main reasons that improving air quantity will make the spontaneous combustion
period shorten were obviously accelerating the high-temperature oxidation reaction of coal, and
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Figure 6: The temperature profile in various air directions.
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shortening the period from the critical temperature to the combustion temperature. Further-
more, in this study, the optimum air quantity for the coal’s self-heating test could be in the
range of 20—40.

Based on experimental conditions, at the same reaction time, the temperature at the middle
air inlet position was always higher than at the sides during the computational process. In
Figure 7b, the temperature difference between the middle and the sides was remarkably
increased when the fire source temperature was above 100°C. The above phenomenon indi-
cated not only that the spontaneous combustion period of the middle was shorter than that of
the sides, but it also revealed that the middle air inlet will generate more heat in the same
period of time in consequence of better contact between the coal particle and oxygen; how-
ever, as the result of the total heat from oxidation was small, the influence of the air inlet
position on the spontaneous-heating process of the coal was not obvious.

4 CONCLUSIONS

A numerical method is presented to reproduce the spontaneous-heating process of coal in a
large-scale experimental reactor. This approach has been validated by comparison between
simulated and experimental results of the Tianchi coal sample. The model is capable of pre-
dicting fire source temperature and position accurately at different temperature stages.
Simultaneously, the model solves the problem that it is impossible to change the experimen-
tal conditions to perform repetitive experiments for the same coal, and it can also reduce the
experimental workload and investigate spontaneous combustion of coal based on a more
complex environment.

In addition, the model can be applied to simulate the more probable external environ-
ment. Firstly, we can summarize from simulated results that the stronger heat dissipation
surroundings and the more air quantity, the higher the temperature when the fire source
arrives at the air surface; the greater the temperature gradient, the more obvious fire source
zone will focus on the central axis area. Thus, the air direction will have a slight impact
on the fire source position during the low temperature oxidation process, and the air leak-
age conditions have a main influence on the heating rate of the high temperature stage.
Finally, the increased heat dissipation will significantly prolong the process of low-tem-
perature oxidation.

These conclusions can help to predict the fire source position and temperature in the actual
coal mine environment.
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