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Abstract. The tendency of self-ignition of coal is the root cause of underground coal
fires (UCFs). A parametric study is carried out on a lab-scale experimental setup
developed based on the essential heat and mass transfer characteristics of actual
UCFs to understand the factors influencing the inception and evolution of coal fires.
Effects of heat accumulation, moisture content and coal layer height are systemati-
cally examined by varying the relevant parameters on the experimental setup. Tempo-
ral evolution of coal temperature and volumetric fractions of CO and CO, are
measured and analyzed. The results indicate that heat accumulation, moisture content
and coal layer height mainly influence the time needed to reach the ignition state.
Without sufficient heat accumulation, coal-oxygen reactions are not self-sustainable
even after they enter the rapid reaction stage. The reaction regimes inside the coal
tank are mainly determined by the local oxygen concentration, while the temperature
changing rate depends on the relative magnitudes of heat generation and heat trans-
fer (gain/loss). The ratio of CO,/CO is more informative in the detection of high-tem-
perature stage of UCFs.
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1. Introduction

Underground coal fires (UCFs), a common disaster encountered in most coal-pro-
ducing countries like China, the United States, Australia, India and many others,
seriously threatens energy resources and mining safety and harms the environment
and human health in the neighboring regions [1-4]. Early detection, effective con-
trol and extinguishment of UCFs are, therefore, of great social, economic and
environmental significances at both regional and global scales.

UCFs are basically a result of continuous heat accumulation from coal-oxygen
physio-chemical reactions. Besides UCFs, the tendency of coal self-ignition may
also lead to spontancous combustion of coal stockpiles [5—7]. The occurrence of
UCFs is influenced by numerous factors such as the geophysical conditions of the
overburden (formations, pores, fractures, fissures and permeability), the direction
and depth of the coal seam(s), coal properties, the ambient temperature and
humidity, solar irradiation, precipitation and many others. Besides coal properties,
oxygen transport and heat accumulation are the two most important factors that
directly influence the self-ignition of coal and subsequent fire evolution. Previous
studies could be basically categorized into two groups. The first one focuses on
coal-oxygen reactions [8-17] under well-controlled conditions with given oxygen
concentrations, air flow rates and/or reactor temperatures. Forced air flows are
guided to pass through isothermal [8—13] or adiabatic [14—17] reactors filled with
coal particles to identify the reaction pathways and characteristic gaseous prod-
ucts. The second group takes into account the interaction of the coal seam(s) with
neighboring elements (roof and bottom rocks, fractures, etc.) through coupled
physical models [18-25], mainly used to understand the process of fire evolution.

The first group of studies employs forced air flows instead of natural convection
which is a limiting factor to the reaction rates, while the second group of studies
only deals with the high-temperature flame evolution. As such, both of them devi-
ate from the actual conditions of most UCFs. In our early publication [26], a lab-
scale experimental setup which includes the overburden to account for the seepage
flows of air and exhaust gases with the natural convection as the only driving
force was developed. By varying the fracture shape and dimensions as well as the
thickness of the overburden, some preliminary results on the temporal variation of
coal temperature, exhaust gases temperature and CO and CO, volumetric frac-
tions were obtained [26]. The present study is meant to further investigate the
effects of three key factors, they are, the heating pattern, the moisture content and
the coal layer height, on the inception and evolution of underground coal fires by
a parametric study, and to derive some rules applicable to the detection and pre-
vention of actual UCFs. It needs to be pointed out that factors studied in Ref.
[26] mainly influence the transport of oxygen and gaseous products of combus-
tion, while the focus of the present study is on the heat transfer aspects. Besides
the presentation of the experimental results, a simple theoretical model is also
given at the end of this paper to analyze the heat transfer in the coal layer.



A Parametric Study on the Inception and Evolution of Underground Coal Fires Based 1041

2. Experiment

The lab-scale experimental setup is schematically shown in Fig. 1 with some adap-
tion to the figure in Ref. [26]. The most distinctive design feature of the setup is
represented by the alumina (porous) foam placed on top of the coal layer—it is
used to simulate the overburden with both fractures and pores, thus enabling
seepage flows of air and gaseous products of combustion. The porosity of the alu-
mina foam is about 0.8 to 0.9 and its thermal diffusivity is about 9.5 x 107¢ m?/
K. The stainless steel reaction tank has the dimensions of 200 mm (L), 200 mm
(W) and 350 mm (H), with thermal insulation applied on the side and bottom
walls to minimize heat losses to the ambient. An electric plate heater (square
shape with the side length of 195 mm) is employed at the bottom of the coal layer
in order to accelerate the ignition process. A constant electric power is applied to
the heater, and therefore the boundary condition is an inert wall with a constant
heat flux. K-type thermocouple probes are used to monitor the temperature within
the coal layer. A gas sensor is anchored at the exit of the fracture to measure the
volumetric fractions of CO and CO, of the gaseous products during the process.
The uncertainty of the thermocouple probe is smaller than 2.5°C when the tem-
perature is below 1300°C. For the gas sensor, it has the accuracy of £ 10 ppm (0
to 199 ppm) and £ 5% (200 to 20,000 ppm) for CO and £ 0.3 vol% =+ 1% of the
reading for CO,. To avoid unnecessary repetition, readers are directed to Ref. [26]
for more details of the experimental setup.

A through-hole with a rectangular cross-section sized 100 x 10 mm? is fabri-
cated at the center of the alumina foam. The overburden thickness, denoted as
H,, in Fig. 1, is fixed as 60 mm in our experiment. The lignite sample is obtained
from Hami of Xinjiang Uygur Autonomous Region, China. Results of its proxi-
mate and elemental analyses are shown in Tables | and 2, indicating that it has a
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Figure 1. Schematic of the experimental setup, adapted from Ref.
[26].
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Table 1
Proximate analysis of coal sample

Heat content (dry fuel)

(MJ/kg)
Moisture, Moisture, Ash, Ay  Volatile mat- Fixed carbon,  Gross calori- Net calori-
M., (%) M.q (%) (%) ter, V4 (%) FC.4 (%) fic value fic value
23.82 12.71 11.57 43.27 32.45 26.084 25.067
Table 2
Elemental analysis of coal sample
Carbon, Cq4 (%) Hydrogen, Hy (%) Nitrogen, Ny (%) Sulfur, S4 (%)
65.39 4.94 0.82 1.18

very high content of volatiles (43.27%). The raw coal is crushed into particles and
further refined with stainless steel meshes to obtain the 1 to 2 mm particles for the
experiment. The coal layer is formed by depositing coal particles uniformly to a
given height, designated as H,., in Fig. 1, which is a variable in this study. Three
values are used, they are, 40 mm, 70 mm and 100 mm, with two, three and four
thermocouple probes employed with an equal spacing of 30 mm, respectively.

As is mentioned above, the focus of the present study is on the heat transfer
aspects. Since only one coal type is used, we only consider the moisture content in
the experiment. As to heat accumulation, its effect is examined by varying the
heating pattern (heating power and duration) of the electric heater and employing
different values of H.. In summary, there are totally seven experimental cases
designed in the present study and their detailed settings are given in Table 3. For

Table 3
Settings of the experimental cases

Stop heating Drying coal
Case no. H_.; (mm) Heating power (W) halfway sample
1? 70 100 No No
2 70 80 No No
3 70 100 Yes® No
4 70 100 Yes® No
5 70 100 No Yes
6 40 100 No No
7 100 100 No No

“Reference case
®Stops when the temperature changing rate at TC1 approaches 10 K/h
“Stops when the temperature at TC1 approaches 350°C
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the detailed experimental procedure, readers are directed to refer to Ref. [26]. A
minor change is made to the normal procedure when studying Cases 3 and 4, that
is, turning off the electric heater at the critical time points, which will be elabo-
rated in Sect. 3.2.

3. Results and Discussion

Prior to the parametric study, a repeatability test is carried out for the Reference
case (Case 1, see Table 3) and the result is shown in Fig. 2. Two independent tri-
als with identical experimental conditions are carried out and temperatures at dif-
ferent locations in the coal layer are measured over time. It can be seen that the
consistency between the two independent trials is fairly satisfactory. The insignifi-
cant discrepancy is more likely to be caused by the uneven distribution of coal
particle sizes used in the experiment. Based on the result shown in Fig. 2, the
repeatability of our experimental setup is confirmed. As such, for the rest cases lis-
ted in Table 3, the experiment is conducted only once.

3.1. Reference Case

Firstly, temperatures at three locations (TC1, TC2 and TC3) in the coal layer are
measured over time, based on which the temperature changing rate, that is, the
temporal derivative, is obtained, and the results are plotted in Fig. 3. Interestingly,
temperatures at the three locations exhibit greatly different patterns. TC3, which is
located nearest to the electric heater, experiences a very sharp rise upon the start
of the experiment but the changing rate gradually drops over time, as can be seen
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Figure 2. Result of the repeatability test (Case 1).
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Figure 3. Temporal evolution of coal temperature and its changing
rate (Case 1).

in Fig. 3. This is a clear indication that there are negligible chemical reactions but
simply heat conduction from the bottom heater. Both TC2 and TCI1 have a rela-
tively ‘flat’ portion within which it is believed that endothermic reactions (mainly
dehydration with some pyrolysis) dominate. For TC2, from the end of the ‘flat’
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portion, it enters a regime within which a nearly linear temperature increase is
observed. In contrast, for TCI, its temperature history nearly follows an exponen-
tial pattern, with its magnitude quickly overtaking TC2 in about 6 h (from ~ 16 h
to ~ 22 h). Based on the results shown in Fig. 3, it is believed that the two loca-
tions, TC1 and TC2, are actually controlled by different limiting factors that
finally result in different reaction regimes, which will be elaborated with more
details in Sect. 3.5.

Gaseous emissions from open vents or fractures in the field of UCFs are one of
the most important features and are usually used as indicators for the existence of
underground coal fires. Therefore, numerous studies have been carried out to
identify the relationship between the coal-oxygen reaction temperature (reaction
stage) and the corresponding gaseous emissions. Among the various gaseous prod-
ucts, CO and CO, are the two most commonly used index gases and their ratio is
considered a very informative indicator. Wang et al. [10] found that the ratio of
CO,/CO closely depends on the coal temperature—it decreases with the increase
of coal temperature, and the trend is more prominent below 70°C. Zhang et al.
[15] studied a lignite coal in their experiment and obtained the ratio of CO,/CO to
be ~ 60 when the coal temperature is about 100°C, and its value drops to ~ 20
when the temperature reaches 200°C. Singh et al. [27] monitored the gaseous emis-
sions in a coal fire field and their results indicate when the exhaust gases tempera-
ture is below 100°C, the volumetric fraction of CO, is usually 1-2 order of
magnitude higher than that of CO. Wang et al. [28] experimentally examined CO,
and CO formation during the low-temperature oxidation of a bituminous coal and
noted that the ratio of CO,/CO is ~ 3 when the coal temperature ranges between
60°C and 100°C. Similarly, Wu et al. [29] investigated the smouldering combus-
tion of a bituminous coal and concluded that at the early-stage CO, is the pri-
mary product and its concentration is one order of magnitude higher than that of
CO, with the ratio of CO,/CO finally approaching ~ 3. For the purpose of com-
parison, the results of Refs. [10, 15, 28, 29] are compiled in Fig. 4. Apparently,
coal properties have a profound impact on the ratio of CO,/CO, and there exist
remarkable discrepancies among various studies.

Take note that the above-mentioned results are obtained under well-controlled
temperatures and oxygen concentrations that uniformly contain the coal sample.
However, the uniform temperature and oxygen concentration within the coal layer
cannot be achieved in our experiment, and it cannot happen in actual UCFs
either. For both Case 1 and Case 2, the temporal evolution of volumetric frac-
tions of CO, and CO measured at the exit of the fracture (see Fig. 1 for detailed
placement position of the gas sensor) are obtained, based on which the ratio of
CO,/CO is quantified and plotted against the temperature at TCI in Fig. 5. The
relative magnitudes of both TC2 and TC3 are also included in Fig. 5. Because the
measured CO and CO, fractions are actually a ‘lumped’ property—originating
from various locations in the coal layer with different temperatures and different
oxygen concentrations, therefore it does not reflect the condition of a localized
point. Strictly speaking, the result obtained in our experiment is incomparable to
those [10, 15, 28, 29] in the literature. Especially when the temperature at TCI is
below 350 K, our result in terms of the magnitude of CO,/CO is abnormally high,
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Figure 5. Temporal evolution of CO,/CO with the coal temperature.

even higher than flaming combustion. A tentative explanation is that within that
temperature range (< 350 K), very little CO is generated by pyrolysis, while the
desorption of CO, from coal particles and the existence of CO, in the air (see the
placement position of the gas sensor) together contribute to the high values of
CO,/CO. 1t is also indicated in Fig. 5 that when the temperature at TC1 is higher
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than 350 K, the ratio of CO,/CO gradually approaches a relatively stable value
(~ 10). Based on the results obtained in our experiment and considering the
actual conditions in UCFs, the applicability of the quantitative results reported in
the literature to the detection of the low-temperature oxidation of coal in actual
UCFs is very limited. Therefore, when conducting measurement in coal fields, it is
proposed to continuously monitor the ratio over an extended period of time in
order to obtain its variation trend to effectively judge the reaction stage.

3.2. Heating Pattern

By varying the power (Case 2) provided to the electric heater, the results on the
temporal evolution of coal temperature and its changing rate are shown in Fig. 6.
Since TC3 is basically a region with only heat conduction, its temperature chang-
ing rate is not included in Fig. 6. It can be seen that both Cases 1 and 2 success-
fully evolve to ignition and subsequently proceed to combustion. Although the
time needed to enter the rapid reaction stage is longer for Case 2 (80 W), the peak
temperatures and their changing rates at TC1 are almost identical for the two
cases. This observation clearly indicates that when the oxygen concentration is
sufficient, the peak combustion temperature is not much influenced by heat accu-
mulation conditions. While at TC2, both temperature profiles are nearly linear
with the slope (changing rate) of Case 2 is smaller than Case 1 (100 W).

To examine the self-sustainability of reactions upon turning off the electric hea-
ter, we first need to identify the critical time points. Zhao et al. [30] studied self-
heating characteristics of an Indonesian lignite and noted that the rate of tempera-
ture rise is about 10 K/h when it enters the rapid reaction stage. As such, the first
critical time point is chosen to be the moment when d7/dt at TCI is approaching
10 K/h, denoted as t1. Kok et al. [31] measured the ignition temperature of sev-
eral lignite coals and found the value to be around 270°C-350°C. Therefore, the
second critical time point is chosen to be moment when the coal temperature at
TC1 approaches 350°C, denoted as 12. For Cases 3 and 4, the DC power supply
is turned off at 71 and 72, respectively, and the results on the temporal evolution
of coal temperature are shown in Fig. 7. For Case 3, the temperature at TC3
drops immediately after the electric heater is turned off, while the temperature at
TCI1 experiences a slight increase but shortly it starts to descend and no ignition
takes place in the end, indicating that without sufficient heat accumulation, the
oxidation reactions are not self-sustainable. Therefore, the implication of our
result is that even though the coal temperature rise reaches the level of 10 K/h, it
does not guarantee its ignition and further evolution to fires. In contrast, for Case
4, the temperature at TC1 continues to rise even after the electric heater is pow-
ered off, suggesting that once the coal is ignited the combustion is self-sustainable
so long as there is sufficient oxygen (air) concentration. Having shown the above
results, we can safely deduce that there exists a critical time point lying between 7l
and 12—below that point the oxidation reactions are not self-sustainable. The
identification of that critical point and its corresponding temperature could be of
significant importance to the prevention and control of UCFs.
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Figure 6. Effect of heating power on the temporal evolution of coal
temperature and its changing rate.

3.3. Moisture Content

Moisture content in the coal is an important factor that influences the inception
of UCFs. In order to examine the effect, the coal particles are dried in the vacuum
oven at 40°C for 24 h. By measuring the mass loss, the moisture content upon
drying is determined to be around 2.5%. The comparison of the temporal evolu-
tion of coal temperature between Case 1 and Case 5 is shown in Fig. 8. No sensi-
ble temperature difference exists at TC3, indicating that at TC3 there is essentially
very little dehydration because the resistance of mass transfer (water vapor diffu-
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Figure 8. Effect of moisture content on the temporal evolution of coal
temperature.

sion) is very high. For both TC2 and TCI, it can be seen that the length of the
‘flat” portion is greatly reduced when the dried coal sample (Case 5) is used. How-
ever, it is found that in terms of the peak combustion temperature represented by
TC1, the two coal samples exhibit almost identical values, implying that the mois-
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ture content in the coal (seam) mainly influences the time needed to reach the
inception of UCFs but does not affect the combustion temperature which depends
more on the oxygen concentration. Therefore, coal seams with a lower moisture
content are more prone to self-ignition under the same conditions of heat accumu-
lation and oxygen (air) concentration.

Figure 9 further quantifies the temperature difference between the two moisture
content cases for the three thermocouples. It can be seen that no significant differ-
ence occurs at TC3 where the mass transfer resistance is very high for the mois-
ture vapor to diffuse out. The significant difference at TC1 is a result that the coal
sample with a lower moisture content (Case 5) enters the rapid reaction stage
much earlier than the one with a higher moisture content (Case 1).

3.4. Coal Layer Height (H,.;)

In order to investigate the effect of coal layer height, two more values are
employed, they are, 40 mm (Case 6) and 100 mm (Case 7), with two and four
thermocouples to monitor the temperature in their coal layers, respectively. With
the variation of the coal layer height, the packing density and the average porosity
vary accordingly, with Table 4 showing the measurement results. The temporal
evolution of coal temperature and its changing rate for Case 7 are illustrated in
Fig. 10. Due to the scarcity of oxygen, temperature at both TC3 and TC4 exhibit
a similar pattern of heat conduction, with a very short period of dehydration at
TC3. With the increase of oxygen concentration in the upward direction, it can be
seen that the temperature rise follows a linear trend at TC2 and an exponential
trend at TCI, which is qualitatively similar to the Reference case (Case 1). Fur-
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Figure 9. Temperature difference at three thermocouples for
different moisture concents (Case 1 and Case 5).
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Table 4

Measured packing density and porosity for different H

Coal layer height (mm) Packing density (kg/m?) Porosity
40 0.876 0.270
70 0.886 0.262
100 0.894 0.256

thermore, the comparison of the temporal evolution of coal temperature at TCI
for the three cases are plotted in Fig. 11. Interestingly, the three temperature pro-
files exhibit a similar pattern except for the different lengths of the ‘flat’ portion,
that is, the larger the coal layer height, the longer time needed to reach the self-ig-
nition state. It is believed that the longer time could be attributed to two reasons.
Firstly, less heat is conducted from the bottom heater for a larger coal layer
height. Secondly, more moisture (vapor) generated at the lower portion diffuses
upward and therefore it takes a longer time to get fully dehydrated at TC1. Upon
entering the rapid reaction stage, no significant difference in terms of the peak
combustion temperature among the three cases is observed in Fig. 11. However,
an apparently higher value of d77/dt is found for Case 1. At this moment of time,
it is not very sure whether this is a truth or a so-called ‘error'—the frequency of
data collection is every 10 min, but it might be insufficient when the temperature
changing rate is remarkably high. In other words, the actual d7/dt depends on
the frequency used and it might give ‘erroneous’ values if the frequency is not
high enough. Higher data sampling frequencies will be used in our future work to
confirm that observation.

3.5. Discussion

Essentially, the temperature and its changing rate inside the coal layer is a direct
result of (heat and mass) transfer and physio-chemical reactions between coal and
oxygen. Based on the measured temperature profiles of Cases 1-7, we have Fig. 12
depicting the reaction characteristics in the coal layer. Because no forced air flow
is employed, the only channel for air diffusion is from the top, that is, the ambi-
ent. Hence, in the vertical direction the oxygen concentration decreases as it goes
down, giving three reaction regimes, they are, kinetics-controlled, diffusion-con-
trolled and heat conduction only, which is supported by the temperature profiles
illustrated in the above-mentioned figures. Figure 12 also presents a 1D control
volume based energy balance model. As no forced air flows are enabled, convec-
tive heat transfer is insignificant compared to conduction. Based on the 1D model,
we can deduce that the temperature changing rate (d77/dz) is proportional to

or . 0T
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where Q is the caloric value of the specific coal sample (kJ/kmol), & the reaction
rate (kmol/m” s) and A the thermal conductivity of coal (W/m K). According to
Arrhenius Law, the heterogeneous reaction rate of coal oxidation is governed by

& = ko exp (_ IfAT ) 0" 2)
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where E 4 is the activation energy, R, the universal gas constant and » the reaction
order. Figures 3 and 10 clearly show that the temperature profiles at TC1 exhibit
an exponential pattern, indicating that the reaction regime is controlled by the
local temperature. In contrast, the temperature profiles at TC2 follow a linear pat-
tern, meaning that the reaction rate is mainly controlled by the diffusion rate of
oxygen.
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To further illuminate the relative importance of the terms expressed in Eq. (1),
three temperature values (450 K, 550 K and 650 K) are picked and the corre-
sponding d7/dz at those particular time points are acquired. Values at both TCI
and TC2 are compiled in Fig. 13 for the purpose of comparison. Within the dura-
tion of our experiment, the temperature at TC2 never reaches 650 K, and there-
fore Fig. 13 does not include d7/dz at TC2 at 650 K. First of all, under the same
temperature (450 K and 550 K), d7/dt at TCI gives a higher value than that at
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Figure 13. Comparison of coal temperature changing rates at
different locations and coal temperatures.
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TC2, manifesting the influence of oxygen concentration in Eq. (2). When
T = 550 K, the difference among the three cases is very small, suggesting the sec-
ond term (heat conduction) of the right-hand side of Eq. (1) is insignificant com-
pared to the first term (heat generation). Thus, d7/dz is simply a function of the
local temperature and oxygen concentration. However, when T = 450 K, the
term of heat conduction is not negligible anymore because Eq. (2) tells that o is
proportional to exp(—1/7). When the coal temperature comes to 7 = 650 K, the
term of heat conduction again becomes important because now at TC1 the tem-
perature is very high and it transfers heat downwards via conduction. Under that
condition, the larger coal layer height (100 mm) is more favorable in reducing
heat loss to the lower part, and therefore represents a higher value of d7/dz
among the three cases. In summary, the temperature changing rate of a specific
point in the coal layer is determined by both the local temperature and oxygen
concentration but also the relative magnitudes of heat generation and heat trans-
fer (gain or loss).

4. Conclusions

Based on the essential characteristics of heat and mass transfer in UCFs, a lab-
scale experimental setup is built and a parametric study is undertaken to investi-
gate the factors that influence the heat transfer aspects. The heating pattern, mois-
ture content and coal layer height are examined systematically. Having analyzed
the temporal evolution of coal temperature under different conditions, the main
conclusions are made as follows:

1. Under the condition of sufficient oxygen concentration, heat accumulation only
influences the time needed to reach the self-ignition state. Without sufficient
heat accumulation, coal-oxygen reactions are not self-sustainable even after it
enters the rapid reaction stage.

2. The effect of moisture content of coal sample simply lengthens the time needed
to reach the self-ignition state.

3. With the increase of the coal layer height, it takes a longer time to reach the
self-ignition state.

4. The temperature changing rate of coal is determined by both heat generation
and heat transfer: the first term is governed by the local temperature and the
oxygen concentration, while the second term by the relative magnitude of tem-
perature.

5. Values of the ratio of CO,/CO reported in the literature should be used with
caution when they are compared with the results measured in actual coal fires,
especially when judging the low-temperature stage of the coal-oxygen reac-
tions.
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