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In the goaf of the coal mine, there will be some high-temperature points before or during the
fire. Under certain conditions, these high-temperature points will radiate heat to the
surrounding coal in the form of thermal radiation, which, in turn, may also ignite the
coal. Taking this situation into consideration, this study aims to investigate the influence of
high-temperature thermal radiation on the transformation characteristics of coal oxidation
and spontaneous combustion using the high-temperature thermal radiation method. The
results show that an increase in thermal radiation value reduces the ignition time of coal
gradually. The peak heat release rate, total heat release, peak smoke release rate, and total
smoke release gradually increase. Additionally, the total carbon monoxide release reduces
gradually, and the peak carbon dioxide production rate increases gradually. It is worth
noting that as the heat radiation value increases, the peak value of CO production rate of
lignite and bituminous coal is noted to decrease gradually, whereas that of anthracite
increases gradually. The total carbon dioxide emissions of bituminous coal and anthracite
increased gradually, whereas the total carbon dioxide emissions of lignite increased firstly
and then decreased. This work proposes a novel method to study the coal oxidation and
spontaneous combustion by a widely-recognized combustion apparatus.
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INTRODUCTION

It is well known that there are three main forms of heat transfer: conduction, convection and
radiation. For coal, because it is a poor heat conductor, and the space in the goaf of coal mine is
relatively closed, the heat is mainly transferred to the surrounding coal in the form of thermal
radiation during and after the oxidation and spontaneous combustion of coal (Wen et al., 2017;
Wang et al., 2018; Shao et al., 2021; Xiao et al., 2021).

At present, in the field of coal mine safety, there are relatively few reports on the study of thermal
radiation characteristics using high temperature thermal radiation method. The related researches
mainly focus on the use of cone calorimeter to investigate the effect of typical inorganic salt inhibitors
(Guo et al., 2021; Lv et al., 2021; Mohalik et al., 2021; Xi et al., 2021), and analyze the combustibles
with fire risk such as underground support wood and conveyor belts. However, as one of the key
factors to initiate or promote coal oxidation and spontaneous combustion, there are few reports on
the effect of high temperature thermal radiation on the transformation characteristics of coal
oxidation and spontaneous combustion (Wang L et al., 2019).
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Before or in the process of coal oxidation and spontaneous
combustion fire, the local high temperature points will generally
appear in the goaf of coal mine. These high temperature points
mainly radiate heat to the surrounding coal through thermal
radiation, and ignite the coal under certain conditions, which
leads to the occurrence of mine fire. In addition, these high
temperature points are more likely to cause highly located fire
areas, which increases the difficulty of mine fire prevention and
control. In view of this, this work uses the method of high
temperature thermal radiation to study the influence of high
temperature thermal radiation on the transformation
characteristics of coal oxidation and spontaneous combustion
(Pranda et al., 2001; Liu et al., 2020a).

The cone calorimeter has been widely used to measure the
time to ignition (TTI), peak heat release rate (PHRR), total
heat release (THR), peak smoke release rate (PSPR), total
smoke release (TSR) of materials (Zhang et al., 2004,
Brohez, 2005; Chow and Han, 2011; Pretrel et al., 2014;
Guo et al., 2018; Wang D et al., 2019; Wang et al., 2020b).
Peak carbon monoxide production rate (PCOPR), and carbon
monoxide total release (COTY), peak carbon dioxide
production rate (PCO2PR) and total carbon dioxide release
(CO2TY) have also been used to investigate the combustion
behavior of the material (Wang L et al., 2019; Liu et al., 2020b;
Shi et al., 2020; Shi et al., 2021). Therefore, in this work,
the effects of heat radiation on the transition characteristics
of three kinds of coal with different spontaneous combustion
tendencies, such as lignite, bitumite and anthracite, have
been studied by using the cone calorimeter based on four
different heat radiation intensities. And in the end, the
influence law of high-temperature thermal radiation on the
spontaneous combustion process of coal oxidation has been
quantitatively revealed.

EXPERIMENTAL

Materials
The lignite (named as HM) was obtained from Inner Mongolia
Pingzhuang Coal Mine Co. Ltd. The bitumite (denoted as YM)
was provided by Shanxi Zhongyang Coal Mine Co. Ltd. The
anthracite (indicated as WYM) was acquired from Jincheng
Lanyan Coal Mime Co. Ltd. Tables 1 and 2 show the
industrial and ultimate analysis data of coal samples.

Instruments and Measurements
The composition analysis of three kinds of coal samples was
performed by a 5E-SDLA618 Automatic Industrial Analyzer
(Sande Instruments, China). The ultimate analysis of the coal
samples was performed by using an Elemental Analyzer (Kaiyuan
Instrument, China). The combustion properties of coal samples
were investigated via a cone calorimeter (TESTech, Suzhou,
China) according to ISO 5660. The specimens with size of
100 × 100 × 3 mm3 were radiated by a heat flux of 15, 25, 35,
and 50 kW m−2, and were placed in aluminum foils.

All these procedures were performed three times for each
specimen.

RESULTS AND DISCUSSION

Time to Ignition
Table 3 presents the TTI of coal sample. As presented in Table 3,
TTI of lignite and bituminous coal decreases as the thermal
radiation value increases. This shows that under relatively
higher thermal radiation, the oxidation degree of coal is
accelerated, and the coal is more easily ignited.

HM15, YM15, andWYM15 cannot always be ignited when the
thermal radiation value is 15 kW/m2. However, the TTI value of
HM50 was noted to reduce by 45.9% compared to HM25. TTI of
YM25, YM35, and YM50 are 101, 44, and 17 s, respectively. The
TTI value of bituminous coal has been found to be always lower
than that of lignite at the same thermal radiation value. For
example, TTI of YM50 was significantly reduced by 74.2%
compared to HM50. The reason is that the moisture content
of lignite is significantly higher than that of bituminous coal (Yin
et al., 2014). The time of water evaporation of lignite is longer
than that of bituminous coal, making lignite more difficult to
ignite than bituminous coal (Yashwanth et al., 2016). It is worth
noting that no matter what the thermal radiation value increases
to, anthracite cannot be ignited, which is deemed consistent with
the spontaneous combustion tendency of anthracite.

Heat Release
Figures 1–3 show the heat release curves of the coal, while
Table 3 summarizes the relevant data.

As shown in Figure 1A, the PHRR of lignite increases as the
thermal radiation values increase. Especially, when the heat
radiation value increases to 50 kW/m2, the PHRR of HM50 is
as high as 66 kW/m2, which is 144.4% higher than that of HM15.
This is due to an increase in thermal radiation value, and the
higher the heating temperature of coal, the more heat it releases.
PHRR of YM15, YM25, YM35, and YM50 are 10, 35, 39, and
40 kW/m2, respectively. The PHRR value of bituminous coal
increases with an increase in thermal radiation value.
Additionally, YM50 offers a significant 300% improvement in
PHRR compared to YM15. The PHRR of anthracite increases
with an increase in thermal radiation value, which is the same as
that of lignite and bituminous coal. For example, theWYM50 has
1.9 times the PHRR of WYM25. It is worth noting that the PHRR
of bituminous coal and anthracite is lower than that of lignite at
the same thermal radiation value. For example, the PHRR of
YM15 andWYM15 are 10 and 11 kW/m2, respectively, which are
63.0 and 59.3% lower than that of HM15. The reason is that the
carbon content of bituminous coal and anthracite is higher than
that of lignite, resulting in a denser carbon layer during coal
combustion, which then effectively prevents the release of heat.

TABLE 1 | The data of industrial analysis of coal samples.

Sample no Mad/% Aad/% Vad/% FCad/%

HM 15.62 5.89 33.03 45.46
YM 0.89 8.54 20.52 70.05
WYM 1.95 19.18 6.67 72.2

HM, YM, and WYM, represent lignite, bitumite, and anthracite respectively.
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TABLE 2 | Ultimate analysis data of the coal samples.

Sample no Cad/mass% Had/mass% Nad/mass% St,ad/mass% Oad/mass%

HM 58.28 3.84 0.46 0.46 36.96
YM 61.95 4.51 1.47 0.24 31.83
WYM 78.85 2.55 1.41 0.43 16.76

HM, YM, and WYM, represent lignite, bitumite, and anthracite respectively.

TABLE 3 | The related heat release data of coal samples.

Sample no TTI/s PHRR/kW m−2 THR/MJ m−2 Residues at 3000s/mass%

HM15 / 27 ± 1 55.1 ± 9.3 0.8 ± 0.6
HM25 122 ± 4 22 ± 24 35.4 ± 1.8 0.9 ± 0.4
HM35 118 ± 4 58 ± 7 38.6 ± 3.9 17.0 ± 3.4
HM50 66 ± 11 66 ± 22 38.9 ± 5.0 2.5 ± 0.9
YM15 / 10 ± 1 6.3 ± 0.2 94.4 ± 0.6
YM25 101 ± 18 35 ± 1 31.3 ± 3.2 51.8 ± 4.4
YM35 44 ± 4 39 ± 3 34.0 ± 0.8 34.6 ± 1.0
YM50 17 ± 1 45 ± 2 34.6 ± 2.8 25.0 ± 2.0
WYM15 / 11 ± 2 1.5 ± 0.1 96.5 ± 0.1
WYM25 / 12 ± 2 19.4 ± 3.9 54.9 ± 5.1
WYM35 / 16 ± 1 27.9 ± 1.4 52.8 ± 3.8
WYM50 / 23 ± 2 31.6 ± 0.9 11.9 ± 1.4

HM, YM, and WYM, represent lignite, bitumite, and anthracite respectively, and the number after them represents the heat radiation value, kW/m2; "/" means that the coal has not been
ignited.

FIGURE 1 | Lignite curves: (A) HRR, (B) THR, and (C) Char residue.
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Additionally, the PHRR of anthracite decreases compared to
bituminous coal. The reason is that bituminous coal has a
higher oxygen content than anthracite, making the coal burn
more vigorously and release more heat (Riaza et al., 2014).

The THR of lignite increases with an increase in thermal
radiation value. For example, the THR value of HM50 is 38.9 MJ/
m2, which is 9.9% higher than that of HM25. The THR value of
bituminous coal increases with an increase in thermal radiation
value. For example, when the thermal radiation value increases to
35 kW/m2, the THR value of YM35 is as high as 34.0 MJ/m2,
which is 439.7% higher than that of YM15. The THR values of
WYM15, WYM25, WYM35, and WYM50 are 1.5, 19.4, 27.9, and
31.6 MJ/m2, respectively. Consistent with lignite and bituminous
coal, the THR of anthracite also increases significantly with an
increase in thermal radiation value. In line with previous PHRR
case, the THR value of HM50 is 12.4 and 23.1% higher than that
of YM50 andWYM50, respectively, at the same thermal radiation
value. This further confirms our conjecture that the char residues
of bituminous coal and anthracite are denser than those of lignite.
Additionally, the THR value of bituminous coal has been found to
be higher than that of anthracite under the same thermal
radiation value. For example, YM35 has 1.2 times the THR of
the WYM35. This confirms our hypothesis that bituminous coal
has a higher oxygen content than anthracite, resulting in the
complete combustion of bituminous coal and more heat
production.

Figure 1C and Figure 3C show the char residue curves of the
coal samples, and Table 3 presents the relevant data. With an
increase in the thermal radiation value, the char residue of lignite
increases gradually. For example, HM50 has 3.1 times more char
residue than HM15. However, contrary to lignite, the char residue
of bituminous coal decreases gradually with an increase in the
thermal radiation value. For example, the char residue of YM50
was significantly reduced by 73.5% compared to YM15. The char
residues of WYM15, WYM25, WYM35, and WYM50 were 96.5,
54.9, 54.2, 52.8, and 11.9%, respectively. The char residue of
anthracite decreases with an increase in the thermal radiation
value. Additionally, the char residues of bituminous coal and
anthracite are higher than that of lignite under the same thermal
radiation value. For example, the char residue of YM35 is
2.0 times that of HM35, whereas the char residue of WYM35
is 1.5 times that of YM35. These phenomena are attributed to the
fact that the fixed carbon content of bituminous coal and
anthracite is significantly higher than that of lignite, thus
producing more char residue during the combustion process.

Smoke Generation
As shown in Figures 4–6 and Table 4, the PSPR of HM15, HM25,
HM35, and HM50 values are 0.0007, 0.0019, 0.0021, and
0.0053 m2/s, respectively. Compared with HM15, the PSPR
value of HM50 was significantly improved by 657.1%.
Simultaneously, the PSPR value of lignite increases with an

FIGURE 2 | Bitumite curves: (A) HRR, (B) THR, and (C) Char residue.
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increase in the thermal radiation value. The changing trend of the
PSPR value of bituminous coal is the same as that of lignite, which
then increases gradually with an increase in the thermal radiation
value. For example, the PSPR value of the YM50 is 10.5 times that
of YM15. Consistent with lignite and bituminous coal, the PSPR
value of anthracite also increases with an increase in the thermal
radiation value. Compared with WYM25, the PSPR value of
WYM35 andWYM50 increased by 22.2 and 155.6%, respectively.

The PSPR values of bituminous coal and anthracite are lower
than that of lignite under the same thermal radiation value. For
example, the PSPR value of YM50 and WYM50 was reduced by
60.4 and 56.6%, respectively, compared to HM50.

The total smoke emission of HM15 is 1,215 m2/m2, which is
the smallest of all lignite samples. The TSR value of lignite
increases with an increase in the thermal radiation value. It is
worth noting that the TSR value of HM50 is as high as

FIGURE 3 | Anthracite curves: (A) HRR, (B) THR, and (C) Char residue.

FIGURE 4 | Lignite curves: (A) SPR, and (B) TSR.
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11,106.1 m2/m2, which is 9,891 times that of HM15. Consistent
with lignite, the TSR value of bituminous coal also increases with
increasing thermal emittance. The TSR values of YM15, YM25,
YM35, and YM50 are 141.4, 1,400.2, 2,986.3, and 2,718.3 m2/m2,
respectively. The changing trend of TSR of anthracite is the same

as that of lignite and bituminous coal, which increases gradually
as thermal radiation value increases. For example, WYM50 has a
293.9% improvement in TSR compared to WYM15. These
phenomena are attributed to the fact that coal burns more
intensely at high temperatures and produces a looser carbon
layer, leading to more flue gas release. The TSR value of lignite is
higher than that of bituminous coal and anthracite under the
same thermal radiation value. The reason is that the fixed carbon
content of lignite is less, the volatile content is higher, and the
carbon layer is relatively loose, which cannot effectively inhibit
the release of smoke. The TSR value of YM50 is 15.2% lower than
that of WYM50, which is attributed to the lower sulfur content of
bituminous coal than anthracite.

Carbon Monoxide and Carbon Dioxide
Release
Figures 7–9 show the CO release curves of the coal, and Table 5
presents the relevant data.

As shown in Figure 7A, there are two peaks in the COPR
curve for HM50. The first peak is due to the formation of a
protective carbon layer during coal combustion, whereas the
second peak is due to the breakdown of the carbon layer via the

FIGURE 5 | Bitumite curves: (A) SPR, and (B) TSR.

FIGURE 6 | Anthracite curves: (A) SPR, and (B) TSR.

TABLE 4 | The related smoke release data of coal samples.

Sample no PSPR/m2 s−1 TSR/m2 m−2

HM15 0.007 ± 0.002 1,215.0 ± 23
HM25 0.019 ± 0.008 4,390.2 ± 2,502
HM35 0.021 ± 0.001 2,646.0 ± 204
HM50 0.053 ± 0.023 11,106.1 ± 4,860
YM15 0.002 ± 0.003 141.4 ± 360
YM25 0.013 ± 0.001 1,400.2 ± 98
YM35 0.020 ± 0.004 2,986.3 ± 1947
YM50 0.021 ± 0.012 2,718.3 ± 1,006
WY15 0.009 ± 0.001 814.2 ± 562
WY25 0.009 ± 0.004 1,569.3 ± 225
WY35 0.011 ± 0.003 2,209.7 ± 88
WY50 0.023 ± 0.005 3,206.6 ± 458

HM, YM, and WYM, represent lignite, bitumite, and anthracite respectively, and the
number after them represents the heat radiation value, kW/m2; "/" means that the coal
has not been ignited.
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combustible gas (Yuan et al., 2017). Generally, the PCOPR value
of lignite decreases with an increase in the thermal radiation
value. The PCOPR values of YM15, YM25, YM35, and YM50 are
7, 52, 50, and 22 g/s, respectively. The PCOPR decreases with an
increase in the thermal radiation value. In contrast to lignite and
bituminous coal, the PCOPR value of anthracite increases with

increasing thermal emittance values. For example, the WYM50
has a PCOPR of 55 g/s, which is 27.5 times that of WYM15.
Compared with HM50 and YM50, the PCOPR value of WYM50
increases by 189.5 and 150.0% due to the lower combustion
degree and higher fixed carbon content of WYM50 compared
with YM50 and HM50, resulting in higher thermal radiation

FIGURE 7 | Lignite curves: (A) PCOPR, and (B) COTY.

FIGURE 8 | Bitumite curves: (A) PCOPR, and (B) COTY.

FIGURE 9 | Anthracite curves: (A) PCOPR, and (B) COTY.
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values. Additionally, more CO is produced. Similar to the
PCOPR, COTY of lignite decreased with an increase in the
thermal radiation value. For example, the COTY value of HM50
is 2.37 kg/kg, which is 45.4% less than that of HM15. The reason
is that as the temperature increases, the coal sample burns more
thoroughly, thus producing less CO.

As shown in Figure 8B, the COTY value of bituminous coal
decreases with increasing heat radiation value. The COTY
values of YM15, YM25, YM35, and YM50 are 0.23, 8.13,
5.88, and 3.14 kg/kg, respectively. It is worth noting that the
COTY of anthracite increases with an increase in the thermal
radiation value, which is contrary to the trend of COTY of
lignite and bituminous coal. When the heat radiation
value increases to 50 kW/m2, the COTY value of WYM50 is
as high as 6.88 kg/kg, which is 1764.5 times that of WYM15.
However, anthracite has a higher COTY than lignite and
bituminous coal for the same heat radiation values. For
example, the COTY value of WYM50 is 190.3 and 101.8%
higher than that of HM50 and YM50, respectively. This
phenomenon is attributed to the high content of fixed carbon
in anthracite, which forms a dense carbon layer during
combustion, prevents oxygen from entering the coal sample,
and inhibits further coal combustion, thus resulting in
incomplete coal combustion (Chavali et al., 2020; Lu et al.,
2021; Xu et al., 2020). This, in turn, produces more CO.

Figures 10–12 show the CO2 release curves of the coal, and
Table 5 summarizes the data. The PCO2PR values of HM15,
HM25, HM35, and HM50 are 0.0170, 0.0167, 0.0402, and
0.0421 g/s, respectively. Therefore, the PCO2PR value of
lignite increases gradually with an increase in the thermal
radiation value. Additionally, the PCO2PR value of HM50
increased by 147.6% compared to HM15. As shown in
Figure 11A, the PCO2PR value of bituminous coal increases
gradually with an increase in the heat radiation value. For
example, the PCO2PR value of YM50 is 1.3 times that of
YM25. The PCO2PR value of anthracite increases gradually
with increasing thermal emissivity values, which is consistent
with lignite and bituminous coal. Compared with WYM35, the
PCO2PR of WYM50 improves by 62.9%. Additionally, the
PCO2PR value of lignite is significantly higher than that of

bituminous coal under the same thermal radiation value. For
example, the PCO2PR value of HM50 is 106.3% higher than that
of YM50. The reason is that the carbon content of lignite is less
than that of bituminous coal, making the coal sample burn
thoroughly and thus producing more CO2. Under the same
thermal radiation value, the PCO2PR of anthracite is noted to be
lower than that of bituminous coal. This is attributed to the fact
that the carbon content of anthracite is higher than that of
bituminous coal; thus, more char residue is produced during the
combustion of anthracite, inhibiting further combustion of coal
samples.

Figure 10B shows the curve of CO2TY from lignite. As shown
in Figure 10B, the CO2TY value of lignite decreases with
increasing thermal radiation values. When the heat radiation
value increases to 50 kW/m2, the CO2TY value of HM50
decreases to 22.8 kg/kg. In contrast to lignite, the CO2TY value
of bituminous coal increases with increasing thermal emissivities.
For example, the CO2TY of YM50 is as high as 21.7 kg/kg, which
is 15.5 times higher than that of YM15. As shown in Figure 12B,
the CO2TY of anthracite increases with an increase in the thermal
radiation value. The CO2TY values of WYM15, WYM25,
WYM35, and WYM50 are 0.3, 11.5, 13.2, and 21.5 kg/kg,
respectively. However, under the same thermal radiation value,
the CO2TY value of lignite is higher than that of bituminous coal
and anthracite. For example, the CO2TY value of HM15 is 23.8
and 111 times that of YM15 and WYM15, respectively. This is
due to the low carbon content of lignite, which makes the carbon
layer produced more loose and failure to effectively suppress the
CO2 release during combustion. Additionally, the CO2TY value
of WYM50 is smaller than that of YM50. The reason is that the
high content of anthracite produces a more continuous and dense
carbon layer, which effectively prevents oxygen from entering the
coal sample, inhibits the violent combustion of coal to a certain
extent, and reduces the gas released.

Analysis of Char Residue After Coal
Combustion
Figures 13–15 show the electronic photos of the char residue of
the coal sample.

TABLE 5 | The related CO and CO2 release data of coal samples.

Sample no PCOPR/g s−1 PCO2PR/g s−1 COTY/kg kg−1 CO2TY/kg kg−1

HM15 0.0028 ± 0.0006 0.0170 ± 0.0008 4.34 + 0.41 33.3 ± 4.5
HM25 0.0032 ± 0.0006 0.0167 ± 0.0167 3.06 + 0.73 26.7 ± 0.8
HM35 0.0019 ± 0.0004 0.0402 ± 0.0044 1.70 + 0.06 28.8 ± 3.1
HM50 0.0026 ± 0.0003 0.0421 ± 0.0093 2.37 + 0.27 22.8 ± 1.4
YM15 0.0007 ± 0.0001 0.0036 ± 0.0010 0.23 + 0.11 1.4 ± 0.0010
YM25 0.0052 ± 0.0002 0.0153 ± 0.0013 8.13 + 0.59 14.5 ± 1.6
YM35 0.0050 ± 0.0005 0.0211 ± 0.0002 5.88 + 0.07 19.9 ± 1.2
YM50 0.0022 ± 0.0003 0.0204 ± 0.0009 3.41 + 0.32 21.7 ± 0.1
WY15 0.00002 ± 0.0002 0.0027 ± 0.0007 0.0039 + 0.0027 0.3 ± 0.001
WY25 0.0033 ± 0.0009 0.0062 ± 0.0007 5.74 + 0.23 11.5 ± 1.2
WY35 0.0054 ± 0.0001 0.0067 ± 0.0004 10.16 + 0.26 13.2 ± 0
WY50 0.0055 ± 0.0001 0.0151 ± 0.0002 6.88 + 0.24 21.5 ± 0.3

HM, YM, and WYM, represent lignite, bitumite, and anthracite respectively, and the number after them represents the heat radiation value, kW/m2; "/" means that the coal has not been
ignited.

Frontiers in Materials | www.frontiersin.org December 2021 | Volume 8 | Article 7784858

Wang et al. Spontaneous Combustion of Coal

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


As shown in these figures, with an increase in the
thermal radiation value, the cracks of the char residue of
the lignite coal sample become more. Especially, the char
residue of HM50 has many cracks and holes, which is not
conducive for blocking the release of heat and toxic flue gas.

The char residue of bituminous and anthracite coal samples
becomes discontinuous with an increase in the thermal
radiation value, which is consistent with lignite. However,
the char residue of bituminous and anthracite coal samples
is denser than that of lignite, resulting in significantly less heat

FIGURE 10 | Lignite curves: (A) PCO2PR, and (B) CO2TY.

FIGURE 11 | Bitumite curves: (A) PCO2PR, and (B) CO2TY.

FIGURE 12 | Anthracite curves: (A) PCO2PR, and (B) CO2TY.
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FIGURE 13 | Char residue photos of Anthracite: (A) HM15, (B) HM15, (C) HM35, and (D) HM50.

FIGURE 14 | Char residue photos of Bitumite: (A) HM15, (B) HM15, (C) HM35, and (D) HM50.
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and flue gas production of bituminous and anthracite coal than
that of lignite (Deng et al., 2014; Deng et al., 2017; Deng et al.,
2018; Cheng et al., 2021). Additionally, the char residue of
anthracite is more compact and continuous than bituminous
coal. It is also more conducive to inhibit the release of heat and
toxic smoke.

Influence of Different Thermal Radiation
Values on the Transition Characteristics of
Coal Oxidation and Spontaneous
Combustion
To better analyze how high-temperature thermal radiation
affects coal oxidation and spontaneous combustion
transformation characteristics, we have drawn the changing
trend of coal char residue and heat and flue gas production
with the thermal radiation value from Figures 16–18. As
shown in Figure 16, the char residue of all coal samples
decreases with an increase in the thermal radiation value,
indicating that the coal samples burn more thoroughly at
high temperatures. The char residue of lignite is less than
that of bituminous coal and anthracite due to its significantly
lower carbon content and complete combustion. Anthracite
has a higher char residue than bituminous coal, meaning that
the carbon layer of anthracite is denser than that of bituminous
coal. Generally, the heat and flue gas emissions (PHRR, THR,
PSPR, TSR, PCO2PR, and CO2TY) of all coal samples increase
gradually with an increase in thermal radiation value. This

shows that the coal sample is more prone to spontaneous
combustion and ignition when the thermal radiation value
increases. Additionally, at higher thermal radiation values,
the carbon layer formed via coal oxidation and spontaneous
combustion is more likely to show more cracks, which is not
conducive to inhibiting the release of heat and toxic smoke
(Wang D et al., 2019). Few CO is produced because coal
burns more thoroughly at higher radiant heat values.
Therefore, the PCOPR and COTY values of the coal sample

FIGURE 15 | Char residue photos of Anthracite: (A) HM15, (B) HM15, (C) HM35, and (D) HM50.

FIGURE 16 | Variation trend of coal residual char content.
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FIGURE 17 | Variation trend of heat and smoke: (A) PHRR, (B) THR, (C) PSPR, and (D) TSR.

FIGURE 18 | Variation trend of CO and CO2: (A) PCOPR, (B) COTY, (C) PCO2PR, and (D) CO2TY.
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decrease with increasing thermal radiation values. Except for
PCOPR and COTY, the heat and flue gas emissions of lignite are
higher than those of anthracite and bituminous coal because the
carbon content of lignite is less than that of anthracite and
bituminous coal, resulting in a loose carbon layer during
combustion, which cannot effectively prevent oxygen from
entering the coal sample and make the coal sample burn
more thoroughly. Therefore, the PCOPR and COTY values
of lignite are lower than those of anthracite and bituminous
coal. However, the heat and flue gas emissions of anthracite have
been determined to be lower than those of bituminous coal. The
reason is that the carbon layer of anthracite is denser and more
continuous than that of bituminous coal, which effectively
prevents the release of heat and toxic flue gas. Additionally,
the anthracite’s oxygen content and combustion degree are
lower than those of bituminous coal. Therefore, the smoke
generated is also low.

CONCLUSION

The effect of high-temperature thermal radiation on the
oxidation and spontaneous combustion of coal has been
investigated using a cone calorimeter. As per the findings of
this study, it was determined that the TTI values of lignite and
bituminous coal decrease with increasing thermal radiation
values. This shows that under relatively higher thermal
radiation, the oxidation degree of coal is accelerated, and the
coal with spontaneous combustion tendency of Grade Ⅰ and Ⅱ is
more likely to be ignited. It is worth noting that anthracite cannot
be ignited by the thermal radiation value of less than or equal to
50 kW/m2, which is consistent with the spontaneous combustion
tendency of anthracite. Since the carbon content of bituminous
coal and anthracite is higher than that of lignite, a denser carbon
layer is produced during coal combustion, effectively preventing
heat release. Additionally, compared with bituminous coal, the
PHRR value of anthracite has a decreasing trend. The reason is
that bituminous coal has a higher oxygen content than anthracite,
making the coal burn more vigorously and release more heat. Due
to the low fixed carbon content and high volatile matter content
of lignite, the carbon layer formed is relatively loose, which
cannot effectively inhibit the release of smoke. Therefore,
under the same heat radiation value, the TSR of lignite is

higher than that of bituminous coal and anthracite. There are
two peaks in the CO production rate curve of HM50. The first
peak is due to the formation of a protective carbon layer during
coal combustion. The second peak is due to the breakdown of the
carbon layer via the combustible gas. Anthracite has a high
content of fixed carbon and forms a dense carbon layer during
combustion. Thus, it prevents oxygen from entering the coal
sample and inhibits further coal combustion, resulting in
incomplete coal combustion and more CO. The carbon
content of lignite is low, which makes the carbon layer
produced in the combustion process loose and cannot
effectively inhibit the release of CO. Thus, the carbon layer
produced in the combustion process is loose under the same
thermal radiation value. Therefore, the total CO2 released from
lignite is significantly larger than that from bituminous coal and
anthracite.
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