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Abstract

Coal is the one of foundations of energy and economic structure in China, while the unsealing of coal mine fires would
cause a great risk of coal re-ignition. In order to explore the influence of pressure-bearing state on the re-ignition character-
istics for residual coal, the uniaxial compression equipped with a temperature-programmed device was built. The scanning
electron microscope, synchronous thermal analyzer and Fourier transform infrared absorption spectrometer was applied to
investigate the microscopic structure and thermal effect of the coal samples. Moreover, the microscopic effect of uniaxial
stress on coal re-ignition is revealed, and the re-ignition mechanism is also obtained. As the uniaxial stress increasing, the
number, depth and length of the fractures of the pre-treated coal increases. The application of uniaxial stress causes the
thermal conductivity to change periodically, enhances the inhibition of injecting nitrogen on heat transfer and prolonges the
duration of oxidation exothermic. The content of oxygen-containing functional groups has a high correlation with apparent
activation energy, and coal samples at 6 MPa is more probability to re-ignite while the fire zone is unsealed. Uniaxial stress
could control the re-ignition mechanism by changing the structure of fractures and pores. The side chains and functional
groups of coal structure are easier to be broken by thermal-stress coupling. The higher the -OH content, the more difficult
coal samples would be re-ignited. The research results would lay a solid theoretical foundation for the safe unsealing of
closed fire-areas underground, tighten the common bond between the actual industry and the experimental theory in closed
fire-areas underground, and provide the theoretical guidance for coal re-ignition preventing.
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1 Introduction

Underground coal fires are mainly fires caused by the re-
ignition of coal seams (Plakunov et al. 2020). The closed
fire extinguishing method is the main measure to solve
coal fire disasters in major coal producing countries such
as European countries, and Australia, China, and the
United States (Zhou et al. 2009). Even though the unsealed
fire zone reduces economic losses, the re-ignition of coal
seriously threatens the safe production of coal mines.
Because the leftover coal is subjected to the concentrated
stress caused by the burning and collapse of the roof and
the stratum collapse, it will affect the spontaneous com-
bustion characteristics of the coal (Xu et al. 2021a, b, c).
Therefore, it is of great significance to prevent and control
coal re-ignition through studying the oxidation mechanism
of coal re-ignition and exploring the occurrence and oxi-
dation characteristics of coal re-ignition after nitrogen
injection.

So far, the research on the re-ignition of coal with the
unsealed fire zone is unsealed is mainly related to the dis-
aster caused by gas explosion. Through numerical simu-
lation software, scholars have obtained the gas explosion
areas and locations that are most likely to be caused by
coal re-ignition during unsealing, and determined the
influence of atmospheric pressure on the interior of the
fire area (Shi et al. 2017; Zhou et al. 2015; Duan et al.
2020a, b; Duan et al. 2020a, b). The plenty of numerical
simulation results have been made outstanding contribu-
tions to the prevent of fires in goaf of coal mines. The
experimental methods mainly focus on the oxidation and
spontaneous combustion of the coal itself. The researchers
analyzed the production law of indicator gases, changes
in absorbance, development trends of fire areas, methods
of predicting coal re-ignition, and measures to reduce
gas explosion disasters caused by re-ignition. (Lu et al.
2018; Tan et al. 2014; Zhou et al. 2010; Cheng et al. 2012;
Cheng et al. 2013; Zheng et al. 2020; Shang et al. 2019).
The research on the mechanics of the residual coal in goaf
focuses on the mechanical response of the coal briquette
and the influence of the fractures and pores on the seepage
characteristics (Gu et al. 2020; Wang et al.2020). In the
field of fire, the research on broken coal focuses on the oxi-
dation characteristics of coal with different levels of meta-
morphism, and the spontaneous combustion characteristics
of coal after pre-oxidation at different temperatures (Deng
et al. 2019; Xu et al. 2021a, b, ¢). On the other hand,
scholars have also done a lot of work on the stress field
and compaction state of the goaf. They pointed out that
the residual coal in the mined-out area would go through
three stages: natural breaking and expansion zone, stress
recovery zone and original rock stress zone (Qian et al.
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1998). Moreover, the stress recovery distance of the rem-
nant coal is closely related to the buried depth (King et al.
1971; Conroy et al. 1992; Yavuz 2004). These results are
of great significance for mastering the attributes, oxidation
characteristics and occurrence of the remaining coal in
goaf. However, the residual coal in goaf is a frequent place
for re-ignition when the fire area is unsealed. The stress
state of the residual coal and the tar produced by pyrolysis
will cause changes in the spontaneous combustion of the
coal (Chao et al. 2021; Hasan et al. 2015). Their researches
shows that the flow field and heat transfer during closed
and unsealed coalfield fire areas are very important to the
safety production and economic benefits of coal mines.
The above researches shows that it is feasible to analyze
the molecular structure changes and heat and mass transfer
during the coal re-ignition process from the perspective of
numerical analysis, gas atmosphere, stress conditions, or
micro-scale analysis.

Coal re-ignition is a complex physical and chemical reac-
tion process involving the interaction and transformation of
multiple chain reaction mechanisms. Therefore, it is difficult
to reflect the state of the coal at the time of unsealing only by
investigating its re-ignition characteristics of secondary oxi-
dized coal. The stress caused by the collapse of coal and rock
in the unsealed fire zone is redistributed, and the remain-
ing coal in the fire area heats up in a nitrogen atmosphere.
Moreover, the internal residual coal in goaf is irregular and
inaccessible, which leads to relatively limited understanding
of the sealed fire zone and the unsealed fire zone. However,
the re-ignition of coal during unsealing is closely related to
its accumulation state and environmental conditions. Dur-
ing the occurrence and development of the re-ignition, the
coal is in a broken state. After they undergo the action of
the stress field, the flow field and the temperature field, the
heat and mass transfer during the re-ignition have undergone
major changes. Therefore, the fluid—solid—thermal—stress full
coupling function of the Uniaxial Compression equipped
with a Temperature-Programmed (UTCP) device is applied
to better realize the pretreatment of coal. Combined with the
synchronous thermal analyzer and the Fourier Transform
infrared spectrometer (FTIR), the microscopic characteriza-
tion of the coal after re-ignition could be revealed.

2 Experimental materials and instruments
2.1 Coal sample preparation

The experimental coal samples were taken from the
Livhuanggou mining area in Xinjiang Province, where large-
scale coal field fires had occurred in China. The coal type
is long flame coal with low metamorphism. The fresh coal
sample was wrapped with multi-layer plastic wrap. After
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being transported to the ground, the coal sample was put into
the sample bag and filled with nitrogen. After the fresh coal
sample arrived in the laboratory, the outer shell was stripped,
and the internal coal sample was crushed and the coal sam-
ple with a particle size of 0.20-0.45 mm was selected. The
selected coal sample was quickly placed in a vacuum drying
oven for 72 h, and then squeeze out the air to seal for storage.
The proximate analysis and ultimate analysis results of the
experimental coal sample is given in Table 1.

2.2 Experimental instrument
2.2.1 UCTP device

Combined with the environment of the coal in the closed fire
zone, the atmosphere environment of the experimental coal
sample during the heating process should be the heating in
a nitrogen environment. Using the self-built UCTP device,
the axial stress test of broken coal can be carried out. After
setting different axial loading intensities, the flow rate of dif-
ferent kinds of gases can be adjusted to pass into the reactor
to perform heating-up oxidation experiment and percola-
tion experiment. The reactor equipped with the device has a
maximum height of 15 cm and a diameter of 10 cm. It is sur-
rounded by a heating jacket that can control the heating rate.
The maximum temperature of the device can be from room
temperature to 450 °C. Simultaneously, the upper cover is
equipped with a temperature probe to measure the core tem-
perature of the coal sample. The accuracy of uniaxial stress
is 0.1 MPa, the accuracy of gas pressure is 0.01 MPa, and the
flow accuracy can reach 0.001 L/min. The air inlet pipeline
passes through the reaction kettle after winding the heating
jacket several times, and an air outlet is provided under the
reaction kettle.

2.2.2 Fracture and pore structure analysis

The Scanning electron microscope (SEM) produced by
Japan JEOL, model JSM-IT500HR was used to observe the
morphological and structural changes of the pretreated coal
sample. The natural cross-section of the central coal sample
in the reactor under different uniaxial stresses was observed
by scanning electron microscope, and the distribution char-
acteristics of the meso-structure morphology at different
positions of the sample were clearly presented. The coal
sample was magnified 1000 times in a vacuum environment.

In order to improve the conductivity, the coal sample was
sprayed with gold.

2.2.3 DSCand FTIR

The thermal analysis experiment used STA449C synchro-
nous thermal analyzer (NETZSCH company), the coal
sample was taken from the inner center of the reactor, the
mass was 20+ 0.1 mg, and the carrier gas was set in the air
environment ((V(Oz): V(N 2 )) =1:4). The total gas flow rate
was 50 mL/min, the heating rate was 10 °C/min, the start
temperature of the test was 30 °C, and the end temperature
was 800 °C. Using TENSOR-37 Fourier Transform Infrared
Spectrometer (Bruker), the dried KBr and the coal sample in
the center of the reactor were mixed according to the mass
ratio of 100:1 and then pressed into tablets, and tested by
infrared spectroscopy. The wave number ranged from 400
to 4000 cm ™', the resolution was 4 cm™, and the cumulative
number of scans was 32. The test result used the professional
infrared analysis software OMNIC, the peak fitting method
of Gaussian function, and the baseline was linear. The meas-
urement errors were less than 2% and each experiment was
repeated three times having good reproducibility (Fig. 1).

3 Results and analyses
3.1 Micro structure

It was obtained that the SEM results of 4 kinds of pretreated
coal samples under uniaxial stress were obtained at a mag-
nification of 1000 times, as shown in Fig. 2.

The surface of the coal sample a is relatively dense at
0 MPa, while the pore structure is very small. The coal is
distributed in strips with a layered edge and no obvious frac-
ture structure.

The coal sample under 2 MPa has three obvious frac-
tures. The connectivity between the fractures was poor,
which mostly exist on the unevenly distributed surface of
the coal, and the fractures are stopped at the intersection
of the fissures and the mineral particles. Obviously relaxed
fractures appeared at 4 MPa, there are fewer small particles
of minerals and coal filling into the fractures, obvious ver-
tical fractures appearing on the surface, and obvious pore
structures appearing. At 6 MPa, there are more coal particles
and mineral particles filling into the fractures, which also be

Table 1 Proximate and ultimate Proximate analysis (wt%)

Ultimate analysis (Wt%)

analysis of coal sample
M, ad Aad Vdaf

Feaq Caat Har Nat O ar Sdat

6.43 15.71 3232

45.54 70.86 5.44 0.69 7.81 0.37

daf is a dry ash-free base, * is calculated from the difference
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Fig. 1 UCTP experimental system and actual diagram

Fig.2 SEM photo of coal sam-
ple pretreatment under uniaxial
stress. a 0 MPa; b 2 MPa; ¢

4 MPa; d 6 MPa

found that these fillings have occurred secondary fractures,
and the coal surface has an obvious lamella structure.

3.2 Basic parameters of coal samples
In order to obtain the effect of uniaxial stress on the micro-
structure of coal, infrared spectroscopy experiments were car-

ried out. The infrared spectrum of the pretreated coal sample
in the center of the reactor is displayed in Fig. 3a, and the type
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and position of the absorption peak of each functional group
are marked on the spectrum. Through the peak fitting method
of Gaussian function, the relative content of each functional
group is obtained according to the relatively stable C=C func-
tional group strength, as shown in Eq. (1) (Xu et al. 2020a,
b). As calculated in Eqs. (2)—(4), the deformation and poros-
ity during the experiment is obtained, while as calculated in
Eq. (5), the apparent activation energy (Xu et al. 2021a, b,
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Fig.3 Microstructure changes under different uniaxial stresses a Infrared spectra of pre-processed coal samples; b Stress—strain and stress—pore

curves; ¢ Changes in apparent activation energy and group content
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From the functional group spectrum of the coal sample
after pretreatment in Fig. 3a, it could be seen that under
the influence of uniaxial stress, the relative content of -OH
showed a clear trend of first increasing and then decreasing.

The content of C=C and substituted benzene peaks in
aromatic hydrocarbons is relatively high, but under nitro-
gen pretreatment with different uniaxial stresses, the con-
tent doesn’t not appear to change significantly with the
uniaxial stress. As illustrated in Fig. 3b, the relationship
between strain and porosity of coal under uniaxial stress
is that with the increase of uniaxial stress, the strain of
coal increases gradually, while the growth rate of strain
gradually declines, and the porosity is reversed. As the
uniaxial stress continues to rise, due to the accumulation
of stress energy and energy, the compressibility of the coal
is changed, and new fractures are generated in the com-
pacted crushed coal, resulting in a smaller deformation. It
could be seen that in the coal structure, the uniaxial stress
mainly changes the pore and fracture structure of the coal,
resulting in the difference between the coal-oxygen reac-
tion during the re-ignition. It reveals that uniaxial stress
mainly changes the fractures and pore structure of coal
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in the structure of coal body, and the pyrolysis process
mainly changes the content and types of functional groups,
both of which make coal exhibit different re-ignition
characteristics. It is concluded from Fig. 3c that accord-
ing to the relative content of different functional groups
obtained in Fig. 3a, aromatic hydrocarbons account for a
large proportion. Because when coal is pyrolyzed under
uniaxial stress, liquid tar mainly composes of chain hydro-
carbons and aromatic hydrocarbons, and solid products
mainly composes of semi-coke mixed in the coal sample,
which causes the aromatic hydrocarbon content in the
FTIR test to be higher than that of the raw coal. However,
the oxygen-containing functional groups (—-OH, -COOH,
etc.) change significantly under different uniaxial stresses,
which is the same result for the carboxyl and hydroxyl
groups that directly affect the coal-oxygen reaction (Song
et al. 2017; Agarwal et al. 2021).

In order to further analyze the relationship between coal
re-ignition and microscopic groups under uniaxial stress,
the relative content of hydroxyl and carboxyl groups is
summed and compared with the apparent activation
energy. Among them, the apparent activation energy can

. €(0,)°-C(0,)
hat In—————=~
be obtained that In <)

relationship. After substituting the experimental data, the
slope of the linear function, namely —%, can be obtained.
Thus, the apparent activation energy of the experimental
coal samples under different uniaxial stresses is calculated.
As illustrated in Fig. 3c, the higher the content of oxygen-
containing functional groups, the greater the apparent acti-
vation energy is, and the more difficult it is for the coal-
oxygen reaction to occur. In addition, from the maximum
value of the curve, the coal-oxygen reaction is the most
difficult when the uniaxial stress is around 2.25 MPa, and
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the possibility of re-ignition is the lowest when the fire
zone was unsealed.

3.3 Heating characteristics of coal samples

To investigate the heating characteristics broken coal after
fire extinguishing by nitrogen injection, a heating experi-
ment of broken coal in nitrogen atmosphere under uniaxial
stress was carried out. As indicated in Fig. 4, the changes
occurred in the heat transfer and thermal conductivity of the
coal in the reactor during the uniaxial stress loading process.
Since coal does not undergo oxidation reaction, the thermal
conductivity of the coal sample is estimated according to
the law of conservation of energy (Xu et al. 2020a, b), as
calculated in Eq. (6):

AT

Ty —T
cAl_, v
Petens Ax

6)

It can be concluded from Fig. 4 that the coal under nitro-
gen atmosphere doesn't have a crossing temperature point
during the heating process, and the core temperature of the
coal under uniaxial stress is much lower than the tempera-
ture control. The main reason is that nitrogen could inhib-
ited the coal-oxygen reaction, reduce the heat of the chain
reaction of the active groups. Moreover, the uniaxial stress
also could produce fractures of coal, leading to the contact
thermal resistance increasing. Therefore, the coal center
temperature under uniaxial stress is relatively low. As illus-
trated in Fig. 4a, the heating trend of coal loaded at 4 MPa is
the same as the one at 6 MPa, because the fractures and pore
structures of the samples are very similar after being broken
under uniaxial stress at the time. Compared with other coal
samples under uniaxial stress, the inner temperature of the
coal sample loaded at 2 MPa rises faster before 13,580 s,
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Fig.4 Heat transfer and heating characteristics of coal in nitrogen atmosphere under different uniaxial stresses a Heating curve; b Thermal con-

ductivity
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due to more gas injecting into the fractures and pore struc-
ture at low temperature stage. Hereafter (after 13,580 s), the
trend of the temperature rising drops relatively, since that
the broken coal is pyrolyzed, collapsed, collided and fricted,
resulting in unstable components such as semi-coke leading
to the heat transfer efficiency reducing.

As illustrated in Fig. 4b, the thermal conductivity of coal
under uniaxial stress shows periodic changes. A increases
with the increase of temperature before 50 °C, and decreases
when the temperature reaches to 50-100 °C. It is because the
water in the coal sample evaporates during the initial stage as
heating at 50—100 °C, and the thermal conductivity of water
is much higher than that of coal, so 1 decreases. 4 contin-
ues to increase after 100 °C, and decreases again at 170 °C.
The reason is that the moisture evaporates completely after
100 °C, and the activity of coal macromolecular structure is
enhanced, resulting in the thermal conductivity increasing
rapidly. After 170 °C, it is the physical adsorption occurred
in the coal surface, and a small amount of water vapor is
found at the outlet of the airflow in the tests. The thermal
conductivity of water vapor is much smaller than that of
coal, so that the thermal conductivity begins to decrease
again. Moreover, violent decomposition, depolymerization
and decomposition reactions are launched at the same time,
leading to the temperature differences between the tempera-
ture of the coal sample and the furnace wall of the reactor
increasing, and the thermal conductivity reducing.

The average thermal conductivity of 0 MPa is the high-
est, which dues to be affected by the uniaxial stress among
the crushed coal particles. As the uniaxial stress is loaded
at 2-6 MPa, the average thermal conductivity decreases
respectively by 0.459, 0.400, 0.368 W/m? K, which shows
that the smaller the uniaxial stress, the better the heat trans-
fer of the broken coal. The reason is that the broken coal

exceeds the compaction limit as the uniaxial stress increas-
ing, resulting in the secondary crushing of coal and even
more fractures and pore structures. Meanwhile, under the
influence of temperature, the formation of pyrolysis products
would also indirectly affect the thermal conductivity.

3.4 Re-ignition characteristic temperature
and thermal effect

In order to explore the thermal effect in the process of coal
re-ignition under different uniaxial stresses, the heat release,
heat absorption and characteristic temperature points were
analyzed, where the DSC curve is illustrated in Fig. 5.
According to the characteristics of the DSC and DDSC
curves, three characteristic temperatures for re-ignition pro-
cess are obtained, namely the initial heat release temperature
T,, the maximum heat release temperature 7, and the end
heat release temperature 7.

3.4.1 Re-ignition characteristic temperature analysis

As illustrated in Fig. 5, the re-ignition process is divided
into 3 stages. The Stage I is from the beginning to the
low-temperature endothermic stage of coal (7), where the
heat absorbed by the evaporation of the original gas and
moisture of the coal is greater than the heat released by the
coal-oxygen reaction (an endothermic state). During Stage
II (T|-T3), the exothermic heat of the coal-oxygen reac-
tion is much higher than the endothermic heat. This stage
presents an exothermic reaction, which is called the oxida-
tion exothermic stage. While the temperature reaches to
T, (DSC,,,,). the heat release reaches the maximum value.
After the DSC curve reaches the maximum value, the coal
mass is quickly consumed. Simultaneously, the DSC curve

Fig.5 DSC and DDSC curves 30 10
of coal re-ignition under differ- @ DSC 21)1\/?5 A
ent uniaxial stresses sk 0:;: Dsca F"““hcryfun /‘
4MPa 6MPa A J’ 45
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Table2 Each characteristic temperature under different uniaxial
stress

Uniaxial stress T, (°OC) T, (°C) T; (°C)
(MPa)

0 161.01 476.86 542.28
2 226.25 481.70 548.88
4 211.23 480.83 544.08
6 201.24 480.85 548.02

shows a rapid downward trend, and the coal-oxygen reac-
tion rate has a rapid drop trend. After the temperature
reached 75 (DDSC =0), until the end of the experiment,
the coal mass is consumed and enters the burnout phase,
which namely Stage III. The characteristic temperatures
under different uniaxial stresses are given in Table 2.

The results in Fig. 5 and Table 2 demonstrate that the
curve changes show an increase with the uniaxial stress,
and the coal re-ignition curve first moves to the high tem-
perature zone and then gradually downs to the low tem-
perature zone. It is because coal sample at 2 MPa is sup-
pressed during the re-ignition process, which causes the
curve to ascent to the high temperature zone and the char-
acteristic temperature point rise. However, as the uniaxial
stress is exceeded 2 MPa, it shows a tendency to promote.
It is concluded that the re-ignition characteristics of the
residual coal in goaf under different uniaxial stress condi-
tions are different when the fire zone is unsealed.

It can also be seen from Fig. 5 that in the low-temper-
ature endothermic Stage I, there is no significant differ-
ence among the DSC and the DDSC curves of the coal
sample under various uniaxial stresses. In Stage II, the
curve separation is larger. It can be further seen that the
uniaxial stress has a significantly stronger influence on the
exothermic stage. Because the change of heat flux in stage
I mainly depends on the moisture evaporation phenomenon
and gas desorption behavior in coal that is susceptible to
temperature, rather than the stress state of the coal. Fur-
ther analysis of the coal re-ignition phenomenon, it can
be seen that the uniaxial stress has a significantly stronger
influence on the heat release stage of coal re-ignition than
on the low temperature endothermic stage, and the char-
acteristic temperature of the coal sample under uniaxial
stress is higher. As displayed in Table 2, the characteristic
temperature under different uniaxial stress is consistent
with the heat flow curve, obviously. Compared with loose
coal, T, at a uniaxial stress of 2, 4, 6 MPa is higher than
65.24 °C, 50.22 °C, and 40.23 °C. T, is 4.27 °C higher
on average, while 75 is 0.4 °C, 5.2 °C, and 1.26 °C lower
than loose coal. In stage III, it is mainly the pyrolysis and
exotherm of residual minerals and ash. Based on the above
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analysis, it can be seen that uniaxial stress has a greater
impact on the heat release stage of coal re-ignition.

3.4.2 Thermal effect analysis

The equilibrium temperature is obtained through NETZSCH
software analysis, and combines with the curve area, the heat
change of the coal sample under different uniaxial stresses
is obtained, as revealed in Fig. 6.

Figure 6 illustrates the heat change of coal samples
under different uniaxial stresses. As concluding the results,
with the increase of uniaxial stress, it shows a trend of first
decreasing and then increasing. According to our previous
research (Liu et al. 2021), compared with the heat release,
nitrogen injection plays a key role in suppressing the spon-
taneous combustion of coal in the unsealed fire zone. How-
ever, judging from the heat release of coal re-ignition under
different uniaxial stresses indicates that the heat generated
during re-ignition of coal under uniaxial stress is quite dif-
ferent from the heat released by residual coal. The pressure-
bearing coal pillars and residual coal should be intensively
prevented and controlled as in the fire area unsealed.

In particular, relative to the coal sample of 0 MPa, as the
uniaxial stress is at 2 MPa and 4 MPa respectively, there is
a significant decrease and increase, which proves that when
the stress at 2 MPa inhibits the oxidation exothermic pro-
cess, the heat release is reduced by 1196 MJ. However, the
heat release at 4 MPa is significantly increased by 642 MJ,
which significantly promotes the heat release process of the
coal-oxygen reaction. The heat release at 8 MPa is reduced
by 187 MJ, and the lower heat release difference also indi-
cates that the heat release characteristics of coal under higher
uniaxial stress conditions are very close to that of loose coal.
It means that the coal pillars and residual coal with a high
compaction has the risk of re-ignition as contacting the
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Fig. 6 Changes in heat release of coal re-ignition under different uni-
axial stresses
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injected oxygen when the fire zone is unsealed. This is also
the reason causing repeated spontaneous combustion of coal
while the fire zone has been unsealed. Therefore, it is neces-
sary to explore the reaction characteristics in heat release
stage of coal re-ignition under uniaxial stress.

3.4.3 The relationship between characteristic temperature
and group content

As indicated in the DSC curve, T is the critical temperature
of stage I and stage II. The low-temperature adsorption stage
before 7' determines the severity of the oxidation reaction
after T,. Moreover, the hydroxyl content in the oxygen-con-
taining functional group has a greater impact on stage I. In
order to further analyze the impact of the hydroxyl group
on the re-ignition temperature point, the temperature 7, and
the hydroxyl content is compared and analyzed, as shown
in Fig. 7.

It can be founded that when the uniaxial stress is at
2 MPa, the low-temperature adsorption stage lasts the long-
est temperature stage. After 226.25 °C, it ends endothermic
and starts the oxidation exothermic stage. Similarly, it can
be seen that as the uniaxial stress increasing, the hydroxyl
content increases firstly and then decreases. The reason
could be that as the uniaxial stress is lower than 2 MPa, the
degree of compaction turns to higher, the flow rate of nitro-
gen between the coal particles turns slowly, and then it leads
to the hydroxyl group more difficult to decompose -H and the
content of hydroxyl groups increasing. As the uniaxial stress
is higher than 2 MPa, the coal particles would be fractured
twice, the fractures would increase again, and the ability to
decompose -H would go up. As the coal sample heating up
in a nitrogen environment, the carbon radicals in the coal
cannot continue to be oxidized to generate —-C—O-O-, thus
cannot be decomposed into hydroxyl groups, which could
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Fig.7 Comparison curve of hydroxyl content and temperature 7
under uniaxial stress

affect its content. Therefore, it can be inferred that the uni-
axial stress causes the coal to emerge the mechanochemi-
cal effects during the heating process. It not only reduces
the -H decompose ability, but also reduces the bond energy
between the hydroxyl group and other structure, which
causes the hydroxyl group easier to fall off under condi-
tions of higher compaction, resulting in a higher content of
hydroxyl groups.

When the uniaxial stress is loaded at 2 MPa, the low tem-
perature adsorption stage lasts the longest temperature stage,
because the final oxidation product of hydroxyl is water,
and its higher content would prolong the water evaporation
and desorption stage. The coal sample ends the endothermic
after 226.25 °C and starts the oxidation exothermic stage.
Similarly, it can be seen that the coal sample has the high-
est hydroxyl content under the uniaxial stress, reaching to
26.20%. The reason is that the coal sample at 2 MPa has a
higher degree of compaction after pretreatment with UCTP.
During re-ignition, oxygen flows more slowly in the cracks
and pore structure of the coal, the force between coal parti-
cles is stronger, and the hydroxyl content is higher. It is more
prone to violent oxidize after exposure to oxygen.

3.5 Mechanism analysis

The morphology and structure of coal samples are under dif-
ferent uniaxial stresses, respectively, as displayed in Fig. 8.
The stress state would directly cause different changes to
the fractures and pore structure of coal, thereby changing
the active sites of coal-oxygen contact and changing the
characteristics of re-ignition. As a result, the microscopic
mechanism of coal re-ignition under uniaxial stress (shown
in Fig. 9) is obtained. Coal is composed of condensed
nucleated aromatic layers with branched chains and various
functional groups. Under stress, part of the branched chains
and functional groups are broken, and the macromolecular
structure of coal changes (Dong et al. 2017). Moreover, for
the pretreated coal sample, the energy of the bond breakage
caused by the thermal-stress coupling state and the conver-
sion of functional groups during re-ignition dominates the
exothermic change.

During the re-ignition process, -OH could continue to
undergo oxidation reactions during the exothermic stage of
oxidation, continuously generating aliphatic hydrocarbons
and oxygen-containing functional groups. The content of
hydroxyl groups is different under different uniaxial stresses,
resulting in different heat absorption and heat release of the
coal-oxygen reaction. The coal sample at 2 MPa has the
highest degree of compaction, which also causes a large
amount of hydroxyl groups to fail to be fully reacted, and
leading to the lower heat release in stage II. Compared with
loose coal, coal samples under uniaxial stress required
higher re-ignition conditions, especially the one at 2 MPa.
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Fig.8 The broken shape of bro-
ken coal under uniaxial stress

Gas inlet Gas outlet

Fig. 9 Mechanism of coal re-

s s Tar, Semi-coke & Coal
ignition under uniaxial stress ’

However, the re-ignition characteristics of the coal sample
at 6 MPa are very close. Meanwhile, the number of pores
and fractures appears to decrease and then increase as the
uniaxial stress rising. Thus, the oxygen supply channels for
re-ignition turn to change, resulting in significant variety
in Stage I and II. Besides, due to the different degree of
coal pyrolysis under stress, the content of oxygen-containing
functional groups would change. Therefore, before the fire
zone is unsealed, measuring the stress state of the residual
coal and testing the FTIR of the coal sample can effectively
prevent the risk of re-ignition as the fire zone is unsealing.

4 Conclusions

The re-ignition characteristics of coal samples under dif-
ferent uniaxial stresses are discussed. Applying with the
UCTP device, SEM, thermal analysis and FTIR analysis, the
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effect of uniaxial stress on the fracture structure, functional
groups and exothermic stage of the re-ignition of confined
coal is also explored. The structure evolution and re-ignition
mechanism of confined coal is put forward. The following
conclusions are obtained as follows:

(1) Uniaxial stress increases the diversity of fractures and
pore structures and reduces the risk of coal re-ignition.
Coal particles are rearranged, combined and filled
under stress, leading to the change rate of the strain
and porosity decreasing gradually. The average ther-
mal conductivity decreases and then increases, while
the apparent activation energy does the opposite. The
content of oxygen in fractures and pores plays the key
role in changing the heat and mass transfer affection
between coal particles.

The oxidation exothermic stage of coal re-ignition
oxidation becomes longer under stress, and the initial
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exothermic temperature and maximum heat release
temperature first increase and then decrease. The heat
and mass transfer efficiency of the coal sample before
2 MPa is obviously suppressed, and then promoted.
The thermal effect of the coal samples at 6 and 0 MPa
shows very similar characteristics, and has a high ten-
dency to re-ignition.

(3) The key groups of the thermal characteristics of coal
re-ignition are dominated by the hydroxyl content, and
the difficulty of bonds breaking is affected by the mech-
anochemistry. The bond energy and the coal-oxygen
contact site dominate the heat release rate of the coal
re-ignition process.
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