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Abstract: Coal and gas outbursts are among the most severe disasters threatening the safety of coal
mines around the world. They are dynamic phenomena characterized by large quantities of coal and
gas ejected from working faces within a short time. Numerous researchers have conducted studies on
outburst prediction, and a variety of indices have been developed to this end. However, these indices
are usually empirical or based on local experience, and the accurate prediction of outbursts is not
feasible due to the complicated mechanisms of outbursts. This study conducts outburst experiments
using large-scale multifunctional equipment developed in the laboratory to develop a more robust
outburst prediction method. In this study, the coal temperature during the outburst process was
monitored using temperature sensors. The results show that the coal temperature decreased rapidly
as the outburst progressed. Meanwhile, the coal temperature in locations far from the outburst mouth
increased. The coal broken in the stress concentration state is the main factor causing the abnormal
temperature rise. The discovery of these phenomena lays a theoretical foundation and provides an
experimental basis for an effective outburst prediction method. An outburst prediction method based
on monitoring temperature was proposed, and has a simpler and faster operation process and is not
easily disturbed by coal mining activities. What is more, the critical values of coal temperature rises
or temperature gradients can be flexibly adjusted according to the actual situations of different coal
mines to predict outbursts more effectively and accurately.

Keywords: coal and gas outburst; coal temperature; concentration stress; outburst prediction;
outburst prevention

1. Introduction

Coal and gas outbursts (hereinafter referred to as outbursts) in coal mines are complex dynamic
phenomena characterized by a sudden and violent ejection of large amounts of coal and gas from
the working face into a limited working space within a short time [1-4]. The pulverized coal and gas
flow induced by an outburst generates an enormous amount of energy [5-7]. This can induce severe
consequences: (1) the large energy output of the coal and gas flow may directly cause underground
worker casualties or equipment damage; (2) the airflow formed by the instantaneous high-pressure
gas can generate turbulence in roadways; (3) high concentrations of gas may be produced within a
short time, putting workers at risk of suffocation; and (4) the gas may cause further explosions if its
concentration reaches the explosion limit, which can lead to secondary disasters [8-11]. Therefore,
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these types of outbursts remain among the most severe disasters affecting the safety of coal mines
around the world.

In 1834, the first outburst accident was reported in France. Since then, more than 40,000 outburst
accidents have been reported worldwide. Nearly half of these accidents occurred in China; therefore,
China is considered the country with the highest risk of outbursts [12-14]. Figure 1 shows the death
toll caused by outbursts and the number of outbursts in China from 2001 to 2019. The trend indicates
that significant progress has been made in their prevention and control, as the number of disasters and
deaths has decreased considerably since 2000. However, in recent years the depth and intensity of
mining has escalated, continuously enhancing the gas content and pressure, and the geologic structures
are becoming more complicated [15-17]. Thus, the risk of outbursts is increasing, and outburst
prevention is crucial. Despite the relative progress in preventing outbursts in China over the past
20 years, the death toll of the outbursts has increased continuously since 2017. A total of seven outburst
accidents occurred in 2019, resulting in 39 deaths, which is almost double that from 2017. Therefore,
outbursts remain among the most pressing problems in coal mine safety in China. Hence, it is necessary
to investigate a more effective method for outburst prediction.
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Figure 1. Death toll and number of outburst accidents from 2001 to 2019 in China.

Numerous researchers have conducted studies on outburst prediction. Outburst prediction
methods are mainly divided into contact and non-contact methods [18]. Contact prediction methods
include the drill cuttings gas index method (DCG), the drilling cuttings weight index method (DCW),
the gas pressure method (P), the hardiness coefficient method (f), the R-value index method, and the
composite index method (D and K) [19-22]. However, these methods have heavy workloads and
long prediction times, which negatively impacts coal production. Further, they are empirical or
based mainly on localized data. For example, using the gas pressure method, the coal seam is
considered to have an outburst potential as long as P > 0.74 MPa; however, this omits the fact that
the geological conditions of coal mines vary among different areas. In fact, several outburst accidents
have occurred at a low gas pressure, indicating the incomplete accuracy of the above prediction
indicators. With the development of geophysical monitoring technology, an increasing number of
non-contact methods for outburst prediction have been proposed, such as the ultrasonic testing method,
the electromagnetic radiation (EMR) method, the acoustic emission (AE) method, the desorption rate
index (DRI), and the micro-shock method [23-27]. However, even though non-contact technologies
have been commercialized, the accuracy and stability of their outburst predictions remain poor. This is
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mainly because the precursory characteristics of outburst signals are not entirely clear, and the signals
are easily interfered with by coal mining activities [28].

The outburst process is characterized by the release of a large amount of energy, which leads to
the conversion and transfer of heat, inducing a change in the coal temperature. It is difficult and unsafe
to study this process directly at a coal mine site because of the sudden and hidden threat of an outburst.
Therefore, we conducted the outburst tests in the laboratory, during which the spatio-temporal variation
in the coal temperature was investigated. We developed a more robust outburst prediction method
based on experimental results and a theoretical analysis and discussed its applications and advantages
for outburst prediction in coal mines.

2. Experimental Method

2.1. Test Equipment

The outburst test was conducted using self-developed large-scale multifunctional equipment [29].
The LSMF equipment comprises a coal sample box, a triaxial loading system, a fast coal uncovering
system, and a data acquisition system, as shown in Figure 2. The dimensions of the coal sample
box were 1050 x 410 x 410 mm3. There was a ventilation plate on the bottom of coal sample box
and there were lots of air holes distributed on the ventilation plate. There was a ventilation plate
distributed with lots of air holes on the bottom of coal sample box to ensure the homogeneity of the
adsorption equilibrium more efficiently. The triaxial loading system contained nine sets of oil cylinders
distributed in three directions, which provided different stresses at different zones to simulate the stress
concentration on the working face caused by underground mining activities. The fast coal uncovering
system simulated outbursts triggered by the uncovering coal in rock cross-cuts. The temperature and
gas pressure of the coal was recorded in real time.

Data
acquisition
system

Triaxial
loading system

Fast coal
uncovering

Figure 2. Photograph of the self-developed large-scale multifunctional equipment.
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2.2. Test Scheme

The outburst process is typically divided into four stages—the accumulation stage, trigger stage,
development stage, and termination stage [15,30,31]—as shown in Figure 3. During the outburst
accumulation stage, the main indicators are the mining activities, which lead to stress concentration
and coal instabilities. Three stress zones are commonly formed in front of the working face due to
mining activities [32,33]—the stress relaxation zone (SRZ), stress concentration zone (SCZ), and original
stress zone (OSZ)—as shown in Figure 4. The average intensity of outbursts during rock cross-cut
coal uncovering is six times that of other roadways, and more than 80% of extremely severe outburst
accidents occur in the process [34].
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Figure 3. Stages of the outburst process.
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Figure 4. Distribution diagrams of three stress zones and temperature sensors (units: mm; 0g; means the
stress in the original stress zone and 0;; means the stress loaded in three directions during experiments,
i,j=1,2,3).



Sensors 2020, 20, 5526 50f17

Therefore, the outburst test scheme was designed to simulate outbursts triggered by rock cross-cut
coal uncovering, taking stress concentration into account. The stresses loaded in different zones in
the three directions are presented in Table 1. The stress concentration factor (i.e., the ratio of stress in
the SCZ to the OSZ) was 1.5, and the gas pressure was 1.0 MPa. Nine temperature sensors, labeled
T1-T9, were fixed on the x = 205 mm plane of the coal sample to monitor the temperature variation
during the outburst (Figure 4). Another temperature sensor (labeled T0) outside of the coal sample box
recorded the evolution of the ambient temperature. The time constants of the temperature transmitters
were 0.2 s. A gas pressure sensor (labeled P1) near the outburst mouth monitored the gas pressure of
the coal.

Table 1. Stress loading of the outburst at different zones.

Stress Zones 0Ssz SCZ SRZ
01/MPa 2.0 3.0 1.0
02/MPa 2.0 2.0 2.0
03/MPa 1.2 1.8 0.6

2.3. Test Procedure

The experimental outburst steps primarily included coal sample preparation, stress loading,
vacuuming and gas injection, and the outburst trigger. A briquette coal sample was used, as large-scale
raw coal samples were difficult to obtain. The raw coal sample was collected from the Sanhuiyi Coal
Mine, after which it was crushed into different particle sizes. The loose coal particles with different
particle mass ratios (Table 2) were pressed under 7.5 MPa using a molding machine to produce the coal
specimen. The stresses at different zones were loaded synchronously after the coal sample box was
sealed. The purpose of vacuuming was to ensure the purity of the adsorbed gas, and CO, was used
instead of CHy4 to maximize the safety of the outburst. The CO; gas reached dynamic equilibrium in
the coal sample after 48 h of adsorption. Prior to triggering the outburst, the mouth was covered by
two sealing plates, which were linked with two pneumatic cylinders. Once the high-pressure air in
the two pneumatic cylinders was automatically discharged by the computer, the two sealing plates
opened immediately, and the simulation of the outburst caused by the uncovering coal at the rock
cross-cut was initialized.

Table 2. Particle size of the briquette coal sample.

Particle Size/mm 0-0.15 0.15-0.18 0.18-0.25 0.25-0.425  0.425-0.85 0.55-2.0
Particle mass ratio/% 27 3 5 11 19 35

3. Results and Discussion

3.1. Dynamic Evolution of the Outburst Process

The dynamic evolution of the gas pressure and temperature during the outburst is depicted
in Figure 5a. The entire outburst process lasted nearly 52 h and can be divided into the four
following sub-processes:

e  Sub-processIwas the vacuuming step, lasting two hours. The gas pressure in the coal dropped from
0 to —0.035 MPa (the atmospheric pressure was defined as 0 MPa). The coal temperature decreased
from 25.51 to 21.93 °C, and the ambient temperature fluctuated between 25.45 and 25.51 °C.

e  Sub-process Il was the gas injection step, lasting approximately two hours. The gas pressure in
the coal rebounded to 1.048 MPa. The coal temperature rebounded to 34.815 °C, and the ambient
temperature fluctuated between 25.40 and 25.45 °C.

e  Sub-process IIl was the cyclic gas injection-adsorption step, and it lasted about 48 h [35,36].
The coal sample was circularly injected with gas in a total of 12 cycles, and each cycle lasted
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approximately four hours. The equilibrium pressure gradually stabilized to 1 MPa, and the coal
temperature dropped to the constant ambient temperature of 25.66 °C.

e  Sub-process IV was the outburst step, lasting approximately a few minutes. The gas pressure
sharply dropped to 0.002 MPa. The coal temperature decreased to approximately 18 °C, and the
ambient temperature remained almost constant.
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(b) Outburst after the trigger stage.

Figure 5. Gas pressure and temperature evolution during the outburst process.



Sensors 2020, 20, 5526 7 of 17

Compared with the four stages of outburst in Figure 3, sub-processes I, I, and III in Figure 5a can be
regarded as the accumulation stage, while sub-process IV includes the trigger stage, development stage,
and termination stage. From the perspective of time, the accumulation stage is significantly longer
than the three other stages. Specifically, it involves the accumulation of elastic potential energy in the
coal and internal energy in the gas. When the energy reaches a critical value, the outburst is triggered
within a very short time once the outburst mouth is opened. Therefore, to achieve clarity, the curves of
gas pressure and temperature during the trigger stage, development stage, and termination stage are
enlarged in Figure 5b (the time at which the outburst mouth opened is the reference point). Photographs
of the outburst observed in the lab are shown in Figure 6.

(c) 0.381 s. (d) 0.414 s.

(e) 2.022 s. (f) 4.037 s.

(g) 6.036 s. (h) 9.032 s.

Figure 6. Pictures of the outburst observed at different times.
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Figure 5b shows that the gas pressure near the outburst mouth dropped faster than the coal
temperature, and the gas pressure curve exhibits multiple local peaks. For example, P1 falls to
0.452 MPa at 0.52 s after the outburst trigger, after which it rises to 0.576 MPa at 0.62 s, and subsequently
drops again. After the outburst mouth opened, the stress of the coal in the Z direction changes from
a two-dimensional equilibrium state to a one-dimensional unbalanced state, leading to the sudden
failure of the coal. Furthermore, as the gas pressure drops gradually, part of the pulverized coal is
ejected from the outburst mouth at high speeds (50-60 m/s), as shown in Figure 6. Simultaneously,
the outburst hole is filled with an increasing amount of pulverized coal until the gas pressure starts to
rise. The pulverized coal continues to be ejected if the gas pressure is at a high level (another outburst
was triggered at point B). After the last outburst trigger at point C, the gas pressure drops nearly to
atmospheric pressure, and the outburst tends to be stable. In summary, the first 0.62 s is the trigger
stage, the following 6.7 s is the development stage, and the subsequent process is the termination
stage. The pulverized coal flow grows gradually during the trigger stage (Figure 6a—d), and it reaches
the strongest state during the development stage (Figure 6e—g). The pulverized coal flow becomes
increasingly weaker during the termination stage, and there is very little pulverized coal ejected
after 10 s. However, the gas continues to flow out. Further, the temperature recorded by T7 declines
continuously during all three stages.

3.2. Spatio-Temporal Variation in Coal Temperature

To analyze the temperature variations at different positions, the temperature curves of all sensors
are plotted in Figure 7 (T1 and T4 were damaged during the outburst process). The figure shows that
T2 drops by 5 °C during the first 10 s at a rate of about 0.5 °C/s, then drops slowly, accounting for a
final net drop of 6.08 °C (Figure 7a). There are two main reasons for the temperature drop after the
outburst trigger. On the one hand, gas desorption is an endothermic process, and on the other hand,
the expansion of gas leads to a decrease in the coal temperature. Temperature sensor T2 was located
nearest to the outburst mouth at a distance of 159 mm. Therefore, the gas adsorbed in coal at this
location began to desorb initially, and the temperature near the outburst mouth had the fastest rate of
decrease. Temperature sensors T3, T6, and T7 were located far from the outburst mouth, and they
had a similar trend, dropping fast at first and subsequently leveling off (Figure 7b—d). However, an
unusual phenomenon is observed in Figure 7e,f: the coal temperature increases for a certain period of
time when the temperature sensor is further away (e.g., T8 and T9). Specifically, T8 had a maximum
increment of 1.13 °C at 2.8 s, and then dropped back to 0 at 15.0 s. Similarly, T9 had a maximum
increment of 2.14 °C at 3.0 s, and then dropped back to 0 at 12.2 s.
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Figure 7. Temperature variation curves after the outburst trigger.

The temperature variation fields on the x = 205 mm plane of the coal at different times were plotted
using MATLAB software, as shown in Figure 8. The temperature gradient of the coal is insignificant
during the first second (Figure 8a); however, the temperature of the left coal increases, whereas that of
the right coal decreases after 4 s (Figure 8b). After 12 s, the rate of change of the temperature increase in
the left coal decreases, whereas that of the temperature decrease in the right coal increases (Figure 8c).
After 30 s, the temperature of the entire area decreases further, and the temperature drop of the right
coal is significant (Figure 8d). Subsequently, the temperature gradient decreases progressively, and the
temperature eventually stabilizes at 6-8 °C (Figure 8e,f). Thus, the temperature gradient at the middle
of the coal is lower than that of both sides at all times, which is attributed to the smaller permeability
of the SCZ zone, making it difficult for the coal to desorb gas. In summary, coal temperature evolution
is a complex dynamic process, and the coal temperature drops faster when approaching the outburst.
Further, the coal temperature far from the outburst mouth showed an abnormal rising.
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Figure 8. The temperature variation fields on the x = 205 mm plane after the outburst trigger.

3.3. Causal Analysis of Abnormal Temperature Rise

To investigate the coal temperature rise during the outburst, a unit of coal away from the coal box
boundary was considered as a thermal system, as shown in Figure 9. When coal mining activities are in
progress in front of the working face, the coal is deformed and broken under the concentration stress,
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and the elastic potential energy stored in the coal is consumed simultaneously. Therefore, the dynamic
equilibrium state of gas adsorption and desorption on the coal matrix surface is disturbed, resulting in
the adsorbed gas diffusing from the matrix surface into the matrix pore and subsequently migrating
into the coal fracture. The outburst is triggered immediately once the elastic potential energy of the
coal and the internal energy of the free gas are larger than the critical energy, causing the coal particles
and free gas to be ejected. Considering the relatively short period of outburst duration and the low
thermal conductivities of coal and CO,, the thermal system can be approximated an adiabatic system,
and the heat exchange between the thermal system and the external environment is very limited.
Therefore, the factors of coal temperature variation arise from three quantities: concentrated stress
work, adsorbed and free gas, and coal oxidation.
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Figure 9. Schematic diagram of the coal thermal system.

During the process of coal breaking and deformation, the work originates from stress work and
the elastic potential energy stored in the coal. First, coal fractures develop and expand, resulting in an
increase in the temperature at the crack tip. Second, the friction between the coal particles generates
heat. Eventually, the increased coal surface also consumes part of the work. Therefore, the temperature

variation can be expressed as:
_ A+ A

ATy
mopCo

)

where AT} is the temperature variation affected by stress, °C; AQ) is the heat generated at the crack-tip,
J; AQy is the heat generated at the coal particle surface, J; m is the coal mass, kg; ¢y is the specific heat

capacity, J/(kg-°C).
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The absorbed gas desorbing from the coal matrix and free gas expanding into the fracture are

endothermic processes, which lead to the coal temperature change:
A A
AT, — — Q3 +AQ4 o)
mopCo

where AT} is the temperature variation affected by the gas, °C; AQj is the heat exchange due to gas
desorption, J; AQ; is the heat exchange due to gas expansion, J.

Coal oxidation is an exothermic chemical reaction, and therefore:

_ AQs
moCo

AT3 ®)
where ATj is the temperature variation affected by coal oxidation, °C; AQs is the heat generated from
coal oxidation, J.

It is very difficult for oxygen in the air to flow into the outburst coal seam, as outbursts usually
occur in mines at a high gas pressure. Furthermore, the coal oxidation process is an extremely slow
process. Therefore, the heat and temperature affected by coal oxidation can be ignored. Consequently,
the total temperature variation in the coal is mainly affected by two factors—namely, stress and
gas—and thus can be expressed as:

AT = ATy + AT, 4)

where AT is the total temperature variation in coal, °C (AT1 > 0 °C and AT2 < 0 °C).
Therefore, the coal broken in the stress concentration state is the main cause behind the abnormal
temperature rise.

3.4. Implications for Outburst Prediction in Coal Mines

According to the above analysis, the processes of coal breaking, gas desorption, and gas expansion
are synchronous, and they exert different thermal effects. Therefore, the macroscopic coal temperature
change mainly depends on the dominant factor. The following four stages are summarized based on
the experimental results and theoretical analysis, as shown in Figure 10.
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Figure 10. Dynamic evolution of the coal temperature at different locations.

e  Stagetg. The stress and gas are both in equilibrium before the coal mining activities begin. The coal
temperatures at different locations are similar, and there is no obvious temperature gradient.
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e Stage t1. The coal mining activities deform and break coal under a large stress concentration.
In the area close to the working face, the gas thermal effect is dominant (JAT;| < |ATj[), and the
coal temperature drops initially. However, in the area far from the working face, the stress thermal
effect is dominant (JAT1| > |AT»|), as the gas has not yet been desorbed, and the coal temperature
rises initially.

e  Stage fp. The outburst will be triggered if mining activities continue, and the energy reaches the
critical value. Then, an increasing amount of gas is desorbed, leading to a temperature drop closer
to the working face (JAT;| << |AT3[), and a large amount of coal particles and gas are ejected.

e  Stagets. After a period of outburst, the coal temperature reaches a new equilibrium state, and there
is no significant temperature gradient.

Thus, the key for outburst control is preventing stage ¢; from developing further into stage f,.
If the abnormal rise in the coal temperature is monitored and detected in time, then the mining activities
can be stopped immediately before taking outburst prevention measures, turning stage ¢; back into
stage ty to prevent an outburst.

Figure 11 shows the schematic diagram of outburst prediction based on coal temperature
monitoring. Several holes are drilled from the rock roadway to the coal seam for temperature
measurement, and the distance between the bottom two adjacent holes is 5 m. Hence, both the
coal temperature, which reflects the overall temperature of the coal seam, and the coal temperature
gradient, which reflects the local temperature change in the coal seam, are obtained in real time.
Mining activities must be stopped immediately if the coal temperature becomes abnormal—namely,
if the coal temperature rise or temperature gradient exceeds the critical values. If the danger is
identified, then outburst prevention measures, such as gas drainage, protective seam mining, and water
injection [37-39], must be applied until the threat of an outburst is eliminated.

Rock roadway

Figure 11. Schematic diagram of outburst prediction based on coal temperature monitoring.

The outburst prediction method based on the coal temperature proposed in this study has the
following advantages: (1) the coal temperature measurement by drilling holes in coal seam is simple
and fast; (2) the coal temperature at different positons can be monitored in real time, and it is not
easily disturbed by coal mining activities; (3) the critical values of coal temperature rise or temperature
gradient can be flexibly adjusted according to the actual situations of different coal mines to predict
outbursts more effectively and accurately. However, its effectiveness is not confirmed in coal mines,
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mainly due to the uncertainty of outbursts and the long term of the monitoring cycle. Therefore,
the following step must focus on how to verify the validity in the field, and combine other methods,
both contact and non-contact, to achieve more accurate and efficient outburst predictions.

4. Conclusions

The outburst experiment was carried out to explore a novel outburst prediction method. The key
findings are summarized as follows.

(1) After an outburst trigger, the coal particles and gas are ejected from the outburst mouth at high
speeds (50-60 m/s) in a process lasting approximately 10 s. The coal temperature and gas pressure
decrease rapidly during this process. However, the coal temperature far from the outburst mouth
increases first and subsequently decreases, which is an unusual phenomenon.

(2) The factors of coal temperature variation include three quantities: concentrated stress work,
adsorbed and free gas, and coal oxidation. The temperature rise is caused by the coal broken
under the stress concentration state, whereas the main reason behind the temperature decrease is
the absorbed gas, which is desorbed from the coal matrix, and the free gas that expands into the
fracture. The effect of coal oxidation on the temperature may be ignored.

(3) The key to outburst control is preventing stage t; from developing into stage ¢,. Thus, a novel
outburst prediction method based on coal temperature monitoring is proposed, where both the
coal temperature and its gradient are obtained in real time. Mining activities must be stopped
immediately if the coal temperature rise or temperature gradient exceed the critical values.

(4) The outburst prediction method based on the coal temperature proposed in this study has many
advantages compared to the traditional prediction methods. Future studies will investigate how
to verify its validity in the field, and combine other methods, both contact and non-contact,
to achieve more accurate and efficient outburst predictions.
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