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Abstract: Acoustic emission (AE) technology has the advantage of online localization to study the
change laws of AE in the process of coal spontaneous combustion and to reveal the generation
mechanisms of AE signal during the process of heating and rupture of coal body from a microscopic
perspective. This paper first constructs a large-scale coal spontaneous combustion AE test system
and conducts experimental tests on the AE signal in the process of coal spontaneous combustion. The
results show that with the increase of temperature in the process of coal spontaneous combustion, the
AE signal shows a trend of increasing fluctuations. Low-temperature nitrogen adsorption experiments
studied the pore structure of coal spontaneous combustion, and the results showed a correspondence
between the development of pores and the temperature of coal spontaneous combustion. Further,
through the analysis of the evolution of the pore structure of coal through Fourier transform and
fractal theory, it is found that the high-frequency main frequency AE signal and average frequency are
continuously enhanced with the increase of temperature. The fractal dimension of the pore structure
and the fractal dimension of the AE count of the coal body first rise and then decline. The mechanism
of coal spontaneous combustion AE of coal is revealed, and the pore development caused by thermal
stress when coal heats up is the main source of AE signal generation. The research in this paper is of
great significance for applying AE technology to detect the position of coal spontaneous combustion.

Keywords: coal spontaneous combustion; thermal rupture; AE; time frequency; fractal

1. Introduction

Coal spontaneous combustion is serious in China, resulting in a massive waste of
resources. Coal spontaneous combustion monitoring and early warning technologies
mainly include temperature detection methods, infrared detection methods, gas detection
methods, magnetic force detection methods, transient electromagnetic methods, resistivity
detection methods, etc. [1]. In recent years, bundle tube monitoring, distributed optical
fiber temperature measurement, and wireless temporary network temperature measure-
ment technology have also been widely used in coal spontaneous combustion disaster
monitoring and early warning. However, these monitoring and early warning methods still
have certain drawbacks [2]. Bundle tube monitoring temperature measurement and dis-
tributed fiber optic temperature measurement are subject to large environmental factors in
practical applications, and the data is easily distorted in complex mine environments [3-5].
Wireless self-assembling network temperature measurement systems will not be affected
by problems such as pipelines being damaged. Due to the complexity of the mining area
environment, the wireless signal transmission is unstable, and difficult to achieve efficient
monitoring [6].
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AE detection technology based on coal heating and the heating process fracture to
generate the elastic waves phenomenon for monitoring and early warning of coal spon-
taneous combustion is a non-contact, non-destructive testing technology. In recent years,
many scholars have linked AE with the prediction of coal body thermodynamic disasters,
realized non-contact detection of coal body thermodynamic disasters in coal mines through
AE technology, and provided precursor information of coal body thermodynamic disasters
through the characteristics of AE activities.

At present, scholars at home and abroad have conducted a large number of studies
on the AE law of coal rock. Ganne et al. studied the AE characteristics of hard and brit-
tle rocks and established the relationship between micro-rupture and AE parameters [7].
Ishida et al. studied the distribution characteristics of AE sources during misalignment
tests [8]. Han et al. investigated the AE characteristics of different coal samples during
the process under uniaxial compression and found that there were significant differences
in the AE characteristics of coal with different strengths during the compression pro-
cess [9]. Kong et al. [10-12] studied the AE nonlinear and fractal characteristics of AE
under multiple heating and loading damage conditions of coal rocks. Chen, under labora-
tory conditions, analyzed the acoustic emission count, dissipation energy, and fracturing
point distribution of different deformation stages of coal [13]. Zhang studied the AE signal
pattern and multiple fractal characteristics of coal deformation damage under different
conditions [14]. The AE response characteristics of anthracite coal were studied through
ultrasonic experiments [15]. In uniaxial compression experiments, it was found that when
the density was higher than a specific value, the wave velocity of the coal sample increased
with the increase of density, and the distribution of AE events over time was approximately
normally distributed. Li et al. studied the AE characteristics of different coal-thick coal-rock
assemblies during the rupture process and found that the peak count of AE was negatively
correlated with coal thickness, and the cumulative count of AE was positively correlated
with coal thickness [16].

Scholars at home and abroad have also done a lot of research on the changing laws
of the pore structure of coal bodies. They studied the pore structure and fractal charac-
teristics of different coals and found that the pores and fractures in coal become simpler
and simpler during the crushing of coal samples, which is more favorable for gas storage
and transport [17,18]. Li et al. conducted uniaxial compression tests on coal samples with
prefabricated cracks at different angles and found that the AE response showed signifi-
cantly different characteristics at different stages [19]. Zhao et al. analyzed the influence of
the question on the transformation of coal pore structure and concluded that the higher
the temperature, the greater the pore fractal dimension of the large pore in the coal [20].
Yi et al. analyzed the pore evolution of hydrochloric acid-treated coal samples by the
low-temperature gas adsorption (LTGA) method and found that fractal dimension D2
was significantly positively correlated with ash content and increased with the increase of
hydrochloric acid concentration [21]. Xu et al. studied the effect of microwave-assisted oxi-
dant stimulation based on low-temperature nitrogen adsorption on the pore structure and
fractal characteristics of bituminous coal. They found that microwave-assisted oxidation
expanded the internal pore space and promoted pore expansion [22].

The above studies show that during the heating process, the structure of the coal body
will change significantly with the increase in temperature. At different temperatures, it will
show different characteristics, mainly changes in the structure of pore fractures [23-30].
There are many similarities between the damage change of coal in the process of heating
and the damage change at the time of load deformation and rupture, and both processes are
accompanied by the generation of AE signal, which provides conditions for the monitoring
and early warning of hidden fire sources under coal mines through AE technology. The
fractal theory is primarily used in the study of uniaxial compression and thermal rupture
damage of coal rocks, and in recent years, the research on AE of coal bodies has gradually
increased, but these studies have less analysis of the law and generation mechanism of coal
spontaneous combustion AE signal. The passive monitoring technology of AE can realize
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the source finding and locating of underground fire sources and improve the efficiency of
coal spontaneous combustion monitoring and early warning, and there is less research on
the monitoring and early warning technology of the whole process of coal spontaneous
combustion, which needs further research exploration in theory.

Based on the advantages of the acoustic method of temperature measurement, the
application of AE technology for coal spontaneous combustion monitoring to achieve
underground hidden fire source early warning has a good prospect. In contrast, the
characteristics of AE signal changes during coal warming have not been studied in depth,
and the mechanism of AE generation during coal warming has not been revealed. Based on
this, this paper constructs a large-scale coal spontaneous combustion AE test system and a
low-temperature nitrogen adsorption experimental platform, studies the thermal rupture
and AE signal laws during the spontaneous combustion and heating of coal, analyzes
the AE count and energy changes during the coal spontaneous combustion, reveals the
temporal and frequency characteristics of AE signal by using Fourier transform, analyzes
the fractal characteristics of low-temperature nitrogen adsorption and AE counts by fractal
theory, and discusses the mechanism of the pores generated by thermal damage of coal
bodies during coal spontaneous combustion heating process as the source of AE signal. The
counting, energy, and spectral laws of the AE signal in the coal spontaneous combustion
process are studied, and the fractal laws of BET of coal after different temperature treatments
are analyzed. The nonlinear characteristics between AE and the pore structure of coal
are revealed. This study lays a foundation for further exploring the heating coal body’s
AE signal generation mechanism and improving the monitoring and early warning of the
spontaneous combustion fire of the AE signal coal.

2. Experimental System and Experimental Protocol
2.1. Large-Scale Coal Spontaneous Combustion AE Experiment
2.1.1. Preparation and Analysis of Coal Samples

In this paper, the main objective is to investigate the characteristic patterns and dif-
ferences of AE signals generated at different temperature stages during the warming and
combustion of coal. In addition, we studied the mechanism of AE generation, which
provides a theoretical basis for AE signal inversion of temperature and monitoring of coal
spontaneous combustion. Based on this, bituminous coal (DT) sample from the Dongtan
coal mine in Shandong, China, was selected for the large-scale coal spontaneous combus-
tion AE experiment, with a weight of 3 tons. In order to ensure that the coal pile has better
heat storage conditions, some of the coal blocks were crushed below 30 mm. The volatile
fraction (V44¢) and five elemental contents of C, H, O, N, and S of DT coal samples at room
temperature were analyzed by a 5SE-MAG6700 fully automatic industrial analyzer, and the
volatile fraction and elemental composition of coal samples were determined according to
the national standard GB/T 212-2008 as shown in Table 1.

Table 1. Volatile and elemental analysis of coal samples.

DT Coal Sample (Room Temperature)
Vdafl wt% Cdaf/o/o Hdaflo/o Odaflo/o Ndaf/o/o St.dlo/o
40.96 81.16 6.11 0.33 1.16 11.20

2.1.2. Experimental System

The large-scale coal spontaneous combustion AE test system is mainly composed of
a furnace body, an AE monitoring system, a hot air input system, and a thermocouple
temperature measurement system. Among them, the furnace body is cylindrical, the surface
is a metal shell, and the interior is composed of a refractory brick layer, polyurethane
thermal insulation layer, water sandwich layer, etc. The hot air input system consists of an
air pump, a heating tank, a metal hose, and a temperature control box. The thermocouple
temperature measurement system is composed of K type thermocouple and a temperature
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recorder. The AE monitoring system is composed of an AE probe, AE host, preamplifier,
and waveguide rod, where the AE sensor operates in the frequency range of 10 KHz—2 MHz.
Figure 1 shows a large-scale coal spontaneous combustion AE test system diagram.
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Figure 1. Large-scale coal spontaneous combustion AE test system diagram.

2.1.3. Experimental Methods and Steps

@

@)

®)

The large-scale coal spontaneous combustion AE experiment is divided into three steps:

First, the 4 waveguide rods are extended into the furnace through the pores, and the
horizontal distance of each waveguide rod from the nearest vent is 10 cm, 20 cm,
20 cm, and 40 cm. The distance from the bottom of the furnace is 37 cm, 35 cm, 15 cm,
and 35 cm. The 4 waveguide rods are defined as channels 1-4, and 1 thermocouple
probe is arranged at the top of the 4 waveguide rods and 3 outlets to measure the
temperature of the surrounding coal body.

After the arrangement is completed, 3 tons of raw coal are poured into the inside
of the furnace body, the top cover of the furnace body is covered, and the top cover
is sealed with glue, the ventilation hole is reserved, and the air is pressed into the
heating tank by the air pump, and the heated air enters the bottom of the furnace
body through the metal hose, flows out through 3 outlets, and continuously heats
the coal body inside the furnace body, of which the ventilation pipe is located in the
middle of the furnace body close to the bottom of the furnace body.

The top of the waveguide rod extends into the inside of the furnace, and the tail end
is connected to the AE probe. The sound wave can be transmitted to the AE probe by
low loss through the waveguide rod to be monitored and recorded, and the waveform
is finally saved to the AE host.

The noise reduction process is performed before the experiment, and the threshold

value is set in advance. In order to avoid noise triggering, the threshold value is set
relatively high, and the signal below the threshold value is not processed in any way. If
the waveform below the threshold value is also found to be valuable, then the relatively
weak signal can be analyzed by resetting the threshold value. During this experiment, we
try to keep it quiet to avoid generating too much noise, and the threshold is set to 5 mV.
When extracting the data, the part of the signal is masked out by the set threshold value.
The preamplifier used in this experiment has a multiple of 40 dB and a sampling frequency
of 200 kHz. During the heating process, the thermocouple temperature measurement
system continuously records the internal temperature of the furnace body and saves the
temperature data to the temperature recorder.
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2.2. Coal Sample Low-Temperature Nitrogen Adsorption Experiment with Different
Temperature Treatment

During the experiment, after transporting the packaged fresh coal samples to the
laboratory, the whole coal sample is knocked out with a geological hammer to take a small
coal sample with a length of no more than 1 cm in width and height. The small coal samples
were put into a programmed heating furnace and treated with a temperature constant
temperature of 30 °C, 100 °C, 200 °C and 300 °C for 3 h and cooled freely. For 4 groups
of experimental samples, the automatic specific surface area and porosity analyzer were
selected for low-temperature nitrogen adsorption experiments. The coal samples treated at
different temperatures were screened, and the pulverized coal with specifications 40-80
was obtained, and then the sieved pulverized coal was put into the dry sample tube for
degassing because the process of thermal expansion and rupture of the coal rock mass
was irreversible [31,32]. Thus, in order to avoid excessive deregulation temperature to
change the coal pore fracture structure, the degassing temperature of the coal sample was
set below the treatment temperature. The pore fracture structure of the coal body would
not be affected at this time. Since degassing requires the removal of moisture and air, it
is difficult to remove moisture at room temperature, so the samples treated at 30 °C are
degassed in a vacuum for 48 h at 30 °C, while the samples treated at 100 °C, 200 °C and
300 °C are degassed at 100 °C vacuum for 12 h.

3. Study on the Thermal Damage Law of Coal Body during Spontaneous Combustion
and Heating Process of Coal

3.1. AE Counting and Enerqy Analysis during Spontaneous Combustion and Heating of Coal

Through the two aspects of AE characteristic parameters and spectrum, the data
obtained by the large-scale coal spontaneous combustion AE test system are analyzed. The
characteristic parameters are selected for counting and energy. The current research on coal
spontaneous combustion shows that the occurrence and development of coal spontaneous
combustion have stage characteristics in different temperature bands [33]. Based on this,
the experimental process in Figures 2 and 3 is divided according to the temperature stages,
and the change law of the AE signal is analyzed. The third stage of the sample has entered
the high-temperature state after rapid warming, and the subsequent warming is slower [10].
Figure 2 shows the law of the change of AE counts with time during the heating process
of coal.
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Figure 2. AE count and cumulative count plot.
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Figure 3. AE energy and cumulative energy map.

As can be obtained from Figure 2, with the progress of the experiment, there is a
gradual increase in the AE count in the initial heating stage of 0~5000 s due to the low
temperature. The coal body has not obtained enough energy, and the thermal stress is not
enough to destroy the coal body itself. Only more fine cracks are generated. Therefore,
the integrity of the coal sample is better, and the AE signal is less. In the continuous
heating stage of 5000~15,000 s, the coal body has a higher temperature. With the increase in
temperature, the thermal stress of the coal body is enough to destroy the weaker structure,
and the internal pore system of the coal body is reconstructed. The native cracks and new
cracks inside the coal sample expand and develop at this stage. Hence strong AE signals
are generated. In the subsequent heating stage of 15,000~20,000 s, the surface temperature
of the coal sample continues to rise. More and more particles beyond the yield stress
are inside the coal sample, so the destruction of pore structure and crack expansion are
also increasing, the integrity of the coal body is seriously damaged, and the AE signal is
further enhanced.

The cumulative count curve of AE is fitted to obtain a univariate linear regression
curve with a slope of 5.316 and an apparent linear law, indicating that with the increase of
temperature during the heating of the coal body, the AE signal continues to increase, and
the level of AE count continues to increase.

As can be seen from Figure 3, with the progress of the experiment, the AE signal
intensity shows a significantly enhanced trend. It has good consistency with the AE
cumulative count diagram. In the initial heating stage of 0~5000 s, the coal body, due to the
low temperature and the internal functional group of the coal body, failed to achieve the
required activation energy. At this time, the redox reaction is weak, the coal body structure
does not change significantly, and the AE energy is weak. In the continuous heating stage
of 5000~15,000 s, the coal body has a higher temperature, the redox reaction of the coal
body itself is more active, and the structure of the coal body is slightly damaged, so the
AE signal energy is strong. In the subsequent heating stage of 15,000~20,000 s, the surface
temperature of the coal sample continues to rise, the coal body obtains sufficient activation
energy, and the internal structure is continuously decomposed and converted so that the
coal structure is damaged. The AE energy continues to increase.

The cumulative energy curve of AE is fitted to obtain a univariate linear regression
curve with a slope of 3.294 and an apparent linear law, indicating that with the increase of
temperature during the heating of coal, the level of AE energy continues to increase, and
the AE signal continues to increase.

In order to obtain the difference between the AE signal data at different temperatures,
the AE counts and energy data of 5 min before and after 30 °C, 50 °C, 100 °C, 200 °C, and
300 °C are intercepted and plotted in Figures 4 and 5 below.
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Figure 4. 600 s AE count of different temperature stages in the spontaneous combustion process
of coal.
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Figure 5. 600 s AE energy map of different temperature stages in the process of coal spontaneous
combustion.

It can be seen from Figure 5 that there are fewer overall AE events at 30 °C and 50 °C.
More AE signals at low counting points are generated, indicating that due to the lower
temperature in the temperature band, the internal thermal expansion of the coal body is
weaker, and the AE events are fewer. At 100 °C, there are more AE events, and a higher
count of AE signals appear, indicating that in this temperature segment, a large amount of
crystalline water disappears by heat evaporation of the coal body, resulting in more AE
signals, and more pores have appeared on the surface of the coal sample, and the pore
cracks are gradually increasing with the increase of temperature. At 200 °C, the internal
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moisture of the coal body is tiny, and the thermal rupture phenomenon begins to appear.
Hence, a robust AE signal appears, and the cracks on the surface of the coal sample expand
and develop in this temperature segment. At 300 °C, the AE event of the coal body is
more active, but the AE signal is also stronger, the thermal rupture phenomenon in the
temperature band is completed, the thermal decomposition begins to appear, and the
integrity of the coal sample at this time is seriously damaged, and it can be seen from the
AE count data that the increase in temperature has a promoting effect on the generation of
AE signals.

As shown in Figure 5, at 30 °C and 50 °C, the overall performance is relatively calm, a
relatively small number of high-energy events occurred, and the overall energy amount
value is low. At 100 °C, the coal body began to surge, the AE activity was active, and the
AE signal at this time mainly came from the expansion and closure of the native fissure
during the thermal expansion of the coal sample. At 200 °C, the AE activity is more active,
with more high-energy events. The AE signal at this time mainly comes from the thermal
expansion and rupture of the coal body, resulting in many pore fractures. At 300 °C, the AE
activity is still relatively active. However, the intensity is slightly lower, indicating that the
hot expansion material inside the coal body at this time has been completely expanded. A
large number of cracks appear on the surface of the coal body, and the AE signal is mainly
caused by the oxidative decomposition of the coal body by heat.

In order to explore the variation law of the maximum count and maximum energy
in different temperature bands, the maximum values of the count and energy in the five
temperature bands are selected and plotted, as shown in Figure 6 below.

1000

Max count
800 o Maximum energy|
~¥%— Max count
—k— Maximum energy

600 —

400

200

Max count and Maximum energy

30°C 50°C 100°C 200°C 300°C
Temperature (°C)

Figure 6. Maximum count and maximum energy of AE in different temperature segments.

Figure 6 is a graph of the maximum count and maximum energy change in the five
temperature bands, and it can be seen from the figure that with the increase in temperature,
the maximum count of AE shows a gradual increase trend, indicating that the temperature
has a promoting effect on the AE signal. The maximum increase in the 30 °C-100 °C section
is slight, indicating that the AE signal of the coal body is small and the change of the coal
structure is small during this stage. In the temperature range of 100 °C to 200 °C, the
maximum count of coal bodies increased significantly, indicating that during this time
period, the rupture state of coal bodies changed, the AE signal was more active, and the
internal structure of coal bodies changed greatly. There is still a slow growth trend in
the maximum count of coal bodies at 300 °C, indicating that the coal body is in the same
rupture state at 200 °C-300 °C. The maximum energy is in the temperature range of 30 °C
to 100 °C. There is a slow growth trend, indicating that the coal structure changes little at
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this stage. In the temperature range of 100 °C to 200 °C, the maximum energy growth of
the coal body is large, indicating that in this temperature range, the rupture mode of the
coal body changes so that the energy is greater. At 300 °C, the maximum energy of the coal
body still increases compared with 200 °C, indicating that the structural evolution of the
coal body is continuing.

3.2. Time-Frequency Analysis of AE Signals during Coal Spontaneous Combustion Heating

The measured data are analyzed using a fast Fourier transform (FFT), and the following
is an introduction to the principle of FFT [34,35]:

N-1

x(k)=) x(n)e~2mnk/N 1)
n=0
The inverse transformation is:
1 N-1 )
x(k) = 5 Y x(k)e2mk/N 2)
n=0

where: x(k) is the kth value of the discrete spectrum, k=0, 1, ..., N — 1; x(n) is the nth value
of time domain sampling, 7 =0,1, .., N — 1.

The original waveform signals emitted by sound emissions from five different tem-
perature bands during the heating process are extracted. Fast Fourier transforms (FFT) are
performed to obtain a two-dimensional spectrogram.

The four small plots in the four typical power spectra of Figure 7 are interpreted for
the four states. The main frequency of AE (peak frequency) corresponds to the maximum
amplitude in the two-dimensional spectrogram. The main frequency and secondary fre-
quency not in the same main peak is called a double peak, and the same main peak is
called a single peak. When the frequency of the second frequency is higher than the main
frequency, it is called high frequency, and when the frequency of the second frequency is
lower than the main frequency, it is called low frequency. In this paper, eight AE events are
selected around the five temperatures, and the probability of occurrence of each type of
frequency is obtained by the fast Fourier transform, as shown in Table 2.

Table 2. Power spectrum probability table for different temperature types.

Waveform Type Single Peak Single Peak Bimodal High Bimodal Low
High Frequency  Low Frequency Frequency Frequency
30°C 10% 30% 40% 20%
50 °C 10% 20% 70% 0%
100 °C 10% 20% 20% 50%
200 °C 10% 0% 60% 30%
300 °C 0% 10% 80% 10%

From Table 2 above, it can be seen that the number of occurrences of high bimodal
frequency and bimodal low frequency measured in the experiment is more. The single
peak high frequency and single peak low frequency are less. Fourier transform through
MATLAB was used to obtain the main frequency amplitude of five temperatures. The AE
signal at 30 °C-100 °C is mainly low frequency, the amplitude is slightly increased, and
at 200 °C, it is mainly based on low frequency and high amplitude. At 300 °C, the AE
signal is mainly based on high frequency and low amplitude. The difference between the
main frequency and the amplitude category at different temperatures is large. It shows that
with the increase of temperature, the probability of higher frequency main frequency AE
signal will also increase, and there will be almost no high-frequency main frequency AE
event before 50 °C, and when the temperature exceeds 50 °C, the high-frequency AE events
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begin to appear. Thus, the AE frequency provides certain conditions for coal spontaneous
combustion monitoring and early warning.
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Figure 7. Spectrograms of four typical power articles. (a) double peak low frequency; (b) double
peak high frequency; (c) single peak high frequency; (d) single peak low frequency.

The average frequency of the main frequency of the AE signal of five coal samples
is calculated, and the average frequency fitting curve of coal at different temperatures is
plotted, as shown in Figure 8. The fitting curve of the main frequency average frequency
of coal at different temperatures shows that with the increase of temperature, the average
frequency of the main frequency of AE gradually increases, so it can be known that the
main frequency of AE shows a positive correlation with temperature, and this law can be
used as the basis for judging the temperature change of the goaf area under the coal mine.
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Figure 8. The average frequency of the main frequency of coal under different temperature conditions.
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4. Study on the Fractal Law of Coal Spontaneous Combustion Heating Process
4.1. Fractal Law of Pore Structure of Coal Body after Treatment at Different Temperatures

In this paper, the fractal dimension “A = D — 3” is calculated by using the FHH model
and capillary force. The nitrogen adsorption curve is divided into two parts at P/P0 = 0.5;
the fractal dimension calculated from the P/P0 < 0.5 curve part is recorded as D2 as the
fractal dimension of the pore surface. The fractal dimension calculated from the P/P0 > 0.5
curve part is the fractal dimension of the pore structure is recorded as D1. The fractal
calculation of the coal samples treated at four different temperatures is performed, and the
obtained data is plotted in Figure 9 below.
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Figure 9. Fractal dimension fitting curve after different temperature treatments.

D1 and D2 are obtained from the fractal dimension fitting curve of Figure 9, where
D1 is the fractal dimension of the high-pressure segment, that is, the fractal dimension of
the pore structure. D2 is the fractal dimension of the low-pressure segment, that is, the
fractal dimension of the pore surface. In Table 3, fractal dimensions of different pore sizes
are obtained by different temperature treatments.

Table 3. Fractal dimensions after different temperature treatments.

30°C 100 °C 200 °C 300 °C
D1 2.771 2.909 2.838 2.763
D2 2.523 2.562 2.622 2.616

It can be seen from the table that with the increase of temperature, the fractal dimen-
sion of pore structures D1 and D2 are the same, in the temperature range from 30 °C to
100 °C; as the temperature rises due to thermal evaporation, the coal structure gradually
becomes more complex, the pore structure continues to increase, and D1 increases. In
the temperature section of 100~300 °C, the internal moisture of the coal body has been
volatilized in large quantities, and the thermal expansion phenomenon of coal has begun to
appear, resulting in the squeezing and closing of some pores and the reduction of D1. Coal
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pore surface fractal dimension D2 generally showed an upward trend, indicating that the
coal surface pore fracture structure tends to be complex. With the temperature of 30 °C to
200 °C, the surface moisture and volatile substances of the coal body are heated and evapo-
rated so that the number of pores on the surface of the coal increases, and the coal surface
structure is more complex. When the temperature reaches 200 °C, D2 shows a downward
trend indicating that the coal surface structure tends to be flattened at this temperature.
The surface part of the pore cracks is squeezed and closed due to heat expansion, resulting
in a decrease in the complexity of the coal surface structure. D2 is reduced accordingly.

4.2. Fractal Law of Large-Scale Coal Spontaneous Combustion AE Count
4.2.1. Fractal Theory and the Determination of Phase Space Dimensions

In this paper, the associative dimension characteristics of AE counts are introduced,
combined with the G-P algorithm [36], MATLAB software is used to calculate the bi-
logarithmic relationship under different experimental conditions [37], and the count of AEs
is used as the basic parameter to determine a series set with a capacity of n:

X={x1,X2, ... Xn} 3)

The first m number in Equation (3) constitutes the phase space (m < n) of the
m dimension,
X1 ={x1, X2, ... Xm} (4)

The following data bits are sequentially extended by 1 to obtain N =n — m + 1 vector,

X2 =1{x2, X3, ... Xm+1}, X3 = {X3, X4, . .. Xma2} ©)
The corresponding associated dimensions are:

lNN

Cr(k) = 1z 2 L hlr (k) = [ Xi = X ©)

i=1i=1

where: h is the Riverside function; #(k) is a given scale function. Each determined scale r(k)
corresponds to it. Each (Igr, 1gC(r)) coordinate point is linearly fitted, and the slope after
fitting is the associated dimension of the AE count. m is the phase space dimension, the
size of m has a specific influence on the associated dimension, and the value of mis 1,2, 3,
4,5 ... 20. With the increase of m value, the correlation dimension gradually tends to be
saturated and stable. At m = 10, the associative dimension gradually tends to saturate and
stabilize, so the phase space dimension m = 10 is determined.

4.2.2. Determination of Fractal Features of AE Counts

According to the introduction of literature [38—46], when the scale coefficient k < 0.1,
the fractal characteristics of the AE sequence are not prominent. This paper takes the
scale factor k > 0.1 to calculate the associated dimension in the process of aqueous coal
sample rupture. Moreover, the slope of the regression function is the associated fractal
dimension. Figure 10 is a curve plot obtained by selecting 5 points with good Inr and InC
value conditions processed by MATLAB software, and after performing univariate linear
regression analysis. It is found that the correlation coefficients R of the AE counts of 30 °C,
100 °C, 200 °C, and 300 °C are 0.96, 0.97, 0.99, and 0.98, respectively, and the correlation
coefficient R? is more significant than 0.90. The correlation between Inr and InC is relatively
high, indicating that the correlation between AE counts at different temperatures is high,
and the AE count sequences of different temperatures during the spontaneous combustion
of large-scale coals have obvious fractal characteristics.
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Figure 10. Fit curve plot of double logarithmic relationship at different temperatures.

4.2.3. Fractal Characteristics of AE Counting

According to the fractal characteristics of the AE count determined above, the fractal
dimension change of the large-scale coal spontaneous combustion AE count is plotted, as
shown in Figure 11.
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Figure 11. Fractal dimension change of AE counts at different temperatures.

The fitted slopes of the different fractal dimension change curves were 0.999, 0.987,
0.981, and 0.998, respectively. According to the fractal dimension change chart of the



Processes 2023, 11, 786

14 0f 18

AE count within 300 s before and after the temperature points of 30 °C, 100 °C, 200 °C,
and 300 °C in the large-scale coal spontaneous combustion heating process, it can be seen
that the fractal dimension of the sound emission count of the four temperature gradients
continues to increase with the increase of time in the 300 s before and after the temperature,
the linear law is very obvious, the slope is stable, and it is greater than 0.950, indicating
that the AE events of the coal body continue to increase during the heating process, and
the AE signal is continuously enhanced. The fractal dimension of the AE count at 30 °C
increased from 0.0258 to 0.3487, the fractal dimension of AE at 100 °C increased from 0.0638
to 1.3735, the fractal dimension of the AE count at 200 °C increased from 0.0377 to 0.5630.
The fractal dimension of AE at 300 °C increased from 0.0130 to 0.2937, indicating that
the fractal dimension of the AE count was greatest at 100 °C and the smallest at 300 °C,
showing a trend of first growing and then declining from 30 °C to 300 °C.

Figure 12 is the selection of m =4, 8, 12, 16, 20 of the AE fractal dimensions with the
temperature of the trend plot. The plot presents an inverted V-shaped feature; the fractal
dimension of the AE count with the increase of temperature first shows an increase. Then
it shows a downward trend; the m value is different, the change situation is the same, and
the larger the m value, the greater the fractal dimension. According to the literature, the
changing trend of fractal dimension can reflect the failure process of the coal body and
the timing change of the AE signal. The larger the fractal dimension, the more disordered
the AE event. Therefore, in the process of coal spontaneous combustion and heating of
large-scale coal, the AE event of coal spontaneous combustion developed from orderly to
disorderly with the increase of temperature and then from disorder to order. It further
shows the increasing level of acoustic emission count and the increasing acoustic emission
signal during the warming process of coal spontaneous combustion. The acoustic emission
events show a change process from order to disorder and then from disorder to order.
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Figure 12. Variation of fractal dimension of AE counts with different m values.

The above trend of fractal dimension of AE count shows that there is a certain reg-
ularity in the sound emission count during the spontaneous combustion heating of coal.
The fractal dimension level of the AE count near a specific temperature is continuously im-
proved, which further indicates that the sound emission count level of the coal spontaneous
combustion heating process is continuously enhanced, and the AE signal is continuously
enhanced. The AE event shows a change process from order to disorder and then from
disorder to order.
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4.3. Discussion

In this paper, by constructing a large-scale AE test system, we tested the change law
of the AE signal during the warming process of coal. The obtained data were Fourier
transformed to systematically test the AE signal generated during the warming process
of coal and comprehensively compare and analyze the intensity, energy scale, and tim-
ing characteristics of the AE signal, which showed a gradual increase as the experiment
proceeded. At the beginning of the experiment, the coal did not obtain enough energy,
and the thermal stress was not enough to destroy the coal itself, and only more small
cracks were produced; at the middle of the experiment, the thermal stress of the coal itself
was enough to destroy the weaker structure, and the internal pore system of the coal was
reconstructed, and at this stage, the primary cracks and new cracks inside the coal sample
expanded and developed so more strong acoustics. At the later stage of the experiment,
the surface temperature of the coal sample was increasing, so the destruction of the pore
structure and crack expansion were also increasing, and the integrity of the coal body
was seriously damaged. This indicates that the AE signal can effectively respond to the
damage and crack evolution of the coal body and can realize the monitoring and early
warning of coal spontaneous combustion. The passive monitoring of AE, combined with
the corresponding active detection of the fire source, can effectively improve the efficiency
of coal spontaneous combustion monitoring and early warning and realize the joint de-
tection of coal spontaneous combustion fire, which provides theoretical guidance for the
subsequent research.

In order to study the AE signal to realize the monitoring and early warning of coal
spontaneous combustion, this paper analyzes the time-frequency characteristics of the
AE signal in the process of coal spontaneous combustion and the change law of the main
frequency of the AE signal in the process of coal spontaneous combustion is obtained by
Fourier transform calculation. In addition, the characteristic frequency spectrum is divided
into four types, and the fitted curve of the main frequency average frequency of coal under
different temperature conditions is analyzed and obtained, which can effectively reflect the
phase change of the coal spontaneous combustion process by the AE signal. Chai and Am-
brosio [47,48] studied the structural health detection of objects by the peak frequency and
center of mass frequency of AE signal, and the research has been applied in nondestructive
testing, welding, and microseismic, which can effectively respond to the changes of AE
signals. Therefore, it is important to deeply explore the spectral characteristics of AE signal
during coal spontaneous combustion through peak frequency and center-of-mass frequency
to determine the correlation between temperature and AE signal during coal spontaneous
combustion, and it is needed to further explore the correlation between damage rupture
and AE signal during coal spontaneous combustion so as to realize the efficiency of coal
spontaneous combustion monitoring and early warning.

The fractal dimension law of the pore structure of low-temperature nitrogen-adsorbed
coal during the warming process and the fractal dimension law of AE counting the two
fractal dimension laws are obvious; the fractal dimension law of the pore structure of
low-temperature nitrogen-adsorbed coal is similar to the fractal dimension law of AE
counting, and the two fractal dimension change trends are the same. In order to analyze the
characteristics of pore structure changes during the warming process of coal synchronously,
our team has characterized the pore structure changes at different temperatures by SEM
experiments in the previous study. The integrity is good, and the pore structure is single
under the room temperature condition (30 °C); after treatment at 100 °C, the integrity of
the coal sample is slightly damaged, and the number of surface pores increases. At 200 °C,
the integrity of the coal sample is damaged, and the number of surface pores increases. The
integrity of the coal sample was damaged after treatment at 200 °C, and a large number of
regional pore clusters appeared on the surface, and the pore size increased significantly
compared with that at room temperature. At 300 °C, the integrity of the coal sample
was severely damaged, and some of the fissures were connected with each other, and the
connectivity was good. Based on this, the fractal dimension law of coal pore structure and
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the fractal dimension law of AE counting were investigated by low-temperature nitrogen
adsorption experiments. The results of the study showed that from 30 °C to 100 °C, the
fractal dimension D1 of the pore structure of the coal body and the fractal dimension of the
AE count showed a significant upward trend, combined with the analysis of the AE count
and the cumulative count of AE, the coal body was heated and ruptured by heating during
the heating process, and the nitrogen adsorption of the coal body continued to increase.
From 100 °C to 300 °C, the fractal dimension D1 of the pore structure of the coal body and
the fractal dimension of the AE count showed a downward trend, which was due to the
thermal expansion phenomenon caused by the evaporation of a large amount of water in
the coal body, resulting in the extrusion and closure of the pores of the coal body, and the
growth rate of nitrogen adsorption decreased. Similarly, the fractal dimension D2 of the
pore surface of the coal body has the same change trend at 30 °C-200 °C and 200 °C-300 °C,
which further indicates that the pore structure of the coal body produces thermal rupture
with the heating of the coal body. The thermal expansion phenomenon leads to the closure
of some pores of the coal body. With the increase in temperature, the level of AE count
continues to increase. The fractal dimension of the AE count rises first and then declines,
indicating that with the increase in temperature, the AE signal continues to increase, and
the AE signal shows a change law from order to disorder and then from disorder to order.

The experiment verifies the law that the pore structure of the coal body continues to
generate and gradually increases during the heating process of the coal body. The fractal
law of the low-temperature nitrogen adsorption curve and the fractal law of the AE count
are analyzed, which further illustrates that the pore structure of the coal body in the process
of heating up is the root cause of the AE signal of the coal body. The number of pores and
the pore size of the coal body in spontaneous combustion and heating is increasing, which
in turn leads to the continuous enhancement of the AE signal. Therefore, AE signals can be
used for monitoring and early warning of coal spontaneous combustion.

5. Conclusions

1.  With the increase in time and temperature, the count and energy of AE continue to
increase, and the maximum count and maximum energy of AE continue to increase.
The cumulative count of AE and the cumulative energy of AE continue to increase;
it shows that the integrity of coal samples is destroyed during the heating process,
the pore structure is constantly complex, the number of pores is increasing, the
thermal damage rupture is increasing, and the AE signal released by the coal body is
continuously enhanced.

2. The probability of the occurrence of high-frequency main frequency AE signals in-
creases with the increase in temperature. The average frequency of the main frequency
also increases. The main frequency of the acoustic transmission signal and its aver-
age frequency show a positive correlation with temperature; it shows that with the
increase in temperature, the thermal damage of the coal body increases, and the AE
signal continues to increase.

3. During the spontaneous combustion heating process of the coal body, with the increase
of time and the increase of temperature, the fractal dimension of the low-temperature
nitrogen adsorption curve and the fractal dimension of the AE count appear to rise
first and then decline. It shows that due to the thermal expansion of the coal body in
the process of heating up, the growth of the number of pores in the coal body rises
first and then declines. The AE signal intensity of the coal body rises first and then
declines, and the AE signal from order to disorder, from disorder to order, shows an
increasing trend.

4. The law that the pore structure of the coal body is continuously generated and
gradually enhanced during the heating process of the coal body further illustrated
that the AE signal in the process of heating and heating of the coal body comes
from the generation of the pore structure. The number of pores in the spontaneous
combustion and heating process of the coal body continues to increase, and the
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complexity increases, which in turn leads to the continuous enhancement of the AE
signal. Therefore, the AE signal provides favorable conditions for monitoring and
early warning of coal spontaneous combustion.
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