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ABSTRACT: Prevention and control of coal spontaneous combustion are key to
coal mining and storage. Existing technologies for the detection of coal spontaneous
combustion have limitations, but coal spontaneous combustion creates some serious
disasters in areas of the world where coal mining and/or storage exists. New
technologies to detect coal spontaneous combustion are urgently needed to reduce
the loss of life and resources. The article reviews the main techniques employed to
detect coal spontaneous combustion and their advantages and disadvantages; it also
reviews the good application prospect of acoustic temperature measurement
technology on coal spontaneous combustion and introduces the basic principle of
acoustic coal temperature measurement. The evolution of combustion sound and
the propagation and attenuation of acoustic waves in quasi-porous media are
discussed to form the basis for the development of acoustic thermometry
technologies that can be used to accurately identify acoustic signals and temperature
fields in loose coal. The concept of “single-source” coal temperature measurement to “dual-source” coal temperature measurement
achieved by using combustion sound and an additional sound source device in the automatic combustion of loose coal in the mined
area is discussed. The deep learning methods and correlation analyses are available to map the relationships between combustion
sound, coal temperature, and sound velocity, and acquire coal temperature from dual source composite acoustic signals. The study
lays the foundation for the development of acoustic thermometry technologies that have applications in different stages of
combustion and applied to the early warning, prevention, and control of spontaneous combustion in coal, and it contributes to
improving the environmental safety and efficiency of coal mining and storage.

1. INTRODUCTION
Coal is a primary energy source. Many research studies focus on
the safe mining and storage of coal around the world. Coal
spontaneous combustion creates some serious disasters
associated with coal mining and storage. It is the process in
which the coal body with the tendency of spontaneous
combustion, when it meets the oxygen in the air, carries out
oxidation to produce more heat than the heat dissipated to the
surrounding environment, and heat gathering occurs so that the
coal temperature rises to the ignition point and catches fire
(Figure 1).1−5 In the latent period of coal combustion, the main
influencing parameters are water content, oxygen concentration,
and the degree of coal deterioration, etc.6 The location of the fire
is often hidden, so the present technology is difficult to identify
and control the fire. In the later stages, the high heat generation
rate results in the heating of large portions of the coal, and the
likelihood of controlling the fire decreases exponentially.
Spontaneously combusting coal in restricted spaces such as
mines and coal bunkers oxidizes at low oxygen levels and
reignites readily; high temperature areas are highly mobile and
difficult to detect. The detection, prevention, and control of
areas of high temperature in spontaneously combusting coal are
common problems in areas of the world where coal mining and/

or storage exists (Figure 2).7−15 Therefore, accurate and early
detection of spontaneous combustion is the key to efficient
control of associated fires.16−19

At present, areas of coal spontaneous combustion high
temperature are mainly detected using fiber optic pyrometers,
isotope radon measurement, resistivity probes, geological radars,
and electromagnetic and other techniques. Qiang et al.20 and
Huang et al.21 studied coal-related fires on a global scale and
concluded that fiber optic pyrometry can be used effectively to
monitor the temperature and determine the extent of the some
coals spontaneous combustion. For isotope radon measure-
ment, Ribeiro et al.,22 Cheng et al.,23 and Xu et al.24 studied the
complex coalfield fire zone in close coal seams and reported that
the exact location of spontaneous combustion in coalfields can
be precisely determined. Shao et al.,25 Hui et al.,26 and Wang et
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al.27 investigated coal samples under load and the mechanism of
spontaneous combustion; they concluded that a change in
resistivity accurately reflects the temperature change during
spontaneous combustion. Du et al.28 and Ma et al.29 studied the
high temperature areas in spontaneously combusting coal and
reported that geo-radars can be used effectively to determine the
central location of underground fires and combustion diffusion.
Kong et al.30,31 studied the changes in the electromagnetic
spectrum with temperature during coal spontaneous combus-
tion; they concluded that the high frequency and high amplitude
electromagnetic signals can indicate the level of combustion and
can be used to improve the accuracy of combustion detection.

Existing techniques for detecting high temperature points of
spontaneous coal combustion have, for the most part, solved the
problem of defining the extent of the fire zone; however, it
remains difficult to obtain rapid measurements of coal
temperature in mines, coal piles, coal bunkers, and other
restricted spaces because of the complexities of these environ-
ments, bottlenecks in technology, and other factors.32 A new
coal fire detection technology is urgently needed to address this

problem that is common in areas of the world where coal mining
and/or storage exists.33−36 In recent years, acoustic thermom-
etry has been widely used in grain storage spaces, the
atmosphere, and high-temperature industrial furnaces. The
speed of sound in the propagation medium is the first function of
the absolute temperature of the medium. The temperature field
of a gas medium can be determined from the speed of the sound
waves propagating through the medium. Measurements have
high accuracy, cover a wide range of temperatures, can be made
over large areas, do not require direct contact with the target,
and are real time and continuous.37−41 The mechanical
properties, porosity, and other characteristics of loose coal in
mines and bunkers are similar to those of stored grain; the loose
coal is a porous medium formed by the free accumulation of coal
bodies, which consists of two parts: coal blocks and voids.4,5

Therefore, acoustic coal temperature measurement is expected
to solve the problem of accurate detection in coal temperature of
hidden fire sources from coal mining areas, provide the
necessary conditions and theoretical basis for the development
of coal spontaneous combustion detection technology, and

Figure 1. Development of coal spontaneous combustion.2,3 Adapted with permission from ref 2, Copyright 2014, International Journal of Coal
Geology; Adapted with permission from ref 3, Copyright 2011, International Journal of Coal Geology.

Figure 2. Global distribution of major coal fires.9 Adapted with permission from ref 9, Copyright 2015, International Journal of Coal Geology.
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realize the fine division in coal spontaneous combustion stages
and the accurate prevention of control in coal mining areas as
well as coal piles in coal bunkers, which is of great practical
significance to the green, safe, and efficient coal mining in the
world.

The author makes use of the idea of acoustic detection of the
temperature field of the coal body in the mining area and coal
pile bunker, constructs the mapping relationship between
acoustic information and temperature field of the loose coal
body, reveals the acoustic perception mechanism of the
temperature field, and innovates the acoustic temperature
sensing theory of the loose coal body. Reconstruction of the
temperature fields in loose coal using experiments and numerical
simulations contribute to our understanding of the character-
istics of acoustic signals at the different stages of combustion.
Development of noncontact technologies to detect high
temperature areas in coal mines, piles, and bunkers contributes
to the prevention and control of spontaneous combustion.

2. TECHNOLOGIES FOR THE MEASUREMENT OF
COAL TEMPERATURE
2.1. Types of Temperature Measurement Technolo-

gies. In general, according to the criterion of contact between
the measuring device and the object to be measured, the
temperature measurement methods can be divided into two
main categories: contact and noncontact temperature measure-
ment methods.

The above contact temperature measurement is a direct
contact between the sensor and the object to be measured, as
well as a sufficient heat exchange between the two, and finally
reaches the thermal equilibrium state, so that the temperature
measurement can be achieved.42,43 Common temperature
testing methods include thermocouples,44 thermal resistors,45,46

and fiber optic pyrometers.47−49 Direct contact technologies are
simple, intuitive, and easy to use, and were the first ones to be
developed. However, measurement errors are introduced by the
direct contact between the sensor and the coal and by ambient
temperature, as reaching thermal equilibrium takes time. As a
result, real-time measurements cannot be made using these
technologies, as sensors are in contact with harsh environments
that are highly corrosive or at high temperature and pressure,
sensor performance, and lifetime that are affected to varying
degrees. As a result, there are measurement errors and potential
maintenance work, and economic costs are high. Noncontact
technologies acquire real-time temperature measurement by
measuring temperature-related physical or chemical parameters
and do not have the shortcomings of direct contact technologies.
The noncontact temperature measurement method has less
thermal inertia and better real-time performance, which is
conducive to measuring the temperature situation of dynam-
ically changing objects. Common temperature testing methods
include infrared thermometers,50,51 optical pyrometers,52,53 and
acoustic36−40,54 and other methods.

Acoustic temperature measurements are an emerging
technology in recent years. On the one hand, it can adapt to
various harsh environments, including those that are highly
corrosive, dusty, or at high temperatures, and on the other hand,
it also has the advantages of continuous measurement of the
measured object, high accuracy, wide range, and remote control.
In coal mining areas or coal bunkers, the use of characteristics
such as porous media of loose coal bodies and existing acoustic
temperature measurement technology is expected to solve the
problem of accurate detection of the temperature of hidden fire

sources, which can provide new ideas and new methods for the
perfection of coal spontaneous combustion detection technol-
ogy.
2.2. Technologies for the Detection of Coal Sponta-

neous Combustion. Self-ignition of loose coal is an oxidative
exothermic process, which releases large amounts of heat and gas
and results in abnormal values in temperature, resistivity,
magnetism, concentrations of radioactive radon and other gases,
and other parameters in the overlying coal seam in the loosely
packed coals; the parameter anomalies are used to obtain the
temperature of coal spontaneous combustion region by using
the correspondence between the variation pattern of these
parameters and the temperature.55 In recent years, coal
spontaneous combustion detection techniques such as resistivity
and remote sensing have been used to measure temperature and
detect fires in coal mines (Table 1).56−59

Table 1 summarizes the advantages and disadvantages of
various detection methods, and methods vary in their accuracy.
Because of various complex factors, it remains difficult to obtain
real-time measurements of temperature and guide fire rescue
teams. However, unlike the methods described in Table 1,
acoustic thermometry has the advantages of high accuracy, ease
of use, and real-time data acquisition. Given the research and
application of acoustic temperature measurement techniques on
propagation laws, it provides the necessary conditions and
theoretical basis for the research of acoustics in the field of coal
spontaneous combustion detection in coal mining areas.

3. FIRE DETECTION USING ACOUSTIC
THERMOMETRY

The spontaneous combustion of loose coal creates a solid−gas
mixture in which the temperature field and gaseous products
change continuously, which makes it difficult to obtain accurate
measurements of spontaneously combusted coal.60 In view of
the basic principle of acoustic temperature sensing, the
propagation decay rule of acoustic characteristics in the
temperature field of spatial and temporal evolution, this paper
uses the relevant theories and research in the fields of coal
spontaneous combustion theory, acoustic theory, heat transfer
and digital signals, etc., in order to develop an outlook on the
evolution of combustion sound characteristics in the process of
spontaneous combustion for loose coal bodies, the current
status of “single source” and “dual source” acoustic temperature
sensing technology for hidden fire sources. “Single-source”
acoustic thermometry is a method that accepts only one acoustic
signal source, the acoustic signal from combustion sound or an
external acoustic emission device. The “Dual source” acoustic
thermometry method accepts an acoustic signal generated by
two independent sources; an external acoustic emission signal
and a combustion signal combined into a new composite
acoustic signal are accepted.
3.1. Principles of Acoustic Thermometry. The principle

of acoustic temperature sensing mechanism is based on
multipath time-of-flight (TOF) to solve the multidimensional
temperature field distribution. Following the acquisition of the
TOF and the discretization of the temperature field for each
path, an algebraic equation representing the relationship
between temperature and TOF in the discrete grid is established,
transforming the temperature field reconstruction problem into
a problem of solving a system of equations.61,62 The propagation
velocity of sound waves in a gas medium is a function of the gas
temperature. Assuming that gas composition and content are
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known, the relationship between the propagation velocity of
sound waves and the temperature is as follows:63−68

v
RT
m

Z T= =
(1)

where v is the speed of acoustic wave propagation inm/s; γ is the
ratio of constant pressure specific heat capacity to constant
volume specific heat capacity of the gas medium and is related to
gas composition; R is the gas constant, which is 8.314 J/(mol·
K); T is the thermodynamic temperature in K; m is the
molecular weight of the gas in kg/mol; and Z is derived as
follows:68

Z
R

m
=

(2)

where Z is a constant Z of 20.03 for the given gas. Kong et al.69

used a constant Z of 19.98 for the flue gas.
Assuming that there are M paths in the acoustic thermometry

system and N cells in the temperature field, then yi, which is the
TOF of the wave in the ith acoustic range, can be derived as
follows:

y
v x y z

l n f x y z l n1
( , , )

d ( , , ) di L j
i

L j i
i i

= + = +
(3)

where Li is the ith acoustic ray transmission path; (x,y,z) is the
position of the pixel; vj(x,y,z) is the speed of sound of the jth
pixel; f j(x,y,z) is the reciprocal of the speed of the jth pixel; and ni
is the measurement noise. A system of equations is obtained
after each measurement cycle. Equation 3 can be expressed by
the following matrix equation:

C AF n= + (4)

where A ∈ RM×N denotes the length of the line segment cut out
of the jth pixel by the ith ray C; C∈RM is the measured TOF
vector; F ∈ RN denotes the spatial state factor, which is the
reciprocal of the velocity; M represents the total number of
independent TOF measurements in the entire temperature
field; N is the number of cells in the reconstructed spatial
division; and n ∈ RM denotes the noise vector in the TOF
measurements of the temperature field. Equation 4 is used to
derive F, and temperature T(x,y,z) can be obtained as follows:

T x y z
F x y z Z

( , , )
1

( , , )2 2=
(5)

Based on the above basic formula, the least-squares method
(LSM) is generally used to reconstruct the temperature field, the
reconstructed field is useful for data visualization, but resolution
is low at the edges. Liu et al.70 and Ziemann et al.71 improved the
iterative reconstruction algorithm and developed the simulta-
neous iterative reconstruction technique (SIRT). The SIRT has
improved convergence and stability but requires time-
consuming iterative steps.

Shen et al.72 and Jia et al.73 reconstructed several classical
temperature distribution models using multiple quadratic (MQ)
radial basis function interpolation combined with LSM (LSM-
MQ) and Markov radial basis function interpolation combined
with LSM (LSM-MK), but the number of sub-blocks needs to be
smaller than the number of ultrasonic propagation paths. To
improve accuracy, Liu et al.74 proposed an optimization
algorithm called two-phase reconstruction method based on
radial basis function approximation (RBFA). It could avoid the
inversion process during the reconstruction and compensate forT

ab
le
1.
Se
le
ct
ed

T
ec
hn

iq
ue
s
U
se
d
fo
r
th
e
D
et
ec
tio

n
of

C
oa
lS
po

nt
an
eo
us

C
om

bu
st
io
n

cl
as

sifi
ca

tio
n

m
et

ho
d

br
ie

fd
es

cr
ip

tio
n

ad
va

nt
ag

es
di

sa
dv

an
ta

ge
s

U
nd

er
gr

ou
nd

M
ag

ne
tic

te
ch

ni
-

qu
es

29
,3

0,
41

An
al

og
ou

st
o

th
e

re
sis

tiv
ity

m
et

ho
d,

th
e

sp
at

ia
ld

ist
rib

ut
io

n
of

su
bs

ur
fa

ce
fir

e
zo

ne
sc

an
be

id
en

tifi
ed

by
ob

se
rv

in
g

ch
an

ge
s

in
th

e
m

ag
ne

tic
fie

ld
at

th
e

su
rfa

ce

H
ig

h
pr

ec
isi

on
;l

ar
ge

de
te

ct
io

n
de

pt
h,

ad
ju

st
ab

le
to

di
ffe

re
nt

de
te

ct
io

n
sc

al
es

T
im

e-
co

ns
um

in
g

(g
ro

un
d-

ba
se

d
m

ea
su

re
m

en
ts

);
ex

pe
ns

iv
e

(a
irb

or
ne

su
rv

ey
s)

;l
ow

se
ns

iti
vi

ty
to

co
al

sp
on

ta
ne

ou
sc

om
bu

st
io

n
ph

as
e;

su
sc

ep
tib

le
to

in
te

rfe
re

nc
e

fro
m

ex
te

rn
al

m
ag

ne
tic

sig
na

ls
Se

lf-
po

te
nt

ia
lm

et
h-

od
55

,5
6

An
al

yz
e

th
e

po
te

nt
ia

ld
iff

er
en

ce
in

th
e

co
al

se
am

en
ve

lo
pe

to
de

du
ce

th
e

lo
ca

tio
n

an
d

m
ag

ni
tu

de
of

th
e

ra
ng

e
of

co
al

sp
on

ta
ne

ou
s

co
m

bu
st

io
n

Le
ss

co
st

-e
ffe

ct
iv

e;
hi

gh
er

ac
cu

ra
cy

;i
de

n-
tifi

ca
tio

n
of

ac
tiv

e
co

al
sp

on
ta

ne
ou

s
co

m
bu

st
io

n
is

ea
sy

T
im

e-
co

ns
um

in
g;

de
te

ct
io

n
ra

ng
e

is
lim

ite
d;

fra
gi

le
to

ot
he

rc
ur

re
nt

s

Re
sis

tiv
ity

m
et

h-
od

25
,5

6,
57

Lo
ca

tio
n

of
co

al
sp

on
ta

ne
ou

sc
om

bu
st

io
n

is
de

du
ce

d
fro

m
th

e
an

om
al

ou
s

re
sis

tiv
ity

th
at

ap
pe

ar
si

n
th

e
co

al
se

am
en

ve
lo

pe
Lo

w
co

st
-e

ffe
ct

iv
en

es
s;

hi
gh

ac
cu

ra
cy

W
as

te
of

tim
e;

in
ab

ili
ty

to
de

lin
ea

te
th

e
ar

ea
of

sp
on

ta
ne

ou
sc

oa
lc

om
bu

st
io

n;
lia

bl
e

to
th

e
in

flu
en

ce
of

na
tu

ra
lf

ac
to

rs
su

ch
as

to
po

gr
ap

hy
G

ro
un

d
Su

rfa
ce

te
m

pe
ra

tu
re

m
ea

su
re

m
en

ts
33

,3
4

M
ea

su
re

d
th

e
te

m
pe

ra
tu

re
of

th
e

gr
ou

nd
su

rfa
ce

an
d

de
du

ce
d

th
e

sp
ec

ifi
c

lo
ca

tio
n

of
co

al
sp

on
ta

ne
ou

sc
om

bu
st

io
n

Lo
w

pr
ic

e;
sim

pl
e

fo
ro

pe
ra

tio
n

T
im

es
av

in
g;

re
su

lts
ar

e
le

ss
ac

cu
ra

te
an

d
m

or
e

in
flu

en
ce

d
by

th
e

te
rr

ai
n

Is
ot

op
ic

ra
do

n
th

er
-

m
om

et
ry

22
,2

3
U

se
th

ec
or

re
la

tio
n

be
tw

ee
n

ra
do

n
ga

sc
on

ce
nt

ra
tio

n
an

d
te

m
pe

ra
tu

re
to

de
te

rm
in

e
th

e
ra

ng
e

an
d

de
pt

h
of

de
te

ct
in

g
co

al
sp

on
ta

ne
ou

s
co

m
bu

st
io

n

H
ig

h
re

so
lu

tio
n;

su
ita

bl
e

fo
rd

iff
er

en
t

de
te

ct
io

n
sc

al
es

H
ig

h
co

st
-e

ffe
ct

iv
en

es
s;

se
ns

iti
ve

to
so

il
m

oi
st

ur
e,

ge
ol

og
ic

al
st

ru
ct

ur
e

an
d

to
ps

oi
l

th
ic

kn
es

s

Sp
ac

eb
or

ne
Sp

ac
eb

or
ne

m
ul

ti-
sp

ec
tr

al
re

m
ot

e
se

ns
in

g27
,5

8

U
sin

g
sa

te
lli

te
an

d
ca

rr
ie

rm
ul

tis
pe

ct
ra

lr
em

ot
e

se
ns

in
g

to
de

te
rm

in
e

th
e

lo
ca

tio
n

an
d

ex
te

nt
of

co
al

sp
on

ta
ne

ou
sc

om
bu

st
io

n
W

id
e

de
te

ct
io

n
ra

ng
e;

re
al

-ti
m

e
m

on
ito

r-
in

g
av

ai
la

bl
e

hi
gh

co
st

s;
pr

ol
on

ge
d

tim
e

co
ns

um
pt

io
n;

w
ea

th
er

an
d

ot
he

rn
at

ur
al

fa
ct

or
s

H
ig

h
sp

at
ia

lr
es

ol
u-

tio
n

re
m

ot
e

se
ns

-
in

g28
,5

9

In
st

al
le

d
on

bo
ar

d
sa

te
lli

te
sw

ith
ra

da
rs

en
so

rs
fo

re
ar

ly
pr

ed
ic

tio
n

an
d

ra
ng

e
es

tim
at

io
n

of
co

al
fie

ld
fir

es
T

im
e-

sa
vi

ng
;w

id
es

pr
ea

d
co

ve
ra

ge
fo

r
m

on
ito

rin
g

N
o

pr
ec

isi
on

;e
xp

en
siv

e

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c00199
ACS Omega 2023, 8, 16519−16531

16522

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the loss of temperature information at the edge of the
measurement area by LSM.75 Inverse quadratic (IQ) functions
are global radial basis functions that take many forms provided
that there is little variation in the shape parameters. They are
commonly used to solve convection−diffusion problems, which
can be used to reconstruct the temperature field; results have
high accuracy, but the process involves matrix inversion.76,77

Singular value decomposition (SVD) is an algorithm commonly
used in machine learning.78 It can be used for feature
decomposition in dimensionality reduction algorithms. Inverse
quadratic functions can be used to fit sparse data with high
accuracy, and SVD can be used to solve the matrix. Zhao et al.79

combined IQ with SVD to solve the problem of matrix inversion
in the reconstruction of the temperature field. They used a
Gaussian distribution to model combustion noise during boiler
operation and found that reconstruction results are strongly
influenced by combustion noise. The different algorithms
mentioned above all have their own limitations, but they will
provide a basic theoretical and technical reference for the
acoustic method to detect coal temperature, in order to
construct a temperature field reconstruction technique suitable
for acoustic coal temperature measurements and finally solve the
problem of accurate coal temperature identification in the
mining area.

Acoustic thermometry can be used to determine heat balance,
combustion efficiency, energy consumption, and carbon
emissions, and the temperature field can be reconstructed by
optimizing the effective flight paths at a later stage. In the
dynamic and evolutionary process of spontaneous combustion,
it is necessary to acquire data on various acoustic signals,

temperature, gas concentrations, and other parameters during
the different stages of combustion. Figure 3 shows the principles
of a coal acoustic thermometry system. The system includes a
container in which spontaneous combustion takes place, an
acoustic system, temperature field reconstruction, and other
technologies. Study involves the propagation characteristics of
acoustic waves in loose coal bodies with different temperatures
and gas concentrations, followed by the establishment of
suitable reconstruction methods based on the above different
temperature field reconstruction algorithms, which can
intuitively reflect the temperature changes at the site and realize
the fine delineation and precise prevention and control of the
coal spontaneous combustion stages in the mining area and coal
piles and bunkers.
3.2. Single Source Acoustic Thermometry to Detect

Fires in Loose Coal. Combustion or a sound emission device
can be the sound source for single source acoustic thermometry.
This paper investigates these two aspects based on the
propagation characteristics of acoustic waves.

3.2.1. Characteristics of Combustion Sound from the
Spontaneous Combustion of Loose Coal. In terms of the
propagation characteristics of the sound waves to be measured
that are emitted inside the area to be measured, the combustion
sound is generated by the low frequency vibrations in the
surrounding air medium excited upon molecular collisions from
inside the heated object.80 Combustion sound has the
characteristics of sound waves, follows the propagation of
sound waves, and has a large penetration depth and propagation
distance.81,82 Acoustic receivers can be used to distinguish
combustion sound from other infrasonic waves in the environ-

Figure 3. Principles of a coal acoustic thermometry system.
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ment and identify the combustion sound produced by loose coal
spontaneous combustion. Combining the principles of acoustics
with the mechanism of spontaneous combustion, a robust
theory can be elaborated to support the development of coal
acoustic thermometry technologies.

Jiang83 analyzed the mechanism of combustion sound
generation. Following this principle, the author found that
combustion sound can be approximated as a low-frequency
shock signal and proposed a method to detect coal fires at an
early stage. Infrasonic waves in the air surrounding the heated
object are detected, and combustion sound is identified. Rong et
al.84 used acoustic meters to measure the combustion sound,
and they derived the law of flame sound frequency, combined it
with the existing law of flame pulsation frequency, and discussed
some of the basic issues around pulsation and sound frequencies.
Song et al.85 proposed a sound generation mechanism for
underground coal seam combustion, developed a method to
characterize the infrasound emitted by spontaneously burning
coal to obtain frequency characteristics varying with the
material; combustion always generates infrasound. Therefore,
acoustic temperature measurement technology could be applied
to the detection and prevention of coalfield fires.

Figure 4 shows a system for the study of combustion sound in
spontaneously combusting coal. The system includes an
experimental device in which coal can be heated and
spontaneous combustion can occur; an acoustic transceiver on
the outside of the device records the sounds generated during
combustion; signal amplifiers, data collectors, and other
equipment are used for signal output and spectral analysis; the
evolution of the combustion sound from loose coal spontaneous
combustion is monitored and studied. Later, the experimental
platform of acoustic emission for the spontaneous combustion
in loose coal body is built, which can test and analyze the
characteristics of acoustic emission signal so as to study the
frequency change law of combustion sound signal in the stage
from low temperature oxidation self-ignition in coal to complete
combustion. Thereafter, the study should examine the evolution
of different parameters of combustion sound signals (for
example, frequency, amplitude of vibration, wave speed, and
phase) under different conditions (for example, coal rank,
temperature, particle size, and gas composition) to elucidate the

key mechanisms and relationships between combustion sound
and spontaneous combustion. In addition, the characteristics of
combustion sound, the form of coal samples, the temperature of
coal, gas composition, and other factors should be analyzed to
reveal the principle of combustion sound generated during the
fine division process in the spontaneous combustion for loose
coal bodies, and finally the combustion sound signal character-
istics of each stage change law should be launched to achieve the
purpose of acoustic measurement of coal temperature.

3.2.2. Acoustic Thermometry Using External Sound
Sources. Loose coal is usually regarded as a nonhomogeneous
medium. Its spontaneous combustion is a dynamic process of
changes in temperature and gas emissions.1−3,16−19 The mixed
solid−gas medium, the temperature field, and the gas emissions
change constantly during coal combustion. The use of an
external acoustic source signal device, combined with the
distortion characteristics in the porous medium when the
acoustic wave propagates within the distortion characteristics
and attenuation law, provides a theoretical basis for the fine
delineation of coal spontaneous combustion in the mining area
acoustic temperature sensing technology.

An additional acoustic emission device during spontaneous
combustion of loose coal bodies, the main use of acoustic signal
propagation characteristics parameters and influencing factors,
reveals phenomena such as the zigzagging of acoustic signals
through the interstices in porous media. For example, Li et al.86

reported that effective porosity and microporosity are strongly
and positively correlated with pore maturity and negatively
correlated with coal rank and acoustic wave velocity; the
acoustic wave velocity is also susceptible to other factors such as
the state and proportion of various substances in the coal; coal is
a porous medium with a complex pore structure, which directly
affects the spatial arrangement and acoustic wave velocity of the
sample. Othmani et al.87 treated the air gap as a rigid cylindrical
tube and studied the effect of particle size, density, and stacking
density on the propagation of acoustic waves through porous
media. The greater the particle size, and the smaller the
cylindrical tube density and stacking density. It is conducive to
the propagation of sound waves within the porous medium.
Loose coal is a mixed solid−gas medium and is often regarded as
a porous medium in research studies. Yin et al.88 and Gao et al.89

Figure 4. System for the study of the evolution of combustion sound from the spontaneous combustion of loose coal.
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found that the correlation between acoustic sequences suddenly
decreased before rock damage and predicted rock destabiliza-
tion under load. Lai et al.90 and Li et al.91 combined an infrared
thermal imaging camera monitoring system with an acoustic
emission system to study the evolution of the acoustic spectrum
and distribution during the fracturing of coal rock. Sun et al.92

analyzed the stability of hard rock columns between very steep
and thick coal seams during four stages of a mining operation.
They concluded that the thermal effects of the acoustic emission
tests and infrared radiography can be used to characterize the
physical properties of rock under high stress; in the later stages of
the operation, the number of acoustic emissions increased, and
energy was also released. In this paper, the aspects of acoustic
emission signal propagation law associated with coal rock and
the porous medium characteristics of the applied acoustic source
signal device with loose coal body are studied, mainly using
acoustic emission experiments to investigate the characteristic
parameters and influencing factors of acoustic wave propagation
within the coal rock body. These will provide theoretical and
technical support for the acoustic method to detect coal
temperature, developing a new method of detecting hidden fires

in coal mines, in order to solve the problem of accurate
identification of coal temperature in mining areas.

Figure 5 shows a system for the study of the propagation of
acoustic signals in loose coal using an external sound emission
device. It is used to determine the relationship between the
speed of sound and the temperature of the medium and can form
the basis for the development of coal acoustic thermometry
technologies. The acoustic propagation model of loose coal
body is constructed by applying acoustics and Biot’s theory,
combining with the Fermat principle to analyze the bending
effect of a nonhomogeneous temperature field acoustic
trajectory. It is proposed to study the main paths and equivalent
path methods of acoustic propagation in the coal body, to
construct the conversion relationship between sound velocity in
air and the loose coal body, and to theoretically analyze the
influence of temperature, particle size, pore morphology, gas
composition, sound frequency, and other factors on them. At a
later stage, combined with the research results of coal
spontaneous combustion at the present stage, the experimental
treatment uses the least-squares method to realize the grid, while
constructing the multifactor relationship between temperature,

Figure 5. System for the study of the propagation of acoustic signals in loose coal using an external sound emission device.

Figure 6. Principles of dual source acoustic thermometry to detect hidden fire sources in loose coal in mines.
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gas composition, pore morphology, and sound velocity within
the grid cell as a function; using MATLAB, sound velocity decay
is simulated; the bending path of sound lines is simulated under
the action from the temperature field, gas concentration field,
and other factors; the experimental data are combined to modify
the model of sound velocity-coal temperature function in loose
coal; MATLAB simulation is used to optimize the algorithm to
verify its construction; the dynamic response characteristics of
acoustic signal versus coal temperature in porous medium are
revealed. Finally, the correspondence principle between the fine
division in each stage and the characteristic parameters for the
acoustic signal is explained in the spontaneous combustion from
the loose coal body in the mining area.

4. DUAL SOURCE ACOUSTIC THERMOMETRY TO
DETECT FIRES IN LOOSE COAL
4.1. Dual Source Acoustic Thermometry. In the

condition of an external sound source, the coal body
spontaneous combustion itself to produce combustion sound
can constitute the loose coal body hidden fire source “dual
source” acoustic temperature sensing technology. Its technical
research process is shown in Figure 6. Then, the research will
focus on the characteristics of the acoustic signals, generation of
combustion sound, evolution of the combustion process, and
attenuation and propagation of the dual source composite
acoustic signal in loose coal with increasing temperature. The
experimental device will also be built to test the sensitivity of the
system to coal temperatures and contribute toward the detection
of hidden fire sources in coal.

Signal processing is an important part of dual source
thermometry. Traditional signal analysis and processing
techniques: with the acoustic signal from the time domain
signal through the Fourier transform to the frequency domain,
the signal waveform is described as a variable as frequency,

reflecting the frequency and frequency domain of the signal.
Prajna et al.93 used a harmonic regenerative noise reduction
(HRNR)-based Wiener filter to detect acoustic emission (AE)
signals from noisy environments, and the HRNR technique can
regenerate harmonics, overcome distortions that occur with
overestimation of the conventional Wiener filter, and preserve
the essential signal content of AE signals. Liang et al.94 used
wavelet transforms to amplify local characteristics in the time
and frequency domains and found that processed signals can
accurately reflect the frequency components of the original
acoustic signals, the noise was eliminated effectively, but there
are limitations to the application of wavelet and Fourier
transforms to certain nonstationary and nonlinear signals.

Bao et al.95 proposed a phase demodulation algorithm based
on the Hilbert transform and constructed a new fiber optic
distributed acoustic wave measurement system. The new
algorithm could be used to correctly and stably demodulate
the amplitude, frequency, and position of the applied sinusoidal
signal and obtain accurate measurements of distributed
vibration signals. Wei et al.96 proposed a signal processing
technique that combines traditional spectral subtraction with
the Wiener filter. The transmission function of the Wiener filter
was obtained from the signal-to-noise ratio; the snoring signal
after spectral subtraction will further reduce the noise after
passing through this filter, which performs well in sleep snoring
noise processing applications. Acoustic signal recognition and
processing technology are beginning to be developed in terms of
theoretical fundamental research, which indicates the feasibility
of acoustic thermometry has been proven, but there is as yet no
report on the application of acoustic thermometry to loose
coal.97,98 In this paper, experimental tests on the acoustic
emission of loose coal bodies are carried out at a later stage, and
then the acoustic propagation characteristics of the composite
effect between the burning sound and the applied acoustic waves
in the process of coal spontaneous combustion are studied, and

Figure 7. System for the study of the relationship between dual source composite acoustic signals and coal temperature.
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the evolution characteristics for the key parameters of the
superimposed acoustic waves are analyzed, in order to
investigate the mutual disturbance law of the “dual-source”
composite acoustic waves; the proposed acoustic wave
decomposition filtering algorithm will be used to study the
clutter filtering rules in combustion sound and background
noise, to construct the spectral separation method between
combustion sound and applied acoustic wave. Using Biot’s
theory and numerical simulations, the attenuation and
propagation of externally applied acoustic waves in loose coal
are studied, and the influence of coal properties, porosity, and
other characteristics on key parameters of acoustic waves (for
example, signal distortion, propagation distance, and TOF) is
examined to contribute toward the development of acoustic
thermometry technologies for the detection of the different
stages of the loose coal spontaneous combustion.

In general, like all combustion processes, spontaneous
combustion of coal generates sound, and the combustion
sound can be used to detect combustion but also interferes with
acoustic thermometry that uses external sound sources. On the
basis of the evolution law of combustion sound in coal
spontaneous combustion, the evolution characteristics of it
with coal temperature are analyzed at a later stage, and then the
evolution law of its characteristic parameters such as frequency,
type, phase, and sound intensity are studied by the deep learning

methods such as PSO particle swarm optimization, to extract the
temperature change information for the accurate identification
of combustion sound signals in each stage in loose coal
spontaneous combustion. The mapping relationship between
parameter of evolution and coal temperature functional is
proposed to be constructed. The basic principle of temperature
measurement is applied by the sound source, and the
propagation speed of acoustic wave is affected by temperature
and medium, and the experiments of adding acoustic wave to the
loose coal body are carried out. The distortion characteristics of
the acoustic signal and the trajectory law of the acoustic line
when the acoustic wave propagates in the warmed loose coal
body are analyzed. MALAB numerical simulation software is
used to calculate the change of acoustic velocity in the warmed
loose coal body and establish the mapping relationship between
coal temperature and acoustic velocity. Deep learning methods
and correlation analyses can be used to map the relationship
between coal temperature and sound velocity. Figure 7 shows a
system for the study of the relationships between coal
temperature, combustion sound, and sound velocity for dual
source composite acoustic signals. The application of single and
dual source acoustic thermometry to identify hidden fires in
loose coal in mines expands the field of application of acoustic
thermometry. Accurate detection of spontaneous combustion

Figure 8. Dual source composite acoustic signals that correspond to different stages of the spontaneous combustion of loose coal.
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contributes to improving the environmental safety and efficiency
of coal mining and storage.
4.2. Mapping Acoustic Signal Characteristics to the

Stages of Spontaneous Combustion. Combustion sound is
nonlinear and nonsmooth, embedded in the background noise
of the environment, and can be approximated as an impact
signal. As the combustion process proceeds, the energy of the
combustion sound is significantly higher than the background
noise energy. Based on this principle, the experiments can
separate and filter the combustion sound and noise signal, and
get the evolution rules of combustion sound with coal
temperature. The propagation of the applied acoustic wave is
mainly affected by the temperature, gas conditions, particle size,
and so on, in the loose coal body, using the applied acoustic wave
devices emitting different frequencies to reduce the influence of
these factors on what it can, and then getting the evolution law of
the applied acoustic wave signal with coal temperature. Under
the same experimental conditions, the experiments use the
applied sound waves to measure the temperature in the loose
coal body, due to the existence of combustion sound in the coal
body and the superposition of the applied sound waves, forming
a “dual source” composite sound waves, acoustic processing of
them, and finally getting the “dual source” composite sound
wave propagation with the evolution of the coal temperature law
in the loose coal body. The acoustic signal superposition
technique can be used, and the experimentally obtained
combustion sound and the applied acoustic signal are
constructed into a new composite acoustic wave, while the gas
concentration is detected by gas chromatography and compared
with the acoustic signal of the “dual-source” composite acoustic
wave in the loose coal body. Finally the correspondence between
the precise stages of coal spontaneous combustion and the
acoustic signal characteristics of different stages is found. Figure
8 illustrates the mapping of acoustic signal characteristics to the
stages of coal spontaneous combustion using experiments with
combustion sound and externally applied acoustic signals. In the
future, the mentioned device will need to be improved by adding
materials such as sound and heat insulation so that the effect of
echoes on the experiment can be reduced. The new composite
acoustic wave can be used to accurately detect hidden fire
sources in coal mines, piles, and silos, and support the
development of new technologies and equipment for the
prevention and control of coal spontaneous combustion.

5. CONCLUSIONS

(1) The combustion sound of loose coal spontaneous
combustion in the mining area has an important
relationship with a series of influencing factors such as
the degree of coal metamorphosis, coal temperature, void
characteristics, and gas conditions. However, it will be the
development trend in acoustic coal temperatures
measurement to make a corresponding relationship
model based on these conditions with the acoustic signals.

(2) Combustion sound and externally applied sounds can
combine to form a dual source composite acoustic wave.
The effects of superposition and mutual interference of
the source waves on the waveform and characteristics of
the composite wave are unclear. The use of dual source
acoustic thermometry is limited by our ability to separate
the composite wave spectrum and understand the effects
of coal properties and gas composition. Biot theory and
acoustic principles combined with numerical simulation

in order to study the attenuation rules of the applied
sound source in loose coal and coal temperature mapping
relationship are another development trend of acoustic
coal temperature measurement.

(3) In the acoustic signal processing, the mapping response
relationship between single-source and dual-source
acoustic waves and coal temperature in coal spontaneous
combustion is not clear, and so on. The evolutionary
relationship between multiple factors such as correlation
analysis combustion sound and applied acoustic waves,
coal sample, coal temperature, and gaseous product
composition is used to derive an algorithm applicable to
the analysis of acoustic signals in spontaneous combus-
tion of loose coal bodies; knowledge of acoustic signal
characteristics at the different stages of combustion could
be employed to prevent and control spontaneous
combustion. Accurate detection of spontaneous combus-
tion contributes to the environmental safety and efficiency
of coal mining and storage.

■ AUTHOR INFORMATION
Corresponding Authors

Haoyu Shang − College of Safety Science and Engineering, Xi’an
University of Science and Technology, Xi’an 710054, China;
Key Laboratory of Western Mine and Hazard Prevention,
Ministry of Education of China, Xi’an 710054, China;
Email: 21220226114@stu.xust.edu.cn

Guobin Cai − College of Safety Science and Engineering, Xi’an
University of Science and Technology, Xi’an 710054, China;
Key Laboratory of Western Mine and Hazard Prevention,
Ministry of Education of China, Xi’an 710054, China;

orcid.org/0000-0002-9558-9043;
Email: 19220214086@stu.xust.edu.cn

Authors
Jun Guo − College of Safety Science and Engineering, Xi’an
University of Science and Technology, Xi’an 710054, China;
Key Laboratory of Western Mine and Hazard Prevention,
Ministry of Education of China, Xi’an 710054, China

Yongfei Jin − College of Safety Science and Engineering, Xi’an
University of Science and Technology, Xi’an 710054, China;
Key Laboratory of Western Mine and Hazard Prevention,
Ministry of Education of China, Xi’an 710054, China

Kaixuan Wang − College of Safety Science and Engineering,
Xi’an University of Science and Technology, Xi’an 710054,
China; Key Laboratory of Western Mine and Hazard
Prevention, Ministry of Education of China, Xi’an 710054,
China

Shuai Li − College of Safety Science and Engineering, Xi’an
University of Science and Technology, Xi’an 710054, China;
Key Laboratory of Western Mine and Hazard Prevention,
Ministry of Education of China, Xi’an 710054, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c00199

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by National Natural Science
Fundation of China (grant numbers 52004209 and

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c00199
ACS Omega 2023, 8, 16519−16531

16528

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoyu+Shang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:21220226114@stu.xust.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guobin+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9558-9043
https://orcid.org/0000-0002-9558-9043
mailto:19220214086@stu.xust.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongfei+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaixuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00199?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


52174198); Shaanxi Qin Chuangyuan “Scientist + Engineer”
Team Construction Project Grant numbers: 2022KXJ-166.

■ REFERENCES
(1) Zhang, D.; Yang, X. S.; Deng, J.; Wen, H.; Xiao, Y.; Jia, H. Research

on coal spontaneous combustion period based on pure oxygen
adiabatic oxidation experiment. Fuel 2021, 288, 119651.
(2) Song, Z. Y.; Kuenzer, C. Coal fires in China over the last decade: A

comprehensive review. International Journal of Coal Geology. 2014, 133,
72−99.
(3) Ide, T. S.; Crook, N.; Orr, F. M. Magnetometer measurements to

characterize a subsurface coal fire. International Journal of Coal Geology.
2011, 87 (3), 190−196.
(4) Ren, S.-J.; Ma, T.; Zhang, Y.-N.; Deng, J.; Xiao, Y.; Zhai, X.-W.;

Zhang, Y.-T.; Song, Z.-Y.; Wang, C.-P. Sound absorption characteristics
of loose bituminous coal porous media with different metamorphic
degrees. Fuel 2023, 332 (P2), 126091.
(5) Qiu, D. D.; Wu, Y. L.; Li, L. Evaluation of the Gas Drainage Effect

in Deep Loose Coal Seams Based on the Cloud Model. Sustainability
2022, 14 (19), 12418.
(6) Xi, X.; Sun, L.; Shi, Q.; Tian, F.; Guo, B. Effects of mineral

admixture on properties of cement-based foam material developed for
preventing coal spontaneous combustion. Fuel 2023, 342, 127785.
(7) Demir, B.; Oren, O.; Sensogut, C. Investigation of the effect of

reactor size on spontaneous combustion properties of coals with
different coalification degrees. Arabian Journal of Geosciences 2020, 13
(15), DOI: 10.1007/s12517-020-05698-9
(8) Liu, S. M.; Li, X. L. Experimental study on the effect of cold

soaking with liquid nitrogen on the coal chemical and microstructural
characteristics. Environmental Science and Pollution Research. 2023, 30,
36080.
(9) Melody, S. M.; Johnston, F. H. Coal mine fires and human health:

What do we know? International Journal of Coal Geology. 2015, 152, 1−
14.
(10) Liu, S. M.; Sun, H. T.; Zhang, D. M.; Yang, K.; Wang, D. K.; Li, X.

L.; Long, K.; Li, Y. N. Nuclear magnetic resonance study on the
influence of liquid nitrogen cold soaking on the pore structure of
different coals. Physics of Fluids 2023, 35 (1), 012009.
(11) Zhang, L. B.; Shen, W. L.; Li, X. L.; Wang, Y. B.; Qin, Q. Z.; Lu, X.

T.; Xue, T. X. Abutment Pressure Distribution Law and Support
Analysis of Super Large Mining Height Face. International Journal of
Environmental Research and Public Health 2023, 20 (1), 227.
(12) Li, X. L.; Zhang, X. Y.; Shen, W. L.; Zeng, Q. D.; Chen, P.; Qin, Q.

Z.; Li, Z. Research on the Mechanism and Control Technology of Coal
Wall Sloughing in the Ultra-Large Mining Height Working Face.
International Journal of Environmental Research and Public Health 2023,
20 (1), 868.
(13) Wang, S.; Li, X. L.; Qin, Q. Z. Study on Surrounding Rock

Control and Support Stability of Ultra-Large Height Mining Face.
Energies 2022, 15 (18), 6811.
(14) Choudhury, D.; Sarkar, A.; Ram, L. C. An Autopsy of

Spontaneous Combustion of Lignite. Coal Preparation. 2016, 36 (2),
109−23.
(15) Lee, S. S.; Wilcox, J. Behavior of mercury emitted from the

combustion of coal and dried sewage sludge: The effect of unburned
carbon, Cl, Cu and Fe. Fuel 2017, 203, 749−56.
(16) Wang, H.; Dlugogorski, B. Z.; Kennedy, E. M. Coal oxidation at

low temperatures: oxygen consumption, oxidation products, reaction
mechanism and kinetic modelling. Progress in Energy and Combustion
Science 2003, 29 (21), 487−513.
(17) Mukherjee, P. N.; Bhowmik, J. N.; Lahiri, A. Mechanism of

oxidation of coal with special reference to the products of oxidation.
Fuel 1957, 36, 417−22.
(18) Wang, C.; Yang, Y.; Tsai, Y. T.; Deng, J.; Shu, C.-M. Spontaneous

combustion in six types of coal by using the simultaneous thermal
analysis-Fourier transform infrared spectroscopy technique. Journal Of
Thermal Analysis And Calorimetry. 2016, 126 (3), 1591−602.
(19) Wang, H.; Fang, X.; Li, Y.; Zheng, Z.; Shen, J. Research and

application of the underground fire detection technology based on

multi-dimensional data fusion. Tunnelling and Underground Space
Technology. 2021, 109, 103753.
(20) Qiang, W.; Min, L.; Qla, B.; Mxa, B.; Zm, B.; Fw, A. A review on

fluorescence intensity ratio thermometer based on rare-earth and
transition metal ions doped inorganic luminescent materials -
ScienceDirect. J. Alloys Compd. 2020, 850, 156744.
(21) Zhao, Q.; Zhang, Y.; Gao, Y.; Ji, Y.; Huang, Z. Mechanism

research and application on distributed optical fibre temperature
measurement in coalmine goaf area based on the sensor network.
International Journal of Sensor Networks. 2016, 20 (2), 104−10.
(22) Ribeiro, J.; Viveiros, D.; Ferreira, J.; Lopez-Gil, A.; Dominguez-

Lopez, A.; Martins, H. F.; Perez-Herrera, R.; Lopez-Aldaba, A.; Duarte,
L.; Pinto, A.; Martin-Lopez, S. ECOAL Project-Delivering Solutions for
Integrated Monitoring of Coal-Related Fires Supported on Optical
Fiber Sensing Technology. Applied Sciences-basel. 2017, 7 (9), 956.
(23) Cheng, X. J.; Wen, H.; Xu, Y. H.; Fan, S. X.; Ren, S. J.

Environmental treatment technology for complex coalfield fire zone in
a close distance coal seam�A case study. Journal of Thermal Analysis
and Calorimetry. 2021, 144 (2), 563−74.
(24) Xu, N.; Wei, X.; Kuang, F.; Zhang, L.; Liu, H. Study on the

natural radioactivity level of stone coal-bearing strata in East China.
Environmental Geology 2018, 77 (21), 726.
(25) Shao, Z.; Wang, D.; Wang, Y.; Zhong, X.; Tang, X.; Xi, D.

Electrical resistivity of coal-bearing rocks under high temperature and
the detection of coal fires using electrical resistance tomography.
Geophysical Journal International. 2016, 204, 1316.
(26) Hui, Z. J.; Liu, Y. H.; Yin, C. C.; Su, Y.; Ren, X. Y.; Zhang, B.;

Xiong, B. Detection of Coal Spontaneous Combustion Using the TEM
Method: A Synthetic Study. Pure And Applied Geophysics. 2022, 179
(4), 1531.
(27) Wang, Y.; Wang, E.; Li, Z.; Liu, X.; Liu, Z. Feasibility Study on the

Prediction of Coal Bump with Electrical Resistivity Method.
mkckorea.com 2007.
(28) Du, B.; Liang, Y.; Tian, F. Detecting concealed fire sources in

coalfield fires: An application study. Fire Safety Journal. 2021, 121,
103298.
(29) Ma, Y. S.; Shen, J. S.; Su, B. Y.; Ma, Y. Y.; Sun, Q. L. Research on

Ground of Penetrating Radar in the Coal Mine Detecting: A Case Study
of Application in Huaibei Coal Mine. Elektronika Ir Elektrotechnika.
2019, 25 (5), 37−42.
(30) Kong, B.; Liu, Z.; Yao, Q. Study on the electromagnetic spectrum

characteristics of underground coal fire hazardous and the detection
criteria of high temperature anomaly area. Environmental Earth Sciences.
2021, 80 (3), 1−12.
(31) Kong, B.; Wang, E.; Lu, W.; Li, Z. Application of electromagnetic

radiation detection in high-temperature anomalous areas experiencing
coalfield fires. Energy. 2019, 189, 116144.
(32) Ma, D.; Qin, B.; Song, S.; Liang, H. J.; Gao, A. An Experimental

Study on the Effects of Air Humidity on the Spontaneous Combustion
Characteristics of Coal. Combust. Sci. Technol. 2017, 189 (10−12),
2209−19.
(33) Taraba, B.; Pavelek, Z. Investigation of the spontaneous

combustion susceptibility of coal using the pulse flow calorimetric
method: 25 years of experience. Fuel. 2014, 125, 101−5.
(34) Wang, H.; Zhang, J.; Cheng, H.; Yang, Y.; Wang, L.; Sun, X.

Surface-Based CO2 Detection to Identify and Monitor Underground
Coal Fires. Natural Resources Research. 2022, 31 (1), 551−69.
(35) Xu, T.; Wang, D. M.; He, Q. L. The Study of the Critical Moisture

Content at Which Coal Has the Most High Tendency to Spontaneous
Combustion. International Journal of Coal Preparation & Utilization.
2013, 33 (3), 117−27.
(36) Zhou, B.; Wu, J.; Wang, J.; Wu, Y. Surface-based radon detection

to identify spontaneous combustion areas in small abandoned coal
mine gobs: Case study of a small coal mine in China. Process Safety and
Environmental Protection. 2018, 119, 223−32.
(37) Husson, D.; Bennett, S. D.; Kino, G. S. Remote temperature

measurement using an acoustic probe. Appl. Phys. Lett. 1982, 41 (10),
915.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c00199
ACS Omega 2023, 8, 16519−16531

16529

https://doi.org/10.1016/j.fuel.2020.119651
https://doi.org/10.1016/j.fuel.2020.119651
https://doi.org/10.1016/j.fuel.2020.119651
https://doi.org/10.1016/j.coal.2014.09.004
https://doi.org/10.1016/j.coal.2014.09.004
https://doi.org/10.1016/j.coal.2011.06.007
https://doi.org/10.1016/j.coal.2011.06.007
https://doi.org/10.1016/j.fuel.2022.126091
https://doi.org/10.1016/j.fuel.2022.126091
https://doi.org/10.1016/j.fuel.2022.126091
https://doi.org/10.3390/su141912418
https://doi.org/10.3390/su141912418
https://doi.org/10.1016/j.fuel.2023.127785
https://doi.org/10.1016/j.fuel.2023.127785
https://doi.org/10.1016/j.fuel.2023.127785
https://doi.org/10.1007/s12517-020-05698-9
https://doi.org/10.1007/s12517-020-05698-9
https://doi.org/10.1007/s12517-020-05698-9
https://doi.org/10.1007/s12517-020-05698-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11356-022-24821-9
https://doi.org/10.1007/s11356-022-24821-9
https://doi.org/10.1007/s11356-022-24821-9
https://doi.org/10.1016/j.coal.2015.11.001
https://doi.org/10.1016/j.coal.2015.11.001
https://doi.org/10.1063/5.0135290
https://doi.org/10.1063/5.0135290
https://doi.org/10.1063/5.0135290
https://doi.org/10.3390/ijerph20010227
https://doi.org/10.3390/ijerph20010227
https://doi.org/10.3390/ijerph20010868
https://doi.org/10.3390/ijerph20010868
https://doi.org/10.3390/en15186811
https://doi.org/10.3390/en15186811
https://doi.org/10.1080/19392699.2015.1060968
https://doi.org/10.1080/19392699.2015.1060968
https://doi.org/10.1016/j.fuel.2017.04.104
https://doi.org/10.1016/j.fuel.2017.04.104
https://doi.org/10.1016/j.fuel.2017.04.104
https://doi.org/10.1016/S0360-1285(03)00042-X
https://doi.org/10.1016/S0360-1285(03)00042-X
https://doi.org/10.1016/S0360-1285(03)00042-X
https://doi.org/10.1007/s10973-016-5685-2
https://doi.org/10.1007/s10973-016-5685-2
https://doi.org/10.1007/s10973-016-5685-2
https://doi.org/10.1016/j.tust.2020.103753
https://doi.org/10.1016/j.tust.2020.103753
https://doi.org/10.1016/j.tust.2020.103753
https://doi.org/10.1016/j.jallcom.2020.156744
https://doi.org/10.1016/j.jallcom.2020.156744
https://doi.org/10.1016/j.jallcom.2020.156744
https://doi.org/10.1016/j.jallcom.2020.156744
https://doi.org/10.1504/IJSNET.2016.074699
https://doi.org/10.1504/IJSNET.2016.074699
https://doi.org/10.1504/IJSNET.2016.074699
https://doi.org/10.3390/app7090956
https://doi.org/10.3390/app7090956
https://doi.org/10.3390/app7090956
https://doi.org/10.1007/s10973-020-10302-z
https://doi.org/10.1007/s10973-020-10302-z
https://doi.org/10.1007/s12665-018-7916-2
https://doi.org/10.1007/s12665-018-7916-2
https://doi.org/10.1093/gji/ggv525
https://doi.org/10.1093/gji/ggv525
https://doi.org/10.1007/s00024-022-02984-3
https://doi.org/10.1007/s00024-022-02984-3
https://doi.org/10.1016/j.firesaf.2021.103298
https://doi.org/10.1016/j.firesaf.2021.103298
https://doi.org/10.5755/j01.eie.25.5.24354
https://doi.org/10.5755/j01.eie.25.5.24354
https://doi.org/10.5755/j01.eie.25.5.24354
https://doi.org/10.1007/s12665-021-09380-5
https://doi.org/10.1007/s12665-021-09380-5
https://doi.org/10.1007/s12665-021-09380-5
https://doi.org/10.1016/j.energy.2019.116144
https://doi.org/10.1016/j.energy.2019.116144
https://doi.org/10.1016/j.energy.2019.116144
https://doi.org/10.1080/00102202.2017.1368500
https://doi.org/10.1080/00102202.2017.1368500
https://doi.org/10.1080/00102202.2017.1368500
https://doi.org/10.1016/j.fuel.2014.02.024
https://doi.org/10.1016/j.fuel.2014.02.024
https://doi.org/10.1016/j.fuel.2014.02.024
https://doi.org/10.1007/s11053-021-09995-2
https://doi.org/10.1007/s11053-021-09995-2
https://doi.org/10.1080/19392699.2013.769435
https://doi.org/10.1080/19392699.2013.769435
https://doi.org/10.1080/19392699.2013.769435
https://doi.org/10.1016/j.psep.2018.08.011
https://doi.org/10.1016/j.psep.2018.08.011
https://doi.org/10.1016/j.psep.2018.08.011
https://doi.org/10.1063/1.93334
https://doi.org/10.1063/1.93334
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(38) Yan, H.; Ma, Z.; Zhou, Y. G. Acoustic tomography system for
online monitoring of temperature fields. Iet Science Measurement &
Technology. 2017, 11 (5), 623−30.
(39) Kudo, K.; Mizutani, K. Temperature Measurement Using

Acoustic Reflectors. Jpn. J. Appl. Phys. 2004, 43 (5B), 3095−8.
(40) Zhang, D.; Yuan, W.; Xing, Y.; Li, Y.; Lei, X.; Yu, G. Application

of integrated geophysical methods in geothermal exploration: a case in
Zhangjiakou. IOP Conference Series: Earth and Environmental Science.
2021, 660 (1), 012108.
(41) Kadlec, K. Measurement of process variables in sugar industry:

non-contact temperature measurement. Listy Cukrovarnicke A Reparske
2016, 132 (9−10), 303−7.
(42) Belen’kii, A. M.; Chibizova, S. I.; Abduvoidov, K. A.; Nuriddinov,

S. K.; Terekhova, A. Y. Determination of the precision characteristics of
contact and contactless methods of monitoring the temperature of a
surface. Refractories And Industrial Ceramics. 2017, 57 (5), 467−9.
(43) Gates, K.; Benhaddad, S. Failure analysis of a high-temperature

thermocouple. Journal of Failure Analysis& Prevention. 2005, 5 (4), 14−
9.
(44) Rudtsch, S.; von Rohden, C. Calibration and self-validation of

thermistors for high-precision temperature measurements. Measure-
ment. 2015, 76, 1−6.
(45) Zhao, Y.; Song, T.-t.; Wu, D.; Wang, Q. Research on fiber optic

temperature sensor using a novel high-birefringent fiber loop mirror
with a reflection probe. Sensors & Actuators A Physical. 2012, 184, 22−
27.
(46) Ge, Y.; Liu, Q.; Chang, J.; Zhang, J. Optical fiber sensor for

temperature measurement based on Silicon thermo-optics effect.Optik.
2013, 124 (24), 6946−9.
(47) Mikolajek, M.; Martinek, R.; Koziorek, J.; Hejduk, S.; Vitasek, J.;

Vanderka, A.; Poboril, R.; Vasinek, V.; Hercik, R. Temperature
Measurement Using Optical Fiber Methods: Overview and Evaluation.
Journal of Sensors 2020, 2020, 2020.
(48) Li, Z.; Cheng, F.; Wei, Y.; Cao, K.; Zhang, X.; Zhang, Y.; Tian, H.;

Wang, X. Study on coal damage evolution and surface stress field based
on infrared radiation temperature. Journal Of Geophysics And Engineer-
ing. 2018, 15 (5), 1889−99.
(49) Zhen, C.; Xia, Z.; Ya Jun, Z.; Long, L.; Jian, S.; Gui Ju, C.; Long, L.

Accuracy of Infrared Tympanic Thermometry Used in the Diagnosis of
Fever in Children: A Systematic Review and Meta-Analysis. Clinical
Pediatrics. 2015, 54 (2), 114−126.
(50) Zhou, Y.; Wang, J.; Zhang, X.; Li, K.; Cai, J.; Gao, W. Self-

Protected Thermometry with Infrared Photons and Defect Spins in
Silicon Carbide. Physrevapplied. 2017, 8 (4), 044015.
(51) Cascajero, A. N.; Tapetado, A.; Vargas, S.; Vázquez, C. Optical

Fiber Pyrometer Designs for Temperature Measurements Depending
on Object Size. Sensors 2021, 21 (2), 646.
(52) Han, X. Y.; Huan, K. W.; Sheng, S. J. Performance evaluation and

optimization design of photoelectric pyrometer detection optical
system. Defence Technology. 2020, 16 (2), 401.
(53) Nitta, N.; Ishiguro, Y.; Sasanuma, H.; Takayama, N.; Rifu, K.;

Taniguchi, N.; Akiyama, I. In vivo temperature rise measurements of
rabbit liver and femur bone surface exposed to an acoustic radiation
force impulse.Ultrasound In Medicine And Biology. 2022, 48 (7), 1240−
55.
(54) Du, X. M.; Peng, S. P.; Wang, H. Y.; Bernardes, S.; Yang, G.; Li, Z.

P. Annual change detection by ASTER TIR data and an estimation of
the annual coal loss and CO2 emission from coal seams spontaneous
combustion. Remote Sensing. 2015, 7 (1), 319−41.
(55) Karaoulis, M.; Revil, A.; Mao, D. Localization of a coal seam fire

using combined self-potential and resistivity data. International Journal
of Coal Geology. 2014, 128, 109−18.
(56) Shao, Z. L.; Wang, D. M.; Wang, Y. M.; Zhong, X. X.; Tang, X. F.;

Xi, D. D. Electrical resistivity of coal-bearing rocks under high
temperature and the detection of coal fires using electrical resistance
tomography. Geophysical Journal International. 2016, 204 (2), 1316−
31.
(57) Chatterjee, R. S. Coal fire mapping from satellite thermal IR data

- a case example in Jharia coalfield, Jharkand, India. ISPRS J

Photogramm Remote Sens. Isprs Journal of Photogrammetry & Remote
Sensing. 2006, 60 (2), 113−28.
(58) Wang, Y. J.; Tian, F.; Huang, Y.; Wang, J.; Wei, C. J. Monitoring

coal fires in Datong coalfield using multi-source remote sensing data.
Transactions Of Nonferrous Metals Society Of China. 2015, 25 (10),
3421−8.
(59) Mergalimova, A.; Ongar, B.; Georgiev, A.; Kalieva, Ka.; Abitaeva,

R.; Bissenbayev, P. Parameters of heat treatment of coal to obtain
combustible volatile substances. Energy 2021, 224 (2), 120088.
(60) Pan, C. Z.; Sparasci, F.; Zhang, H. Y.; Gambette, P.; Plimmer, M.;

Imbraguglio, D.; Gavioso, R. M.; Moldover, M. R.; Gao, B.; Pitre, L.
Acoustic measurement of the triple point of neon T (Ne) and
thermodynamic calibration of a transfer standard for accurate cryogenic
thermometry. Metrologia 2021, 58 (4), 045006.
(61) Exel, D.; Zagar, B. System’s design and error limits of radio-

acoustic temperature measurement. Tm-technisches messen. 2021, 88
(3), 178−188.
(62) Hoummady, M.; Hauden, D. Acoustic wave thermal sensitivity:

Temperature sensors and temperature compensation in microsensors.
Sensors & Actuators A Physical. 1994, 44 (3), 177−82.
(63) Mansfel’d, A. D. Acoustothermometry: Current status and

prospects. Acoustical Physics. 2009, 55 (4−5), 556−66.
(64) Anosov, A. A.; Erofeev, A. V.; Shcherbakov, M. I.; Mansfeld, A. D.

Passive acoustic thermometry of the chest of a person with COVID-19.
Acoustical Physics. 2022, 68 (3), 289−93.
(65) Srinivasan, K.; Sundararajan, T.; Narayanan, S.; Jothi, T. J. S.;

Sarma, R. CSLV. Acoustic pyrometry in flames. Measurement. 2013, 46
(1), 315−23.
(66) Jia, R. X.; Xiong, Q. Y.; Wang, L. J.; Wang, K.; Shen, X. H.; Liang,

S.; Shi, X. Study of ultrasonic thermometry based on ultrasonic time-of-
flight measurement. Aip Advances. 2016, 6 (3), 035006.
(67) Lu, J.; Wakai, K.; Takahashi, S.; Shimizu, S. Acoustic computer

tomographic pyrometry for two-dimensional measurement of gases
taking into account the effect of refraction of sound wave paths.
Measurement Science and Technology. 2000, 11 (6), 692−7.
(68) Zhao, L.; Zhou, X.; Dong, C.; Wu, Y.; Wang, H. Ultrasonic

thermometry algorithm based on inverse quadratic function. IEEE
transactions on ultrasonics, ferroelectrics, and frequency control. 2021, 68
(5), 1876.
(69) Kong, Q.; Jiang, G.; Liu, Y.; Sun, J. 3D high-quality temperature-

field reconstruction method in furnace based on acoustic tomography.
Applied Thermal Engineering. 2020, 179, 115693.
(70) Liu, S.; Liu, S.; Ren, T. Acoustic tomography reconstruction

method for the temperature distribution measurement. IEEE Trans-
actions on Instrumentation and Measurement. 2017, 66 (8), 1936.
(71) Ziemann, A.; Arnold, K.; Raabe, A. Acoustic tomography as a

remote sensing method inside the atmospheric surface layer. Journal of
the Acoustical Society of America. 1999, 105 (2), 1378.
(72) Shen, X.; Xiong, Q.; Shi, W.; Liang, S.; Shi, X.; Wang, K. A new

algorithm for reconstructing two-dimensional temperature distribution
by ultrasonic thermometry.Mathematical Problems in Engineering. 2015,
2015, 1−10.
(73) Jia, R.; Xiong, Q. Two-dimensional temperature field distribution

reconstruction based on least square method and Radial Basis Function
Approximation. Mathematical Problems in Engineering. 2017, 2017, 1−
7.
(74) Liu, S.; Liu, S.; Tong, G. Reconstruction method for inversion

problems in an acoustic tomography based temperature distribution
measurement. Measurement Science and Technology. 2017, 28 (11),
115005.
(75) Li, Y.; Liu, S.; Inaki, S. Dynamic reconstruction algorithm of

three-dimensional temperature field measurement by acoustic
tomography. Sensors. 2017, 17 (9), 2084.
(76) Bemporad, A.; Piga, D. Global optimization based on active

preference learning with radial basis functions.Machine Learning. 2021,
110 (2), 417−48.
(77) Kaennakham, S.; Chuathong, N. Numerical simulation of

convection-diffusion phenomena by four inverse-quadratic-RBF

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c00199
ACS Omega 2023, 8, 16519−16531

16530

https://doi.org/10.1049/iet-smt.2016.0303
https://doi.org/10.1049/iet-smt.2016.0303
https://doi.org/10.1143/JJAP.43.3095
https://doi.org/10.1143/JJAP.43.3095
https://doi.org/10.1088/1755-1315/660/1/012108
https://doi.org/10.1088/1755-1315/660/1/012108
https://doi.org/10.1088/1755-1315/660/1/012108
https://doi.org/10.1007/s11148-017-0005-3
https://doi.org/10.1007/s11148-017-0005-3
https://doi.org/10.1007/s11148-017-0005-3
https://doi.org/10.1361/154770205X55108
https://doi.org/10.1361/154770205X55108
https://doi.org/10.1016/j.measurement.2015.07.028
https://doi.org/10.1016/j.measurement.2015.07.028
https://doi.org/10.1016/j.sna.2012.06.011
https://doi.org/10.1016/j.sna.2012.06.011
https://doi.org/10.1016/j.sna.2012.06.011
https://doi.org/10.1016/j.ijleo.2013.05.156
https://doi.org/10.1016/j.ijleo.2013.05.156
https://doi.org/10.1155/2020/8831332
https://doi.org/10.1155/2020/8831332
https://doi.org/10.1088/1742-2140/aabf1f
https://doi.org/10.1088/1742-2140/aabf1f
https://doi.org/10.1177/0009922814545492
https://doi.org/10.1177/0009922814545492
https://doi.org/10.1103/PhysRevApplied.8.044015
https://doi.org/10.1103/PhysRevApplied.8.044015
https://doi.org/10.1103/PhysRevApplied.8.044015
https://doi.org/10.3390/s21020646
https://doi.org/10.3390/s21020646
https://doi.org/10.3390/s21020646
https://doi.org/10.1016/j.dt.2019.07.019
https://doi.org/10.1016/j.dt.2019.07.019
https://doi.org/10.1016/j.dt.2019.07.019
https://doi.org/10.1016/j.ultrasmedbio.2022.02.019
https://doi.org/10.1016/j.ultrasmedbio.2022.02.019
https://doi.org/10.1016/j.ultrasmedbio.2022.02.019
https://doi.org/10.3390/rs70100319
https://doi.org/10.3390/rs70100319
https://doi.org/10.3390/rs70100319
https://doi.org/10.1016/j.coal.2014.04.011
https://doi.org/10.1016/j.coal.2014.04.011
https://doi.org/10.1093/gji/ggv525
https://doi.org/10.1093/gji/ggv525
https://doi.org/10.1093/gji/ggv525
https://doi.org/10.1016/j.isprsjprs.2005.12.002
https://doi.org/10.1016/j.isprsjprs.2005.12.002
https://doi.org/10.1016/j.isprsjprs.2005.12.002
https://doi.org/10.1016/S1003-6326(15)63977-2
https://doi.org/10.1016/S1003-6326(15)63977-2
https://doi.org/10.1016/j.energy.2021.120088
https://doi.org/10.1016/j.energy.2021.120088
https://doi.org/10.1088/1681-7575/ac0711
https://doi.org/10.1088/1681-7575/ac0711
https://doi.org/10.1088/1681-7575/ac0711
https://doi.org/10.1515/teme-2020-0102
https://doi.org/10.1515/teme-2020-0102
https://doi.org/10.1016/0924-4247(94)00802-7
https://doi.org/10.1016/0924-4247(94)00802-7
https://doi.org/10.1134/S1063771009040125
https://doi.org/10.1134/S1063771009040125
https://doi.org/10.1134/S1063771022020014
https://doi.org/10.1016/j.measurement.2012.07.003
https://doi.org/10.1063/1.4943676
https://doi.org/10.1063/1.4943676
https://doi.org/10.1088/0957-0233/11/6/312
https://doi.org/10.1088/0957-0233/11/6/312
https://doi.org/10.1088/0957-0233/11/6/312
https://doi.org/10.1109/TUFFC.2020.3036116
https://doi.org/10.1109/TUFFC.2020.3036116
https://doi.org/10.1016/j.applthermaleng.2020.115693
https://doi.org/10.1016/j.applthermaleng.2020.115693
https://doi.org/10.1109/TIM.2017.2677638
https://doi.org/10.1109/TIM.2017.2677638
https://doi.org/10.1121/1.426517
https://doi.org/10.1121/1.426517
https://doi.org/10.1155/2015/916741
https://doi.org/10.1155/2015/916741
https://doi.org/10.1155/2015/916741
https://doi.org/10.1155/2017/1213605
https://doi.org/10.1155/2017/1213605
https://doi.org/10.1155/2017/1213605
https://doi.org/10.1088/1361-6501/aa8589
https://doi.org/10.1088/1361-6501/aa8589
https://doi.org/10.1088/1361-6501/aa8589
https://doi.org/10.3390/s17092084
https://doi.org/10.3390/s17092084
https://doi.org/10.3390/s17092084
https://doi.org/10.1007/s10994-020-05935-y
https://doi.org/10.1007/s10994-020-05935-y
https://doi.org/10.21152/1750-9548.13.1.1
https://doi.org/10.21152/1750-9548.13.1.1
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


domain-meshfree schemes. International Journal of Multiphysics 2019,
13 (1), 1−30.
(78) Kalman, D. A Singularly Valuable Decomposition: The SVD of a

Matrix. College Mathematics Journal. 1996, 27 (1), 2−23.
(79) Zhao, L.; Zhou, X. Z.; Dong, C. L.; Wu, Y. H.; Wang, H. L.

Ultrasonic Thermometry Algorithm Based on Inverse Quadratic
Function. IEEE Transactions On Ultrasonics Ferroelectrics And Frequency
Control. 2021, 68 (5), 1876−84.
(80) Tanabe, M.; Kuwahara, T.; Satoh, K.; Fujimori, T.; Sato, J.; Kono,

M. Droplet combustion in standing sound waves. Symposium on
Combustion. 2005, 30 (2), 1957−1964.
(81) Grimm, F.; Dierke, J.; Ewert, R.; Noll, B.; Aigner, M. Modelling of

combustion acoustics sources and their dynamics in the PRECCINSTA
burner test case. International Journal Of Spray And Combustion
Dynamics. 2017, 9 (4), 330−48.
(82) Xiong, C.; Jiang, Y. Numerical investigation of shear layer effect

on sound generation in jet diffusion flame. Journal Of The Acoustical
Society Of America. 2018, 143 (3), 1441−50.
(83) Jiang, J. The research and design of a fire detection system based

on combustion audio recognition. Chinese Master’s Theses Full-text
Database, 2012 (in Chinese).
(84) Rong, J. C. Study and Realization of Multi-Feature Based Fire

Image Detection.Chinese Doctoral Dissertations Full-text Database, 2012
(in Chinese).
(85) Song, W. J.; Wang, Z. L.; Zhang, Y. Z. Research on the

mechanism of infrasound detection of coalfield fire zone. Ph.D.
Dissertation, Technology Innovation and Application, 2016, 31, 67−68
(in Chinese).
(86) Li, X.; Yangyang, M.; Chunli, Y.; Baisheng, N.; Yanjun, M.; Xihui,

C. Effects of pore structure on acoustic wave velocity of coal samples.
Journal of nanoscience and nanotechnology. 2017, 17 (9), 6532−8.
(87) Othmani, C.; Taktak, M.; Zein, A.; Hentati, T.; Elnady, T.;

Fakhfakh, T.; Haddar, M. Experimental and theoretical investigation of
the acoustic performance of sugarcane wastes based material. Applied
Acoustics. 2016, 109 (AUG), 90−6.
(88) Yin, X.; Li, S.; Tang, H.; Pei, J. Study on quiet period and its

fractal characteristics of rock failure acoustic emission. Chinese Journal
of Rock Mechanics and Engineering 2009.
(89) Gao, B.; Huigui, L. I.; Lin, L. I.; Wang, X.; Shuijun, Y. U. Study of

acoustic emission and fractal characteristics of soft and hard coal
samples with same group. Chinese Journal of Rock Mechanics and
Engineering. 2014, 33 (13), 3498−3504.
(90) Lai, X.; Sun, H.; Shan, P.; Wang, C.; Cui, N.; Yang, Y. Acoustic

emission and temperature variation in failure process of hard rock
pillars sandwiched between thick coal seams of extremely steep. Chinese
Journal of Rock Mechanics Engineering 2015.
(91) Li, X. C.; Meng, Y. Y.; Yang, C. L.; Nie, B. S.; Mao, Y. J.; Chen, X.

H. Effects of pore structure on acoustic wave velocity of coal samples. J.
Nanosci. Nanotechnol. 2017, 17 (9), 6532−6538.
(92) Sun, H.; Liu, X. L.; Zhang, S. G.; Nawnit, K. Experimental

investigation of acoustic emission and infrared radiation thermography
of dynamic fracturing process of hard-rock pillar in extremely steep and
thick coal seams. Engineering Fracture Mechanics. 2020, 226, 106845.
(93) Prajna, K.; Mukhopadhyay, C. K. Efficient harmonic

regeneration noise reduction-based wiener filter for acoustic emission
signal detection. Electron. Lett. 2019, 55 (22), 1163.
(94) Liang, Z.; Pan, W. Adaptive threshold denoising algorithm based

on wavelet transform. Computer Products and Distribution 2020, 11,
139−140.
(95) Bao, X.; Zhou, D. P.; Baker, C.; Chen, L. Recent development in

the distributed fiber optic acoustic and Ultrasonic detection. Journal of
Lightwave Technology. 2017, 35 (99), 3256−67.
(96) Wei, Z.; Yang, J.; Min, S., Eds. A Method of Underwater Acoustic

Signal Classification Based on Deep Neural Network. In 2018 5th
International Conference on Information Science and Control Engineering
(ICISCE), 2019.
(97) Zhang, Z. H.; Ma, K.; Li, H.; He, Z. L. Microscopic investigation

of rock direct tensile failure based on statistical analysis of acoustic

emission waveforms. Rock Mechanics And Rock Engineering. 2022, 55
(4), 2445−58.
(98) Su, H.; Gui, W.; Hu, H.; Guo, Q.; Xu, C. Design and

implementation of universal acoustic signal processing platform. IOP
Conference Series Materials Science and Engineering 2019, 563, 042014.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c00199
ACS Omega 2023, 8, 16519−16531

16531

https://doi.org/10.21152/1750-9548.13.1.1
https://doi.org/10.1080/07468342.1996.11973744
https://doi.org/10.1080/07468342.1996.11973744
https://doi.org/10.1109/TUFFC.2020.3036116
https://doi.org/10.1109/TUFFC.2020.3036116
https://doi.org/10.1016/j.proci.2004.07.019
https://doi.org/10.1177/1756827717717390
https://doi.org/10.1177/1756827717717390
https://doi.org/10.1177/1756827717717390
https://doi.org/10.1121/1.5026793
https://doi.org/10.1121/1.5026793
https://doi.org/10.1166/jnn.2017.14443
https://doi.org/10.1016/j.apacoust.2016.02.005
https://doi.org/10.1016/j.apacoust.2016.02.005
https://doi.org/10.1016/j.engfracmech.2019.106845
https://doi.org/10.1016/j.engfracmech.2019.106845
https://doi.org/10.1016/j.engfracmech.2019.106845
https://doi.org/10.1016/j.engfracmech.2019.106845
https://doi.org/10.1049/el.2019.2196
https://doi.org/10.1049/el.2019.2196
https://doi.org/10.1049/el.2019.2196
https://doi.org/10.1109/JLT.2016.2612060
https://doi.org/10.1109/JLT.2016.2612060
https://doi.org/10.1007/s00603-022-02788-w
https://doi.org/10.1007/s00603-022-02788-w
https://doi.org/10.1007/s00603-022-02788-w
https://doi.org/10.1088/1757-899X/563/4/042014
https://doi.org/10.1088/1757-899X/563/4/042014
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

