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Mine coal spontaneous combustion is one of the five major natural disasters in coal mines,
and determining the concealed fire source locations of coal spontaneous combustion is key
to solving the problem. This paper determines the thermal conductivity of coal samples
through a spherical heat conduction model, and based on experimental data, analyzes the
fitting relationship between thermal conductivity and heating voltage, the outer wall
temperature of the inner sphere, and the location of high-temperature points under different
voltage conditions. The study concludes that there is a linear relationship between thermal
conductivity and both heating voltage and outer wall temperature, with a correlation
coefficient greater than 0.9. In ideal conditions, the highest temperature is located at the
center of the flat wall of the spherical heat conduction model. This re-search provides a

mathematical basis for the prevention and control of mine coal spontaneous combustion

fires.

1. INTRODUCTION

China is the world's largest producer and consumer of coal,
boasting rich mineral resources, with coal still playing an
important role in the country's energy structure [1-4]. Over the
past decade, coal has consistently accounted for more than
65% of China's energy production structure, while the
proportions of other fossil fuels such as oil and natural gas
have remained below 10% [5]. With the rapid development of
the economy, the demand for energy continues to increase.
Due to China's situation of being rich in coal but poor in oil,
the characteristics of production and consumption mainly
based on coal will not change for a considerable time in the
future [6, 7]. Spontaneous combustion of coal is one of the
major natural disasters faced in coal mining [8]. Investigations
show that about 100 to 200 million tons of coal are lost each
year due to natural spontaneous combustion, accounting for
about 20% of the national annual coal output. More seriously,
it endangers human and property safety, causing catastrophic
ecological damage and environmental pollution. More than
70% of mine fires are caused by spontaneous combustion of
coal, with the majority of natural ignitions occurring in goaf
areas and broken coal pillars along the roadway. Spontaneous
combustion not only burns valuable coal resources, causing
huge economic losses, but also releases a large amount of
harmful gases, severely polluting the air and environment.
Moreover, coal spontaneous combustion can often lead to gas
combustion, dust explosions, and other accidents, resulting in
serious casualties [9-13]. If the location of the fire source
cannot be accurately determined, targeted measures and means
cannot be taken to directly eliminate the fire source, because
the ignition location of coal spontaneous combustion often has

a concealed nature, not easy to detect, thus researching the
ignition location of coal spontaneous combustion becomes
particularly critical [14, 15].

Due to the large amount of residual coal in the goaf, which
is prone to spontaneous combustion and can trigger fires, the
goaf is one of the most severe areas for natural coal fire,
accounting for more than 60% of the total number of
spontaneous combustion areas [16, 17]. The special nature of
the goaf prevents personnel from entering to obtain
information about the fire source, therefore, data measured
during the period of spontaneous fire must be used for inverse
positioning to provide technical support for extinguishing fires
in the goaf. Currently, methods used domestically and
internationally for detecting the location of fire sources mainly
include magnetic detection, resistivity detection, gas
detection, radon measurement, electromagnetic wave
detection, infrared detection, and temperature detection
methods, etc. [18]. Among these methods, few are directly
used for detecting fire sources in underground fire areas, and
there are some limitations for the above methods in addressing
the issue of spontaneous combustion in deep areas and goafs.
For example, magnetic detection is mainly used to detect old
burned areas and is less used in detecting fire sources in
production mines. Other detection methods are easily
influenced by geological conditions, have poor anti-
interference ability, leading to lower accuracy of measurement
results. The detection of concealed fire source locations in the
goaf still faces challenges and requires further study.

For spontaneous combustion of coal, we cannot directly
observe the location and temperature of the fire source, but we
can explore the location of high-temperature points through
experiments on thermal conductivity combined with

1058


https://orcid.org/0000-0002-2035-3896
https://orcid.org/0009-0001-1119-8265
https://orcid.org/0009-0007-3054-1253
https://orcid.org/0009-0006-9726-0715
https://orcid.org/0009-0004-1568-4481
https://orcid.org/0009-0009-3587-860X
https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.420332&domain=pdf

geometric analysis. Therefore, it is necessary to conduct
inverse calculations of the temperature field of the fire source,
that is, to infer the whole from the part, to find the essence
through phenomena [19-21]. This research will use the
spherical method to measure the thermal conductivity of
granular materials to determine the thermal conductivity of
coal samples and perform geometric analysis of high-
temperature regions to estimate the location of high-
temperature points. By studying the calculation method for
determining high-temperature points in loose coal bodies
based on thermal conductivity, it aims to provide new ideas for
coal fire disaster prevention and control methods and to
provide a theoretical basis for the active prevention and control
of coal spontaneous combustion.

2. EXPERIMENTAL BACKGROUND, PRINCIPLES,
AND CONDITIONS

2.1 Experimental background

Tunnel fires are an important component of mine fires. The
spontaneous combustion of coal in the loose zone of tunnels is
an inward-outward heat release process, and the radiant heat
within the loose zone coal is extremely low, approximately
equal to zero. At the same time, the airflow in the loose zone
of the tunnel is not smooth, and the convective heat dissipation
is minimal. Therefore, the spontaneous combustion process of
loose coal within the loose zone of the tunnel can be
approximated as a heat conduction process from a spontaneous
hot spot source to the surrounding area.

In summary, solving the spontaneous combustion problem
of loose coal within the loose zone of tunnels can be addressed
using the steady-state spherical heat conduction model. In the
steady-state spherical heat conduction process, as long as the
thermal conductivity is obtained, the position and depth of the
high-temperature point can be calculated.

2.2 Experimental principles and devices

The existence form or state of the fire source is closely
related to the state of the coal body, the structure of the
surrounding rock, and the shape of cracks (fissures), which
involves uncertainties [22]. Therefore, it is treated as an
ignition source for the study. The schematic diagram of the
spherical experimental apparatus used in the experiment is
shown in Figure 1. Without considering the range of the fire
source, it is assumed that there is a single fire source, and the
position of the fire source is at the center of the spherical
experimental apparatus. It is also assumed that the medium
near the high-temperature fire source is uniform and isotropic,
and the heat is conducted outward uniformly. By applying
Fourier's law of heat conduction and known conditions,
equations are established, and the position of the fire source
point relative to the wall is solved inversely [23-25]. It is now
required to calculate the thermal conductivity of loose coal
bodies. By using the spherical method to determine the
thermal conductivity measurement device for insulating
materials, the thermal conductivity of the material is obtained
by measuring the outer wall temperature of the inner sphere
and the inner wall temperature of the outer sphere based on
different input voltages, and then the position and intensity of
the fire source point are solved inversely by substituting these
values into the equation.
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Figure 1. Schematic diagram of experimental principle

The sphere method for measuring the thermal conductivity
of materials is based on the one-dimensional steady-state heat
conduction process of a spherical wall with uniform thickness.
It is particularly suitable for granular loose materials. The
construction of a sphere thermal conductivity meter can be
divided into two types based on the different cooling methods
of the sphere: free airflow cooling and constant temperature
liquid forced cooling. This experiment adopted the latter
method, using a constant temperature water-cooled jacketed
sphere.

The main body consists of two copper spherical shells, 1
and 2, with a thickness of 1-2 mm. The outer diameter of the
inner shell is d1, and the inner diameter of the outer shell is d2.
The space between the two shells is uniformly filled with
granular loose material. Generally, d2 ranges from 160 to 220
mm, d1 ranges from 30 to 60 mm, so the thickness of the filled
material is about 50 mm. An electric heater is installed inside
the inner shell, and the heat generated is conducted through the
wall and the filling material to the outer shell. To keep the
inner and outer shells concentric, there are support rods
between the two shells.

There are generally two ways of heat dissipation for the
outer shell: one is to use free airflow (with radiation) to remove
heat from the outer shell, and the other is to add a cooling
liquid jacket to the outer shell, with constant temperature water
or other low-temperature liquids as the cooling medium. This
experiment used a double water jacket structure. To ensure
that the constant temperature effect of the liquid jacket is not
affected by the external environment temperature, an
additional insulating liquid jacket is installed outside the
constant temperature liquid jacket.

The experimental setup is checked since the inner and outer
spheres are completely concentric, the test specimen is
homogeneous, and the temperatures of the inner and outer
spheres' specific surfaces are uniform. In this experiment, the
natural convection state of the outer sphere shell is maintained
stable, establishing a one-dimensional steady-state
temperature field within the specimen. Applying Fourier's law
of heat conduction to this spherical wall's heat conduction
process, the experimental conditions for measuring thermal
conductivity are shown in Table 1.



Table 1. Experimental conditions for measuring thermal conductivity of granular materials by spherical method

Coal Sample Inner Sphere Outer Sphere Coal Sample Coal Sample
Mass/g Volume/cm? Volume/cm? Density/(g/cm?) Prosity/%
2000~2500 220.89 2806.19 0.873 36.34
2.3 Experimental conditions thermometer. It is required to calculate the position and
temperature of the high-temperature point in the overlying
The Heilonggou Mine is located in Jinjie Town, Shenmu coal seam.
City, Yulin City, Shaanxi Province. In May 2022, a To effectively measure the position and temperature of the
spontaneous fire occurred in the old tunnel of the overlying high-temperature point in the overlying coal seam, it is
coal seam of this mine. The overlying coal seam is a mined necessary to know the thermal conductivity of the loose coal
and sealed seam without high-volume leakage air supply body according to the steady-state spherical heat conduction
conditions. The interlayer distance from the production area is model. To achieve this measurement, coal samples from the
15-20 meters, and the interlayer distance at the spontaneous overlying coal seam were taken from the mine, and the particle
fire site is about 18 meters. Three equidistant holes were size distribution of the loose coal body in the fire area was
drilled in the coal seam in the fire area, and the temperatures obtained using a drilling core sampling method, as shown in
tl, t2, and t3 in these equidistant holes were measured using a Table 2.

Table 2. Particle size distribution data of loose coal body from drilling core sampling

Particle Size (mm) <0.9 0.9-3 3-5 5-7 7-9 >10 Remarks
Mass (g) 268 379 654 1025 88.6 543
Proportion (%) 7.1 10.1 174 273 236 145

Table 3. Distribution data of each particle size coal sample for experimental testing

Particle Size (mm) <0.9  0.9-3 3-5 5-7 7-9 >9 Remarks
Proportion (%) 7.1 10.1 174 273 23.6 14.5

Mass (g) 157.0 222.1 3832 600.5 519.1 318.1
2.4 Coal sample preparation calculated in Table 3. Before the experiment, the coal samples
were placed in a vacuum drying oven at 50°C for 24 hours.
Based on the coal sample quality conditions in Table 1 and After drying, the coal samples were sealed in vacuum bags and
the mass percentage requirements for each particle size in then placed in a desiccator for storage.

Table 2, it is necessary to crush and prepare the coal samples
from the fire area of the Heilonggou Mine.

Experimental studies have shown that the particle size of 3. EXPERIMENTAL RESULTS ANALYSIS
loose materials directly affects their thermal conductivity. The

larger the particle size, the higher the porosity, resulting in 3.1 Experimental data processing

different thermal conductivity test results depending on the

material and porosity. For loose coal bodies, larger particle Assuming the inner diameters of the spherical wall are d;

sizes result in higher thermal conductivity. Therefore, to more and d, (with radii r; and 2, respectively). Let the inner and

accurately measure the thermal conductivity of loose coal outer surface temperatures of the spherical wall be maintained

bodies, it is necessary to prepare loose coal bodies with at t; and t,, respectively, and remain stable. Applying Fourier's

proportions close to actual conditions. law of heat conduction to the conduction process of this
The particle size of coal samples not only directly affects spherical wall yields Eq. (1):

the air leakage and heat storage environment but also directly

relates to the test results of the steady-state spherical thermal _ at , dt 1

conductivity. By comparing particle size conditions and Q= _AFE = —Mmr dr M

combining the particle size distribution obtained from field

tests, the test coal samples are crushed and screened. When the boundary condition is 7=r1, t=ti; when r=r, t=t>.

According to the total sample weight requirement of 2200g, Since the thermal conductivity of most engineering materials

the mass of each particle size coal sample is calculated can be treated as a linear relationship with temperature over a

according to the mass distribution in Table 2, as shown in not too wide temperature range, integrating Eq. (1) and

Table 3. substituting the boundary conditions into it yields Eq. (2):
Based on this, the authors obtained block raw coal from the

non-water-immersed area of the main mining working face of 1= Q4 2)

the spontaneous combustion mine. The raw coal was sealed m = wd,d,(t; —t,)

tightly and sent to the laboratory of Xi'an University of

Science and Technology. After removing the surface oxidation where, Am is the thermal conductivity of the material between

layer, the coal was processed using a jaw crusher and manually the spherical walls at tm=(t;+t,)/2, in W/(m-°C); Q is the

treated to obtain coal samples with particle sizes of <0.9mm, electrical heating power, in W; ¢ is the thickness of the

0.9-3mm, 3-5mm, 5-7mm, 7-9mm, and >9mm. Each coal material between the spherical walls, 6 = (d;—d2)/2, in m.

sample was prepared and screened according to the mass
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After the power is turned on, the electrical heating power
can be calculated using the heating voltage, current, and
heating time as shown in Eq. (3):

Q=U-1-T/60 3)
where, Uis the actual average voltage, in V; I is the actual
average current, in A; 7 is the actual heating time, in s.

Assuming the thermal conductivity has a certain functional
relationship with temperature, i.e., A=f{?). Using the spherical
method to measure the thermal conductivity of granular
materials, the method of changing the heating voltage is
adopted, starting from 30V as the first set of data, with 10V as
the gradient, and each subsequent set increasing by 10V. The
calculated data of thermal conductivity under different heating
voltages are shown in Table 4.

Table 4. Values of parameters under different heating voltages

Heating Inner Sphere Outer Wall Outer Sphere Outer Wall Heating
Voltage/V Average Voltage/V Average Current/A Temperature, ti/°C Temperature, t2/°C Time, T/s
40 35.7 0.1 53 48.7 232
50 36.3 0.1 70 53.6 26
60 43.2 0.1 82 63.5 28.9
70 46 0.1 94 72.1 314

3.2 Experimental data analysis

3.2.1 Relationship between thermal conductivity and heating
voltage u and inner sphere outer wall temperature t;

The fitting relationship between thermal conductivity and
heating voltage U and inner sphere outer wall temperature t; is
shown in Figure 2. From Figure 2a, it can be observed that
there is a linear relationship between thermal conductivity and
heating voltage U, with a fitted function of y=-8E-
05x2+0.011x-0.1591 and a correlation coefficient R>=0.9956.
From Figure 2b, it can be seen that there is also a linear
relationship between thermal conductivity and inner sphere
outer wall temperature t;, with a fitted function of y=-
0.0002x2-0.5537 and a correlation coefficient R>=0.925. Both
correlation coefficients R? are greater than 0.9, indicating a
good linear relationship and fitting degree between the two
variables.
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Figure 2. Fitting relationship between thermal
conductivity and heating voltage U and inner sphere outer
wall temperature #,
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3.2.2 Determination of fire zone position, temperature, and
range

In the temperature field of the same isothermal surface in
the spherical model, the temperature variation can be
expressed by Fourier's law:

t1 =tz
o

Q “

where, O - heat, in W; 4 - unit area; 4 - thermal conductivity
of coal; #; and #, - temperatures of two points; o - distance
between two points.

Under the conditions of the spherical model, the
temperature distribution on any flat wall outside the ignited
coal seam is circular, and the center temperature of the ring
decreases towards the outer temperature of the ring. The
ignition source center position is located at the highest center
temperature of this flat wall, perpendicular to the
perpendicular line of the flat wall, as shown in Figure 3.
Assuming the temperature is ¢, the distance between this
position and the ignition source is 71. Taking two points with
temperatures ?, £, and #3 at the same interval L on a straight
line, the geometric relationship can be obtained as:

12+ L7 = 1,2

6))
(6)

T'12 + 4L2 = T'32

L F
. tl t2'_‘_\_/_ ,T.:f_t3/,'"

Figure 3. Geometric calculation model

Combining boundary conditions and Egs. (2), (5), and (6),
we have:



4mrr, At

From Figure 3, it can be observed that under ideal
conditions, the highest temperature is located at the center of
the flat wall, with its position closest to the fire zone and
perpendicular inwardly, passing through the fire zone position.
By substituting #1, £, and #; into Eq. (7), we can simplify it as:

(rp—1) _ (r,—1m)
rt—t) nt-t)

8
(=1 _ (a=1) ®
rn(t—t) mn(t—ts)
4. ERROR ANALYSIS
4.1 Analysis of thermal conductivity error
Analyzing the fitting relationship between thermal

conductivity and heating voltage U, as well as inner sphere
outer wall temperature #1, reveals a good linear relationship in
the experimental results. The main cause of experimental
errors is likely systematic errors, such as uneven filling of
granular materials leading to a decrease in thermal
conductivity and a decline in thermal performance. Inaccurate
measurement of heating resistance temperature results in an
overestimation of # during the experiment, leading to a
smaller experimental result. Systematic errors may also arise
from insufficient accuracy of components (ammeter,
voltmeter) and internal structural issues of the sphere.
Additionally, the small temperature difference between the
inner and outer sphere shells can contribute to the error.

4.2 Analysis of model error in fire source localization in
high-temperature areas

Analysis of the calculation results of the fire source
localization model reveals a certain degree of error compared
to the actual situation. The possible reasons for this error are
as follows:

(1) Model Error in Spherical Model: In the spherical shell
model, to simplify the problem and calculation difficulty,
variations in the density of coal around the fire source, changes
in porosity, and variations in thermal conductivity due to
temperature changes are all ignored. The crushed coal is
considered a homogeneous medium. While this simplification
reduces the complexity of the model and calculation, it also
introduces discrepancies compared to the actual situation.

(2) Observational Error: For known quantities obtained in
this experiment, such as thermal conductivity measured by the
shell method, the data are manually recorded and processed.
Accumulation of observational errors can lead to errors in the
final model results.

(3) Computational Error: The results obtained from the
computational model in this experiment are based on
calculations performed by a computer. However, the number
of calculations may not reach the level of hundreds or
thousands, and while the results may not be "swamped" by
errors, the generated error is still significant and cannot be
ignored.
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5. FACTORS AFFECTING THERMAL
CONDUCTIVITY OF LOOSE COAL BODIES

In practical situations, the thermal conductivity of coal is
influenced by both environmental factors and its own
properties. While constructing the geometric model, this study
assumed uniformity among all points, neglecting the
differences in thermal conductivity coefficients at each
discrete point. Therefore, it is necessary to analyze the factors
influencing the thermal conductivity of coal.

(1) Porosity

The porosity of coal wvaries, leading to significant
differences in its thermal conductivity. When gas enters the
pores, the thermal conductivity of the test block decreases due
to the reduced thermal conductivity coefficient of the gas.
Thus, the thermal conductivity of coal is negatively correlated
with porosity and temperature. As porosity increases and
temperature rises, the thermal conductivity of coal decreases
[26].

(2) Degree of Coalification

The thermal conductivity of coal is closely related to its
composition, and the degree of coalification is a crucial factor
determining coal composition. Coal of different degrees of
coalification exhibits differences in composition (volatile
matter, moisture, ash content, etc.). Coal with higher volatile
matter and ash content tends to have a lower degree of
coalification and a higher thermal conductivity coefficient.

(3) Uniformity of the Medium

Generally, the thermal conductivity coefficient of single-
crystal materials is slightly higher than that of polycrystalline
materials. Coal seam structures are complex, leading to a
lower thermal conductivity coefficient. The more complex the
chemical composition of the coal seam, the more impurities
present, or the more solid solutes formed after the addition of
components, and the lower the thermal conductivity
coefficient. This is because the addition of impurities and the
formation of solid solutes tend to cause lattice distortion,
torsion, and dislocation, disrupting the integrity of the crystal
and resulting in a slightly poorer thermal conductivity.

6. CONCLUSION

This study employed a combined approach of
experimentation and geometric analysis to analyze the
correlation between thermal conductivity and voltage,
temperature, and predict the high-temperature points of loose
media by abstracting the spherical experimental device into a
two-dimensional geometric model. The findings provide a
mathematical basis for the prevention and control of coal
spontaneous combustion fires in mines.

(1) Using the spherical thermal conductivity model, the
thermal conductivity coefficient of coal samples was
determined experimentally. The fitting relationship between
thermal conductivity and heating voltage (U) and the
temperature of the outer wall of the inner sphere (t;) was
analyzed and established.

(2) By employing the geometric analysis method, the
spherical experimental device was transformed into a two-
dimensional model, determining the positions of high-
temperature points in loose coal bodies.
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