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ABSTRACT: Targeting spontaneous coal combustion during stacking, we developed an efficient heat dissipation &
self-supplied wireless temperature measurement system (SPWTM) with gravity heat pipe-thermoelectric integration
for dual safety. The heat transfer characteristics and temperature measurement optimization of the system are
experimentally investigated and verified in practical applications. The results show that, firstly, the effects of coal pile
heat production power and burial depth, along with heat pipe startup and heat transfer characteristics. At 60 cm burial
depth, the condensation section dissipates 98% coal pile heat via natural convection. Secondly, for the temperature mea-
surement error caused by the heat pipe heat transfer temperature difference, the correction method of “superimposing
the measured value with the heat transfer temperature difference” is proposed, and the higher the coal temperature,
the better the temperature measurement accuracy. Finally, the system can quickly (≤1 h) reduce the temperature of
the coal pile to the spontaneous combustion point, significantly inhibiting the spontaneous combustion phenomenon,
the maximum temperature does not exceed 49.2○C. Meanwhile, it utilizes waste heat to drive thermoelectric power
generation, realizing self-supplied, unattended, and long-term accurate temperature measurement and warning. In
a word, synergistic active heat dissipation and self-powered temperature monitoring-warning ensure dual coal pile
thermal safety.

KEYWORDS: Coal pile thermal safety; heat pipe thermoelectric coupling; self-powered temperature measurement;
heat transfer characteristics

1 Introduction
Coal, one of the most abundant fossil fuels, has been extensively utilized in thermal power generation

and industrial production. Notably, thermal power contributes over 40% of the global electricity supply [1],
making the secure and stable provision of this energy material crucial for power infrastructure development.
However, constituents including sulfur, nitrogen, and microorganisms [2,3] within coal render it highly
susceptible to oxidation reactions during storage. This process triggers internal heat accumulation that,
without timely temperature monitoring and heat dissipation, escalates progressively until spontaneous
combustion occurs [4,5]. Consequently, developing an internal temperature monitoring and early-warning
system coupled with effective cooling strategies is imperative for enhancing coal storage safety.

Coal pile spontaneous combustion has garnered significant scholarly attention. Conventional moni-
toring approaches include calorimetry, thermogravimetric analysis (TGA), and related techniques [6–8].
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Zhang et al. [9] proposed a differential scanning calorimetry (DSC) exothermic onset method to deter-
mine coal self-ignition temperatures, demonstrating enhanced spontaneous combustion propensity with
increasing heating rates or decreasing oxygen concentrations. Numerical modeling to reveal both the
critical self-ignition temperatures and minimum time-to-ignition is now widely employed [10]. Zhang
et al. [11] employed machine learning methodologies to represent complex physicochemical processes and
external influencing factors, establishing a regression prediction model correlating the crossover point
temperature with 13 input features. Results demonstrated that the machine learning-predicted crossover
point temperature achieved ≥90% accuracy across test datasets. Zhao et al. [12] constructed a rectangular
coal pile spontaneous combustion experimental platform, revealing intrinsic combustion characteristics and
high-temperature zone migration patterns. Through correlation analysis, they successfully predicted internal
hotspot distributions. Deng et al. [13] emphasized that accurate CO detection is critical for preventing coal
ignition. They proposed a compensation model based on the Grey Wolf Optimizer-Support Vector Machine
(GWO-SVM), effectively suppressing temperature and pressure interference on measured concentrations
and enhancing CO measurement precision. Additionally, experimental monitoring techniques—including
temperature sensors [14], wireless temperature monitoring systems [15], and infrared thermal imagers [16]
enable timely detection of temperature anomalies in coal stockpiles, thereby preventing spontaneous ignition
and fire incidents. Miranda et al. [17] validated infrared thermography as a highly effective method for
coal pile temperature mapping. Qiu et al. [18] developed a portable detection system leveraging laser
spectroscopy technology to precisely quantify gaseous inhibitors. By utilizing lasers as sensing light sources,
they monitored the real-time concentration dynamics of carbon monoxide (CO) and methane (CH4)
in coal yards, accurately identifying two critical temperature thresholds. Li et al. [19] designed a high-
sensitivity fiber-optic photoacoustic (PA) gas sensor for coal spontaneous combustion monitoring. This
system integrates gas-sensitive heads, optical fibers, and demodulators to transmit laser-generated PA signals
and detect PA pressure via white light interferometry.

Temperature monitoring is critical for coal pile safety, yet timely and effective heat dissipation methods
constitute another vital aspect of enhancing storage security. Conventional heat dissipation approaches
include manual water spraying, forced-air cooling, evaporative cooling, and advanced phase-change mate-
rials (PCMs) [20,21]. Sun et al. [22] identified coal oxidation propensity as the decisive factor in spontaneous
combustion. They constructed molecular models based on experimental analyses and performed quantum
chemical simulations to reveal the mechanism of coal oxidative capacity. Consequently, suppressing oxida-
tion reactivity emerges as an effective prevention strategy. Ma et al. [23] developed an antioxidant gel-foam
using foam, gel, and chemical inhibitor OPC. This material isolates coal from oxygen, reduces oxidation rates,
and prevents spontaneous ignition. Yin et al. [24] engineered encapsulated PCMs, where shell rupture at
phase-transition temperatures, releases inhibitory liquids that permeate coal seams, creating oxygen barriers
to effectively suppress combustion. Zhang et al. [25] synthesized microencapsulated PCMs with polyethylene
glycol 6000, analyzing inhibition mechanisms for different core-wall ratios on spontaneous combustion of
coal in combination with thermodynamic parameters. However, these methods face limitations in large-
scale applications, such as incomplete oxygen isolation, high material synthesis costs, and implementation
constraints. Thus, low-cost, high-efficiency thermal regulation technologies represent the optimal solution
for heat dissipation and spontaneous combustion prevention in bulk coal stockpiles.

Gravity heat pipes (GHPs) are widely deployed in industrial and electronic applications due to their
high thermal efficiency, cost-effectiveness, and operational safety [26–28]. Zhang et al. [29] developed
non-uniform diameter GHPs, investigating how condenser inner diameter, evaporator/condenser lengths,
condenser wall temperature, and working fluids affect filling envelopes, operational envelopes, and thermal
resistance under vertical orientation.
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Dai et al. [30] systematically analyzed the impacts of working media, structural configurations, and
installation layouts on GHP thermal efficiency. Jin et al. [31] established a GHP boiling characteristic test
platform to resolve heat dissipation challenges in fuel cell operations. GHPs have been implemented in mine
exhaust heat recovery (Zhai et al. [32]) and geothermal energy extraction (Ma et al. [33]).

Zhang et al. [34] pioneered GHP deployment for coal gangue temperature regulation while enhancing
waste heat recovery efficiency. Zhang et al. [35] experimentally analyzed GHP-mediated heat dissipation in
coal piles by simulating central heat sources with bottom-up heating, creating vertically decreasing thermal
gradients by increasing the point of high temperature heat sources. Their findings revealed that gravity heat
pipes (GHPs) inserted into the coal pile had different cooling effects on the coal at different horizontal
positions, and the effect of GHPs on the coal at lower horizontal positions was the most obvious. The heat
pipe can effectively prevent and control the spontaneous combustion of coal and effectively disperse the heat
accumulation inside the coal pile that causes temperature rise, which provides a new idea for suppressing
the spontaneous combustion of coal and centralised extraction of heat energy from the coal pile [36].

From the perspective of heat transfer medium, Zhang et al. [37] investigated the regulation of the
influence on the heat dissipation effect of the heat pipe under different heat source input power conditions
by comparing the methanol working material with no working material, and the results showed that the
copper-methanol gravity heat pipe can best control the continuous temperature increase at the heat source
location, destroy its heat storage environment, and inhibit the self-heating of the coal pile. Ren et al. [38]
used a methanol matrix with a 23% higher heat dissipation efficiency than the ethanol/hexane variant of a
gravity heat pipe. Wang et al. [39] used a hybrid nanofluid matrix in a gravity heat pipe inclined at 60○. The
results showed a 15.2% reduction in thermal resistance and a 6.83% increase in heat transfer efficiency with
reduced nanoparticle agglomeration. In summary, these findings demonstrate GHPs’ efficacy in dissipating
internal heat accumulation from coal stockpiles, thereby preventing spontaneous combustion.

In summary, the problem of preventing the spontaneous combustion of coal during storage and stacking
needs to be solved urgently. Academics have tried to use active temperature sensors combined with wireless
temperature measurement and monitoring systems, infrared thermal imagers, and laser spectroscopy to
monitor the temperature of coal piles, and the effect is remarkable. However, these traditional temperature
monitoring methods face significant limitations. They rely on external data sources, require grid power or
other external electricity supplies, and cannot measure internal temperatures within coal piles. The thermal
safety of coal piles not only relies on the safe monitoring of coal pile temperature but also relies on efficient
heat dissipation systems, including water spray cooling and gravity heat pipe cooling. Gravity heat pipes, as
efficient heat sink devices, are mostly used for waste heat recovery from coal piles. Comprehensive analysis
reveals that existing technical solutions feature relatively independent temperature monitoring and cooling
systems for coal piles, lacking efficient synergistic operation. In coal yards, innovative integration of gravity
heat pipes—used for heat dissipation and waste heat power generation—with temperature monitoring
systems remains scarcely explored. A critical research gap lies in quantifying and reducing the temperature
measurement error caused by the inherent heat transfer temperature difference of heat pipes in coal pile
applications. This constitutes the core research objective of the present technical solution.

Therefore, it is necessary to develop a coal internal heat dissipation with efficient temperature measure-
ment and early warning technology, which is of great significance to improve the safety of coal storage and
stacking. In order to curb the spontaneous combustion of coal during stockpiling, this study develops an
efficient heat dissipation & self-supplied wireless temperature measurement system (SPWTM) integrating
gravity heat pipe and thermoelectric power generation, which can provide double coal stockpile safety.
The heat dissipation of the coal pile is realized by the phase change heat transfer of the gravity heat pipe.
The SPWTM is self-powered by waste heat-driven thermoelectric power generation in the condensing
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section of the heat pipe, and the SPWTM transmits the temperature measurement results to the temperature
monitoring and warning platform in real-time. To this end, the startup characteristics, heat transfer, and
heat dissipation characteristics of the gravity heat pipe are investigated for different coal pile heat production
powers and burial depths. Based on the natural convection heat transfer analysis, the heat dissipation
performance of heat pipe heat dissipation is deeply investigated. Considering the temperature difference of
heat pipe heat transfer, the optimization method of SPWTM accurate temperature measurement is deeply
explored. Then, it is applied in a real coal pile to verify the feasibility of maintaining the thermal safety of
the coal pile based on the synergistic effect of heat pipe active heat dissipation and thermoelectric power
generation self-supplied energy temperature measurement.

2 Efficient Heat Dissipation and Self-Powered Wireless Temperature Measurement System
To prevent spontaneous combustion in coal stockpiles and enhance storage safety, this study develops

an integrated system combining high-efficiency thermal regulation with self-powered wireless temperature
monitoring. The composition and working principle of the efficient heat dissipation and self-powered
wireless temperature measurement system for the coal yard is shown in Fig. 1. Thus, the device consists of
a heat dissipation part and a wireless temperature measurement module. In the heat dissipation section,
heat transfer is achieved by relying on the phase change heat transfer of the work mass (water) inside the
gravity heat pipe (The dimensions of gravity heat pipe are height 160 cm, diameter 3 cm). The evaporation
section of the heat pipe absorbs heat from the oxidised heat of the coal pile. In the condensation section, the
exposed annular fins exchange heat with the ambient air through natural convection. This causes the vapor
within the heat pipe to condense into numerous small droplets via dropwise condensation. These droplets
gradually coalesce and form a liquid film through filmwise condensation. Under the action of gravity, the
liquid film flows back to the evaporation section. Consequently, heat is transferred from the coal pile to
the external environment through the gravity-assisted heat pipe. In addition, the structural parameters of
the gravity heat pipe can be seen in Table 1. The fill ratio of the working fluid in the heat pipe does not vary
with burial depth. The length of the condenser section remains largely consistent. In this study, the influence
of coal pile depth on heat generation power is neglected. Therefore, a uniform heat flux can be applied at the
evaporator section.

As illustrated in Fig. 1, the SPWTM comprises a control chip, a wireless communication module,
an energy management circuit, a thermoelectric generation (TEG) module, and a temperature probe
(wireless sensing unit). It is installed at the end of the condenser section. The TEG modules harvest
thermal energy from the heat source of the condensation section to generate electricity, which powers
the wireless temperature monitoring system. Thermocouple probes integrated with the device measure
condensation section temperatures and transmit readings to a cloud-based acquisition platform. The PWTM
achieves ultra-low power consumption and extended battery life through several key design features. It
employs an ultra-low-power control chip that operates at only 0.6 μA with a supply voltage ranging from
1.8 to 5.5 V. The wireless communication module uses an RF chip (1.9~3.6 V), which modulates data and
transmits periodically every 2~5 min over a distance of 70 m. Additionally, the device incorporates a built-
in 2.4 V/500 mAh miniature lithium battery. Supported by an automatic buck-boost energy management
circuit (0.8~25 V), the thermoelectric generation module charges the battery in real time.

The three 12,706 thermoelectric generators in the module produce a total voltage ranging from
0.9 to 2.7 V. An energy management circuit uses this electricity to charge the battery in real time, meeting
the power demand of the wireless temperature measurement device. The device employs an NTC thermistor
probe for temperature sensing. Its total operating current is 30 μA, and the temperature measurement
range is −50○C to +125○C. As a result, through self-powering via thermoelectric generation, the device
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can theoretically operate for several years, enabling long-term stable wireless temperature monitoring.
Additionally, the thermoelectric materials, heat pipes, and wireless sensors used in this study are all
commercially available components with minimal environmental impact.

Dropwise
condensation

Filmwise
condensation

Work fluid

Self-powered Wireless Temperature Measurement
Device (SPWTM)

Heat

Wireless temperature
measurement device

Circular r ib

T5

Condensation
section

Insulation
section

Evaporati
on section

Thermoelectr ic Generation
(TEG)

Work fluid
evaporates
when heated

Steam condenses
and falls back

Heating element

T4

T3

T2

T1

Gravity heat
pipe

Heat and mass
transfer

Measurement
points

SPWTM

Figure 1: System architecture and operational principle of the high-efficiency thermal regulation and self-powered
wireless monitoring system

Table 1: Structural parameters of the gravity heat pipe

Parameters Value
Main body material Steel

Heat pipe radius 15 mm
Evaporation section length 60 cm

Adiabatic section length 60 cm
Condensation section length 40 cm

Working fluid Water
Working fluid fill volume 424 mL

Working fluid fill ratio 37.4%

To comprehensively evaluate the heat dissipation capacity of gravity heat pipes (GHPs) and effectively
inhibit coal pile temperature escalation beyond the critical 50○C–60○C threshold—ensuring coal storage
safety—this study addresses two pivotal challenges. First is the Thermal Performance Validation: Quantifying
GHP efficacy in preventing thermal runaway. The second is Measurement Accuracy Optimization: Resolving
condenser temperature representativeness for internal coal conditions. Ultimately, the integrated system—
combining GHP-mediated thermal regulation with thermoelectric generator (TEG)—powered wireless
monitoring—establishes a dual-safeguard mechanism for coal yard thermal risk management.
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Fig. 2 presents the integrated experimental platform for performance validation and optimization of
the high-efficiency thermal regulation and self-powered wireless monitoring system. The system employs
electric heating patches at burial depths of 60 and 30 cm to simulate shallow and deep coal oxidation heat
sources, respectively, with thermal output controlled via a DC power supply (0–200 W). Thermocouples (K-
type, ±0.5○C accuracy) are axially distributed at three critical positions on both evaporator and condenser
sections, with temperature data acquired by an Agilent DAQ970 system. Simultaneously, thermoelectric
generator (TEG) modules mounted at the condenser apex harvest thermal energy to power wireless sensors
that transmit real-time data to a cloud-based monitoring platform. Temperature streams from the cloud
system and Agilent DAQ970 undergo synchronized cross-validation using dynamic calibration algorithms
to achieve measurement accuracy, enabling precise thermal mapping optimization.

Figure 2: Experimental validation platform for performance evaluation of the high-efficiency thermal regulation and
self-powered wireless monitoring system

3 Implementation and Field Application of Coal Yard Thermal Safety System
Based on the developed high-efficiency heat dissipation and self-powered wireless temperature mea-

surement system, the application test in the coal yard is carried out. Fig. 3 is the schematic diagram of
the efficient heat dissipation and self-powered wireless temperature measurement system in the coal yard
temperature monitoring and early warning system.

Firstly, a large number of SPWTM devices are inserted into the coal pile for efficient heat dissipa-
tion using gravity-assisted heat pipes. The system operates highly automatically and can function under
unattended conditions. During dynamic temperature measurement and monitoring, the thermoelectric
generation module (TEG) is positioned at the top of the condenser section of the heat pipe, where it utilizes
residual heat for power generation. The TEG converts thermal energy into electricity, supplying power to the
SPWTM and supporting the operation of its temperature probe and wireless communication module.

Secondly, the wireless communication module inside the SPWTM transmits temperature data from
the probe to a wireless base station at regular intervals of two minutes. The wireless base station delivers all
collected temperature data in real time to a temperature monitoring and early warning platform. Through
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this platform, temperature changes and early warning information across the entire coal yard are promptly
communicated to site managers.
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Figure 3: Schematic diagram of self-powered wireless temperature measurement device in a coal yard

Finally, the temperature monitoring and early warning platform performs temperature correction,
real-time display, and early warning functions. It can also send commands to the SPWTM to adjust its
sampling frequency.

4 Research Process
Since the natural range of the coal pile is 60○C or more, the phase change boiling point of the work

mass inside the developed gravity heat pipe is optimal at about 60○C or so. The aim is to fully utilize the
heat absorption capacity of the sensible heat and the latent heat of phase change of the heat pipe work mass.
Wireless temperature monitoring helps to improve the heat dissipation capacity of the gravity heat pipe. In
addition, to prevent the coal pile from reaching the spontaneous ignition point (60○C), the temperature of
the heat pipe’s evaporation section should not exceed 60○C.

The experimental procedure of this study is shown below.
First, the evaporative and adiabatic sections of the gravity heat pipe are insulated (see Fig. 2) to ensure

that all heat is efficiently transferred to the condensing section, thus clarifying the start-up characteristics of
the gravity heat pipe.

Secondly, considering that the adiabatic section in the actual application process is not installed with
a heat insulation layer, the influence laws of the buried depth of the coal pile (30 and 60 cm) and the heat
production power of the coal pile (The power ranges of 5~25 W and 10~50 W correspond to the same heat
flux density range of 176.83 to 884.19 W/m2) on the heat transfer-heat dissipation characteristics of the gravity
heat pipe are studied in depth to elucidate the overall heat transfer law of the gravity heat pipe. At the same
time, the influence of the strength of natural convection heat transfer on the heat dissipation efficiency η of
the fins in the condensing section is analyzed to evaluate the heat transfer capacity of the gravity heat pipe.
Q is the heat dissipation of the fins, and Pheat is the heat production power of the coal pile.

η = Q
Pheat

(1)

As shown in Fig. 1, the condensing section of the heat pipe in this study uses annular cooling fins for
heat dissipation. The heat dissipation efficiency η f of a single fin is described by a mathematical expression,
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see Eq. (2). These Eqs. (2)–(4) are derived from the book by Tao et al. [40].

η f =
hP
m θ0th (mH)

hPHθ0
= th (mH)

mH
(2)

where, for annular fins, mH is calculated by Eq. (3).

mH =
√

2h
λδH H 3

2 (3)

Define AL = δH to denote the longitudinal cross-sectional area of the annular cooling fins. m =
√

hP
λAc

is a constant.
Where λ is the thermal conductivity of the material, H is the height of the rib, δ is the thickness of the

rib, h is the heat transfer coefficient between the fluid and the surface of the rib, AC is the cross-sectional
area along the direction of the height of the heat dissipation fins, and L is the perimeter of the cross-section
of the heat dissipation fins involved in heat transfer. The spacing between the heat sink fins is b. The specific
structural dimensions and parameters are shown in Table 2.

Table 2: Structural parameters of the annular cooling fins of the condensing section of the gravity heat pipe

Serial number 1 2 3 4
Parameters H δ h b

Unit m m W/(m⋅K) m
Take a value 0.015 0.001 5~15 0.07

The efficiency of the ring-shaped cooling fins is η f , often used with mH or the corresponding
relationship

√
h

λAL
H3/2, through the table method, to find the theoretical solution of the cooling fin’s heat

dissipation efficiency. In this experiment, the ring rib is found to have a rib efficiency of η f = 0.97.
Considering that 50 pieces of annular cooling fins are used in this research system, let the temperature

of the air in the coal yard be tf , the natural convection heat transfer system between the air and the cooling
fins in the whole condensing section be h, the total surface area of the cooling fins be Af , the area of the root
between the two cooling fins be Ar, and the temperature of the root be t0, then the sum of the area of all
annular cooling fins and the root be A0, then A0 = Af + Ar. The total heat dissipation Q of the condensing
section is

Q = A0ηh (t0 − t f ) (4)

where η = Ar+η f A f
Ar+A f

is the total heat dissipation efficiency of the cooling fins in the condensing section.
Thirdly, in order to avoid the phenomenon of high energy consumption generated by the efficient and

accurate temperature measurement of the self-powered temperature measurement system and to shorten
the duration of the self-powered energy supply, this study optimizes the actual measured values of the self-
powered temperature measurement system, after comparing them with the temperature values measured by
the high-accuracy measurement device (DAQ970). The optimization direction is to correct the temperature
measurement on the temperature monitoring and warning platform by comparing the difference between
the two. In the end, the high power consumption of self-powered temperature measurement systems that are
self-correcting will be avoided, thus realizing effective temperature measurement over a long period of time.
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Finally, the wireless temperature measurement system with high-efficiency heat dissipation and self-
supply is applied in the coal yard to verify its heat dissipation performance and its ability to monitor and
warn the temperature, so as to ensure the thermal safety of the coal pile in the coal yard.

5 Results and discussion

5.1 Heat Transfer Characteristics of Gravity Heat Pipe
The variation of the evaporation temperature, condensation temperature, and the temperature differ-

ence between them with time and power of the gravity heat pipe when insulated in the adiabatic section
is shown in Fig. 4. The effect of temperature with time and power for the evaporation and condensation
sections is shown in Fig. 4a. The power to simulate the heat production from the coal pile is increased from
20 to 60 W, and the single power working interval is about 10,000 s. It can be seen that the evaporation
temperature and condensation temperature of the gravity heat pipe increase with the increase of power, as
shown in Fig. 4a,b. During this change, it can be roughly divided into 3 stages, a steady temperature rise
stage at 20 W, an intermittent oscillating temperature rise stage at 30~40 W, and a heat pipe start-up stage
at 50~60 W. The reason for this phenomenon is analyzed by combining the gravity heat pipe heat transfer
process shown in Fig. 1 as follows.
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Figure 4: (a) Influence of heat production power of coal pile on evaporation temperature, and condensation tempera-
ture; (b) The heat transfer temperature difference of gravity heat pipe when insulated in adiabatic section (burial depth
60 cm)

During the steady rise phase at 20 W, the steam generation inside the gravity heat pipe is small due to
the low power input. Some of the heat is transferred through the walls of the heat pipe, while a small amount
of heat is transferred through water evaporation. At this time, the water vapor in the condensing section
undergoes a bead-like condensation process, with a small number of water droplets adhering to the inside
of the tube. As a result, the temperature rise is very stable with a smooth curve.

As the power increases to 30~40 W, the temperature of the evaporation section increases and gradually
approaches 60○C, resulting in a continuous increase in vapor generation inside the heat pipe. At this time,
the bead-like condensation process in the condensing section part of the heat pipe increases significantly.
A large number of small water beads merge and grow, and some of the beads grow too large and form a
liquid film, which flows back under the action of gravity (see the heat and mass transfer analysis in Fig. 1).
The heat transfer temperature difference between the condensing section and the evaporating section as
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shown in Fig. 4b. It can be seen that the liquid film or condensate temperature in the condensing section
is lower than that in the evaporating section. When the condensate flows back, the condensing section
temperature is heated by the high-temperature steam and warms up instantly. On the contrary, the evaporator
section receives the low-temperature condensate and cools down instantly. In summary, the intermittent
temperature oscillations between the evaporating section and condensing section of the heat pipe at 30 to 40
W are caused by discontinuous condensate return.

At the power of 50 to 60 W, the amount of vapor produced inside the heat pipe increases further.
The amount of bead-like condensation produced in the condensing section increases significantly. At this
time, the frequency of condensate return increases, causing continuous oscillations in the temperature of
the evaporation and condensation sections. However, when the 50 W power is operated for some time, the
condensate reaches a continuous and stable reflux state, which makes the evaporation section temperature
and condensation section temperature change curves, stable and smooth. The heat transfer temperature
difference between the evaporation section and the condensation section shown in Fig. 4b is significantly
reduced, and the heat pipe homogeneity is significantly increased, indicating that the gravity heat pipe is
successfully activated internally. The start-up temperature is about 60○C, while the start-up power and the
length of the evaporation section are 50 and 60 cm, respectively.

5.2 Influence of Coal Pile Burial Depth and Heat Production Power
During the installation and application of SPWTM in coal piles, the adiabatic section is usually installed

without thermal insulation. Therefore, when the adiabatic section is not insulated, the effect of the depth of
the coal pile burying the SPWTM and the oxidized heat production power of the coal mine on the SPWTM
is of concern. The heat production power should be consistent under the same coal mine. In other words,
the heat generation power of coal mines per unit depth is consistent. Here, the parameters of burial depth
were investigated as 30 and 60 cm, and the heat production power was 5~25 W and 10~50 W, respectively.

The influence of coal pile heat production power and burial depth on heat pipe evaporation temperature,
condensation temperature, and heat transfer temperature difference when the adiabatic section is not
insulated is shown in Fig. 5a,b. Overall, the evaporation and condensation temperatures and the temperature
difference between them increase due to the increase in power, regardless of whether the adiabatic section
is insulated or not. However, the evaporation and condensation temperatures at a burial depth of 30 cm
are lower than those at a burial depth of 60 cm. This is because the heat produced in the coal mine is
transferred through the adiabatic section and the condensation section. Therefore, the shallower the burial
depth, the stronger the heat dissipation ability, making the temperature of the evaporation section slightly
lower. Because of this, the shallower the burial depth is, the greater the temperature difference between the
evaporation section and the condensation section.

As shown in Fig. 5a,b, the maximum temperature difference is as high as 17○C and 12○C for 30 and
60 cm burial depth, respectively. The evaporator sections maintain an identical heat flux density of 884.19
W/m2, achieved by applying power inputs of 25 W for the 30 cm case and 50 W for the 60 cm case.
This phenomenon occurs because the configuration with 30 cm depth provides a larger total surface area,
including both the condenser and uninsulated sections. The increased area enhances heat dissipation and
reduces condenser temperature, thereby amplifying the heat transfer temperature difference between the
evaporator and condenser sections. Moreover, compared to the 6○C temperature difference between the
evaporator and condenser at 50 W in Fig. 4b, the uninsulated adiabatic section exhibits a temperature
difference of only 12○C. This occurs due to heat loss from the uninsulated section, which reduces condensate
accumulation in the condenser at 50 W. Approximately 18.2% of the total heat dissipation area contributes
to this environmental heat loss. Consequently, under uninsulated conditions at 50 W, continuous large-scale
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condensate return to the evaporator does not occur, resulting in a higher temperature difference between the
condenser and evaporator. The smaller the heat transfer temperature difference, the smaller the difference
between the condensing section temperature and the evaporation temperature. The actual measurement
value of the self-powered wireless temperature measurement system is the condensation section temperature.
Therefore, the results show that the deeper the burial depth and the smaller the heat production power, the
higher the measurement accuracy of the self-powered wireless temperature measurement device.
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Figure 5: Effect of coal pile heat production power and burial depth on heat pipe evaporation temperature, conden-
sation temperature, and heat transfer temperature difference when the adiabatic section is not insulated. (a) 30 cm,
5~25 W; (b) 60 cm, 10~50 W

The thermal safety of coal piles is improved here to efficiently prevent spontaneous combustion of coal
piles. Early warning is performed before the coal pile reaches the spontaneous combustion temperature
point of 60○C. As shown in Fig. 5b, if the warning temperature of the coal pile is selected to be 50○C, the
temperature difference (Th − Tc) between the evaporation section and condensation section of the gravity
heat pipe is close to 10○C. In other words, the difference between the self-powered wireless temperature
measurement value and the actual temperature of the coal pile is less than 10○C before the temperature of the
coal pile reaches 50○C. Based on Th − Tc ≤ 10○C, it is proposed to add 10○C to the self-powered wireless tem-
perature measurement feedback value to improve the reliability of temperature monitoring. This approach
serves as a simplified expedient for measurement error correction rather than a comprehensive solution.
It represents a trade-off between measurement accuracy and system power consumption for extended
operational longevity. For a more complete error correction method, one may consider constructing a high-
precision dynamic compensation model based on real-time heat flux density or heat pipe operating status
to improve measurement accuracy. In addition, it is suggested that the burial depth of SPWTM should be
greater than 60 cm in practical applications.

To demonstrate the effect of burial depth on heat transfer performance, in particular, the effect of the
intensity of natural convection of air on the heat dissipation capacity of the condensing section was explored,
as shown in Fig. 6, the effects of burial depth and heat production power on the heat dissipation efficiency
η of the annular heat dissipation fins were investigated. As shown in Fig. 6a, the burial depth was 30 cm,
and the heat dissipation efficiency η increased and then decreased with the increase of heating power. The
temperature of the condensing section increases when the heat production power increases, which increases
the heat dissipation capacity increase and increases the heat dissipation efficiency. When the burial depth
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is too low, most of the heat is easily dissipated through the adiabatic section area when the temperature is
high. Therefore, when the heat production power is too high, the evaporation temperature does not increase
but approaches a constant value. Indicates that at this time through the cooling fins heat dissipation ability
to reach its peak, while the heating power is still rising, resulting in a reduction in the efficiency of heat
dissipation. The natural convection heat transfer coefficient is greater, obviously, the convection heat transfer
capacity of the cooling fins is greater, and the heat dissipation efficiency is higher.
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Figure 6: Effect of coal pile heat production power and burial depth on the heat dissipation efficiency η of annular heat
sink fins for different natural convection heat transfer coefficients h. (a) 30 cm, 5~25 W; (b) 60 cm, 10~50 W

Unlike a burial depth of 30 cm, the heat dissipation capacity of a heat pipe with a burial depth of 60 cm
depends on the heat sink fins in the condensing section. Therefore, the heat transfer area of the heat sink
fins at 60 cm is a larger percentage of the total heat transfer area. It can be seen that as the heat production
power increases, the heat dissipation efficiency first increases and then levels off. Equal efficiency after 30 W
indicates that the heat dissipation capacity has reached its maximum value. The resistance to heat dissipation
reflected laterally comes from the natural convection surface heat transfer coefficient. Therefore, the higher
the natural convection heat transfer coefficient, the greater the heat dissipation capacity and efficiency. In
summary, in deeper burial depth conditions, the heat dissipation capacity and heat dissipation efficiency of
the gravity heat pipe are greater, which contributes to the efficient heat dissipation of the coal pile. When
the natural convection heat transfer coefficient is 10 W/(m⋅K), the heat dissipation efficiency based on the
cooling fins in the condensing section is as high as 0.98. The heat dissipation efficiency of the condensing
fins is as high as 0.98.

5.3 Research on Optimization Strategy of Temperature Measurement
Based on the results obtained in Fig. 5, it is proposed to add 10○C to the actual value of the self-powered

wireless temperature measurement to improve the reliability of temperature monitoring. This is the result
of combining the temperature monitoring with the heat transfer characteristics of the gravity heat pipe. As
shown in Fig. 7, the temperature of the evaporation section slowly changes to increase to 38.5○C when the
heat production power is 10 W. Due to the heat transfer temperature difference between the evaporating and
condensing sections of the heat pipe, the measured temperature of the SPWTM at the top of the condensing
section is lower than the temperature of the evaporating section, which makes it impossible to obtain an
accurate temperature of the coal pile. Based on the above-mentioned optimization method of “adding 10○C to
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the actual value of self-powered wireless temperature measurement”, the reliability of coal yard temperature
monitoring is guaranteed. In Fig. 7a, it is shown that when the measured temperature value of SPWTM is
2○C higher than the ambient temperature, 10○C is added to the measured temperature value of SPWTM. The
temperature correction value of SPWTM is higher than the evaporation temperature.
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Figure 7: Comparison of the actual measured temperature values of the SPWTM with the corrected values and the
actual measured temperature values of the evaporation section for the heat production power of (a) 10 W and (b) 37 W,
respectively

The temperature correction value of SPWTM optimized by this method is also very reliable at higher
heat production power. As shown in Fig. 7b, the temperature correction value of SPWTM is very close to
the evaporation section temperature (coal pile temperature) at 37 W. Specifically, the measured temperature
correction value of SPWTM is very close to the evaporation temperature (coal pile temperature) 42.5○C
to 55○C curve. Comparing the correction results in Fig. 7a,b, the results show that the higher the coal pile
temperature is before reaching the warning temperature of 50○C, the closer the temperature correction value
of SPWTM is to the actual coal pile temperature. Therefore, the higher the coal pile temperature is, the more
accurate the warning results of SPWTM are, which helps to ensure the thermal safety of the coal yard. It is
worth noting that in order to reduce the energy consumption of SPWTM, the optimization or correction
runs are carried out in the temperature monitoring and warning platform.

5.4 Application and Analysis of Long-Time Coalfield Temperature Monitoring
5.4.1 Coalfield Field Application Cooling Effect

The temperature correction of SPWTM was performed based on the above temperature measurement
optimization results. Then, field operation in coal pile temperature monitoring in the coal yard was
conducted to evaluate the heat dissipation capability of this efficient heat dissipation & self-powered wireless
temperature measurement system (Efficient heat dissipation & SPWTM) and the warning capability of the
temperature warning platform. The key field conditions declared for the coal stockyard include the type of
coal, burial depth, and weather condition. Specifically, the coal is high-sulfur lignite, the burial depth is no
less than 60 cm (as supported by findings from Figs. 6 and 7), and the weather condition is sunny.

Fig. 8 demonstrates the actual use of two highly efficient heat dissipation and self-powered wireless
temperature measurement systems in a coal pile. These temperature measurement devices are used in a coal-
fired power plant in Southwest China. In test point 1 of Fig. 8a, without the use of Efficient heat dissipation
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& SPWTM, the temperature of the coal pile reaches the ignition point due to the oxidation reaction of the
coal, and a large amount of white smoke is generated. After using Efficient heat dissipation & SPWTM for
1 to 5 h, the white smoke in the coal pile was significantly reduced. Similarly, in Test Point 2 of Fig. 8b,
there was a slight amount of white smoke without the use of a heat dissipation device. The white smoke
suddenly disappeared 1 h after using Efficient heat dissipation & SPWTM and reappeared or rekindled 1 h
after removing the heat sink. Based on the above analysis, it shows that the gravity heat pipe in Efficient heat
dissipation & SPWTM plays a key role in heat dissipation, which helps to reduce the temperature of the coal
pile and inhibit the spontaneous combustion of coal.

(a) Test location 1
Non-use After use 1h After use 5h

Non-Use After use 1h
Remove after 
1 hour of use

(b) Test location 2

Figure 8: Practical use of two high-efficiency heat dissipation and self-powered wireless temperature measurement
systems in a coal pile, (a) test position 1, (b) test position 2

5.4.2 Coalfield-Wide Temperature Monitoring and Early Warning
The function of Efficient heat dissipation & SPWTM is not only to dissipate the heat from the coal pile

and inhibit the burning of coal utilizing gravity heat pipe but also the temperature monitoring of its SPWTM
is equally important. In the coal pile temperature monitoring process, the optimized temperature monitoring
and warning platform receives temperature information from all SPWTMs. In this study, six temperature
measurement points at the same coal pile are demonstrated. Fig. 9 shows the coal pile information of July
2024 in the coal yard for 3 SPWTMs. It can be seen that based on the self-powered nature of the SPWTM,
it can work continuously for at least up to one month without maintenance. Compared with the artificial
or active power supply temperature measurement method, the maintenance and labor costs are greatly
reduced. In addition, the temperature information measured by the three SPWTMs shows the same trend
over time. This indicates the accuracy of SPWTM temperature measurement. In the middle of July, the overall
temperature of the coal pile first increased, then decreased, and then increased. With the temperature change
of SPWTM, the coal yard managers can effectively analyze the temperature trend of the coal yard. If the
temperature is too high, measures such as cooling can be applied in advance.

The maximum coal pile temperatures measured at several SPWTMs for July are shown in Fig. 10. As a
whole, the maximum temperature variations were essentially the same for almost all SPWTMs. Moreover,
the maximum coal pile temperatures were inconsistent from day to day, with very large variations. However,



Front Heat Mass Transf. 2025;23(5) 1675

it was observed that on 7/23, the maximum temperature of SPWTM-2 showed a sharp decrease, which was
different from the other SPWTMs. This was caused by the fact that the coal mine at SPWTM-2 was moved
and sold and the heat production from the coal disappeared. It was also found that the maximum temperature
of the coal pile through efficient heat dissipation by gravity heat pipe did not exceed 49.2○C, which again
proved the reliability of heat dissipation of the system in this study.
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Figure 9: Coalfield temperatures measured by different SPWTM in the coalfield over time in July
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Figure 10: Maximum coal pile temperatures measured at six SPWTMs in mid-July

In Fig. 10, the time of the highest temperature is located from 7/21 to 7/27, 2024. For this purpose,
SPWTM-3, where the highest temperature occurs, was extracted, and the period of the temperature
measurements is from 7/21 to 7/27. In Fig. 11, the temperature change of SPWTM-3 from 7/21 to 7/27 is
demonstrated. Based on Fig. 11, three main arguments were obtained.

First, all the blue and red boxes indicate the temperatures in the morning hours (5:00~8:00) and
afternoon hours (13:00~15:00), respectively. The highest and lowest temperatures occur in these two time
periods, which are in line with the daily temperature change pattern, and again demonstrate the reliability
of SPWTM temperature measurement.
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Figure 11: Temperature change of SPWTM-3 from 7/21 to 7/27

Secondly, the temperature oscillates significantly in the afternoon period when the maximum tempera-
ture occurs, a change process that is consistent with the reasons analyzed in Fig. 4. The reason is that at high
temperatures, the cold water in the condensing section of the gravity heat pipe flows back to the evaporating
section from time to time, resulting in temperature oscillations in the condensing section and the evaporating
section at the same time.

Thirdly, the temperature variations of SPWTM-3 were related to the weather in the place where this
coal yard belongs to (Ruijin, Jiangxi, China). The weather forecast for 7 days time is located at the top
of Fig. 11. As shown in Fig. 11, during the three days from 7/21 to 7/24, the weather was mainly sunny and
cloudy. The maximum temperature values were relatively high at 37○C~38○C, and the corresponding coal
pile temperatures likewise appeared high at about 45○C~50○C. During the three days from 7/24 to 7/27, the
temperature of the coal pile was decreasing due to the occurrence of increasing rainfall. It can be seen that
the rainfall weather contributes to the thermal safety of the coal yard.

As shown above, the Efficient heat dissipation & SPWTM developed in this study realize double safety
for the coal yard. The efficient heat dissipation of the heat pipe reduces the temperature of the coal yard to
the spontaneous combustion temperature of the coal pile, so that the spontaneous combustion phenomenon
in the coal pile can be significantly suppressed within 1~5 h, and the fastest time is 1 h. Because the
white smoke produced by the spontaneous combustion of coal is significantly reduced. At the same time,
the temperature measurement reliability of the self-supplied wireless temperature measurement system is
optimized to achieve accurate monitoring and early warning of the temperature trend of the coal pile in
the coal yard. The results of temperature oscillations of the obtained experimental tests (Fig. 4) and weather
variations are argued one by one in Fig. 11. In addition, the thermoelectric power generation module utilizes
the waste heat from the condensing section of the gravity heat pipe to generate electricity, which can be used
for the wireless temperature measurement system to achieve continuous energy supply for at least 1 month
(This conclusion is obtained from field measurements conducted in July (summer) under both sunny and
rainy conditions, as shown in Fig. 9.). This study is of great significance for the development of temperature
monitoring and early warning systems under long-duration and unattended operation at the coal yard.



Front Heat Mass Transf. 2025;23(5) 1677

6 Conclusion
To curb the spontaneous combustion of coal piles caused by the oxidizing reaction between coal and air

during the coal stacking process, in this study, an efficient heat dissipation & self-powered wireless tempera-
ture measurement system (SPWTM) integrating gravity heat pipe and thermoelectric power generation was
developed to provide a double safeguard against spontaneous combustion of coal. The main research results
are as follows:

(1) The temperature change characteristics under different coal pile heat production power and burial
depths were studied experimentally to clarify the heat transfer characteristics and startup characteris-
tics of the gravity heat pipe. The process of stabilizing the temperature of the evaporation section and
the temperature of the condensation section of the gravity heat pipe, as well as the process of decreasing
the temperature difference between the two, are analyzed. That is, when the thermal resistance of heat
transfer by phase change of the work material becomes small, the startup temperature of the heat pipe
is about 60○C. The influence of the natural convection heat transfer coefficient on the heat dissipation
efficiency of the condensing section points out that the burial depth of 60 cm can guarantee efficient
heat dissipation of the gravity heat pipe. Specifically, at a burial depth of 60 cm, the heat dissipation
efficiency of the condensing section remains highly stable for power values above 30 W. The maximum
efficiency reaches approximately 98%.

(2) The heat transfer temperature difference between the evaporation section and condensation section of
the gravity heat pipe makes it inevitable that there is a measurement error in the measured temperature
value. Based on the change of burial depth on the value of heat transfer temperature difference between
the evaporation section and condensation section, the optimized correction method of superimposing
10○C is proposed for the actual temperature measurement value of SPWTM. The measured value plus
10○C is taken as the actual coal pile temperature value to realize efficient and accurate early warning.
This optimization method means that the higher the coal pile temperature, the closer the temperature
correction value of SPWTM is to the actual temperature of the coal pile. Therefore, the more accurate
the early warning result of SPWTM is, the more it will help to guarantee the thermal safety of the
coal yard.

(3) In the practical application of the coal yard, the efficient heat dissipation & self-supply wireless temper-
ature measurement system reduces the coal yard temperature to below the spontaneous combustion
temperature of the coal pile with the help of the efficient heat dissipation of the heat pipe. The
spontaneous combustion phenomenon in the coal pile is suppressed within 1~5 h, the fastest one hour.
Moreover, the maximum temperature of the actual coal pile does not exceed 49.2○C. The thermoelectric
power generation module utilizes the waste heat from the condensing section of the gravity heat pipe
to generate electricity, which can be used to supply the wireless temperature measurement system and
the safety warning for at least 1 month without maintenance, thus ensuring the thermal safety of the
coal pile again.

Outlook: It is evident that the SPWTM system facilitates temperature measurement and enables
efficient early-warning monitoring in coal stockyards. However, fluctuations in TEG output power limit its
temperature monitoring frequency (e.g., once every 2 min) and long-term continuous operation capability.
Under prolonged shadow weather, low temperatures in autumn and winter, or conditions involving low-
calorific-value coal, the power generation of the TEG decreases significantly. This reduction may compromise
the system’s ability to maintain long-term stable and high-precision temperature monitoring. Therefore,
further research is necessary to investigate the thermodynamic mechanisms of heat transfer in gravity-
assisted heat pipes across different types of coal piles and to optimize temperature monitoring performance.
These efforts will enhance the system’s reliability and adaptability in practical applications.
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