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Abstract: Closed coal bunkers emerged as a novel form of coal storage for coal-fired power stations.
Nevertheless, heat builds continually in the storage process because of the constant oxidation of
coal and combined with the impact of a confined coal bunker environment, it is difficult for heat to
dissipate, resulting in frequent coal bunker fires. Consequently, research on coal pile combustion
characteristics is crucial to the design of coal bunker safety. The experimental platform was set
up in this study to conduct combustion tests of various specifications, and the burning rate, flame
height, flame temperature, and heat radiation flux were analyzed to identify the critical parameters
impacting coal bunker safety. First, the maximum burning rate of coal heaps during steady burning
was calculated, improving coal pile combustion theory and providing guidance for coal bunker
design. Second, the maximum flame height was determined, which can provide an important design
guide for coal bunker height designs. In addition, it was discovered that high temperatures in
flames, smoke, and smoldering coal might cause coal bunker buildings to collapse, so future designs
should strengthen coal bunker fire resistance and keep the coal pile away from the load-bearing
structures to prevent collapse from excessive temperatures. Moreover, the diameter of coal piles has
an influence on the heat flow. For this reason, a coal bunker’s design must consider the coal pile’s fire
separation distance from the coal bunker and avoid large coal piles. Consequently, the study gives
recommendations and support for planning coal bunker safety and enriches experimental data for
coal pile fires.
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1. Introduction

Coal, one of the world’s most important sources of electricity, is consumed in vast
quantities due to the increase in global energy demands. In recent years, approximately
40% of the world’s electricity has been generated by burning coal. This is particularly true
for South Africa, China, Poland, Australia, India, and other countries where more than
two thirds of their electricity is currently generated from burning coal [1]. According to
official figures, China produced 4.126 billion tons of coal in 2021, accounting for 50.5% of all
international production and ranking first in the world. The most common classifications
for coal bunkers are the sealed type, the semi-sealed type, and the open type. In response
to national environmental protection rules, the development of sealed coal bunkers has
accelerated, making coal bunker safety crucial to the everyday operations of the whole
power plant. Nevertheless, because of continuous oxidation, coals accumulate heat during
storage, and a coal bunker is a relatively confined environment with just two outputs at the
top and bottom, thus the heat is not easily dispersed externally leading the temperature of
the coal body to gradually rise. Generally, the height of a coal bunker is typically between
30 and 50 m, and the “chimney effect” will manifest. The increase in coal temperature will
accelerate the coal’s oxidation–reduction process, which will cause the coal’s temperature
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to continue to rise, leading to spontaneous combustion. Coal bunker fires have occurred in
several nations, including China and USA [2–5]. In September 2011, a 100-ton coal bunker
in South Dakota caught fire, resulting in the deaths of two firemen and the severe injury
of one. In September 2020, a major fire catastrophe occurred in a Chongqing coal bunker,
resulting in 16 fatalities, 42 injuries, and a loss of RMB 25.01 million. Coal bunker fires pose
significant economic, environmental, and safety risks. The spontaneous burning of coal
leads to the loss of valuable coal resources and the release of greenhouse-relevant gases,
such as carbon dioxide and methane, as well as other poisonous chemicals that pose a
danger to the health of surrounding residents. Therefore, it is valuable to research the key
parameters of coal bunker safety for the daily operations of whole power plant.

Over the last few decades, scientists from throughout the world have conducted
substantial studies on coal’s combustion qualities [6–13]. Yang et al. [14] utilized ther-
mogravimetry (TG) to determine the link between index gases and critical temperature
under the situation of coal spontaneous combustion by examining how particle size, heat-
ing rate, and oxygen concentration impact critical temperature. Jia et al. [15] applied the
temperature-programmed system (TPS) to analyze the oxygen consumption rate and CO
and C2H4 production rules of six groups of coal samples with different particle sizes in
the process of oxidation heating in order to investigate the influence of coal particle size
on spontaneous combustion and oxidation characteristics of coal. Cai et al. [16] inves-
tigated the gas products and reaction parameters during low-temperature oxidation of
coal with varied metamorphic levels and created a prediction model for low-temperature
oxidation processes employing CO and C2H4. Özer Ören et al. [17] studied the 16-week
oxidation behavior of lignite samples with two different particle sizes (74 and 500 microns).
Stracher et al. [18] examined the kinetics and thermodynamic features of coal oxidation
below 200 ◦C based on the change of elements during coal oxidation at low temperatures.
Taraba et al. [19,20] studied the oxidation behavior of three kinds of coal in the presence of
molecular oxygen under both atmospheric and subaquatic circumstances. Guo et al. [21]
designed program-controlled temperature test equipment for low-temperature coal sponta-
neous combustion testing. In this experiment, three coal samples of various metamorphic
grades were evaluated, including bituminous coal, brown coal, and anthracite. A technique
is developed for forecasting temperature based on the variation of gas content in a coal
sample during heating. This technique estimates the temperature range of oxidized coal in
goaf. Nevertheless, the aforementioned studies only examined the effect of coal particle
size and type on its combustion characteristics; few researchers have examined the effect of
coal pile size on its combustion properties.

Additionally, computer simulation is currently the most common way to study how
coal piles burn. Zhu et al. [22] developed a theoretical model to predict the spontaneous
combustion time and location of rough coal piles in temporary coal depots by analyzing
the spontaneous combustion characteristics of rough coal stockpiles using the COMSOL
Multiphysics software program. Diaconu et al. [23] simulated the coal bed self-heating
process based on mathematical modeling of coal stockpile self-heating. Michalec et al. [24]
analyzed the spontaneous heating of coal heaps using commercial computer modeling
software. Kumaran et al. [25] examined, with a one-dimensional numerical model, the
key circumstances that contribute to spontaneous igniting in vast coal stockpiles with dry
and moist coal layers. Akgun et al. [26] utilized a two-dimensional unsteady-state model
to estimate the impacts of pile height, slope angle, particle diameter, and coal moisture
content on coal stockpile spontaneous heating. Yuan et al. [27] conducted three-dimensional
computational fluid dynamics (CFD) modeling to simulate spontaneous heating in a large-
scale coal chamber with a forced ventilation system. Since there has not been much research
done on actual fire experiments, the applicability of practical engineering in the future
needs to be demonstrated further.

The current spontaneous combustion prevention and management techniques work
mainly by inhibiting air from permeating through coal piles, releasing heat from coal piles,
and reducing coal pile temperature. Guo et al. [20] combine a ZigBee technology and use an
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intrinsically safe coal bunker fire early monitoring system. By constructing a wireless sensor
network, collecting data from temperature sensors and smoke sensors, then transferring
the data to the host computer for data fusion, it will warn about coal bunker fires early.
It improves the reliability of coal bunker fire warnings and prevents the spontaneous
combustion of coal bunkers. Tan. [2] combined with the actual situation in Huanghua Port,
utilized a two-dimensional geometric model of a coal bunker, selected CO2 as the inert gas
sprayed in the coal bunker, determined the position of the inert gas port of the coal bunker
hopper, and studied the influence of fireproof and fire-extinguishing inerting on coal bunker
inerting. Yang et al. [28] summarized the CO accident and treatment methods of the Daxing
coal mine main shaft coal bunker, analyzed the main factors of the coal bunker spontaneous
combustion phenomenon, combined the corresponding reasons to formulate effective
prevention and treatment measures, and put forward daily management and technical
measures. Zhang et al. [29] used a complex water-solution (C-WS) of sodium metasilicate
nonahydrate (SMN) and polyvinyl alcohol (PVA) to wet coal particles, which reacted
with CO2 from coal oxidation and natural atmospheric air to form the cross-linked gel
(SMN/PVA gel), which was examined by measuring the critical self-ignition temperature
(CSIT) through the wire-mesh basket test, and test results indicated that it snugly covered
the coal particle surface and inlets of micropores to prevent oxygen ingress and water
emission, and thus exhibited excellent stability and compatibility. However, it is essential
to highlight that coal bunker safety designs are investigated comparatively infrequently,
and the national code has not yet specified its fire protection design in detail. This requires
further development of both technological approaches and theories.

Therefore, this research adopted a self-built coal pile combustion experimental plat-
form to observe the burning behaviors in the combustion experiments of different sized
coal piles. Several crucial coal bunker security factors, including burning rate, flame height,
flame temperature, and radiant heat flux have been analyzed. This research can enrich the
fundamental experimental data on coal piles and serve as a reference for the design of coal
bunker safety.

2. Materials and Methods
2.1. Coal Samples

In this research, commonly used bituminous coal was selected and acquired from the
Tangshan Coal Mine in Shanxi Province, the People’s Republic of China. The coal sample,
with an average particle size of 3 cm, was screened, dried, and packed for future use after
crushing the coal sample with a pulverizer. According to the Chinese code GB/T 212-2008,
the coal sample’s basic parameters, such as moisture, volatile matter, ash, and fixed carbon,
were measured to find out the sample’s basic composition and category. The results are
listed in Table 1. Mad% is the percent of moisture, Vad% is the percent of volatile matter,
Aad% is the percent of ash, and FCad% is the percent of fixed carbon. It can be seen from
Table 1 that the coal sample contains less ash and moisture and is simple to ignite and burn,
so it is the best choice for studying coal bunker fires caused by spontaneous combustion of
coal piles.

Table 1. Industrial analysis of coal samples.

Coal Sample Mad (%) Vad (%) Aad (%) FCad (%)

Bituminous coal 7.5 28.82 1.93 61.75

2.2. Experimental Equipment

To more closely resemble the actual situation and achieve the spontaneous combustion
of coal, a self-built experimental platform was constructed to simulate the process. The
structural diagram of the experimental platform for coal pile combustion is provided in
Figure 1. This system includes supply K-type thermocouple, two heat flow meters, a
camera, a load cell, and a fire net, as well as an automatic data collection system. K-type
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thermocouples were chosen for use in the research because of their high sensitivity, excellent
stability, high oxidation resistance, and low cost. In order to monitor the temperature
change of the coal sample, the K-type thermocouples are placed vertically every 10 cm on
a heat-conducting plate and inserted into the coal seam. Through investigation of some
coal bunkers, it was discovered that the distance between the edge of the bunker and the
nearest coal pile is 2.4 m. As a result of this discovery, a heat flow meter was positioned at
a horizontal distance of 2.4 m from the center of the coal sample in order to measure the
flame heat radiation heat flow. Furthermore, a camera was positioned 3.5 m from the center
of the coal sample to capture the flame height. The coal sample was placed in the steel
wire mesh after being pulverized into pieces in order to make it easier to ignite the coal,
and then it was placed on the load cell, which was shielded from the flames by a fireproof
board and has the potential to be used to evaluate the quality change that occurs in coal as
it is burned. The temperature and mass loss of coal piles were monitored in real time by
the automatic data collection system.
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Figure 1. The testing apparatus for flame combustion of coal.

2.3. Experimental Conditions

The experiments were completed in a combustion chamber located in the Fire Pro-
tection Laboratory of the China Academy of Building Research in Beijing. The initial
temperature of the experiment was 28–32 ◦C, and any wind effect can be ignored. Those
experiments, beginning with n-heptane igniting the coal sample and ended with the
flame dissipating.

2.4. Experimental Schemes Design

At present, few researchers have examined the effect of coal pile size on its combustion
performance, but in practical engineering, various coal pile sizes will impact the size of the
combustion scale, so this research designs nine varieties of coal pile combustion experiment
schemes with various diameters and thicknesses, as shown in Table 2. Each specification
was tested twice to make sure it was accurate. In later research, diameter was written as D
and thickness as T.
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Table 2. Coal pile combustion experimental schemes.

Schemes Diameter (cm) Thickness (cm) Mass (g)

Test-1 40 2 3454.2

Test-2 40 4 3985.4

Test-3 40 6 5921.6

Test-4 60 2 6791.2

Test-5 60 4 9064.8

Test-6 60 6 11,371.0

Test-7 80 2 7656.7

Test-8 80 4 9510.7

Test-9 80 6 14,805.7

3. Results and Discussion
3.1. General Observations

Figure 2 depicts the combustion process of Test-4. There are four stages to the burning
process: initial development, steady burning, decay, and smoldering. We can clearly see
in the development stage that the flame represents just a small percentage of the coal pile
and that it releases puffs of white smoke. When the coal pile reaches this steady state, the
burning area gradually covers the whole surface, the flame radiation feedback and heat
flow are nearly constant, and the rate of combustion is stabilizing. Eventually, the fuel was
consumed, and the flame gradually vanished. At the conclusion of the burning cycle, all
volatiles have been consumed and the flame has extinguished, ushering in the smoldering
phase of combustion. Considering that the steady-burn phase accounts for the bulk of the
total burning period, it is crucial to pay more attention to its properties.
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Figure 2. Burning process photographs of Test-4 at different times.

3.2. Burning Rate

The burning rate is typically used to describe the mass loss per unit time caused by
fuel burning under the specified conditions (GB/T 5907.2-2015). While studying coal pile
burning behaviors, burning rate is one of the most crucial factors to take into account
since it directly influences heat release rate as well as flame height, radiation intensity,
temperature, and other characteristics. The mass loss rate method (MLRM) [30–32] was
used to calculate the burning rate in this research. Specifically, the load cell equipment is
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used to measure the change in weight of the fuel during combustion, and the data collector
is responsible for estimating the magnitude of the change in mass during the research. The
changes of burning rate from Test-1 to Test-9 are shown in Figure 3.
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Figure 3. The changes of burning rate from Test-1 to Test-9 (where (a) is a coal pile of 40 cm diameter
and 2 cm thickness, (b) is a coal pile of 40 cm diameter and 4 cm thickness, (c) is a coal pile of 40 cm
diameter and 6 cm thickness, (d) is a coal pile of 60 cm diameter and 2 cm thickness, (e) is a coal pile
of 60 cm diameter and 4 cm thickness, (f) is a coal pile of 60 cm diameter and 6 cm thickness, (g) is a
coal pile of 80 cm diameter and 2 cm thickness, (h) is a coal pile of 80 cm diameter and 4 cm thickness,
(i) is a coal pile of 80 cm diameter and 6 cm thickness).

Figure 3 demonstrates that the burning rate of coal piles follows the same variable
trend under conditions of diverse dimensions, with the overall trend initially increasing
before reducing. In addition, comparing the coal sample burning rates under different
thicknesses, it is discovered that as the thickness rises from 2 cm to 4 cm, the coal sample
combustion rate increases as well, but when the thickness exceeds 4 cm, the combustion
rate essentially remains unchanged. The main reason for this phenomenon is that when
the thickness of the coal sample exceeds a certain value, the bottom coal sample does
not directly participate in the combustion and contributes very little to the maximum
combustion rate. However, comparing the coal sample burning rates under different
diameters, it is found that the burning rate does not increase significantly. This is primarily
due to the fact that coal combustion does not produce large areas of high temperatures like
conventional liquid flames. In the entirety of the coal combustion process, flame radiation
feedback is relatively stable, possibly due to the interference of the pyrolysis rate with the
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burning rate. In this case, the burning rates were 7.5 g/(m2s), 9 g/(m2s), and 10 g/(m2s)
when the initial thicknesses were 2 cm, 4 cm, and 6 cm, respectively. Equation (1) can
be derived from fitting the steady burning rate data with different thicknesses, and the
burning rate can be calculated as 10.5 g/(m2s). This equation can be applied to the design
of coal piles. The burning rate fitting curve with different diameters is shown in Figure 4.

y = −0.0625x2 + 1.125x + 5.5 (1)

where y is the burning rate (g·m−2·s−1) and x is the coal pile thicknesses (cm).
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3.3. Flame Height

The flame height has a direct effect on the flame’s range and has an effect on the
dispersion of radiation surrounding the flame. As a result, the research on the coal flame’s
height is of the highest significance with respect to the design of the height of the coal bunker.
To further obtain real-time flame heights, the method of identifying RGB pixels [33,34] was
employed (R > 240, G > 140, and B > 35) to outline the flame, and the results are shown in
Figure 5.
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In the flame height influence factor analysis, Test-4 to Test-6 were used to assess the
effect of fuel thickness on flame height, whereas Test-2, Test-5, and Test-8 were used to
determine the relationship between flame height and diameter. The value of the flame
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height can be obtained by applying RGB pixel recognition to the recorded video, as shown
in Figures 6 and 7.
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diameter and 4 cm thickness, (b) is a coal pile of 60 cm diameter and 4 cm thickness, (c) is a coal pile
of 80 cm diameter and 4 cm thickness).

The constant flame heights are 40 cm, 51 cm, and 56 cm for diameters ranging from
40 cm to 80 cm in Figure 6. This phenomenon occurs because flame heat feedback allows
more coal to create flammable steam, leading to a taller flame. When evaluating flame
heights at varying coal pile thicknesses (from 2 cm to 6 cm), however, flame heights
remained unchanged at 51 cm. This discrepancy is due to the restricted heat transmission
from radiation feedback, which prevents the increasing thickness of coal heaps from
affecting the flame height. On the basis of the above study, it is possible to determine
the maximum flame height by fitting experimental data onto flame heights and coal pile
diameters. The fitting formula and fitting curve are shown in Equation (2) and Figure 8,
and the maximum flame height is 56.33 cm, which may be used as a reference for future
coal bunker designs.

y = −0.0075x2 + 1.3x (2)

where y is the flame height (cm) and x is the coal pile diameter (cm).
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3.4. Flame Temperature

Previous burning rate analyses have shown that the diameter of the coal pile influences
flame height. The greater the height of the flame, the larger its high-temperature region. In
order to examine the longitudinal flame temperature distribution of coal piles, piles with
thicknesses of 6 cm and dimensions of 40, 60, and 80 cm (Test-3, Test-6, and Test-9) are
chosen. A group of vertically arranged thermocouples separated by 10 cm are positioned
in the center of the coal pile to measure the longitudinal temperature distribution of the
flame, as shown in Figure 9. When the combustible solid reaches the smoldering stage, the
combustible solid becomes coke and continues to burn. At this time, the heat released by
combustion will not dissipate rapidly, and there will be a localized area of high temperature
near the coke, resulting in long-lasting harm to coal bunker components. Therefore, infrared
thermography was used to estimate the coal pile surface temperature after combustion had
entered the smoldering stage. The results are shown in Figure 10.
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Figure 9. The flame temperature changes of Test-3, Test-6, and Test-9 (where (a) is a coal pile of 40 cm
diameter and 6 cm thickness, (b) is a coal pile of 60 cm diameter and 6 cm thickness, (c) is a coal pile
of 80 cm diameter and 6 cm thickness).

As can be seen in Figure 9, the flame temperature reaches its peak at a distance of 10 cm
from the floor of the coal pile during the coal pile combustion process, but the temperature
decreases progressively as the distance from the coal pile’s floor increases. Meanwhile, it
is discovered that the maximum flame temperature of 750 ◦C has not been significantly
raised. The reason for this phenomenon is that the pyrolysis rate interferes with the
combustion rate, thus affecting the heat feedback. In addition, it has been determined
that the temperature of the smoke may approach 200 ◦C. However, according to current
engineering practices in China, the steel structure’s strength begins to increase as the
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temperature rises, decreases when the temperature exceeds 200 ◦C, and collapses at 537 ◦C.
Consequently, it is critical to consider high-temperature fires and smoke for coal bunker
safety in future designs. As can be seen from Figure 10, larger diameter coal piles are more
likely to have greater high temperature zones, and the temperature at the center of a coal
pile during the smoldering phase can reach approximately 939 ◦C, which is significantly
higher than the flame temperature at other stages. Therefore, in future management of coal
bunkers, the coal pile should avoid contact with the load-bearing structure within the coal
bunker in order to prevent the coal bunker from collapsing.
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Figure 10. The surface temperature changes of Test-3, Test-6, and Test-9 in the smoldering stage
(where (a) is a coal pile of 40 cm diameter and 6 cm thickness, (b) is a coal pile of 60 cm diameter and
6 cm thickness, (c) is a coal pile of 80 cm diameter and 6 cm thickness).

3.5. Radiant Heat Flux

Radiant heat flux is the radiant energy received per unit area in unit time. When a
coal pile fire is formed, the heat and energy induced by the luminous flame and hot smoke
will be released to the surrounding environment through the convective and radiative heat
transfer processes. The possible ignition of adjacent coal piles might induce multiple coal
pile fires to burn, and the resulting higher burning intensity, flame height, and outward
radiation pose a great threat to the safety of surrounding people and devices, which is what
causes structures to lose efficacy at the flame phase. Radiant heat flux can be measured
using a water-cooled heat flow meter located 2.4 m from the coal reactor center. The results
are shown in Figures 11 and 12.
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of 40 cm diameter and 6 cm thickness).
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Figure 12. The radiant heat flux changes of Test-2, Test-5, and Test-8 (where (a) is a coal pile of 40 cm
diameter and 4 cm thickness, (b) is a coal pile of 60 cm diameter and 4 cm thickness, (c) is a coal pile
of 80 cm diameter and 4 cm thickness).

According to Figures 10 and 11, the maximum heat radiation flux at the stable stage
was 0.25 KW/m2, and the heat radiation flux changes depend on the diameter, not the
thickness. Figure 13 shows the relationship between the coal pile’s diameter and its heat
radiation flux using the linear fitting method. When the thermal radiation flux safety
criterion for destroying the coal bunker is 25 KW/m2 and the thermal radiation damage
guidelines from relevant articles are considered, the following equation (Equation (3)) can
be used. If the distance between the coal pile and the coal bunker is 2.4 m, the maximum
diameter is 587 cm.

Y = −0.001x2 + 0.0187x − 0.32 (3)

where Y is the radiant heat flux (KW/m2) and x is the coal pile diameter (cm).
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4. Conclusions

Coal bunkers are vital to the stability of power companies. As a result of the current
situation of frequent coal bunker fire accidents and the absence of fire protection codes for
coal bunkers, this research adopted a self-built coal pile combustion experimental platform
to search for the key parameters affecting the coal bunker’s security in order to provide a
reference for coal bunker safety design. The following conclusions can be drawn:

(1) Burning experiments were done on nine different kinds of coal piles to get burning
rate curves with different diameters and thicknesses. It is found from the experi-
mental results that the diameter of the coal pile has no influence on the burning
rate, presumably as a result of the interaction of the pyrolysis rate with the burning
rate. Nevertheless, the thickness of the coal pile does have an effect on the steady
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burning rate since it provides more fuel in the vertical direction. In addition, the
maximum burning rate (10.5 (g·m−2·s−1)) of coal piles in the steady burning stage
was determined based on the relationship between the burning rate and the thickness.
The value can provide guidance and support for coal pile designs.

(2) Based on the flame height analysis of the results from the experiments, it could be seen
from the results that increasing the diameter of coal piles can increase flame height,
and this is attributed to increased fuel-air contact areas. For this reason, it is possible
to estimate the maximum flame height at 56.33 cm, which can provide an important
design guide for coal bunker height designs. In addition, taking measures to improve
fire resistance, such as painting the roof of the coal bunker with fire-resistant paint, is
essential to preventing collapse due to direct flame contact.

(3) As a result of the flame temperature analysis, it was determined that the maximum
flame temperature of coal piles was independent of the coal pile size, and it was found
from the experimental results that the flame temperature can reach above 800 ◦C and
the smoke temperature can reach above 200 ◦C, which may damage the surrounding
materials. Consequently, it is critical to consider high-temperature fire and smoke for
coal bunker safety. In addition, we observe that the temperature of smoldering coal
can reach temperatures of 900 ◦C in the smoldering stage. Therefore, in the future
management of coal bunkers, the coal pile should avoid contact with the load-bearing
structure within the coal bunker in order to prevent the coal bunker from collapsing.

(4) The research on radiant heat flux showed that the maximum heat radiation flux at
the stable stage was 0.25 kW/m2, and the heat radiation flux changes depend on the
diameter, not the thickness. Based on the thermal radiation damage guideline and
the fitting formula of fuel diameter and heat radiation flux, it can be calculated that
the diameter of the coal pile should not exceed 587 cm when there is 2.4 m distance
between the coal bunker and coal pile. For this reason, it is important that the design
of the coal bunker take into consideration both the coal pile’s fire separation distance
from the coal bunker and avoid large coal piles.
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