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A B S T R A C T

Knowing the sizes of coal particles is vital for understanding the real ignition behaviour of coal dust deposits on a
hot plate. Furthermore, such knowledge facilitates model construction for assessing industrial coal dust explo-
sion risk. Three particle sizes (0.10–0.15, 0.15–0.20, and 0.20–0.30mm) of coal samples were selected to analyse
the influence of particle size on ignition and smouldering behaviour. Characteristic parameters, such as the
minimum ignition temperature of a dust layer (MITL), highest temperature in a layer (HTL), ignition delay time,
and heating rates were tested and analysed using a dust layer ignition apparatus. The results revealed that the
MITL was 200–210 °C and that the MITL tended to decrease with particle size. The aggregation effect improved
the MITL containing fine particles. The optimal ignition position was 7.2 mm from the hot plate. As the particle
size increased, the ignition delay time of the sample became longer. However, the HTL and the time to reach the
maximum temperature reduced accordingly. For corresponding geometrical shapes of a coal dust layer, the
results demonstrated that particle size had a limited effect on the void fraction but had a considerable effect on
the number of particles. The finer coal dust had a substantial number of particles, thus producing a larger overall
specific surface area in which to oxidize and devolatilize. Small coal dust particles pose a severe hazard in
industrial sites, and thus, sites should be cleaned regularly to avoid the possibility of unwanted fires or explo-
sions.

1. Introduction

Accidental coal dust explosions and fires are considered major im-
pediments to the productive use of coal. However, the upside of the
high combustibility of coal dust is that it is now the subject of research
more than in the past, and thus, new applications for it are being found
[1,2]. The massive amount of coal dust present at industrial sites, such
as power plants and chemical plants, means that self-ignition or spon-
taneous combustion hazards exist in many places, from processing areas
to final fuel preparation sites [3,4]. The layers of coal dust deposited on
hot surfaces of equipment and within facilities can lead to instant ig-
nition. Thus, fires or explosions may occur, especially when the ambient
temperature is high. Such accidents cause substantial losses in terms of
personnel and property and have a considerably negative social effect
[5]. An example of such an accident is the large-scale pulverised coal
dust explosion at the Hengda coal mine in 2014 (a subsidiary of
Liaoning Fuxin Mining Ltd., Liaoning Province, China) that caused 26
fatalities.

In practice, coal dust at the coalface is mainly caused by the
crushing and throwing involved in heavily mechanised coal exploita-
tion. The particle size of the mine’s coal dust was determined by
screening the dust with a US standard 20-mesh sieve (850 μm) [6].
Moreover, 20% of the dust passed through a 200-mesh sieve (74 μm).
Sapko et al. reported that approximately 60–77% (±14) of the dust
had a particle size less than 212 μm. Other reports [7] also verified that
the particle sizes of coal dust at the working face were in the range of
1–200 μm, with a median particle size (d50) of 98.47 μm. According to
the size of the particulate matter, the dustfall of pulverised coal com-
prised particles with a size larger than 100 μm that precipitated fastest
due to the action of gravity. All suspended particles were solid particles
with a particle size in the range of 10–100 μm. Moreover, the inhalable
particulate matter had a particle size less than 10 μm. All these types of
coal dust were present in the coal-related industrial premises, where
fire and explosion hazards are numerous. Many scholars have in-
vestigated the ignition and smouldering characteristics of dust layers
[8–12]. Among them, Hertzberg et al. explored the influence of the
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particle sizes of bituminous coal and polyethylene on lean flammability
and thermal ignitability [9]. The authors found that the lean limit of
flammability and the minimum ignition temperature of a layer (MITL)
increased as the dust particle size increased. Furthermore, Zhang et al.
studied the effects of particle size on ignition, combustion stability, and
burnout properties. They showed that combustion characteristics were
affected by particle size because of variations in specific surface area
and pore structure [10]. Polka et al. measured the smouldering char-
acteristic parameters of pulverised coal layers by using a hot plate [11].
Yuan et al. indicated that the MITL and ignition delay time of magne-
sium powder on a hot plate decreased as dust layer thickness increased,
where the MITL increased from 710 to 760 K as the particle size in-
creased from 6 to 173 μm [12]. Garcia-Torrenta et al. used a Dengwen
oven to test the MITL of six coal and biomass materials to evaluate
inherent self-ignition hazards [13]. In conclusion, the ignition char-
acteristics pertaining to material type, pore structure, ignition time, and
dust layer thickness have been explored intensively by other re-
searchers [10–12]. The size of coal particles in a thermodynamic state
space is a crucial factor that affects real smouldering combustion be-
haviour and thus is a primary factor in the assessment of fire and ex-
plosion hazards [6,10]. However, the self-ignition behaviours of pul-
verised coal deposits with different particle sizes based on the
thermodynamic geometry state have not been adequately studied. The

mechanism by which particle size influences the ignition characteristics
of coal dust layers still requires further investigation. As a preventive
measure, the temperature of hot surfaces must be regulated and
maintained at a temperature below that at which ignition becomes
possible. Therefore, research on the ignition and smouldering char-
acteristics of coal dust layers with different particles sizes on hot sur-
faces has tremendous practical implications for loss prevention.

To provide theoretical support for analyses of fire and explosion
risk, a comprehensive investigation of the effects of various particle
sizes on ignition characteristic parameters was conducted. Key para-
meters, namely MITL, optimal ignition position, delay time, and self-
heating rate of pulverised coal layer samples with different particle
sizes, were measured using a dust layer ignition apparatus. Heat
transfer and mass transfer of the pulverised coal deposits determined on
the basis of the experiment results are also explored and discussed
herein.

2. Experimental

2.1. Experimental setup

The dust layer ignition apparatus and data collection procedure for
experimentation on a hot surface followed the Chinese National

Nomenclature

A Particle cross section, mm2

Ac Base area of the ring, mm2

d Diameter of a single coal particle, mm
d50 Median particle size, μm
h Height of the control volume of the coal layer, mm
H Height of the metal ring, mm
Nl Number of particles in various directions
Nb Number of coal particles
tid Ignition delay time, min
tmax Time at which maximum temperature reached, min
Vb Volume of the coal, mm3

Vc Control volume of the coal layer, mm3

Vbs Volume of a single coal particle, mm3

MITL Minimum ignition temperature of the layer, °C

OIP Optimal ignition position
HTL Highest temperatures in the layer, °C
PSD Particle size distribution
SEM Scanning electron microscope

Greek symbols

ε Void fraction of coal powder layer, %

Subscripts

ad Air-dried basis
daf Dry ash-free basis
x X direction
y Y direction
z Z direction

Fig. 1. Apparatus for investigating the ignition of coal dust deposits on a hot plate. Comparison of ignition parameters of coal samples with different sizes at a
constant depth of 10mm and constant diameter of 100mm.
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Standard, GB/T 16430-1996 [14]. The hot surface was a square alu-
minium plate with a dimension of 200×200mm2 and with which any
desired temperature of a hot surface could be achieved within± 1 °C. A
ring with a thickness of 4mm, an inner diameter of 100mm, and a
height of 10mm was placed at the centre of the plate. Then, the pre-
pared samples with different particle sizes were gently placed inside the
ring over the hot plate at the given set temperature, and the surface of
the coal dust layer was smoothed out with a metal spatula [15]. This
procedure was conducted carefully to ensure that the ring was com-
pletely filled with the coal dust sample. Omega K-type filament ther-
mocouples with a diameter of 0.51mm were selected and fixed at
specific positions on the ring. Because the height of the ring was almost
20 times greater than the diameter of the thermocouple, the influence
of the physical shape of the thermocouple on the structure of the tested
coal dust layer was neglected in this study for simplicity. The mea-
surement points were labelled from 1 to 4 and were positioned 9.0, 7.2,
4.5, and 2.5 mm away from the surface of the plate, respectively (see
Fig. 1). The thermocouples were connected to the temperature data
collector to monitor and record the coal dust layer data. The tem-
perature of the heating plate was increased in increments of 5 °C until
the dust layer ignited, and at least three verification tests were per-
formed.

The GB/T 16430–1996 standard was applied as the testing method
for determining the MITL of the dust that typically poses an explosion
hazard in air. The ignition of coal dust in the layer was recognised when
one of the following occurred: (a) a glow, sparks, flame, or residual
white ash was observed, (b) the measured temperature of the coal dust
reached 450 °C, or (c) the measured temperature of the dust exceeded
the temperature of the furnace plate by 250 °C. The coal dust was not
considered to have ignited unless it was evident that an oxidation re-
action had occurred and had generated a glow, flame, or combustion
[16,17]. For comparison, ignition parameters of coal dust samples with
different sizes were analysed at a constant sample volume.

2.2. Sample preparation

The coal sample used in this study was obtained from the Daliuta
coal mine, Yulin City, Shaanxi Province, People’s Republic of China.
The sample contained 27.59% volatile compounds and 56.37% fixed
carbon. This coal is widely used for gasification, power generation, and
as a civil fuel. To account for the actual situation of coal dust on the
mine face, the effects of the median particle size d50 on the self-ignition
behaviour of the coal dust layer were investigated using coal dust
samples with different particle sizes (< 80, 80–120, and 120–200 μm).
Here, these subsamples were marked as samples A, B, and C, respec-
tively. The properties of the samples are summarised in Table 1.

Scanning electron microscopy (SEM) images of coal dust sample A
were magnified 500, 1500, and 3000 times with a tungsten lamp
scanning electron microscope (FEI, Model Quanta 450, USA) to observe
the surface morphology, porosity, and degree of agglomeration.
Moreover, the samples were subjected to particle size analysis using a
Malvern Laser Particle Size Analyzer 2000 (Model Mastersizer 2000,
UK).

Fig. 2 presents the particle size distribution (PSD) results of the
prepared coal samples, and the characteristic diameters of the samples
are listed in Table 2. The median particle size values d50 of samples A,
B, and C were 77.86, 106.79, and 130.34 µm, respectively. As presented
in Fig. 2, the PSD of sample A (d50= 77.86 µm) moved toward

equilibrium, and the PSD of sample C (d50= 130.34 µm) was mainly in
the range of 60.26–363.08 µm. The specific surface sizes of samples A,
B, and C were 0.37, 0.36, and 0.34m2/g, respectively. This revealed
that specific surface area decreased as particle size increased.

Fig. 3 depicts the microstructure properties of sample A
(d50= 77.86 µm). The SEM images presented in Fig. 3(a) illustrate that
the particle size of the pulverised coal particles was relatively uniform.
More details were observed at 1500 times magnification [Fig. 3(b)]. At
this magnification level, the coal particles principally appeared as long
strips and polyhedrons with sharp corners, flat surfaces, and relatively

Table 1
Material properties of the coal sample.

Vad (%) Mad (%) Aad (%) FCad (%) Cdaf (%) Hdaf (%) Ndaf (%) O* (%) S (%)

27.59 10.73 5.31 56.37 71.61 4.11 0.79 7.27 0.18

Notes: ad: air-dried basis; daf: dry ash-free basis; *Oxygen content was calculated by difference.

Fig. 2. Particle size analysis of the coal powder samples for (a) sample A, (b)
sample B, and (c) sample C.

B. Li, et al. Fuel 260 (2020) 116269

3



few pores. Moreover, the pulverised coal particles illustrated in Fig. 3(c)
exhibited agglomeration effects. The formation of agglomerates may
have been caused by van der Waals and electrostatic forces between the
particles [18,19]. Finer coal particles were more able to form agglom-
erates because of the considerably stronger intermolecular forces in-
volved.

3. Results and discussion

3.1. Ignition and smouldering process of the coal dust layer

Smouldering is an essentially slow, self-sustaining type of thermal
combustion with limited oxygen diffusion and flameless burning of
porous fuels [20]. Fig. 4 presents the smouldering process of the coal
dust deposits (samples A, B, and C) on a hot plate at 210 °C. Ignition
occurred at this temperature. As presented in Fig. 4(a), several fine
fissures first emerged between the metal ring and the dust layer after
15min of heating. The sample near the metal ring experienced a higher
amount of heat from the ring, which caused faster water evaporation
and faster mass loss at the edge of the particle layer. Numerous cracks
appeared inside the sample after approximately 30min of heating. The
development of cracks caused the entry of oxygen into the dust layer,
thus resulting in the acceleration of the sample’s devolatilisation rate
[21]. The crack widened after approximately 45min of heating. This
widening allowed the diffusion of a higher amount of oxygen, thus
increasing the intensity of the coal–oxygen composite reaction. By the
end of the experiment, after 60min of heating, a minute amount of
white ash (carbonaceous char residue) was observed around the crack,
thus indicating that the combustion phenomenon had occurred. No
burning flame was observed during the entire experiment, but a few
sparks occurred in the white ash residue. However, a considerable
amount of smoke was generated during the smouldering process, and a
small amount of white ash appeared in the areas around the cracks.
Therefore, based on the definition of ignition used in this study, ignition
occurred, because white ash residue was observed.

3.2. Optimal ignition position in the coal dust layer

The position in the dust layer where the temperature first increased
to the point of ignition was defined as the optimal ignition position
(OIP). Fig. 5 delineates the temperature evolution of sample A on the
hot plate at 200 and 210 °C. When the hot plate temperature reached
200 °C, the temperature inside the coal powder layer, as presented in

Fig. 5(a), was distinctly lower than the preset temperature of the hot
plate. Self-ignition was not observed in this test. This result indicated
that heat accumulation and heat loss in the coal powder layer were
balanced before ignition. Moreover, for the temperature distribution of
the pulverised coal bed, the temperature of the coal increased as the
dust layer decreased in height. Ignition occurred in the coal dust layer
when the hot plate temperature was set to 210 °C. Ignition occurred in
the coal dust layer when the hot plate temperature was set to 210 °C. As
evident in Fig. 5(b), the internal temperature of the dust layer exhibited
a rising trend after heating treatment. Thermocouple no. 1 in the dust
layer reached the first inflection point at 20.7 min, followed by the
second point at 20.9min, the third point at 22.6min, and finally the
fourth point at 23.5min. This indicated that the coal dust at the surface
of the dust layer first attained the state of thermal runaway. Joshi et al.
[22] determined that ignition occurred and was accompanied by an
oxidative exothermic reaction. The energy inside the coal powder layer
accumulated promptly. However, heat loss occurred continuously due
to heat radiation and a natural convection effect between the upper
surface of the coal powder layer and the exiting air [23]. Thus, ignition
did not occur at measuring point 1. The temperature at the second
measuring point in the dust layer reached the highest value of 435.07 °C
among the four measuring points during the combustion process. Given
the combined effects of these factors, the OIP of the pulverised coal dust
layer was considered to be 7.2mm away from the hot plate (measuring
point 2). The same results were obtained for samples B and C.

3.3. Influence of coal particle size on ignition characteristic temperature

The MITLs of various particle sizes from the samples are illustrated
in Fig. 6. The MITL of both samples A (d50= 77.86 µm) and B
(d50= 106.79 µm) was in the temperature range of 200–205 °C; the
MITL of sample C (d50= 130.34 µm) was in the range of 205–210 °C. In
general, the MITL of the pulverised coal layer increased as particle size
increased [12,24]; however, the effect of particle size for samples A and
B on the MITL was not obvious. According to PSD and SEM results, fine
particles agglomerated more easily than large particles (See Fig. 3). For
coal dust particles with the same volatile content, ignition behaviour
was governed by the heat transfer of the limiting geometric surface in a
thermodynamic state space and by the oxygen diffusion rate. The
oxygen was diffused through the micro-aisle formed by the particles’
alignments. The agglomeration reduced the width of the microchannel
between the particles, and oxygen took more time to arrive at the
surface of particles in the cluster due to viscous resistance. Therefore,

Table 2
Characteristic diameters of coal samples A, B, and C.

Powders d90 (μm) d50 (μm) d10 (μm) d4,3 (μm) d3,2 (μm) Average specific surface area (m2/g)

Sample A 358.77 77.86 6.43 140.93 16.05 0.37
Sample B 406.69 106.79 7.01 160.03 16.60 0.36
Sample C 289.51 130.34 7.30 137.32 17.46 0.34

500x

(a) (b) (c)

Fig. 3. Magnified scanning electron microscopy images of sample A (d50= 77.86 µm): (a) 500, (b) 1500, and (c) 3000 times.
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the agglomeration effects produced a higher MITL inside the sample.
Fig. 7 displays the temperature evolutions of the samples with different
particle sizes. As seen in Fig. 7, the highest temperatures in the layer
(HTLs) of samples A, B, and C were 436.3, 427.4, and 391.3 °C, re-
spectively. Temperature gradually decreased as the particle size in-
creased. Oxygen transportation in a dust pile depends not only on the
volume and geometry of a particle but also its size, void fraction, and
specific surface area [11]. Coal powder with smaller-sized particles had
a larger specific surface area (see Table 2), higher number of internal
pores, and a larger contact area for oxidation reactions than coal
powder with larger-sized particles [25]. The effect of increased ag-
glomeration contributed to superior heat retention, which increased the
HTL inside the sample.

3.4. Influence of coal particle size on ignition characteristic time

This section reports the results of the investigation of the influence
of different particle sizes of pulverised coal powder on the two

Fig. 4. Smouldering process of coal dust deposit at a hot plate temperature of 210 °C for sample A (a1–a4), sample B (b1–b4), and sample C (c1–c4).
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characteristic time parameters—ignition delay time (tid) and time to
maximum temperature (tmax). Ignition delay time was defined as being
from the start of heating to the midpoint of rapid temperature increase
[22,25]. With respect to fire safety, detecting tid is crucial for de-
termining and controlling the thermal runaway of a coal dust layer from
room temperature to the ignition stage [15]. Fig. 8 illustrates the self-
heating rate versus time (min) of the pulverised coal at a depth of
7.2 mm in a layer (measuring point no. 2). The tid and tmax of different
particle sizes of the samples at measuring point no. 2 are presented in
Fig. 9. Ignition occurred at 210 °C. At the beginning of the experiment
(< 20min; Fig. 8), the internal self-heating rate of the samples re-
mained stable. Subsequently, the self-heating rate increased rapidly and
reached the highest value of 37.02–57.18 °C/min after 22–32min.
Then, the value declined sharply to a negative value after 32–38min of
heating. A negative value for the self-heating rate signifies that the
temperature of the coal dust layer began decreasing gradually. After
40–48min, the self-heating rates of the different particle sizes had
descended to their minimum value. The heating rate of sample A
reached its peak first, followed by samples B and C. The self-heating
rate of sample C peaked as the ignited layer reached 37.02 °C/min and
was lower than that of the other two samples. As presented in Fig. 9,
both tid and tmax increased with the particle size of the pulverised coal.
The results are consistent with the references [9,23].

3.5. Ideal spatial particle arrangement and geometry state

Numerous heterogeneous reactions, such as evaporation, oxidation,
and pyrolysis, occurred in the self-ignition process of the samples due to

the complicated composition of coal dust and its nonuniform physical
structure [26]. The particle size, volume, geometry, and porosity of the
sample dominated the convective gas flow by adjusting oxygen trans-
portation within the coal dust layers [18]. Thus, two types of ar-
rangements in the geometry states of the samples were assumed as the
means by which to observe the change in the void fraction for different
particle sizes. In the model proposed in this study, the coal particles
were spherical with the same diameter d, and the structure of the coal
powder layer was uniform (i.e., cases 1 and 2 in Fig. 10). In the ideal
spatial model designated as case 1, any particle in the upper layer was
placed directly on top of another particle in the lower layer. For case 2,
any particle from the upper layer was placed on top of two particles in
the lower layer. The arrangement angle was between the horizontal
plane of the lower layer and a line connecting the centres of the con-
tacting particles in the upper layer. The arrangement angles α for cases
1 and 2 were 90° and 60°, respectively. Due to these packing geome-
tries, case 2 was more stable than case 1 because of a higher number of
contact points between the upper and lower layers. For this reason, only
the result of the case 2 arrangement is presented in the following sec-
tions.

The void fraction of the coal powder layer was defined as Eq. (1)
[27]:

= −ε V V
V

c b

c (1)

where Vc=Ac·h and Vb=Nb·Vbs are the control volume and the par-
ticle volume, respectively, for a control volume Vc containing a suffi-
cient number of particles; Ac is the base area of the ring, h is the height
of the control volume, Nb represents the number of coal particles, and
Vbs denotes the volume of a single coal particle, =V πd /6bs

3 .
Ac and h can be expressed using Eqs. (2) and (3), respectively:

= =A N N A d N N· · 3
2

· · ·c lx ly
2

lx ly (2)

= + − ° = + −h d N d N d d( 1)· ·sin60 3
2

· · (1 3
2

)·lz lz (3)

where Nlx, Nly, and Nlz are the number of particles in the x, y, and z
directions, respectively. The void fraction can be expressed using Eq.
(4):

= −
+ −

ε π1 2
9 (6 3 9)· N

1
z1 (4)

The height of the metal ring H is 10mm, and d is equal to d50. We
thereby derive = − +N H d d2·( )/ 3 · 1lz . Accordingly, Nb can be
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expressed using Eq. (5) [27]:

= = ⎡
⎣⎢

− + ⎤
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= − +N N N N A
A

H d
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π d d
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· · · (2· )
3 ·
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3·b lx ly lz
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Finally, the void fraction of the coal powder layer is determined
using Eq. (6):

= −
+−

− +

ε
π

1
·

1

2
9

2 3

2·( 1) 3H
d (6)

where H is fixed, as presented in Eq. (6); the void fraction ɛ decreases as
the diameter of particle d decreases. Some geometric parameters of the
coal dust deposit are listed in Table 3.

As presented in Table 3, in the case 2 arrangement, particle size had
a limited effect on the void fraction for the coal dust layer in this study.
Under experimental conditions, the oxygen diffusion rates were ap-
proximately equivalent for the coal dust layers due to having approxi-
mately the same void fraction across different particle sizes. However,
large differences were noted in the numbers of particles for the coal
samples with different particles sizes in the metal ring. In this study,
devolatilisation and oxygen concentration were the main factors gov-
erning the ignition delays of the samples [28]. The oxygen reaction that
first occurred in the outer surface of the coal particles and the inner
surface of the pores was the dominant factor determining the tem-
perature changes in the pulverised coal layers. The finer coal particles
among all the samples had a considerably higher number of particles.
Therefore, the overall specific surface areas had greater contact with
oxygen, which resulted in a more intense reaction. Lower

devolatilisation of the coarser coal powder reduced the self-heating rate
of the sample. The self-heating rate increased when the internal tem-
perature increased to the point of ignition. This result explains why the
finer particle size of coal dust deposits had a lower MITL and shorter tid.

3.6. Heat transfer and mass transfer of the pulverised coal deposit

The thermochemical process in smouldering consists of the fol-
lowing stages: (i) drying, (ii) oxidation, (iii) ignition, and (iv) pyrolysis
[29]. Different particle sizes depend on physical actions that mainly
involve oxygen limitation and heat transfer (essentially through
thermal generation and heat dissipation). The substantial number of
combustion byproducts released as gas formation and carbonaceous
layer decomposition reflect the chemical process [30]. To observe both
heat and mass transfers of heterogeneous reactions, the smouldering
process of pulverised coal layers with various particle sizes was divided
into four stages, as shown in Fig. 11. The four stages are summarised as
follows:

(I) Coal powder layers absorbed heat from the hot plate, causing a
slow increase in temperature. The finer particles in the coal sam-
ples were more readily preheated and dried on the heating plate at
the same thermal condition. Moisture contained in the finer par-
ticles was more sensitive to evaporation during the heating pro-
cess. The temperatures of samples A, B, and C reached 100 °C
(Fig. 7) after 6.7, 9.3, and 10.8 min, respectively. A minute amount
of white vapour was observed on the surface of the pulverised coal
dust layer. To a certain extent, the increase in temperature resulted
in the movement of oxygen molecules in the coal dust layer, and
slow oxidation reactions occurred in the contact surface between
the coal dust and oxygen. Several oxidation products, such as CO
and CO2, were released [31]. Some fine cracks appeared in the coal
powder layer, where the metal ring could be clearly observed.

(II) The temperatures of the coal powder layer continued to increase
due to heat absorption from the hot plate. The accumulation of the
heat from oxidation was another cause of increase in layer tem-
perature [32]. The oxygen absorption of coal particles and the
relative devolatilisation to ignition were improved due to the
preheating effect in this stage. Sample A arrived at the first in-
flection point after 21.7 min, sample B arrived at that point after
26.3min, and sample C arrived at that point after 26.6 min
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Fig. 9. Ignition delay time and time to reach the highest temperature versus the
particle size range of the samples at 210 °C.

Fig. 10. Coal particles and their surface with ideal spatial modelling in a metal ring. Here, d is the diameter of a single coal particle.

Table 3
Geometric parameters of the dust deposit for coal samples A, B, and C.

Sample A B C

d50 (μm) 77.86 106.79 130.34
Nlz 148 108 88
Nb 886,070,862 343,281,237 188,742,794
ɛ 30.30% 30.32% 30.34%
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(Fig. 7), which revealed that finer particles of coal dust ran out of
thermal control first. The rate of coal reaction was mainly dictated
by the diffusion of oxygen into the reactive centre of the particle
[29]. Finer particles with larger specific surface areas (Table 2)
exhibited more intensive oxidation reactions than larger particles,
thus resulting in a more steady increase in gaseous products.
Physical and chemical changes were consistently observed, thus
leading to a further decrease in mass and volume of the sample.
The volume of the pulverised coal dust decreased continuously
(Fig. 4) due to the increasing oxidation rate.

(III) More cracks appeared in the interior and on the surface of the
layer. The coal–oxygen reaction intensity was strongest during this
stage, followed by the ignition stage. The ignition peak was first
observed for a median particle size of 77.86 μm after 31.7 min tid,
then observed for particles with a median size of 106.79 μm after
35min, and then observed for particles with a median size of
130.34 μm after 36.7min. The pulverised coal layer released a
considerable amount of heat externally, so the temperature
promptly increased to the maximum temperature of 452 °C for
sample A at measuring point no. 2 [see Fig. 5(b)]. Pyrolysis reac-
tions produced hydrocarbon gases [33]. As reported in reference
[15], the volatile matter release rate of coarser particles was
slower than that of finer particles due to small cohesive forces
causing a wider capillary width of the coarser particles’ alignment.
For coal samples with finer particles, the volatile matter release
rate and thermal convection were noticeably higher. For this
reason, the coal with coarser particles eventually became less ig-
nitable than the coal sample with exceptionally fine particles.
Therefore, the time to ignition, time to maximum temperature, and
self-heating rate were all delayed.

(IV) Sufficiently high temperatures were reached in the layer at this
stage. The tarry smell of the coal dust was heavy while heating at
this stage. This was because aromatic structures in the coal were
destroyed under high temperature conditions, thus producing CO,

CO2, CH4, C2H4, C2H6, and phenolic compounds [34]. Mass
transfer encountered high resistance, and the smouldering tem-
perature was alleviated. Layers with finer particles sagged and
collapsed more obviously. Moreover, carbonaceous char residue
was distinctly apparent on the surface of sample A (Fig. 4), thus
indicating that finer particle samples exhibited better combustion
performance. These results were consistent with those presented in
a relevant study [28].

4. Conclusions

The experimental results revealed that particle size was a vital
parameter for the ignition behaviour of pulverised coal deposits on a
hot plate. Several hot surface tests with coal particles of different sizes
were conducted to determine the MITL. The MITL for sample A
(d50= 77.86 µm) and B (d50= 106.79 µm) was in the range of
200–205 °C, and the MITL for sample C (d50= 130.34 µm) was in the
range of 205–210 °C. The agglomeration effect of fine coal particles
improved the MITL of the dust layer. Moreover, the HTL of the pul-
verised coal layer increased as particle size decreased. As the particle
size of pulverised coal increased, tid and tmax also increased. Based on
typical ideal spatial modelling, particle size had a limited effect on the
void fraction but had a considerable effect on the number of particles.
Moreover, the smouldering process of the pulverised coal layers with
various particle sizes was divided into four stages, and the heat transfer
and mass transfer processes were discussed and elucidated. The coal
sample with finer particles had a substantial number of particles with a
larger overall specific surface area. This specific surface area promotes
greater contact between diffused oxygen and coal particles, thus re-
sulting in a more intensive autothermal oxidation reaction. Coal dust
with a smaller particle size poses a greater hazard in industrial sites,
and accumulated coal dust should be removed regularly to mitigate the
risk of unwanted fires and explosions.

Fig. 11. Controlling the ignition mechanism of coal particles under air conditions.
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