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A B S T R A C T

The aim of this research was to reveal the explosion characteristics of methane-air with the admixtures of low-
temperature oxidized coal dust. For this purpose, the particles (48–75 μm) of raw and oxidized coal dust with
oxidation temperature of 80 °C, 160 °C and 240 °C were sampled. The industrial analysis and surface morphology
of coal dust after low-temperature oxidation were comparatively investigated. In addition, the explosion para-
meters and flame propagation behaviors of methane-air/coal dust mixtures were monitored and analyzed by a
20 L spherical vessel reactor and a high speed camera, respectively. The results indicated that coal dust after low-
temperature oxidation showed a significant decrease in the content of moisture and volatiles, and more cracks
and pores were formed on their surface. The explosion experiments revealed that the coal dust after low-tem-
perature oxidation of 240 °C had prolonged the combustion time of methane-air/coal dust mixtures by 81.69%,
and increased the maximum overpressure from 0.67MPa to 0.73MPa as compared to the raw coal dust. The
flame propagation behaviors of methane-air/coal dust mixtures showed that the coal dust after low-temperature
oxidation displayed a lower flame propagation speed in the stage of gas phase combustion reaction, mainly due
to the loss of volatile matter. This paper concluded that the reduction of volatile matter in the coal dust caused by
the low-temperature oxidation inhibited the flame propagation of the methane-air/coal dust mixtures, but the
cracks and pores formed during the low-temperature oxidation process promoted the combustion of coke in the
coal dust.

1. Introduction

Methane and coal dust explosions are the major disasters in the
world’s coal mine production [1,2]. Such explosions often occur in
tunnels and working faces of coal mines, usually starting with a me-
thane explosion and entraining coal dust as the flame spread forward
[3]. The addition of coal dust not only increases the violence of the
explosion, but also releases a large amount of poison gas due to in-
complete reaction of coal dust, resulting in more casualties and prop-
erty losses [4,5]. Especially in recent years, the re-mining of residual
coal remained after the first mining have received more attention [6,7].
According to the statistics, the resources of residual coal in China
amount to 80.2 billion tons [8].However, the potential explosion ha-
zard is existing because of that the coal seam undergoes a long-term
process of oxidation and methane desorption, further form the ex-
plosive mixtures of methane and coal dust originating from low-tem-
perature oxidation of coal [9].

For a long time, researches on the explosion of methane-air/coal
dust mixtures mainly focused on the flammability, source of ignition,
explosion characteristics parameters and flame propagation behaviors
[10,11]. Cashdolla [12] conducted the ignition experiments of the
methane-air/coal dust mixtures through a 20-L explosibility test
chamber. The results showed that the increase in m ethane concentra-
tion and the volatiles in coal dust can reduce the lower limit of flam-
mable concentration of coal dust. Amyotte et al. [13] investigated the
ignitability of methane-air/coal dust mixtures using a 26 L explosion
chamber. They found that the lower flammability limit of coal dust
decreased with the admixtures of methane concentration, and besides,
the volatile matter and particle size also showed a significant influence
on the lower flammability limit. The similar research work can be seen
from literature [14–16]. The study of explosion parameters was also
very important to the understandings of the methane-air/coal dust ex-
plosion characteristics. Li et al. [17] undertook an experimental study
on the explosion overpressures and deflagration index of methane-air/
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coal dust mixtures. The results indicated that with the addition of
methane in the mixture, both the explosion overpressure and defla-
gration index increased significantly. Typically, Ajrash et al. [18] ex-
perimentally and theoretically studied the evolution of explosion
overpressure for the hybrid methane and coal dust mixtures using a 20
L explosion chamber. They found that the presence of 10 g/m3 coal dust
resulted in a significantly increase of overpressure for the 5% methane.
Subsequently, Ajrash et al. [19] investigate the effect of diluted coal
dust on the explosion characteristics of methane-air by a large scale
detonation tube. The result showed that the addition of coal dust to the
methane mixture lead to a conspicuous influence on stagnation pressure
and pressure distribution.

The flame propagation behaviors can reveal the combustion process
and internal mechanism of the explosion [20]. By a self-designed ex-
periment platform, Rockwell and Rangwala [3] investigated the flame
velocity of coal dust particles (75–90 μm and 106–120 μm) in a pre-
mixed methane–air flame. It was found that due to the entrained of coal
dust, the turbulent propagation velocity of methane–air flames in-
creased obviously. Bai et al. [21] studied the flame structure of me-
thane-air/coal dust mixtures in a large-scale system of 10m3 with the
high speed camera. Their results showed that the flame structure of the
methane/coal/air mixture can be divided into three concentric regions
from the outside: a red region, a yellow region, and a bright white il-
lumination region. Similarly, Chen et al. [22] analyzed the combustion
characteristics and flame structure of the methane/coal mixed by a high
speed camera and photodiode, which emphasized that as the flame
propagated forward, the intensity of the yellow light and the illumi-
nating zone increased.

The physicochemical properties of coal dust played an important
role in the explosion characteristics and the flame propagation beha-
viors of methane-air/coal dust mixtures. Previous research mainly fo-
cused on the influence of the coal dust concentration, chemical com-
position and particles size on methane-air/coal dust mixtures explosion
[23]. However, the low-temperature oxidation was another factor
leading to the changes of physical structure and chemical composition
of coal dust, which may affect the explosions it participated [24,25].
Chen et al. [26] investigated the change of surface properties of low
rank coal in oxidation process. The results showed after low-tempera-
ture oxidation, there were more pores and cracks appeared on the coal
surface and the contact angle of coals showed a significant decrease.
Uchida et al. [27] studied the effect of low-temperature oxidation on
structure of coke making coal by using a stainless steel closed container
at 80°C for 24 h. It was found that the low-temperature oxidation of coal
lead to a reduction of aliphatic side chains and an increase in hydroxyl
groups. Those studies showed that the low-temperature oxidation pro-
cess would change the properties of coal, but the influence of its in-
volvement on the explosions was still unclear.

The literature review had shown an absence of research work in the
influence of low-temperature oxidation on the explosion of methane-
air/coal dust mixtures. In this paper, the coal dust with different de-
grees of low-temperature oxidation was obtained by a self-designed
oxidation system. Then the changes of industrial parameters and sur-
face morphology of coal dust after low-temperature oxidation were
analyzed. Finally the explosion characteristics and flame propagation
behaviors of methane-air/coal dust mixtures were investigated based
on a standard 20L spherical vessel reactor and a high speed camera,
respectively. This study was of great significance to provide guidance
for the prevention and control of methane and dust explosions in un-
derground coal mines.

2. Experiment

2.1. Experimental equipment

2.1.1. Self-designed system for low-temperature oxidation of coal
The self-designed system for low-temperature oxidation of coal was

shown in Fig. 1, which consisted of a coal autoxidation vessel, pre-
heating tubes, a temperature logger and a programed temperature en-
closure. This system can increase the temperature within a range of
30–500 °C (minimum temperature rise rate of 0.1 °C/min). In addition,
the system was also equipped with a LCD to display the temperature of
the sample in real time.

2.1.2. Industrial analysis
Proximate analysis of coals was performed by a 5E-MAG6600B in-

dustrial analyzer, which consisted multi-furnace double balance struc-
tures. The test accuracy was in line with the requirements of GB/T212-
2008 standard (the Chinese standard) and ASTM D5142-2009 standard.

2.1.3. Surface morphology analysis
The surface morphology of coal dusts was analyzed by employing a

Quanta 250 scanning electron microscope (SEM). First, about 3mm of
coal particles were selected and dried at about 70° C for 5 h. Then, all
coal samples are coated with gold to increase the conductivity of the
coal. Finally, the SEM test was performed in a high vacuum mode.

2.1.4. Explosion parameters analysis
The explosion characteristics of methane–air/coal dust mixtures

were operated by a HY16426B explosion test device as illustrated in
Fig. 2, consisted of a standard 20L spherical vessel reactor, a gas mixing
system, an ignition system, and a data acquisition system. A 40mm
diameter observation window was placed in the center of the 20L
spherical vessel reactor to observe the spread of the explosion flame.
The ignition electrodes were located in the center of the spherical vessel
reactor controlled automatically by the computer, and the ignition
energy was ca. 1 J with a 60ms time delay. During the explosion ex-
periment, the evolution of the explosion pressure was measured by a
pressure sensor mounted in the wall of the vessel and recorded by the
data acquisition system, and the maximum explosion pressure (Pm) and
maximum rate of pressure rise (dP/dt)m were obtained.

2.1.5. Explosion flame analysis
In order to study the propagation of the explosion flame of methane-

air/coal dust mixtures, a Phantom V211High Speed Camera had been
applied in front of the observe window of 20L spherical vessel reactor.
The camera had a maximum shooting rate of 300,000 frames per
second and a minimum exposure time of 2 us, enabling recording of the
explosion flame propagation process accurately.

2.2. Preparation of coals

Lignite coal collected from Ermuwan Coal mine, Datong City of
Shanxi Province in China was sealed as experimental coal samples.
According to the ASTM D2013-72 standards, the coal sample was stored
in an oxygen-free vacuum box after stripping the oxidation layer. Next,
the sizes of coal particles in the range of 48~ 75 μm were milled and
dried at 40 °C for 48 h to remove the moisture of coal sample.

In order to obtain the coal dusts with different low-temperature
oxidation temperatures, 50 g (± 0.01 g) of dried coal sample was

Fig. 1. Self-designed system for low-temperature oxidation of coal.
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