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a b s t r a c t

Deflagration explosions of coal dust clouds and flammable gases are a major safety concern in coal
mining industry. Accidental fire and explosion caused by coal dust cloud can impose substantial losses
and damages to people and properties in underground coal mines. Hybrid mixtures of methane and coal
dust have the potential to reduce the minimum activation energy of a combustion reaction. In this study
the Minimum Explosion Concentration (MEC), Over Pressure Rise (OPR), deflagration index for gas and
dust hybrid mixtures (Kst) and explosive region of hybrid fuel mixtures present in Ventilation Air
Methane (VAM) were investigated. Experiments were carried out according to the ASTM E1226-12
guideline utilising a 20 L spherical shape apparatus specifically designed for this purpose.
Results: obtained from this study have shown that the presence of methane significantly affects explo-
sion characteristics of coal dust clouds. Dilute concentrations of methane, 0.75e1.25%, resulted in coal
dust clouds OPR increasing from 0.3 bar to 2.2 bar and boosting the Kst value from 10 bar m s�1 to
25 bar m s�1. The explosion characteristics were also affected by the ignitors’ energy; for instance, for a
coal dust cloud concentration of 50 g m�3 the OPR recorded was 0.09 bar when a 1 kJ chemical ignitor
was used, while, 0.75 bar (OPR) was recorded when a 10 kJ chemical ignitor was used.
For the first time, new explosion regions were identified for diluted methane-coal dust cloud mixtures
when using 1, 5 and 10 kJ ignitors. Finally, the Le-Chatelier mixing rule was modified to predict the lower
explosion limit of methane-coal dust cloud hybrid mixtures considering the energy of the ignitors.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The most common dust explosion occurs in underground coal
mines. In coal mine tunnel, coal dust explosion is usually caused by
gas explosion. Moving at the speed of sound, the pressure wave
resulting from the gas explosion lifts the deposited coal dust in the
air. Then the gas flame reaches the coal dust causing a dust ex-
plosion which is more severe than the first one (Beidaghy Dizaji
et al., 2014; Bidabadi et al., 2015, 2014, 2013; Soltaninejad et al.,
2015). Between the years 1780 and 2012, over 2000 reported ac-
cidents were caused by dust explosions worldwide. These caused
significant loss of life, property and environments impacts (Yuan
et al., 2015).

Addressing the hazards of coal dust and methane are important
factors for identifying the limits and severity of explosions (Coward
(J. Zanganeh).
and Jones, 1952). According to Eckhoff, 2003, the dust explosion
elevation depends on essential factors such as: dust composition,
the percentage and type of oxidizer, ignition source, dust concen-
trations and dispersing velocity.

In the 1930s, the first standard for dust explosibility tests, the
Hartman apparatus, was developed at the US Bureau Institute of
Mines. It was observed that flammable gases mixing with clouds of
ignitable dusts, even at concentrations below the Lower Flammable
Limit (LFL) of gases, could enhance the explosion of dust clouds
(Amyotte et al., 1991). Indeed, the type and property of the dust is
limiting the influence of dust in hybrid mixture explosion. On one
hand, for a dust like cork, It has proven the cork dust works as an
inert and cause increase the Lower Flammable Limit (LFL) of
flammable gases (Pil~ao et al., 2006). Jiang et al. (2014), also shows
that the niacin and cornstarch increase the LFL of methane and/or
ethane. On the other hand, it had been experimentally proven that
the coal dust reducing the LFL of flammable gas (i.e. methane)
(Bartknecht, 1981; Benedetto et al., 2012; Dufaud et al., 2008;
Garcia-Agreda et al., 2011; Landman, 1995).
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Fig. 2. Typical explosion time-pressure diagram as in ANKO program for 20 L appa-
ratus (Yuan et al., 2014).
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Many researchers have investigated the effects of the presence
of methane on coal dust cloud explosions to understand the igni-
tion and explosion properties of such hybrid mixtures.

The effect of ignition energy on the explosion characteristics of
coal dust has been studied by a number of people. Hertzberg et al.,
1988 studied the characteristics of Pittsburgh seam coal dust
(particle sizeminus 74 mm) using a 20 L apparatus; specifically, Pmax
(Maximum Pressure Rise) and Kst of the coal dust. Coal dust con-
centrations ranging from 50 to 1000 g m�3 were ignited at four
ignition energies (0.5, 1, 2, 2.5 and 5 kJ). The results revealed that
the Minimum Explosion Concentration (MEC) values measured
were below 200 gm�3. Also, MEC values changed with the strength
of the ignitor; the Lower Explosive Limit (LEL) for the dust cloud
decreased as the strength of the ignitors increased. The Kst values
ranged between 20 m/s to 40 m/s depending on the strength of the
ignitors for concentrations below 500 g m�3. Kst values were un-
affected for concentrations higher than 500 g m�3 (Hertzberg et al.,
1988).

Yuan et al., 2012 used a 20 L apparatus to determine the MEC for
a given ignition energy. They observed that the volatile matter
content has a significant impact on the MEC of coal dust. The MEC
noticeably reduces for coal dust with higher volatile matter. In
another study Cashdollar, 2000 determined that the effect of par-
ticle size is at least as important as that of volatile compounds. In
this study he used Pittsburgh and Pocahontas coals of particle size
below 74 mm. It was revealed that the MEC was within the range of
75e200 gm�3. Moreover, it was observed that the pressure rise and
the deflagration index reduced sharply for concentrations below
200 g m�3.

In similar study by Kuai et al., 2013, it was concluded that
ignition of carbonaceous dust (including coal dust cloud) signifi-
cantly depends on ignition energy. In addition, he determined that
low energy ignition sources could cause under-driving phenomena
which may not give accurate results on MEC.

In VAM systems, the presence of methane gas and coal dust
mixtures may enhance the explosivity of coal dust. Torrent and
Fuchs, 1989 was the first to test a hybrid (coal dust-methane)
mixture in a 20 L vessel. He found that 3% of methane could in-
crease the maximum explosion pressure about 33%. Landman, 1995
used a 40 L explosion vessel to examine the effect of methane on
coal dust explosions. A 4% methane-air mixture was mixed with
500 g/m3 coal dust. They concluded that the presence of methane
increases the risk of explosion of the mixture.

A modified 20 L apparatus with 2.5 kJ chemical ignitors was
used by Cashdollar, 1996. The purpose of this study was to identify
the explosive regions for coal dust-methane hybrid mixtures (1.5%
Fig. 1. Vertical cross section of 2
and 2.5% of methane). Cashdollar showed how these methane
concentrations could reduce the MEC of a coal dust cloud. On the
other hand, Bai et al., 2011 studied the over pressure and flame
propagation of methane-coal dust/air mixtures using a 20 L appa-
ratus with methane concentrations ranging from 4.5% to 8% and
coal dust concentrations ranging from 25 to 70 g m�3 Li et al., 2012,
also investigated the effects of methane concentration on coal dust
cloud explosions. A 20 L apparatus with 10 kJ chemical ignitors was
used. Three coal dust samples of different rank were used
(anthracite, bituminous and lignite) with coal dust concentrations
ranging from 50 to 500 g m�3 and for methane gas concentrations
ranging from 5% to 12.5%. When 5% methane was added to
125 g m�3 of coal dust, the pressure increased from 6.75 bar to
8.4 bar, and the deflagration index increased from 22 bar m s�1 to
62 bar m s�1. Adding 12.5% methane to the same coal dust con-
centration (125 g m�3), the pressure rose from 6.75 to 8.4 bar, and
the deflagration index rose from 22 bar m s�1 to 85 bar m s�1 (Li
et al., 2012).

In a similar study by Xu et al., 2012 he used a lower methane
concentration (3%) mixture with coal dust (100e700 g m�3) to
investigate the maximum explosion pressure. He concluded that
the pressure rise (PR) of explosion decreased as the diameter of the
coal dust particles increased. Moreover, with agreement from
previous studies, therewas an optimum concentration at which the
peak of explosion pressure was obtained (maximum explosion
0 L dust explosion chamber.



Table 1
Proximate and particle size distrbution (PSD).

Carbon % Moisture % Ash % Volatile matter % D90 (mm) D50 (mm) D10 (mm)

56.9 1.1 10.3 31.7 111.93 29.91 4.5
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pressure). Finally, for coal dust concentrations of 200, 300 and
400 g m�3 mixed with methane of varying concentrations, it was
observed that the explosion pressure and the maximum rate of
overpressure increased as the concentration of methane increased
(Xu et al., 2012).

Despite the large number of studies conducted in the past in
the field of coal dust cloud explosions (Bai et al., 2011; Cashdollar
and Hertzberg, 1985; Cashdollar, 1996; Coward and Jones, 1952;
Eggleston and Pryor, 1967; Hertzberg et al., 1988, 1981; Kuai
et al. (2013); Landman, 1995; Li et al., 2012; Siwek, 1977; Torrent
and Fuchs, 1989; Xu et al. (2012); Yuan et al., 2012) however,
there is not much information available in open literature to
address the effects of dilute methane, typically found in ventila-
tion air methane, on coal dust cloud explosion properties. To
address this short coming a comprehensive set of experiments
were conducted at the University of NewcastleeAustralia. This
study aimed to investigate the effects of dilute methane concen-
trations, present in VAM, on the characteristics of coal dust cloud
explosions such as (MEC), Pressure Rise (PR) and deflagration in-
dex (Kst).
Fig. 3. Comparison of ignitors' pressure rise of this work with literature review
(Cashdollar, 1996; Kuai et al., 2011).

Fig. 4. MEC of coal dust (Mine B sample) with three different energy chemical ignitors.
2. Experimental setup and instrumentation

Figs. 1 and 2 show the 20 L dust explosion apparatus used in this
study. The vessel includes pressure transducers, thermocouples,
data acquisition, vacuum and pressurising systems, cooling system
as well as remote control and operating system. The reaction and
explosion occurs in the stainless steel spherical chamber, capable of
handling 21 bar. A viewing port on the vessel was used to record the
ignition and explosion inside the chamber with a high speed
camera (Phantom 4, Black and white, 2000 fps).

The coal dust samples used in this study were obtained from a
coal mine located in NSW, Australia. The samples were kept in air-
sealed containers and stored in cool conditions (3 �C) to reduce any
further oxidation. Representative sub-samples were despatched to
external NATA accredited laboratories for proximate and PSD ana-
lyses. The results directly reported by the laboratory are shown in
Table 1.

where, D50 is the particle size such that 50% of the distribution is
less than this size. This could also be considered the median
diameter. D90 is the particle size such that 90% of the distribution is
less than this size. D10 is the particle size such that 10% of the
distribution is less than this size.

Chemical ignitors with different energy levels of 1, 5 and 10 kJ
were used to initiate the coal dust andmethane. Instrument air was
used to minimise the effects of moisture and any impurities asso-
ciated with air on the coal dust-methane hybrid mixture explosion
properties.

The coal dust was dispersed in the vessel by triggering a remote
control unit. The ignitors are energized 88 ms after the dispersion
process (as shown in Fig. 2). Three explosion parameters were
determined, namely Minimum Explosion Concentration (MEC),
Over Pressure Rise (OPR) and deflagration index (Kst). Fig. 2 shows a
typical explosion time-pressure relationship diagram for the
experimental apparatus.

The experiments were carried out and the parameters were
measured and calculated according to ASTM E1226 (ASTM
Standard, 2014) standard. Each experiment was repeated three
times to ensure reproducibility of the obtained results.
The minimum concentration adequate for an explosion is

determined by examining the pressure data from each run. A rapid
increase in pressure is indicative of an explosion. The maximum
rate of pressure increase from an explosion is expressed as the
tangent of pressure rise as indicated in Fig. 2. Deflagration index
(Kst), bar.m3.s�1, is the normalized pressure rise to 1 m3, and is
calculated from the following equation.

Kst ¼
�
dp
dt

�
max

$V

�
1
3

�
(1)

where (dp/dt)max is the maximum rate of pressure rise of a single
explosion, bar.s�1; and V is the volume of the explosion chamber,
m3.



Table 2
The OPR in open literature review for 100 g.m�3coal dust.

Authors Ignitor energy (kJ) OPR (bar)

(Amyotte et al., 1991; Cashdollar, 1996; Mittal, 2013) 1 3.3, 3.5, 3.9 respectively
(Amyotte et al., 1991; Hertzberg et al., 1988) 5 4.5, 4.1 respectively
(Going et al., 2000) 10 5.7
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3. Results and discussion

3.1. Ignitors' energy

The ignition source is a crucial factor in fires and explosions. The
hot surface, single particles ignition, flame, shock wave, electro-
static energy and electrical current are all potential ignition sources
(Landman, 1995; Parnell et al., 2013; Thomas et al., 2013; Xie et al.,
2012). In a VAM capture duct the methane gas and coal dust par-
ticles are the hazardous fuel. Explosions are limited to the rate of
energy or heat transferred to the hybrid mixture. In addition, it has
been proven that the minimum explosion limit for gases and dust
reduces with increasing energy of ignition sources (Landman,1995;
Parnell et al., 2013; Thomas et al., 2013; Xie et al., 2012). Therefore,
understanding the effect on ignition energy on dilute meth-
aneecoal dust hybrid mixtures is essential to address and eliminate
the explosion hazards in VAM capture ducts. To consider and
evaluate the potential hazard of ignition energy, three ignition
energies (1, 5 and 10 kJ) were used.

These ignitors had been detonated in the systemwithout fuel for
two goals. The first goal is identifying the pressure rise caused by
ignitors and the maximum pressure rise to determine the Over
Pressure Rise (OPR), from the following equation.

OPR ¼ Pex � Pignitors (2)

where Pignitors represent the pressure rise of ignitors, bar; and Pex
represent the pressure rise of the single test, bar. The second goal is
checking the validity of the system by comparing experimental
data with literature sources (see Fig. 3).

It was found that there is a good agreement with work that had
been done by Cashdollar, 1996; Kuai et al., 2011. The small deviation
between this work and the literature value for pressure rise at 5 kJ
is likely due to the position or direction of ignitors toward the
Fig. 5. Comparison of a 5% methane explosion pressure with literature review
(Cashdollar and Hertzberg, 1985).

Fig. 6. OPR for hybrid coal dust methane mixture using (a) 1 kJ ignitors, (b) 5 kJ ig-
nitors, (c) 10 kJ ignitors.
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pressure transducer. For the 10 kJ ignitor, exactly the same value
was obtained as in literature (Cashdollar, 1996; Kuai et al., 2011).

3.2. Coal dust over pressure explosions

As mentioned previously, the concentration of coal dust in a
VAM capture duct is typically in the range below 50 g m�3 low.
Thus dilute concentrations of coal dust cloud were used for this
study (10, 25, 50 and 100 g m�3). A plot of explosion OPR vs coal
dust concentration at each of the three ignitor energies (1, 5 and
10 kJ) are shown in Fig. 4.

As expected, there was no change in pressure at a coal dust
concentration of 10 g m�3, implying that no explosion occurred
inside the vessel. At a coal dust concentration of 25 g m�3, the over
pressure rise was slightly higher for the 10 kJ ignitors as compared
to the 1 kJ and 5 kJ ignitors at the same concentration. This may be
due to transport of the flame inside the vessel; however the con-
centration was not high enough to reach the LEL. At a coal dust
concentration of 50 g m�3, an OPR of 0.79 bar was recorded for the
10 kJ ignitor and a 0.21 bar OPR was recorded for the 5 kJ ignitor,
while only 0.11 bar OPR was recorded for the 1 kJ ignitor. Over 100
Explosions were observed through the sight glass of the 20 L
apparatus.

At 100 g m�3 a significant change in pressure was recorded at
each of the three ignitor energies. These results were in good
agreement with studies done by other researchers investigating the
MEC of coal dust (see Table 2).

3.3. Methane explosions

Variable dilutemethane-air mixtures were injected into the 20 L
apparatus via themodifiedmethane line. Methane concentration of
5% was used. The results are shown in Fig. 5 below:

As expected, there was no explosion or pressure rise below a
concentration of 5% methane. The pressure rise values for all three
experiment were in good agreement with findings of Cashdollar
and Hertzberg, 1985.

3.4. Over pressure rise for hybrid mixture

Sudden liberation of energy from the air-methane and/or coal
dust hybrid mixture reaction results in a rapid pressure and tem-
perature rise in the process. If not treated properly by a proactive
safety measure i.e. a venting system, it may lead to some unex-
pected consequences such as property damage or system failure.

Accordingly, a series of tests were carried out to examine the
Over Pressure Rise (OPR) resulting from the explosions of hybrid
mixtures of coal dust and dilute concentrations of methane in air
(lean limit). In addition, the effect of ignition source energy on OPR
Fig. 7. OPR for hybrid mixture at various ignitors' energy for
was investigated.
Concentrations of 0, 0.75, 1.25, 2.5 and 5% methane gas in air

were mixed with coal dust of concentrations of 0, 10, 25, 50 and
100 g m�3. The hybrid mixtures were ignited using 1, 5 and 10 kJ
chemical ignitors. The variation of OPR with coal dust concentra-
tions at various methane concentrations for the different ignitor
energies is shown in Fig. 6a, b and c.

The OPR for hybrid mixtures at 1 kJ ignitor energy is shown in
Fig. 6a. No change in the OPR at 10 g m�3 was observed, and only a
slight rise in OPR at 25 g m�3 was observed. On the other hand, a
significant rise in OPR at 50 g m�3 occurred, especially for methane
concentrations of 2.5% and higher. At 2.5% methane; the condition
of the mixture changes from a non-explosive to explosive state.
Lastly, at 100 g m�3 the OPR increases with methane concentration
and reaches double the value at 5% methane.

For the 5 kJ ignitors (Fig. 6b), the OPR is slightly higher when
10 g m�3 of coal dust is added to the methane-air mixture. The OPR
at 25 g m�3 of coal dust cloud increased significantly from 2.5%
methane onwards and reached a value of 3 bar at 5% methane. At a
coal dust concentration of 50 g/m3, the observed OPR is approxi-
mately 0.3 bar in a dilute methane concentration of 0.75%. How-
ever, the OPR significantly increased to 3.8 bar at 1.25% methane.

From Fig. 6c, it can be seen that the OPR increases significantly
with increase in coal dust concentration and methane concentra-
tion in all cases for the 10 kJ ignitors. The OPR increases at 10 g/m3

of coal dust from 0 (at 1.25% methane) to 0.35 bar with 2.5%
methane. At this level of methane the gas mixture is non-explosive;
however, it becomes explosive in the presence of the coal dust. The
influence of dilute methane is clearly evident when examining the
three-fold increase in OPR from 1 bar at 0% methane to 3 bar at
0.75% methane for a coal dust concentration of 50 g/m3.

The above results confirm that the energy of the ignitors have a
significant effect on the explosion characteristics and this is in good
agreement with previous studies (Hertzberg et al., 1988; Kuai et al.,
2013; Yuan et al., 2012).

Further illustrations of the influence of methane concentration
on the OPR for varying coal dust concentrations for different igni-
tion energy sources are shown in Fig. 7.

For 100 g m�3 coal dust concentration, it can be observed that
the OPR curve at 1 kJ overtakes the curves for the 5 and 10 kJ ig-
nitors at a concentration of 2.5% methane. In spite of the fact that
higher energy sources increase the OPR at the lean limit, it is also
found that the rate of pressure rise declines as stoichiometric
concentrations are reached (see Fig. 7). The higher energy ignitors
produce lower OPR due to the fact that increasing amounts of fuel
are consumed earlier in the reaction, during transport of the flame
to the vessel wall (Hertzberg et al., 1988). Therefore, the con-
sumption of fuel increases with increasing energy of the ignitor and
results in less fuel remaining at the proceeding stoichiometric
coal dust concentrations of (a) 100 g m�3 (b) 50 g m�3.



Fig. 8. Deflagration index for hybrid coal dust methane mixture using: (a) 1 kJ ignitors,
(b) 5 kJ ignitors, (c) 10 kJ ignitors.
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region.

3.5. Deflagration index and explosion severity

The deflagration index is an important characteristic in the
evaluation of dust explosions. It is dependent on the value of the
maximum pressure of the explosion and the time at which this
occurs for a fixed volume within the explosion chamber. The
deflagration indices for the 1 kJ, 5 kJ and 10 kJ ignitors for different
methane-air and coal dust mixtures are shown in Fig. 8.

For the 1 kJ ignitors, the value of the Kst increases steadily at
100 g m�3 of coal dust from 0 bar m s�1 in 0.75% of methane
mixture to about 30 bar m s�1 in 5% methane. A slight change in Kst
is observed at 50 gm�3 for highermethane concentrations. There is
little change in Kst values for lower concentrations of coal dust
(Fig. 8a).

For the 5 kJ chemical ignitors, the Kst value at 100 g m�3 coal
dust cloud concentration increases significantly as methane con-
centration is increased and the value of Kst doubles from 1.25% to
2.5% methane. On the other hand, Kst values increase slightly for
50 g m�3 and 25 gm�3 of coal dust cloud as methane concentration
is increased. However, the value obtained for 50 g m�3 is higher
than for 25 g m�3 dust cloud (Fig. 8b). For the 10 kJ chemical ig-
nitors, the Kst increased significantly when coal dust cloud con-
centrations of 100, 50 and 25 g m�3 were present in 0.75% of
methane gas mixture (Fig. 8c).

The value of the Kst is an indicator of explosion severity. Ex-
plosion severity has been classified into different classes based on
Kst values by Nifuku (Table 3) (Nifuku et al., 2000).

With reference to Table 3, the explosions presented in Fig. 8
were less than 200 bar m s�1 and the explosion severity is classi-
fied as weak.

3.6. Mechanism of explosions of hybrid mixtures

Analysis of the explosion characteristics is a key to under-
standing the mechanism of explosions. However, coal dust cloud
explosions consist of a number of complex physical and chemical
reactions. Generally, themechanism of coal dust cloud explosions is
similar to coal combustion which consists of homogenous and
heterogeneous reactions (Li et al., 2012). The understandingmay be
facilitated by exploring the effects on OPR and Kst combined with
visual observations. A high speed camera was therefore employed
to observe the explosion behaviour of a 50 g m�3 coal dust cloud
detonated by a 5 kJ ignitor at varying methane-air concentrations
(see Fig. 9).

Two pressure lines have been identified in Fig. 9. The Ignitor
Pressure Line refers to OPR resulting exclusively from ignition of the
ignitor; the Explosion Pressure Line refers to the minimum OPR
above which an explosion is considered to occur for the hybrid
mixture. The time taken for the ignitor to energize (88 ms) is also
indicated in Fig. 9.

The 0%methane line (solid line) in Fig. 9 indicates changing OPR
with time Pressures achieved are, however, not high enough to
reach the explosion limit according to ASTM E1226 (ASTM
Standard, 2014). It is believed that these changes in pressure
occur instantaneously following the explosion of the ignitors and is
due to the combustion of fuel during the travel of ignitor's explo-
sion wave from the centre to the wall of vessel. Observation of the
ignition process did not indicate any changes in ignition behaviour
for 0% and 0.75% methane experiments with the same ignitor en-
ergy. In a mixture containing 0.75% of methane gas, the OPR in-
creases from 0.16 bar to 0.3 bar, which may be related to increased
total combustion due to the presence of a higher concentration of
fuel.
Fig. 10 shows images of the frames captured for the ignition of
the 0.75% methane hybrid mixture containing 50 g m�3 coal dusts.
At about 3 ms after the ignitors were energized (88 ms), another
illumination was observed coinciding with a rapid pressure rise.

This is due to the fuel burning during the propagation of ignitor
flame (Hertzberg et al., 1988). The illuminated region started to
reduce at about 100 ms and completely disappeared at about
108 ms (Fig. 10).

In the first and second cases (0% and 0.75% methane), the coal
dust cloud did not lead to an explosion. However, in a 1.25%



Table 3
Explosion severity (Nifuku et al. (2000)).

Explosion class Kst (bar.m.s�1) Explosion severity

St 0 0 non explosive
St 1 1e200 weak
St 2 201e300 strong
St 3 >300 extreme

Fig. 9. Explosion behaviour for 50 g m�3 by using 5 kJ chemical ignitors.
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methanemixture, an explosion did occur in the presence of the coal
dust cloud (Fig. 9). This is evident by the increase of OPR from
0.3 bar to 2.2 bar, and slight increase in Kst from 6.81 bar m s�1 to
7.03 bar m s�1 (Fig. 9).

The explosion behaviour for the third case is as follows (as
shown in the high speed camera images Fig. 11). Ignitor explosion
causes brightness at 88 ms and continues for about 3 ms, followed
by methane combustion which extends the brightness until about
120 ms. Coal dust combustion begins after 200 ms with maximum
OPR being reached after 268 ms. The coal dust combusts earlier
(OPR earlier by 64 ms) when 2.5% of methane is added instead of
1.25% of methane. In the case of adding 5% of methane, the OPR of
coal dust combustion reached themaximumvalue at 147ms (57ms
earlier). The explosion frames captured for a 2.5% and 5% methane
and 50 g m�3 coal dust are shown in Fig. 12.

Increasing concentrations of methane gas accelerate the com-
bustion period of the coal dust cloud resulting in reducing overall
Fig. 10. Frames captured of a 0.75% methane and 50
combustion time and increasing both OPR and Kst values (Fig. 9). In
summary: in cases one (0% methane) and two (0.75% methane) the
ignitor ignition and methane combustion do not provide enough
energy for coal dust cloud particles to combust. In case three (1.25%
methane) the energy was high enough to explode the coal dust
cloud. In cases four (2.5% methane) and five (5% methane), the
higher methane concentration provides excess energy to combust
the coal dust cloud more rapidly.
3.7. Explosive regions for coal dust and hybrid mixtures

Coal dust cloud and methane mixtures could reduce the MEC of
dust or the LFL of methane. The result is an explosive mixture of
unknown lower energy (Amyotte et al., 1991; Chatrathi et al., 1994).
In this study, the lower limits of explosions are addressed for coal
dust and dilute methane mixtures as a function of the ignitors’
energy. Fig. 12 identifies regions in which hybrid mixtures become
explosive.

Cashdollar (1996) reported values of lower explosion limits for
hybrid mixtures of 2.5% and 1.5% methane with 40, 50, 75 and
100 g/m3 coal dust using 2.5 kJ ignitors. The study has been
extended to include three different types of ignitor's energy and a
wider range of dilute methane concentrations of the hybrid mix-
tures. The literature values shown in Fig. 12 are in good agreement
with existing literature values (Cashdollar, 1996). It is clear that
increasing the ignition energy increases the range of the explosive
mixture concentrations. The MEC of the pure dust cloud decreases
from 100 g m�3 to only 50 g m�3. Moreover, a 25 g m�3 of coal dust
cloud becomes explosive by adding 0.75% of methane where both
25 g m�3 of coal dust and 0.75% of methane are independently far
from the explosive ranges. Finally, even at low energy (1 kJ) a
50 g m�3 coal dust cloud becomes explosive when mixed with 2.5%
of methane, while they are both far from the explosive ranges when
considered separately.

The curves distinguishing between the explosive and non-
explosive regions could be predicted theoretically based on the
fuel concentration in a hybrid mixture and the LFL for gases and
dusts. Le Chatelier's Law indicates that the weight fraction of gas
and dust are related to the LFL (as referred in Landman, 1995), ac-
cording to the following formula:

LFLhybrid ¼ 100
Xgas

LFLgas
þ Xdust

LFLdust

(3)

where:
g m�3 coal dust concentration mixture Ignition.



Fig. 11. Frames captured of a 1.25% methane and 50 g m�3 coal dust concentration mixture explosion.

Fig. 12. Frames captured of 2.5% and 5% methane, added to 50 g m�3 coal dust concentration mixture explosion.
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LFLdust (g.m-3) and LFLhybrid (g.m-3) are equivalent to MEC for
dust in air and MEC in the hybrid mixture respectively; LFLgas (v/v)
is the lower flammable limit of flammable gas in air; Xgas is the
mass fraction of flammable gas in air and Xdust is the mass fraction
Fig. 13. Explosive and non-explosive regions for coal dust and methane hybrid mixtures
of dust in the air.
In a study done by W. Bartknecht, 1981, it has been found when

adding methane or propane the MEC of dust decreases with gas
concentrations more than that estimated by Le Chatelier according
at select ignitor energy of (a) 1 kJ, (b) 2.5 kJ (Cashdollar, 1996), (c) 5 kJ and (d) 10 kJ.



Fig. 14. Experimental and theoretical explosive region comparison for chemical igni-
tors: (a) 1 kJ, (b) 5 kJ, (c) 10 kJ.
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to the equation:

LFLhybrid ¼ LFLdust

�
ygas
LFLgas

� 1
�2

(4)

These equations predict the change in MEC of hybrid coal dust-
gas mixtures for awide range of coal dust concentrations. However,
the energy of the ignitors was not considered. Experiments were
performed using spark ignitors, while others used chemical energy
without referring to the energies of these ignitors.

To address the influence of ignitor's energy for the specific
hybrid mixture (coal dust/methane/air) used for this study; a
modification is made to the Bartknecht equation as follows:

MEChybrid ¼ MECdust

�
ygas
LFLgas

� 1
�2

(5)

where ygas is the volume percent of the flammable gas, MEC dust

represent the Minimum Explosion Limit of the dust, and MEChybired
is represent the Minimum Explosion Limit of the dust in hybrid
mixture.

The previous second order equation (Equation (5)) can be solved
and simplified to its roots after dividing both sides by MECdust and
rearranged as follows:

MEChybrid
MECdust

¼
�
ygas
LFLgas

�2
� 2

�
ygas
LFLgas

�
þ 1 (6)

For this study; two constants (a and b) are introduced to
equation (6) as showing below:

MEChybrid
MECdust

¼ a
�
ygas
LFLgas

�2
� b

�
ygas
LFLgas

�
þ 1 (7)

The optimum values for aforementioned constants (i.e. a & b)
were determined from the experimental investigation performed
in this study (see Fig. 14). Table 4 shows the a & b values corre-
sponding to initial ignition energy.

A comparison between the results predicted from the Bart-
knecht, Le Chatelier equations and Equation (7) and the results of
this study for ignitors’ energy of 1 kJ, 5 kJ and 10 kJ is depicted in
Fig. 13. The y-axis is determined by dividing the MEC of a dust in
hybrid form (MEChybrid) by theMEC of the coal (MECcoal), and the x-
axis is determined by dividing the percentage of methane added to
the hybrid mixture (y) by the LFL of methane.

The experimental results are significantly higher than the Le
Chatelier predictions, but tend to be closer, and lower than, that
predicted by Bartknecht. The Bartknecht curve shows better
agreement when compared with the experimental data for the
10 kJ ignitor than for the 1 kJ and 5 kJ ignitors. Good correlation
between the experimental results of this work and literature values
are therefore apparent for higher ignitor energies.
Table 4
Constants a and b of equation (7).

Ignitors' energy
(kJ)

a b

1 0.487 1.398
5 0.677 1.614
10 1.134 2.14
4. Conclusion remarks

� It has been found that dilute concentrations of methane are able
to change the explosion characteristics of dilute coal dust con-
centrations including decreasing the MEC, increasing the over
pressure rise and increasing the deflagration index.

� The ignitors' energy affects the explosion characteristics and the
boundaries of the explosive region.

� It has been found that coal dust/methane/air mixture explosions
could be divided into three stages: ignitors, methane, and coal
dust ignition. For a fixed ignitor energy and coal dust concen-
tration, the time of the coal dust cloud combustion and the time
until reaching the maximum pressure are reduced as the con-
centration of methane and/or coal dust concentration increase.

� For fixed methane percentage and coal dust concentrations,
higher ignition energy sources will increase both the OPR and
the Kst. At some point, for a hybrid mixture of methane and coal
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dust in a confined vessel, the OPR trend from a lower energy
ignition source will overcome the trend from a higher energy
ignition source. This is due to the higher ignitor energy source
consuming a larger amount of fuel during the initial travel of the
flame and pressure wave from the ignitor toward the vessel
wall.

� The explosive concentration range significantly increased as the
energy of ignitors increased. Dilute concentrations of methane
are capable of reducing theMEC of coal dust clouds and theMEC
decreases with increasing energy of the ignition source.

Acknowledgement

The authors wish to acknowledge the financial support provided
to them by Australian Coal Association and Low Emission Tech-
nology (ACALET) (G1201029), Australian Department of Industry
and the University of Newcastle (G1400523) (Australia). In addi-
tion, special gratitude is given to the Higher Committee for Edu-
cation Development (HCED) and Midland Refineries Company
(MRC) from Iraqi government for sponsoring a postgraduate
candidate working in this project.

References

Amyotte, P.R., Wilkie, K.I., Mintzb, J., Peg, M.J., 1991. Effects of methane admixture,
particle size and volatile content on the dolomite inserting requirements of coal
dust. J. Hazard. Mater 27, 187e203.

ASTM Standard, 2014. Standard Test Method for Pressure and Rate of Pressure Rise
for Combustible Dusts E 1226 (West Conshohocke).

Bai, C., Gong, G., Liu, Q., Chen, Y., Niu, G., 2011. The explosion overpressure field and
flame propagation of methane/air and methane/coal dust/air mixtures. Saf. Sci.
49, 1349e1354.

Bartknecht, W., 1981. Explosions: Course, Prevention, Protection. Springer-Verlag,
Berlin, p. 251.

Beidaghy Dizaji, H., Faraji Dizaji, F., Bidabadi, M., 2014. Determining thermo-kinetic
constants in order to classify explosivity of foodstuffs. Combust. Explos. Shock
Waves 50, 454e462.

Benedetto, A. Di, Garcia-agreda, A., Russo, P., Sanchirico, R., 2012. Combined effect of
ignition energy and initial turbulence on the explosion behavior of lean gas/
dust-air mixtures. Ind. Eng. Chem. Res. 7663e7670.

Bidabadi, M., Beidaghy, H., Faraji, F., Seyed, D., Mostafavi, A., 2015. A parametric
study of lycopodium dust flame. J. Eng. Math. 147e165.

Bidabadi, M., Dizaji, F.F., Dizaji, H.B., Ghahsareh, M.S., 2014. Investigation of effective
parameters on flame instability in combustion of organic dust. J. Cent. South
Univ. 21, 326e337.

Bidabadi, M., Mostafavi, S.A., Dizaji, H.B., Dizaji, F.F., 2013. Lycopodium dust ame
characteristics considering char yield. Sci. Iran. 20, 1781e1791.

Cashdollar, K.L., 2000. Overview of dust explosibility characteristics. J. Loss Prev.
Process Ind. 13, 183e199.

Cashdollar, K.L., 1996. Coal dust explosibility. J. Loss Prev. Process Ind. 9, 65e76.
Cashdollar, K.L., Hertzberg, M., 1985. 20-L Explosibility test chamber for dusts and

gases. Rev. Sci. Instrum. 56, 596.
Chatrathi, K., Corp, F., St, S., Springs, B., 1994. Dust and hybrid explosibility in a 1 m3

spherical chamber. Process Saf. Prog. 13, 183e189.
Coward, H.F., Jones, G., 1952. Limits of Flammability of Gases and Vapors, U.S. Bu-

reau of Mines. US Government Printing Office.
Dufaud, O., Perrin, L., Traor�e, M., 2008. Dust/vapour explosions: hybrid behaviours?

J. Loss Prev. Process Ind. 21, 481e484.
Eckhoff, R., 2003. Dust Explosions in the Process Industries: Identification,
Assessment and Control of Dust Hazards. Gulf Professional Publishing.
Eggleston, L.A., Pryor, A.J., 1967. The limits of dust explosibility. Fire Technol. 3,

77e89.
Garcia-Agreda, a., Benedetto, A. Di, Russo, P., Salzano, E., Sanchirico, R., 2011. Dust/

gas mixtures explosion regimes. Powder Technol. 205, 81e86. http://dx.doi.org/
10.1016/j.powtec.2010.08.069.

Going, J.E., Chatrathi, K., Cashdollar, K.L., 2000. Flammability Limit Measurements
for Dusts in 20-L and 1-m 3 Vessels 13, pp. 209e219.

Hertzberg, M., Cashdollar, K.L., Lazzara, C.P., 1981. The limits of flammability of
pulverized coals and other dusts. In: Symposium (International) on Combus-
tion, pp. 717e729.

Hertzberg, M., Cashdollar, K.L., Zlochower, I. a, 1988. Flammability limit measure-
ments for dusts and gases: Ignition energy requirements and pressure de-
pendences. Symp. Combust. 21, 303e313. http://dx.doi.org/10.1016/S0082-
0784(88)80258-3.

Jiang, J., Liu, Y., Mannan, M.S., 2014. A correlation of the lower fl ammability limit for
hybrid mixtures. J. Loss Prev. Process Ind. 32, 120e126.

Kuai, N., Huang, W., Du, B., Yuan, J., Li, Z., Gan, Y., Tan, J., 2013. Experiment-based
investigations on the effect of ignition energy on dust explosion behaviors.
J. Loss Prev. Process Ind. 26, 869e877.

Kuai, N., Huang, W., Yuan, J., Du, B., Li, Z., Wu, Y., 2011. Experimental investigations
of coal dust-inertant mixture explosion behaviors. Procedia Eng. 26,
1337e1345. http://dx.doi.org/10.1016/j.proeng.2011.11.2309.

Landman, G.V.R., 1995. Ignition behaviour of hybrid mixtures of coal dust, methane,
and air ( Tt ). J. South Afr. Inst. Min. Metall. January 45e50.

Li, Q., Lin, B., Dai, H., Zhao, S., 2012. Explosion characteristics of H 2/CH 4/air and CH
4/coal dust/air mixtures. Powder Technol. 229, 222e228. http://dx.doi.org/
10.1016/j.powtec.2012.06.036.

Mittal, M., 2013. Limiting oxygen concentration for coal dusts for explosion hazard
analysis and safety. J. Loss Prev. Process Ind. 26, 1106e1112.

Nifuku, M., Matsuda, T., Enomoto, H., 2000. Recent development of standardization
of testing methods for dust explosion in Japan. J. Loss Prev. Process Ind. 13,
243e251.

Parnell, C.B., McGee, R.O., Ganesan, B., Vanderlick, F.J., Hughs, S.E., Green, K., 2013.
A critical evaluation of combustible/explosible dust testing methods e Part 1.
J. Loss Prev. Process Ind. 26, 427e433. http://dx.doi.org/10.1016/
j.jlp.2012.07.017.

Pil~ao, R., Ramalho, E., Pinho, C., 2006. Explosibility of cork dust in methane/air
mixtures. J. Loss Prev. Process Ind. 19, 17e23. http://dx.doi.org/10.1016/
j.jlp.2005.05.001.

Siwek, R., 1977. 20-Liter Laboratory Apparatus for Determination of Explosion
Characteristics of Combustible Dusts. Ciba-Geigy AG (Basel), Winterthur, Switz.

Soltaninejad, M., Dizaji, F.F., Dizaji, H.B., Bidabadi, M., 2015. Micro-organic dust
combustion considering particles thermal resistance. J. Cent. South Univ. 22,
2833e2840. http://dx.doi.org/10.1007/s11771-015-2815-0.

Thomas, J.K., Kirby, D.C., Going, J.E., Engineering, B., Consultants, R., Antonio, S.,
Corporation, F., Springs, B., 2013. Explosibility of a urea dust sample. Res. Pro-
cess Saf. Manag. 32, 189e192. http://dx.doi.org/10.1002/prs.

Torrent, J.G., Fuchs, J.C., 1989. Flammability and explosion propagation of
methane/coal dust hybrid mixtures. In: 23rd Int Conf. Safe Min. Res.. Insti-
tute, Washingt.

Xie, Y., Raghavan, V., Rangwala, A.S., 2012. Study of interaction of entrained coal
dust particles in lean methaneeair premixed flames. Combust. Flame 159,
2449e2456.

Xu, H., Wang, X., Gu, R., Zhang, H., 2012. Experimental study on characteristics of
methaneecoal-dust mixture explosion and its mitigation by ultra-fine water
mist. J. Eng. Gas. Turbines Power 134, 061401-1.

Yuan, J., Huang, W., Du, B., Kuai, N., Li, Z., Tan, J., 2012. An extensive discussion on
experimental test of dust minimum explosible concentration. Procedia Eng. 43,
343e347. http://dx.doi.org/10.1016/j.proeng.2012.08.059.

Yuan, J., Wei, W., Huang, W., Du, B., Liu, L., Zhu, J., 2014. Experimental investigations
on the roles of moisture in coal dust explosion. J. Taiwan Inst. Chem. Eng. 45,
2325e2333. http://dx.doi.org/10.1016/j.jtice.2014.05.022.

Yuan, Z., Khakzad, N., Khan, F., Amyotte, P., 2015. Dust explosions: a threat to the
process industries. Process Saf. Environ. Prot. 98, 57e71. http://dx.doi.org/
10.1016/j.psep.2015.06.008.

http://refhub.elsevier.com/S0950-4230(15)30092-9/sref1
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref1
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref1
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref1
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref2
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref2
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref3
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref3
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref3
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref3
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref4
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref4
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref5
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref5
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref5
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref5
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref6
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref6
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref6
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref6
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref7
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref7
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref7
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref8
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref8
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref8
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref8
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref9
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref9
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref9
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref10
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref10
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref10
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref11
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref11
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref12
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref12
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref13
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref13
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref13
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref14
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref14
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref15
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref15
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref15
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref15
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref16
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref16
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref17
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref17
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref17
http://dx.doi.org/10.1016/j.powtec.2010.08.069
http://dx.doi.org/10.1016/j.powtec.2010.08.069
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref19
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref19
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref19
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref20
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref20
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref20
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref20
http://dx.doi.org/10.1016/S0082-0784(88)80258-3
http://dx.doi.org/10.1016/S0082-0784(88)80258-3
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref39
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref39
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref39
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref22
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref22
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref22
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref22
http://dx.doi.org/10.1016/j.proeng.2011.11.2309
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref24
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref24
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref24
http://dx.doi.org/10.1016/j.powtec.2012.06.036
http://dx.doi.org/10.1016/j.powtec.2012.06.036
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref26
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref26
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref26
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref27
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref27
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref27
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref27
http://dx.doi.org/10.1016/j.jlp.2012.07.017
http://dx.doi.org/10.1016/j.jlp.2012.07.017
http://dx.doi.org/10.1016/j.jlp.2005.05.001
http://dx.doi.org/10.1016/j.jlp.2005.05.001
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref30
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref30
http://dx.doi.org/10.1007/s11771-015-2815-0
http://dx.doi.org/10.1002/prs
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref33
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref33
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref33
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref34
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref34
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref34
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref34
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref34
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref35
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref35
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref35
http://refhub.elsevier.com/S0950-4230(15)30092-9/sref35
http://dx.doi.org/10.1016/j.proeng.2012.08.059
http://dx.doi.org/10.1016/j.jtice.2014.05.022
http://dx.doi.org/10.1016/j.psep.2015.06.008
http://dx.doi.org/10.1016/j.psep.2015.06.008

	Effects of ignition energy on fire and explosion characteristics of dilute hybrid fuel in ventilation air methane
	1. Introduction
	2. Experimental setup and instrumentation
	3. Results and discussion
	3.1. Ignitors' energy
	3.2. Coal dust over pressure explosions
	3.3. Methane explosions
	3.4. Over pressure rise for hybrid mixture
	3.5. Deflagration index and explosion severity
	3.6. Mechanism of explosions of hybrid mixtures
	3.7. Explosive regions for coal dust and hybrid mixtures

	4. Conclusion remarks
	Acknowledgement
	References


