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a b s t r a c t

This review examines existing knowledge on the genesis and flame acceleration of explosions from
methaneeair mixtures. Explosion phases including deflagration and detonation and the transition from
deflagration to detonation have been discussed. The influence of various obstacles and geometries on
explosions in an underground mine and duct have been examined. The discussion, presented here, leads
the readers to understand the considerations which must be accounted for in order to obviate and/or
mitigate any accidental explosion originating from methaneeair systems.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Methanee air systems are life-threatening mixtures particularly
in underground coal mines. Explosions initiated by these mixtures
have destroyed infrastructure in the mines and taken thousands of
lives in the past. The explosion which occurred in Mount Kembla
Mine in 1902 was the worst mining tragedy in Australian history,
killing 96 people (Radford, 2014). The second worst disaster, ac-
cording to the lives lost, occurred earlier in 1887 which took the
lives of 81 miners from the Bulli Mine (Brown, 2010; Dingsdag,
1993). Methane from coal mines initiated explosions in these di-
sasters and the explosions are later escalated by coal dust. The
deadliest coal mine explosion in human history occurred in 1942 at
the Benxihu Colliery, China killing 1549 people (Dhillon, 2010a). A
number of other coal mine explosions are reported in literature
(Dhillon, 2010a,b; Tu, 2011). In each explosion disaster, lives were
lost and resulted in immense financial loss to the mining com-
panies. The severity of these disasters motivated a number of re-
searchers to initiate research on methaneeair systems.
nsition; LEL, lower explosive
osive limit; UFL, upper flam-
et; LPG, liquefied petroleum

(J. Zanganeh).
Explosions cannot be initiated for every concentration of
combustible gas in air. The concentration range of a combustible
gas for which explosions can originate is known as explosion limit/
range or flammability limit/range. While a combustible-air mixture
within the flammability range can develop into explosion, such
explosions may be deflagration, detonation or may transit from
deflagration to detonation. When the combustion wave propagates
at a speed lower than the speed of sound, the explosion is termed
deflagration (Fig. 1) (Suzuki et al., 2005). The temperature of
combustion products is much higher than room temperature. As
the speed of sound increases with increasing temperature, the
explosion sound, travelling in combustion products becomes very
high. As a consequence, the limit of deflagrated flame speed for
combustion products is much higher than the speed of sound in air
at room temperature. In contrast, a combustion wave that propa-
gates much faster than the speed of sound at the specific temper-
ature is termed detonation. The pressure rise in detonation is much
higher than deflagration and can be calculated by correlations for
the Chapman-Jouguet condition (Chapman, 1899; Jouguet, 1905).
Mathematically, detonation refers to the pressure and flame speeds
equal to and higher than those estimated by Chapman-Jouguet
correlations. Compared to original pressure, the pressure may rise
up to eight times in deflagration (King, 1990). In detonation, the
peak pressure may reach twenty times or more (James; King, 1990).
In addition, shock waves generated in detonation are very ruinous
(King, 1990). Briefly, detonation is much more detrimental
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Nomenclature

Symbols
F equivalence ratio of fuel (dimensionless)
M Mach number (dimensionless)
f degree of confinement (dimensionless)
4 width or height of a square cross-section of mine

gallery (m)
l detonation cell size (cm)
Pf pressure of hydrogeneoxygen mixture in the initiator

tube (atm)
Ec total chemical energy of the stoichiometric hydrogen

eoxygen mixture per unit volume at atmospheric
pressure (J m�3)

Vi volume to the initiator tube (m3)
QH2

heat of combustion of hydrogen (J m�3)

d orifice plate bore diameter (m)
D inner diameter of the explosion tube (m)
L length of the explosion tube (m)
Ao the largest cross-sectional area blocked by an obstacle

(m2)
Ad inner cross-sectional area of the explosion duct (m2)
l length of an obstacle bar (m)
x diameter of the circular area for an cylindrical obstacle

bar or a side for triangular or square obstacle bar (m)
Eg generation of thermal energy due to combustion of the

flammable gas (J)
El loss of energy due to the sharp rise of local

temperature to final flame temperature (J)
Uobs measured flame speed (m s�1)
Ucj flame speed at Chapman-Jouguet condition (m s�1)
Cf wall drag coefficient (dimensionless)
R radius of a tube (m)

Figure 1. Illustration of deflagration and detonation limits as presented by isobaric
speed of sound and speed at Chapman-Jouguet condition lines constructed from ex-
periments conducted for the acetyleneeair mixtures (Peraldi et al., 1986).
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compared to deflagration.
Interestingly, there is no particular name for the flame of an

explosion within the limits of isobaric sound speed and speed at
Chapman-Jouguet condition (Fig. 1). However, explosions with
flame velocities lower than but close to speed at Chapman-Jouguet
condition are often termed as quasi-detonation. When a transition
occurs for a low speed deflagrated flame, it reaches quasi-
detonation or detonation. The phenomenon of the transformation
of a low speed deflagrated flame to a catastrophic detonation ex-
plosion is known as Deflagration to Detonation Transition or DDT.
A deflagration flame transition to quasi-detonation or detona-
tion was found to occur in the presence of a number of factors
including obstacles and particular geometries of explosion gal-
leries. The shapes of obstacles are important in accelerating flame
propagation. Orifice plates and Shchelkin spirals are commonly
employed obstacles in experimental investigations; however, the
obstacles present in the real world are diverse. The geometries of
explosion galleries, briefly confined, semi-confined and uncon-
fined, are also important in flame acceleration. The analyses of
various investigations found in literature are presented in this
article with the aim of providing an understanding of explosions
originating from methaneeair systems.
2. Explosion limits of methaneeair mixtures

Whenmethane build-up in an underground coal mine reaches a
certain concentration range, explosion can be initiated by the
presence of a small heat source. The minimum concentration of
methane (in air) of this explosive concentration range is its Lower
Flammability Limit (LFL) or Lower Explosive Limit (LEL). In contrast,
the maximum concentration of this range is the Upper Flamma-
bility Limit (UFL) or Upper Explosive Limit (UEL) of methane in air
(Gharagheizi, 2008). When methane concentration falls below LEL,
the amount of methane becomes too low to ignite. Similarly, the
amount of oxygen becomes too low when the methane concen-
tration reaches above UEL and no ignition occurs. The LEL is limited
by the fuel source (methane concentration) while the UEL is limited
by the oxidant (oxygen concentration).

Several researchers investigated the flammability range of
methane (Bartknecht, 1993; Bunev et al., 2013; Checkel et al., 1995;
Chen et al., 2011; Claessen et al., 1986; Gieras et al., 2006;
Vanderstraeten et al., 1997). The outcome of these researches
concludes that the LEL of methane is 4.6 ± 0.3% (the concentrations
presented in this article are in volume basis) while the UEL of
methane is 15.8 ± 0.4% when methane is ignited in air at 20 �C and
100 kPa (relates to ambient temperature and pressure) as pre-
sented in Fig. 2 (Vanderstraeten et al., 1997). In addition, the
maximum pressure rise occurs at a methane concentration of
~9.5%.

The explosion parameters depend largely on initial temperature
and pressure. As can be seen in Fig. 3, the UEL value of methane
increases, shifts towards the right, at elevated initial pressures. In
addition, a couple of zones are observed for methaneeair mixture



Fig. 2. LEL, UEL and maximum explosion pressure ratios for methaneeair mixtures
ignited at 20 �C and 100 kPa (open marker e successful, covered marker e unsuc-
cessful) (Vanderstraeten et al., 1997).

Fig. 3. Effect of initial pressure on the explosion pressure rise for methaneeair mix-
tures ignited at 20 �C and at 100 kPa and 1000 kPa (open marker e successful, covered
marker e unsuccessful) (Vanderstraeten et al., 1997).

Fig. 4. Effect of initial temperature on explosion pressure rise for methaneeair mix-
tures (Gieras et al., 2006).
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at elevated pressures, known as the soot zone and the twilight zone
(Goethals et al., 1999; Vanderstraeten et al., 1997). The explosion
pressure to initial pressure ratio plateaus at the soot zone. As pre-
sented in Fig. 3, a soot zone was found for methaneeair mixtures
with methane concentrations between 16.0 and 18.6%. When the
explosion pressure to initial pressure ratio is very low, usually less
than 2, the twilight zone appears. As illustrated in Fig. 3, the
twilight-zone for methaneeair mixtures develops at a methane
concentration of 18.7% where the pressure ratio is 1.5. The pressure
ratio drops to unity at a methane concentration of 21.7%, which is
the end point of the twilight-zone (Vanderstraeten et al., 1997).

The initial temperature has a tremendous effect on explosion
parameters. At higher temperatures, the UEL value of methane
increases while the LEL decreases (Fig. 4) (Gieras et al., 2006). More
importantly, the explosion pressure reduces with the increase of
initial temperature. At elevated temperature, the reaction rates are
higher. However, the total mass of the combustible gas in the
combustible-air mixture is lower at elevated temperatures when
compared to that at reduced temperatures maintaining constant
initial pressure. The faster reaction rate at elevated temperature
drives the explosion towards higher pressure while the lower
amount of combustible gas leads the explosion towards lower
pressure. The overall effect results in lower explosion pressures at
elevated temperature.

The discussion presented here leads to the conclusion that the
concentration of methane is the very important explosion param-
eter. All of these investigations revealed that a methane concen-
tration of ~9.5% in air is the most explosive methaneeair mixture.
While any methane concentration within the flammability range
has the potential to explode in the presence of an ignition source, a
methane concentration of ~9.5% in air can produce the most
damaging explosion.

Methane gas, trapped in the coal matrix during coalification
process, is released when coal is mined (Thakur, 2006). The
released gas may accumulate in various places of coal mines and
become a potential hazard for explosion. Depending on the amount
of methane released and the level of available ventilation, the
concentration of accumulated methane may vary widely. It is
possible that the concentration of accumulated methane reaches
9.5% in some areas of coal mines. Investigations on the accidents of
Mount Kembla Mine, Bulli Mine of Australia and Benxihu Colliery
Mine of China revealed that methane gas played a key role in ex-
plosions of these accidents (Dhillon, 2010b). Although it is hard to
anticipate what level of methane concentration was reached in
these explosions, it can be predicted that the concentration of
methane in these accidents was within the flammability limits of
methane.

3. Ignition pathways of a flammable mixture

3.1. Auto-ignition

When the concentration of a flammable substance in a
combustible e oxidant system is within the flammability range,
ignition can occur in two ways. One of these pathways is known as
auto-ignition. In this ignition process, the flammable substance
ignites spontaneously without any ignition source (e.g., flame or
spark) at or above a certain temperature. The lowest temperature at
which the spontaneous ignition occurs is known as auto-ignition



Fig. 5. Outcomes of experiments in the determination of auto-ignition temperature for
methane in air (Robinson and Smith, 1984).

Fig. 6. Illustration of temporal and spatial characterisation of various ignition sources
(Cheremisinoff, 2013; Kuchta, 1985).
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temperature or kindling point (Pan et al., 2008; Robinson and
Smith, 1984).

A comparison of auto-ignition temperatures derived by various
researchers are presented in Table 1 (extracted from (Robinson and
Smith, 1984)).

A number of researchers worked with the aim of determining
minimum auto-ignition temperature dependent on the concen-
tration of methane in air. The auto-ignition temperature of
methane in air was reported as 537 �C (999 �F) in (AFMFI, 1940)
while the majority of reported literature values were higher than
600 �C (Bunte and Bloch, 1935; Coward, 1934; Fenstermaker, 1982;
Freyer and Meyer, 1893; Naylor and Wheeler, 1931; Robinson and
Smith, 1984; Taffenel, 1913; Townend and Chamberlain, 1936).

Robinson et al. found the minimum auto-ignition temperature
at a methane concentration of 7%. While the minimum auto-
ignition temperature of methane was found to be different in the
study of Naylor et al., they also found their minimum auto-ignition
temperature at a methane concentration of 7%. Results from Naylor
et al. and Robinson et al. are presented in Fig. 5 (extracted from
(Robinson and Smith, 1984)).

3.2. External ignition source

When the combustible-air mixture is at lower temperature than
the minimum auto-ignition temperature, an alternative pathway is
required to initiate ignition. In this ignition process, an external
ignition source such as flame or spark is employed (Kuchta, 1985).
For a particular type of external ignition source, higher ignition
energy results in a more devastative explosion (Ajrash et al.,
2016a,b).

Fig. 6 represents spatial and temporal characteristics of various
ignition sources. Although heated vessels have potentials to initiate
combustion, they are large in size while their heating rate and
temperature are relatively low. In contrast, sources that generate
electric sparks are very small in size while their heating rate and
temperature are high.

Ignition energies based on capacitive electric spark for various
alkane-air mixture can be found in Fig. 7 (Eckhoff, 2005).

Methane has very lowminimum ignition energy of 0.3 mJ when
an electric spark is employed. The spark temperature greatly ex-
ceeds the methane minimum ignition temperature and the higher
temperature of the spark helps in initiating ignition at very low
ignition energy (Marinovi�c, 1990).

In Fig. 7, the ignition energies are plotted against equivalence
ratio of fuel (F). The term, equivalence ratio, is often used in liter-
ature. It is the ratio of the actual fueleair ratio to the stoichiometric
fueleair ratio (Khanna, 2001).

F ¼

�
Fuel

Oxident

�
actual�

Fuel
Oxident

�
stoichiometric
Table 1
Auto-ignition temperatures of methane in air determined experimentally in various stud

Auto-ignition temperature (�C) Ignition vessel

601 0.8 dm3 steel sphere
606e650 0.24 dm3 glass cylinder
632 0.44 dm3 quartz cylinder
656 Ceramic tubing, volume not kn
659 0.2 dm3 steel sphere
673 0.19 dm3 silica cylinder
675 0.275 dm3 glass cylinder
748 Steel tubing, diameter about 10
The equivalence ratio plays an important role in combustion
study (Andersson et al., 2003). When F ¼ 1.0, the mixture is of
ies.

Reference

(Robinson and Smith, 1984)
(Freyer and Meyer, 1893)
(Naylor and Wheeler, 1931)

own (Coward, 1934)
(Fenstermaker, 1982)
(Townend and Chamberlain, 1936)
(Taffenel, 1913)

mm, length 165 mm (Bunte and Bloch, 1935)



Fig. 7. The minimum ignition energies for alkane-air mixtures when capacitive electric sparks are employed (Eckhoff, 2005).
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stoichiometric condition. When F < 1.0, the mixture contains more
oxidant than the stoichiometric value and the mixture is termed as
a lean mixture. In contrast, when F > 1.0, the mixture is a rich
mixture as the mixture contains more fuel than the stoichiometric
value.

Fig. 7, constructed for various fueleair mixtures, represents
minimum ignition energies estimated by capacitive sparks. In case
of fuels like ethane, propane, butane, hexane and heptane, the
minimum ignition energies were found for the rich mixtures of
these fuels with air. In contrast, a lean-mixture of methane in air
exhibited the minimum energy required for ignition for meth-
aneeair systems.

There are several other ways ignition can occur in addition to
electric sparks or electric discharge (Kuchta, 1985). Common igni-
tion sources include hot surfaces (e.g., heated vessels, heated wires,
frictional sparks etc.), self-heating, hot gases and pyrophoric or
hypergolic reactions (Ashman and Büchler, 1961; Eckhoff and
Thomassen, 1994; Fitch, 1992; Kuchta, 1985).

Fig. 8 illustrates the generation of fire from a flammable sub-
stance in the presence of an ignition source.

At the point of ignition, a flammable substance ignites when
exposed to an ignition source. In the next step, a critical volume of
the flammable substance is required to be heated to produce an
exothermic reaction that heightens flame beyond the ignition point
(Fitch, 1992).
Fig. 8. Initiation of fire in the presence of various ener
Initiation of ignition in coal mines is most common via external
ignition sources rather than auto-ignition (Hartman et al., 2012). A
number of ignition sources such as heat from diesel engines, static
charge, sparks from shearing and spontaneous combustion of the
coal face are present in undergroundmines (De Rosa, 2004). In both
Mount Kembla Mine and Bulli Mine of Australia, the ignition source
was naked flame (Lee, 2003; Organ, 1987). Sparks from damaged
electrical equipment are dangerous and triggered one mine ex-
plosion in Bellbird CollieryMine of Australia, which took the lives of
21 miners in 1923 (Markham, 1993). These accidents highlight that
any potential source of ignition can cause devastative explosions in
coal mines.

4. Effect of initiation energy on flame speed

The initiation energy (determined from the total chemical en-
ergy of the fuel in the initiator when employed) has tremendous
effect on flame speed (Gamezo et al., 2012; Wola�nski et al., 1981).
Wola�nski et al. investigated the variation of flame speed by
changing initiation energy and methane concentration. They
employed a square vertical tube of 6 m height and 63.5 mm width
(the cross-sectionwas approximately square in shapewith rounded
corners having a radius of curvature of 14.3 mm) (Wola�nski et al.,
1981). In their experimental setup, a 1.12 m tube of 50 mm diam-
eter, known as initiator tube, was obliquely connected with the
gy sources and fuel exposure modes (Fitch, 1992).



Fig. 10. Effect of initiation energies on the detonation velocity (extracted from ex-
plosion studies of methaneeair mixtures with a methane concentration of 9.5% in air)
(Wola�nski et al., 1981).
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main tube. The initiator tube was isolated from the main tube by a
Mylar diaphragm.

A stoichiometric hydrogeneoxygen mixture was employed in
the initiator and a glow plug was used as a source of ignition. The
initiation energy was determined from the initial pressure of
hydrogeneoxygen mixture. The value of the initiation energy was
obtained by estimating the total chemical energy in the initiator.
The initiation energy per unit cross-sectional area, estimated by
Wola�nski et al., may be expressed by U ¼ 0:5Pf EcVi=Ad; where Pf is
the pressure of hydrogeneoxygen mixture (in atm), Ec is the total
chemical energy of the stoichiometric hydrogeneoxygen mixture
per unit volume at atmospheric pressure, Vi is the volume to the
initiator tube, Ad is the cross-sectional area of themain tube and the
factor 0.5 is the fraction of hydrogen in the mixture at stoichio-
metric condition. If QH2

is the heat of combustion of hydrogen (in
energy/volume unit), then the equation becomes,
U ¼ 0:5Pf QH2

Vi=Ad.
Wola�nski et al., expressed flame speed as Mach number (M), a

dimensionless number which can be defined as follows (Perry and
Kantrowitz, 1951):

M ¼ speed of flame
speed of sound in the undisturbed fluid ahead of the flame

When the value of Mach number is more than one, the flame
speed is supersonic. In contrast, the speed of flame is subsonic
when the Mach number is less than one.

The investigation by Wola�nski et al. employing 28.2 MJ m�2

initiation energy revealed that the concentration of methane af-
fects the final flame speed (Fig. 9). When the initiation energy was
applied tomethaneeair mixtures constituted by 8, 9.5,11 and 14.5%
methane in air, they found that 11% methane in air produced the
highest flame speed. From their extended investigations, they
found a detonability limit of 8e14.5% for methaneeair mixture,
where a methane concentration of 12% in air provided the highest
detonation velocity. While a stoichiometric ratio of methaneeair
mixture is expected to provide the highest detonation velocity, a
shift towards higher concentrations of methane was found for this
investigation. This is most likely due to the dilution of methaneeair
mixture by the combustion products of hydrogeneoxygen mixture
from the initiator tube.

While investigating the impact of initiation energy on the flame
speed, Wola�nski et al. introduced 5.8, 7.1, 8.3, 9.45 and 11.8 MJ m�2

initiation energy densities in their experiments (Fig. 10). The flame
Fig. 9. Effect of initial concentration of combustible gas on the detonation velocity
(extracted from the explosion studies of methaneeair mixtures with an initiation
energy of 28.2 MJ m�2) (Wola�nski et al., 1981).
speed increased for the first four initiation energy densities; how-
ever, the changes in flame speed became almost unchanged from
9.45 to 11.8 MJ m�2. This means that the flame speed increases up
to a certain value of initiation energy. Above that value of initiation
energy, the dependence of flame speed on initiation energy be-
comes negligible.

In coal mines, the volume and concentration of accumulated
methane determines the total chemical energy present in the form
of methane. If an explosion occurs, the initiation energy of this
accumulated methane impacts on secondary coal dust explosions.
The results and analyses of Wola�nski et al. provide an under-
standing of the effects of initiation energy on secondary explosions.

5. Effect of turbulence on explosion characteristics

In a combustion process, the flow becomes non-uniform in
presence of obstacles leading towards the generation of turbulence
in the flow. The burning speed, described as the rate at which a
flammable gas mixture is consumed, increases with increasing
turbulence in the flow field (Moen et al., 1980). The turbulence
produced by obstacles sustains low speed flame (or deflagration)
and transforms that low speed flame to high speed flame (deto-
nation or quasi-detonation). In the real world, the types and nature
of obstacles are diverse (Moen et al., 1980; Oran et al., 2015).
Therefore, various types of obstacles, employed by researchers,
provide an understanding of flame acceleration by obstacles for
various fueleair mixtures. This section includes discussion on a few
types of obstacles employed in various researches with the aim of
understanding explosion characteristics in the presence of turbu-
lence created by those obstacles.

5.1. Shchelkin spiral

One of the effective obstacles in the studies of explosion char-
acteristics is the Shchelkin spiral, developed by the physicist Kirill
Ivanovich Shchelkin (Frolov, 2008; Frolov and Aksenov, 2007; Lu
et al., 2005; Shchelkin and Troshin, 1964; Sorin et al., 2006;
Takita and Niioka, 1996; Tsuboi et al., 2009). This obstacle was
found to be very effective in sustaining deflagration and acceler-
ating convertion to more destructive combustion waves in the ex-
plosion study of methaneeair mixtures (Bozier et al., 2009; Lee,
1984b; Lindstedt and Michels, 1989). A typical presentation of



Table 2
Description of various obstacles employed in Lindstedt et al.'s experiment and
presented in this article.

Notation Length (m) Pitch BR Section (of total)

S/1 0.250 0.045 0.44 1 (1)
S/2 0.500 0.045 0.44 1 (1)
S/3 0.625 0.045 0.44 1 (1)
S/4 0.750 0.045 0.44 1 (1)
S/5 1.000 0.045 0.44 1 (1)
S/6 1.250 0.045 0.44 1 (1)
S/7 1.500 0.045 0.44 1 (1)
S/8 1.000 0.035 0.44 1 (2)
S/8 1.000 0.045 0.44 1 (2)
S/9 1.000 0.035 0.44 1 (3)
S/9 1.000 0.045 0.44 1 (3)
S/9 1.500 0.075 0.44 1 (3)

Fig. 12. Effect of short Shchelkin spirals on flame velocities along the tube in the ex-
plosion study of ethaneeair mixtures of near stoichiometric ratios (Lindstedt and
Michels, 1989).
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Shchelkin spiral can be found in Fig. 11, which was employed in
Lindstedt et al.'s study on the investigation of deflagration to
detonation transition of various alkane and alkene e air mixtures
(Lindstedt and Michels, 1989).

The constructions of Shchelkin spirals have tremendous impact
on the resulting explosion characteristics. The parameters to
consider for the construction of these spirals include length, pitch
and blockage ratio (BR). The various Shchelkin spirals, employed in
Lindstedt et al.'s experiment and extracted in this review for dis-
cussion are presented in Table 2.

Fig. 12 is extracted from (Lindstedt and Michels, 1989), where
Lindstedt et al. demonstrated that a minimum threshold flame
speed at the obstacle exit is important in sustaining deflagration.
They have concluded that a critical flame speed of ~250 m s�1 is
required to achieve a quasi-stable propagation mode. This outcome
emphasises that a quasi-stable strong deflagration regime most
likely leads to transition from deflagration to detonation regime
with adequate time and distance.

The pitch and blockage ratio for obstacles S/2 to S/7, presented in
Table 2, are very similar. Keeping these parameters the same, the
minimum lengths sustaining deflagration was 1.0 m for methane
and 0.5 m for ethane as reported by the authors. Lindstedt et al.
increased the obstacle lengths from 0.5 to 1.5 m (obstacles S/2 to S/
7) for ethaneeair mixture and found that the transition time from
low speed flame to high speed flame reduces as the obstacle length
increases. A reduction of 50% time was achieved when the obstacle
length was increased from 0.50 to 1.25 m. While Figs. 12 and 13
were generated employing ethaneeair mixture, they provide in-
terpretations for other fueleair mixtures including methaneeair
mixtures.

While methane is a weakly reactive fuel, the durations for the
transition from deflagration to detonation in methaneeair and
ethaneeair were found to be very close in the investigation of
Lindstedt et al. Although the transition time for methaneeair was
slightly higher than that of ethaneeair (28 vs 20.7 ms, obstacle S/5),
the outcome of this investigation highlights the role of the
obstacle-induced flame acceleration. The flame acceleration profile
for methaneeair mixtures employing obstacle S/5 is presented in
Fig. 14. This figure illustrates the role of an obstacle in converting a
Fig. 11. Layout of Lindstedt et al.'s experimental setup: 1, detonation tube; 2, counter system
pressure mixing system; 7, flow mixing system; 8, mercury manometer; 9, to exhaust pump
low speed flame to a destructive explosion.
While obstacles accelerate flame propagation and transform the
1; 3, counter system 2; 4, microcomputer with screening; 5, ignition source; 6, partial
; 10, ionisation prove with amplifier; 11, Shchelkin spiral (Lindstedt and Michels, 1989).



Fig. 13. The influence of the lengths of Shchelkin spirals on the time and the distance
to the transition from deflagration to detonation or quasi-detonation (Lindstedt and
Michels, 1989).

Fig. 14. Effect of 1 m long Shchelkin spiral with a pitch of 0.045 and a blockage ratio of
0.44 on the transition from deflagration to detonation or quasi-detonation for meth-
aneeair mixtures of near stoichiometry (Lindstedt and Michels, 1989).
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flame to a more violent combustion wave, there is a maximum
length of each design of obstacle above which flame speed reaches
Fig. 15. Effect of longer Shchelkin spiral on the transition from deflagration to deto-
nation or quasi-detonation for methaneeair mixtures of near stoichiometry (Lindstedt
and Michels, 1989).
a maximum value. As presented in Fig. 15 (Lindstedt and Michels,
1989), the increment of obstacle length from S/5 to S/8 did not
increase the final exit flame speed for ethaneeair mixture. The
increment of obstacle length did not promote (from Figure 14 to
Figure 15) transforming the quasi-detonation flame to detonation
for methaneeair.

The quasi-detonation flame speed for methaneeair mixture,
obtained in (Lindstedt and Michels, 1989), was close to speed at
Chapman-Jouguet condition (Uobs/Ucj ¼ 0.79 inside the obstacles
and Uobs/Ucj ¼ 0.89 in the smooth tube). Another study conducted
by Lee with methaneeair mixture employing Shchelkin spirals
revealed a maximum flame speed of 800 m s�1 (Lee, 1984b). In
contrast, the highest flame speed obtained by Lindstedt et al. was
1410 m s�1 for an obstacle with S/8 configuration. Nonetheless, this
obstacle was effective in transforming deflagration to quasi-
detonation for methaneeair mixture.

5.2. Orifice plates

Orifice plates were found to be very effective in blocking the
flow path and therefore generating turbulence. The parameter
important for orifice plates is its blockage ratio (BR) and calculated
from the relationship of BR ¼ 1-(d/D)2, where d is the orifice plate
bore diameter and D is the inner diameter of the experimental duct
(Lee et al., 1984). A number of researchers employed orifice plates
to investigate flame acceleration from methaneeair mixtures
(Kessler et al., 2010; Kuznetsov et al., 2002; Lee et al., 1985, 1984;
Peraldi et al., 1986). Kuznetsov et al., for example, employed
orifice plates with BRs of 0.3 and 0.6 with the aim of investigating
transition of deflagrating flame to detonation from methaneeair
mixtures of a range of methane concentrations. In order to test the
effect of orifice plates, they employed two types of experimental
setups. One of themwas constructed with a 12 m long tube with an
inner diameter of 174 mm, while the other setup was comprised of
a 34.5 m long tube with an inner diameter of 520 mm.

Fig. 16 illustrates the outcome of Kuznetsov et al. from experi-
mental setups operating with orifice plates of 174 and 520 mm
diameter with a same BR of 0.3. Quasi-detonation regimes were
observed for 9.5, 10.5 and 12% methane when experimental setup
of 520 mm orifice plate was employed. For experimental setup of
174 mm orifice plate, the quasi-detonation regime was limited to
9.5 and 11% methane mixtures.

Flame acceleration reduces with increased blockage ratio of
orifice plate. Peraldi et al. reported that quasi-detonation regime
was not achieved when examining flame acceleration, employing
orifice plates of 0.43 blockage ratio in a 18 m long tube with an
inner diameter of 300 mm (Peraldi et al., 1986). Similar phenom-
enon was observed in the studies of Kuznetsov et al. (Fig. 17) for
both of their experimental setups (as described previously) with
orifice plates of 0.6 blockage ratio. The maximum velocities ach-
ieved with 0.6 BR orifice plates were much lower than the quasi-
detonation flame velocities.

One important parameter in measuring detonation sensitivity
or detonability is detonation cell size or width, l (Gavrikov et al.,
1999). There are several methods to determine detonation cell
width. Historically (in sixties (Guirao et al., 1989)) and in recent
researches (Kuznetsov et al., 2002), smoked foil techniques were
used to determine the detonation cell width. The second method of
estimating this parameter is to analyse the structure of the pressure
signal behind the detonation wave, known as pressure oscillation
technique as demonstrated by Dorofeev et al. (Dorofeev et al.,
1992). In addition, Gavrikov et al. developed a theoretical model,
often called as Gavrikov model, which can predict detonation cell
width (Gavrikov et al., 2000).

When the diameter of orifice plate is divided by detonation cell



Fig. 16. Effect of orifice plates with 0.3 blockage ratio on flame speed in tubes of two
different diameters (520 and 174-mm) (Kuznetsov et al., 2002).

Fig. 17. Effect of orifice plates of 0.6 blockage ratio on flame speed in tubes of two
different diameters (520 and 174-mm) (Kuznetsov et al., 2002).
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width, the obtained ratio (d/l) provides some interpretation in
terms of finding possibilities of transition from deflagration to
detonation. Researchers found that the ratio of d/l needs to be
greater or equal to 1 in order to obtain detonation. Fig. 18, extracted
from the investigations of Kuznetsov et al., replicated the findings
of other researchers (Dorofeev et al., 2000; Peraldi et al., 1986).
While DDT was observed for a d/l value slightly higher than 1 for
orifice plates of 0.3 BR, no DDT was found for orifice plates of 0.6 BR
for d/l value up to 1.8. This means that the higher the blockage
ratio, the higher the required d/l value to reach DDT.

Dorofeev et al. showed an additional criterion, similar to d/l� 1,
to characterise DDT (Dorofeev et al., 1994, 1996, 2000). They found
that the ratio of L/l, where Lwas defined as a characteristic size of a
room filled with combustible mixture (for obstructed channels, L is
the length of the channel), could be used as a criterion for DDT. The
length of the obstructed channel can be mathematically defined as
L ¼ (S þ D)/2/(1�d/D), where S is the obstacle spacing and D is the
inner diameter of the experimental tube. When S ¼ D, DDT may be
observed for L/l� 7. As illustrated in Fig.19, DDTwas found for a L/l
value slightly higher than 7 for 0.3 BR plates. However, no DDT was
observed for 0.6 BR orifice plates meaning that the L/l value for
these plates needed to be higher to obtain DDT.

To conclude, the outcomes of orifice plate investigations by
various researches similarly determine that a narrower channel in
explosion scenarios can accelerate a low speed flame to violent
explosions.
5.3. Obstacles of various shapes

Various shaped obstacles, such as square, triangular and circular,
were found to accelerate flame propagation in a number of studies
(Chan et al., 1983; Ciccarelli et al., 2010; Gamezo et al., 2008;



Fig. 18. The relationship of d/l ratio and DDT in the explosion study (Kuznetsov et al.,
2002).

Fig. 19. The relationship of L/l ratio and DDT in the explosion study (Kuznetsov et al.,
2002).
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Johansen and Ciccarelli, 2009; Kessler et al., 2010; Kindracki et al.,
2007; Li et al., 2015; Moen et al., 1982; Park et al., 2007;
Phylaktou and Andrews, 1991; Yi et al., 2011; Zhiming, 2010).
Similar to orifice plates, blockage ratio due to the placement of
these obstacles is an important parameter in explosion studies. For
these obstacles, blockage ratios are normally estimated by the term,
BR ¼ Ao/Ad, where Ao is the largest cross-sectional area blocked by
the obstacle and Ad is the inner cross-sectional area of the explosion
duct (Ibrahim andMasri, 2001; Park et al., 2007). Johansen et al., for
instance, employed an array of rectangular obstacles mounted at
the top and bottom surfaces in modular both end closed combus-
tion channels constructed from four modules (Johansen and
Ciccarelli, 2009). They used obstacles with three blockage ratios
of 0.33, 0.50 and 0.67. When conducting experiments with meth-
aneeair mixture at stoichiometric ratio, they found that the flame
acceleration increased with the increment of blockage up to
approximately one-third of the combustion channel width. For the
remaining two-thirds of the combustion channel, the flame accel-
eration became the highest with obstacles of 0.50 blockage ratio.
This means that there is an optimum value of blockage ratios for
which the flame acceleration reaches a maximum for the majority
of the combustion channels.

Zhiming et al. reported the effect of the number of obstacles in
the flow path, studied numerically for methaneeair mixtures of
stoichiometric conditions (Zhiming, 2010). In their simulation, a
two-dimensional model for a one end open and one end closed
pipeline was considered. It was found that the overpressure of the
shock wave front increased with increasing number of obstacles.
Similar phenomenon was observed for flame speed (Fig. 20). The
peak flame speed increased with an incremental increase in the
number of obstacles in the flow path. In addition, the number of
peak values for flame velocities increased with the incremental
increase in the number of the obstacles.

Park et al. employed cylindrical, triangular and square bars in an
explosion chamber with ventilation area at the top surface while
conducting explosion studies with methaneeair mixtures with a
methane concentration of 10% (Park et al., 2007). They positioned
their obstacles in a way that their blockage area may be described
as Ao ¼ lx, where l is the length of the bar and x is the diameter of
the circular area for the cylindrical bar or a side for triangular or
square bar. For the same blockage ratio, pressure rise was highest
with the cylindrical bar while it was lowest with the square bar. In
contrast to the findings of Park et al., Ibrahim et al. (Ibrahim and
Masri, 2001) observed the lowest pressure rise with cylindrical
bars and the highest with the wall/plate type obstacles while
conducting explosion study with liquefied petroleum gas (LPG) of
88% C3H8, 10% C3H6 and 2% C4H10 employing an explosion chamber.
Park et al. described that the configuration of the explosion
chamber affected in the resulted pressure rise. In comparison to the
study by Ibrahim et al., Park et al. employed an explosion chamber
with low L/D ratio, large vent area and a smaller distance between
the ignition point and the chamber exit. The confinement in the
investigation by Park et al. was much lower than the experiments
conducted by Ibrahim et al. The huge difference in confinement
resulted in a reverse trend in pressure rise in Park et al.'s
experiments.

In summary, the blockage ratio has tremendous effect on the
flame acceleration. It was found in an experimental investigation
that the value of flame acceleration primarily increases with
blockage ratio for a certain length in a combustion channel. For the
remainder length of the channel, the value of flame acceleration
reaches a maximum value for a particular blockage ratio. As dis-
cussed above, the repetition of obstacles enhances the effect of
obstruction. In addition, the shape of the obstacles and the geom-
etry of the explosion gallery affect the pressure in an explosion.
Mechanistically, when obstacles are placed in the flow path of a
burning gas, vortices are formed. As the flame propagates, small-
sized vortices convert to large-sized vortices. This accelerates the
reaction rate of the combustible materials and therefore, both the
peak pressure and flame speed increase.

Confinement or lack of ventilation is always a concern in coal
mines. The confinement varies from one coal mine to another. In
conjunction with the physical structure of a coal mine, machines
and additional mining infrastructure add confinement to the coal
mine. The investigations with various obstacles provide an under-
standing of the impacts of confinement on flame acceleration. As
the degree of confinement increases, the velocity at which flame
propagates in mines increases.



Fig. 20. Effect of rectangular obstacle/s on flame speed in the explosion study of methaneeair mixtures (Zhiming, 2010).

S. Kundu et al. / Journal of Loss Prevention in the Process Industries 40 (2016) 507e523 517
5.4. Wall roughness

The wall roughness of an experimental tube is an important
parameter in explosion studies. This parameter needs to be
accounted for when collecting data employing rough tubes. Higher
wall roughness reduces the time (Liberman, 2008) and also dis-
tance (Baker et al., 2012) of the transition from deflagration to
detonation. This is mostly because the detonation wave experi-
ences turbulisation due to the inhomogeneities present in rough
tubes (Zel'dovich et al., 1987). However, it was observed that the
detonation velocity reduces in rough tubes. This is because strong
friction is present in rough tubes leading to momentum loss of the
flow (Gelfand et al., 1993).

Gelfand et al. conducted a theoretical study in understanding
explosion characteristics inmolten tin andwater. They reported the
detonation wave velocity as a function of Cf/R (Fig. 21, Cf is the wall
drag coefficient and R is the tube radius). The tube roughness and
its diameter are related when estimating detonation velocity. This
means that tubes with lower diameter will require smaller wall
roughness to produce a similar effect on detonation velocity
compared to tubes of larger diameter. In any case, Fig. 21 represents
Fig. 21. Effect of tube roughness on detonation velocity in the explosion study of
molten tin-water system (Gelfand et al., 1993).
that the detonation velocity reduces with increasing tube rough-
ness for tubes of certain diameters. Similar findings were found in
the theoretical study of Zel'dovich et al. (Zel'dovich et al., 1987)
where they considered several fuels including methane. While
Zel'dovich et al. showed that the presence of friction reduces the
detonation velocity, they also found that the reduction of detona-
tion velocity is dependent on the activation energy of the fuel.

In short, the wall roughness of tubes reduces the transition time
and distance for the transformation of deflagrated flame to deto-
nation. However, the momentum loss due to the friction of the tube
roughness results in reduction of peak pressure and therefore, the
flame becomes less violent compared to the flame progress in
smooth tubes.

The knowledge of tube roughness on the transformation of
deflagrated flame to detonation can be applied in coal mines. In
many places, the passages of coal mines are constituted by rough
surfaces. Increased roughness of surfaces in mine passages will
result in quicker transition of deflagrated flame to detonation. In
addition, this transitionwill occur in a shorter distance as explained
previously.
6. Explosion characteristics in vessels and smooth tubes

The degree of confinement immensely impacts on flame accel-
eration. The pressure rise is expected to be higher with increasing
degree of confinement. Confinement may be introduced by obsta-
cles, as described in sections 5 and 6, or by geometry of the ex-
plosion chamber. For example, a closed vessel may be defined as a
confined systemwhile an open ended smooth tube may be termed
as a semi-confined system. The degree of confinement (f) of a
vessel may be defined as (Chan et al., 1983):

f ¼ 1

� open area on permeable wall per unit length of the vessel
total surface area per unit length of the vessel

This equation provides an understanding on confinement.
When there is no opening on side walls, the vessel is fully confined.
Similarly, for smooth tubes, when one end is closed, the system
becomes confined. The introduction of obstacles such as orifice
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plates and Shchelkin spirals increases the degree of confinement in
smooth tubes.

Methaneeair or methaneeoxygenenitrogen mixtures of large
volume were employed in previous researches in unconfined sys-
tems (Bull et al., 1976; Nicholls et al., 1979; Parnarouskis et al.,
1980). While there are restrictions for flame propagation in
smooth tubes and vessels, the explosion develops in all three
spatial dimensions in these unconfined systems (Zipf et al., 2013).
Those researches revealed that it is very unlikely to reach sus-
tainable detonation pressure waves from methaneeair mixtures in
unconfined systems. For a particular volume of combustible-air
mixture and at the self-sustaining point of its combustion Eg > El,
where Eg is the generation of thermal energy due to combustion of
the flammable gas and El is the loss of energy due to the sharp rise
of local temperature to final flame temperature (Carroll). In un-
confined systems, the energy loss (El) is usually very high and
therefore, Eg becomes equal to El and the condition of Eg > El is not
reached. Therefore, the combustion pressure wave is not sustained.

Several researchers employed vessels and smooth tubes with
the aim of understanding explosion characteristics of methaneeair
systems. The outcomes of these researches reveal pressure char-
acteristics, determine velocity profile (often presented as Mach
number profile) and estimate detonation cell width or size. The
outcomes are largely depended on the geometries of the investi-
gated explosion chamber or, in other words, on confinement. Zhang
et al., for instance, employed a 10 m3 closed vessel of 2.0 m
diameter, 3.18 m length and a wall-thickness of 0.045 m and their
study relates to explosion in confined space (Zhang et al., 2014).
Explosion pressure data were collected at 0.25, 0.50, 0.75, 1.30 and
1.80 m from one end of the vessel employing pressure gauges. The
maximum explosion pressure was found for 9.5% methane con-
centration in air (Fig. 22). This outcome is consistent with the un-
derstanding as described in section 2.

With the aim of predicting explosion characteristic from
methaneeair mixtures, an experimental setup constituted of 30 m
long and an inner diameter of 0.456 m with one end closed (semi-
confined) duct was constructed employing schedule 80 mild steel
pipes at the University of Newcastle, Australia. The initial experi-
mental setup was employed to collect data on explosion parame-
ters, particularly explosion pressure, with the intention of applying
them in the implementation of explosion mitigation measures in
coal mines.

The experimental setup (Fig. 23) was a modular design and
consisted of 11 cylindrical modules, attached together with flanges.
Each module had three pressure transducers located radially at
Fig. 22. Explosion overpressures measured in a closed vessel in the explosion study of
methaneeair mixtures (Zhang et al., 2014).
120� at the centre of the each module length. The first section,
termed as the ignition section, is module B1where 9%methanewas
employed for ignition. This section was isolated from the pro-
ceeding section, termed as secondary explosion section, by a tem-
porary inflated balloon. The secondary explosion section is
comprised of one or more modules. Similar to module B1, module
A2 was comprised of one balloon port and methane injection sys-
tem. This secondary explosion section was constructed by posi-
tioning A2 module after B1 module and the section size could be
adjusted by moving the module A2 to different locations along the
length of the tube (e.g., A3, A4 etc.) as can be seen in Fig. 23.

Fig. 24 was constructed from data maintaining the length of
secondary explosion section only with the module A2. Average
peak pressures of three sensors were plotted in Fig. 24. Therefore,
the ignition section was of 2 m while the secondary explosion
section was of 3 m. In this scenario, the pressure profile is quite
different compared to Fig. 22. While the pressure initially increased
and then decreased in Fig. 22, the pressure gradually dropped in
Fig. 24. The pressure drop was caused by the one end open ge-
ometry of the experimental setup employed for Fig. 24 compared to
the closed vessel employed for Fig. 22.

Similar geometry of 73 m long one end closed tube with a
diameter of 1.05mwas employed by Zipf and co-authors (Zipf et al.,
2013). In their experiments, fresh air was ensured inside the ex-
plosion tube by running a portable fan for 30 min (Gamezo et al.,
2012). The open end was then closed by a thin plastic diaphragm
(0.15 mm thick) and methane was then introduced into the system
by a blower fan and circulated to ensure proper mixing. This pro-
cess assisted them to obtain homogeneous methaneeair mixtures
inside the explosion tube with predetermined equivalence ratios.

To initiate ignition, a non-electric blasting cap was employed at
approximately 0.5 m from the closed end inside an igniter bag. The
igniter bags, constructed by 0.15 mm thick plastic, were of cylin-
drical shapes and had a diameter of 1 m. The bags were filled with a
stoichiometric methaneeoxygen mixture and placed at the closed
end of the tube. In most cases, the igniter bag volumes were 2.9 m3,
however, in some experiments 3.25 m3 igniter bags were
employed.

Fig. 25 represents a test conducted by Zipf et al. while studying
direct initiation detonation employing methaneeair mixtures. This
figure was constructed when they used 10% methane in air mixture
with an igniter bag volume of 2.9 m3. According to their theoretical
calculation by the software CHEETAH, the Chapman-Jouguet
detonation pressure for this combination is 1.758 MPa and the
detonation velocity is 1828 m s�1. Their experimental in-
vestigations resulted in a detonation pressure of 1.5 MPa and a
detonation velocity of 1831 m s�1. While the experimental and
theoretical detonation velocities were very similar, the detonation
pressure was 14.7% lower in the experimental results as compared
to theoretical calculation. At these conditions and configuration,
the shock pressure wave and flame propagate at similar speed. As
can be seen in Fig. 25 where both of them almost superimpose
along the tube.

As described previously, Zipf et al. employed 3.25 m3 igniter
bags in a separate set of experiments. The velocity profile (Fig. 26)
and the pressure profile (Fig. 27) were generated including data
from both sets of experiments (2.9 and 3.25 m3 igniter bags). There
were a few data points far away from the expected trend. According
to their explanation, these data points resulted from premature
failure of the plastic bags they employed for their investigations.
The maximum pressure and velocity was found at 10% methane in
air, which is slightly higher than the stoichiometric mixture of
methaneeair. The maximum pressure and maximum velocity ob-
tained in the experiments were close to theoretical Chapman-
Jouguet values (calculated by the software CHEETAH and



Fig. 23. Schematic diagram of detonator tube employed at the University of Newcastle, Australia.

Fig. 24. Pressure profile obtained from the explosion study of methaneeair mixtures
at the University of Newcastle, Australia.

Fig. 25. Shock and flame positions with respect to time as obtained from the in-
vestigations of Zipf and co-authors for an explosive gas mixture of 10.0% methane in air
(Zipf et al., 2013).

Fig. 26. Experimental (data points) and theoretical (solid line) detonation velocities
obtained from the investigations of Zipf and co-authors for methaneeair explosive
mixtures (Zipf et al., 2013).

Fig. 27. Experimental (data points) and theoretical (solid line) detonation pressure
values obtained from the investigations of Zipf and co-authors for methaneeair
explosive mixtures (Zipf et al., 2013).
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presented as solid lines in Figs. 26 and 27).
Zipf et al. employed smokefoil tests to determine the detonation

cell sizes usingmethane concentrations of 5.3e15.5% in air (Fig. 28).
When compared to experiments carried out with various meth-
aneeair mixtures, the detonation cell size was found to be the
lowest (~25 cm) for the experiment conducted with methaneeair
mixture of near stoichiometric condition (10.2% methane in air).
However, the number of detonation cells was highest (8) at that
condition (10.2% methane in air). In contrast, the detonation cell
sizes were 55 and 61 cm for methane concentrations of 7.3 and 14%
in air while the cell numbers were 3 and 4 respectively for those
concentrations.
Briefly, the confinement is very important in terms of the
severity of explosion. The higher the confinement is, the higher the
explosion pressure. However, according to the tests conducted by
researchers, semi-confinement is also enough to obtain detonation
or quasi-detonation.

The pressure and flame velocity profiles of explosions obtained
in various researches are helpful in simulating actual coal mine
explosion scenarios. The geometries of coal mines are diverse in
nature and therefore, the outcomes of various shapes of experi-
mental setup are important in understanding the nature of explo-
sion in coal mines. The results of various investigations thus
provide a picture of coal mine explosions and assist in designing



Fig. 28. Experimentally measured detonation cell size (low, high, and average data
points) and cell size model (solid line, calculated by the model developed by Gavrikov
et al. (Gavrikov et al., 2000)) as found in the investigations of Zipf for methaneeair
explosive mixtures (Zipf et al., 2013).
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explosion mitigation systems.
7. Impact of tube diameter on attaining DDT in methaneeair
mixtures

Researchers conducted investigations on methaneeair explo-
sions employing experimental setups of various tube diameters
(Kogarko, 1958; Matsui, 2002; Oran et al., 2015; Wola�nski et al.,
1981). Oran et al. constructed a figure which provides general in-
formation on the size of explosion tubes required to achieve
detonation for methaneeair mixtures (Fig. 29) (Gamezo et al.,
2012; Oran et al., 2015; Zipf et al., 2014). Fig. 29 suggests that a
wide range of tube diameters can be employed to achieve deto-
nation from methaneeair mixtures of stoichiometric condition.
However, deviations from stoichiometric condition reduce the
range of tube diameters at which detonation is possible from the
methaneeair mixture.

The area under the curve in Fig. 29 may be explained as the
detonation limit of explosion tubes for methaneeair mixtures
(Gamezo et al., 2012). The limit is narrow for explosion tubes of
smaller diameter and widens with increasing tube diameter. In
Fig. 29. Effect of tube diameter achieving DDT for methaneeair explosive mixtures
(Oran et al., 2015).
large tubes, the energy released accelerates fast enough to cause
shock compression and therefore, a wider range of methaneeair
mixtures can develop supersonic flames (Gamezo et al., 2012).

Consideration of tube diameter is important for installation of
any duct in coal mines. Several types of ducts, such as ventilation
duct and explosion vent duct, are installed in coal mines. As can be
seen in Fig. 29, larger diameters of ducts favour DDT. Therefore,
proper consideration of duct diameter is required in the design of
any duct for coal mines to reduce the chance of DDT.

8. Effect of geometric scale on explosion characteristics

An actual mine gallery is several hundred times larger than the
experimental ducts employed by various researchers. A question
therefore remains on the scalability of the data obtained from those
experimental investigations. With the aim of understanding the
effect of geometric scale on various explosion parameters such as
peak pressure and flame speed, Zhang et al. conducted a study on
methaneeair mixture for a methane concentration of 10% (Zhang
et al., 2011a,b). They employed a commercial software package,
known as AutoReaGas, to understand the explosion parameters.
The software is comprised of two solvers e a gas explosion solver
and a blast solver, where the solvers are based on Navier-Stokes and
Euler equations respectively. The software was previously verified
in studying gas explosion behaviour with obstructed channels
(Salzano et al., 2002).

Three geometric scales, 1:1, 1:10 and 1:100 were chosen for the
calculations. The details of the scales are presented in Table 3. For
instance, in the case of the 1:1 scale or full scale, a 500 m straight
mine gallery with a square cross-section of 2.45 m � 2.45 m was
considered. The first 100 m of the mine gallery was assumed to be
filled with methaneeair mixture. In order to add obstacles in their
calculations, they considered steel support bars of
100 mm � 100 mm dimensions positioned at 1 m intervals in the
longitudinal direction of the mine gallery. One end of the mine
gallery was considered to be closed while the other end was
assumed to be open. Similar description applies to 1:10 and 1:100
scales.

The study of Zhang et al. revealed that the flame becomes
catastrophic in larger scales. Zhang et al. plotted the pressure data
against scaled distance (Fig. 30) (Zhang et al., 2011a). The dimen-
sionless parameter, scaled distance (L/4, where L is the distance
from the ignition point to a certain point of themine gallery and 4 is
the width or height of a cross-section of the gallery) was used to
plot and compare data of all scales. At a scaled distance of 40.82, the
overpressure for the full scale was found to be 1.260 MPa while the
overpressure dropped to 0.9991 and 0.8280 MPa for the smaller
scales of 1:10 and 1:100 respectively (Zhang et al., 2011b).

The flame speed was also found to be higher for full scale cal-
culations. As presented in Table 4, the flame speed was obtained to
be 733.44 m s�1 for full scale while it dropped to 550.00 m s�1 for a
one hundredth size theoretical mine gallery. As discussed previ-
ously, experimental explosion studies are carried out in much
smaller scale compared to actual coal mines. According to the above
examination, the explosion pressure and flame velocity are ex-
pected to be higher in real coal mine situations compared to data in
open literature from small scale apparatus. The geometric scale is
therefore required to be factored in while applying experimental
data in the simulation of actual coal mine explosions.

9. Criteria for attaining DDT in smooth tubes

A number of criteria are important when investigating detona-
tion in smooth tubes. Zipf et al. summarised a few of them (Zipf
et al., 2013). They addressed three criteria including the tube



Table 3
Details of geometric scales employed in the study of Zhang et al. (Zhang et al., 2011a,b).

Scale Cross sectional area (m2) Length
(m)

Methaneeair mixture retention
length (m)

Dimension of support bar
(mm)

Intervals at which support bars were
positioned (m)

1:1 2.45 m � 2.45 m ¼ 6 m2 500 0e100 m 100 mm � 100 mm 1 m
1:10 0.245 m � 0.245 m ¼ 0.06 m2 50 0e10 m 10 mm � 10 mm 0.1 m
1:100 0.0245 m � 0.0245 m ¼ 0.0006 m2 5 0e1 m 1 mm � 1 mm 0.01 m

Fig. 30. Effect of geometric scale on pressure rise as obtained in the explosion study of
methaneeair mixtures (Zhang et al., 2011a).

Table 4
Average flame speed (m s�1) in various geometric scales in the study of Zhang et al.
(Zhang et al., 2011b).

Scaled distance Scale 1:1 Scale 1:10 Scale 1:100

0e0.41 2.88 3.57 2.91
0.41e40.82 733.44 722.63 550.00
40.82e81.63 467.3 422.48 438.60
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length, diameter and geometry. The diameter of the tube required
to achieve DDT depends on detonation cell size. The relationship
between the tube diameter and detonation cell size is d/l � 1 as
discussed in section 5.2. Employing the smokefoil test, Zipf et al.
reported a detonation cell size of 25 cm for a near stoichiometric
mixture of methaneeair (10.2% methane in air) (Gamezo et al.,
2012; Zipf et al., 2013). This means that the diameter of the tube
needs to be higher than 25 cm if a stoichiometric methaneeair
mixture is employed. While conducting experiments outside of a
stoichiometric methaneeair mixture, Zipf et al. found larger values
of detonation cell sizes. For a methane concentration of 7.3% the
detonation cell size became 55 cm while the value of detonation
cell size was 60 cm for the experiment conducted with a methane
concentration of 14%.

The criterion for the length of the tube is also discussed in
section 5.2, which is L/l � 7. As methaneeair mixtures are weakly
reactive systems, a much larger value of L/l is required to achieve
detonation. There is another way of describing the required length
of the tube to obtain detonation. Instead of referring L/l ratio, L/D
ratio is often presented in the literature. For instance, Zipf et al.
employed a L/D ratio of slightly higher than 70. With this condition
they achieved 14.7% less pressure than the Chapman-Jouguet
pressure when a methaneeair mixture slightly higher than the
stoichiometric ratio was applied. This means that the L/D ratio
needs to be higher than 70 in order to achieve detonation from a
methaneeair mixture. If we compute an explosion tube diameter
equivalent to detonation cell size, then L/l needs to be higher than
70 for methaneeair mixtures of stoichiometric condition.

The tube geometry needs to be strong enough to handle the
detonation pressure. In the wall of the experimental tube, the shock
wave may reflect several times off the Chapman-Jouguet pressure
(Landau and Lifshitz, 1987). Therefore, a safety factor needs to be
included while designing explosion tests with smooth tubes. In
constructing a 73 m long detonation tube with a diameter of 1.05 m,
Zipf et al. employed a mild steel tube of 9.5 mm thickness with a
minimumyield strength of 248MPa and an ultimate tensile strength
of 414 MPa. These values may be a guideline for understanding the
geometry required to test detonation in a smooth tube.

Apart from the criteria related to explosion tube, the energy of
ignition source and the mass of combustible material play impor-
tant roles in the resultant explosion pressure. In general, higher
ignition energies are favourable to obtain detonation pressure. If
low ignition energy is applied, the reaction zone gradually isolates
from the pressure wave and the final explosion becomes limited to
deflagration (Lee, 1984a). Therefore, no transition occurs to obtain
detonation.

The higher the mass of combustible material, the higher the
chance of achieving detonation. The volume of explosion tube, Zipf
et al. employed was 63.4 m3 (Gamezo et al., 2012; Zipf et al., 2013).
The volume of methaneeair mixture (10.2% methane in air)
resulted in quasi-detonation (pressure value was 14.7% lower than
Chapman-Jouguet pressure value) when a 2.9 m3 ignitor bag con-
taining a stoichiometric methaneeoxygen mixture was employed.
The combination of the ignition energy from the igniter bag and the
content of the combustible gas in the explosion tube (60.5 m3)
established a quasi-detonation in the experiment of Zipf et al. This
relationship between of the ignition energy source and the volume
of explosive gas is important to obtain DDT. If a lower amount of
methaneeair mixture is employed, a higher ignition energy will be
required.

In summary, the mass of combustible material, the energy of
ignition source and the length, diameter and geometry of explosion
tube are important criteria in reaching DDT in a smooth tubes. For
any coal mine passage, these criteria can provide predictions on the
nature of explosions. In addition, any duct that may be installed for
ventilation or explosion vent purposes needs to be designed
including these considerations.

10. Summary

Various outcomes from the possibilities of initiation of explo-
sions from methaneeair mixtures have been discussed in this re-
view. The impacts of the concentrations of methaneeair mixtures
and ignition energies have been examined. Studies revealed that a
methane concentration of ~9.5% is the most dangerous mixture for
methaneeair systems. The lower flammability limit (LEL) of
methane was found to be 4.6 ± 0.3% and the upper flammability
limit (UEL) of methane was obtained 15.8 ± 0.4% from various in-
vestigations when methane was ignited in air at ambient temper-
ature and pressure.

Ignition of a combustible gas may be initiated via auto-ignition
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or by an external ignition source such as an electric spark or flame.
The reported auto-ignition temperature for methane in air starts
from 537 �C.

Combustible gas-oxygen mixtures were often employed to
initiate ignition. The total chemical energy of the gas mixture was
found to affect the final explosion. It was found that a high level of
ignition energy is favourable in obtaining a devastating detonation.

When conducting explosion studies in cylindrical tubes, the
diameters of the tubes were found to be important in obtaining
DDT. Awide range of methaneeair mixtures can lead DDT for larger
diameter tubes. The range of methaneeair mixture that can pro-
duce DDT is narrow for small diameter tubes.

The explosion studies were conducted mostly with small size
setups. However, the full size geometric scale results in a higher
level of explosion. The parameters discussed here need to be
incorporated in the design of safety equipment.

A number of factors affect achieving DDT in smooth tubes.While
the tube diameter, length and its geometry are important, the
volume of combustible material and the energy of the ignition
source also play vital roles in the explosion activities. The length to
diameter ratio of a smooth tube is required to be higher than 70 to
achieve DDT from methaneeair mixture in smooth tubes.

Obstacles and geometries are crucial in transforming a defla-
gration flame to devastating detonation explosion. The effects of
obstacles such as Schelkin spiral and orifice plates have been dis-
cussed. In an actual coal mine scenario, a number of obstacles can
be noted including rubbles, buildings, vehicles, pipes and machin-
eries. The shapes of these obstacles are diverse and have potential
to accelerate DDT. Caution is therefore required to develop a valid
safety strategy. Awareness of potential hazards resulting from
deflagration and detonations are important and specialised safety
devices should be utilised to prevent DDT of explosions.
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