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Abstract

It was observed that the initial ignition energy influences the flame deflagration
characteristics of methane explosions. This distinct behaviour has been noticed by a number
of scholars, and in our laboratory scale explosion chamber recently. However, the flame
traveling behaviour has not been adequately clarified in industrial scale flame deflagration
tube (FDT). This experimental work investigates methane flame deflagration and varied
initial ignition in a large scale FDT (30 m long) facilitated at University of Newecastle,
Australia, to comprehensively investigate methane flame deflagration behaviour. The initial
ignition energy was delivered by three alternative chemical ignitors’ energies, which were 1
kJ, 5kJ and 10 kJ. The results of the study revealed the notable influences of the initial
ignition energies on the flame deflagrations, over pressure rises and pressure wave velocities
along the FDT. When the initial ignition energy was increased from 1 kJ to 10 kJ, the
maximum over pressure rises increased by 45% and 56%, respectively, for the 7.5% and
9.5% methane concentrations,. For a 9.5% methane concentration, the increased ignition
energy enhanced the pressure wave velocity from 130 m.s™! to 359 m.s™! and enhanced the

flame deflagration velocity from 105 m.s™ to 179 m.s™!.



1 Introduction

The hazards of methane explosions and flame deflagrations still represent a threat for
chemical plants, mining tunnels, pipes and other extractive and processing concerns.
Accidental fires in the process industries can cause enormous losses in life and capital ',
One of the challenges is to eliminate and reduce the consequences of accidental fires and
explosions in pipes. To achieve that goal, accurate data concerning large scale setups is

required to understand the characteristics of methane explosions in pipes °.

The hazards of gas explosions in pipes was first highlighted in the last century by a number
of scholars 7. They observed that the pressure in a tube develops and eventually leads to a
rapid pressure rise, commonly termed a detonation. The properties of methane flame
deflagration in pipes were first investigated by Mason and Wheele °. They used a 5 m long
laboratory scale tube of 20 mm diameter. They noticed that the flame deflagration velocity
increases as the flame reaches the end of the tube. Phylaktou (1990) '° investigated methane
explosions and the resultant flame deflagrations in a vertical laboratory scale pipe. He found
that the pressure rise may reach 6.9 bar at some point during the flame deflagration.
Additionally, he observed that the flame does not deflagrate at a constant velocity '°. In a 30
m detonation tube, the behaviours of static and dynamic pressures were examined as

. The goal was achieved by using a varied length per

functions of the methane volume
diameter ratio (L/D) of FDT. The authors claimed that the methane volume had no effect on
the static and dynamic pressures when the tube was open at one end. Qingzhao et al. '* used a
closed laboratory scale explosion tube to investigate the characteristics of 9.5% methane
explosions ignited by a 10 kJ Initial Ignition Energy (IIE). The authors observed that the
reflected pressure wave could rupture and extinguish the flame. Another series of large scale
detonation tube experiments have previously been conducted to address the locations and
properties of methane explosions, which eventually end up as detonation phenomena 322,
Other scholars have investigated the influences of other factors on methane ignition and

23-25 A number of researchers have

flame propagation, such as the initial conditions
highlighted explosion characteristics and the effects of IIE on the flammability limit of
methane. Zabetakis et al. 2° tabulated the flammability limits of methane at atmospheric
conditions. The results were based on a small scale experimental setup. Hertzberg et al. %’
used a 20 L (litre) explosion vessel to investigate the flammability limits and pressure rise
rates of methane under variable IIEs. Herzberg et al. concluded that the pressure rise of a

methane explosion (at the stoichiometric air concentration) initiated by high IIE is lower than



the explosion initiated by a low IIE ?’. Cashdollar et al. ?® used 20 L and 120 L explosion
vessels to thoroughly analyse the flammability limits of methane and other hydrocarbon
gases. The scholars proved that the IIE could extend the methane and hydrocarbon gas
flammability limits. Bai et al. ?° studied the flame deflagration and pressure profiles of
methane and a hybrid mixture (methane-coal dust) employed in a 10 m? cylindrical explosion
chamber (3.5 m long, 2 m diameter). The findings for the methane air mixture showed that
the 40 mJ ignitor limited the methane ignition by between 5% and 13, and limited the

maximum pressure rise to between 5% and 13%, at a distance according to the

methane concentration. The duration of the ignition spark has been explored by Zhang et
al’®, who employed 5 L and 20 L explosion vessels to discuss the influence of explosion
chamber volume on explosion characteristics. The authors showed that the explosion
characteristics are slightly affected by the IIE duration (60.5u s - 10.6 ps) and the weak
ignition energy (54 mJ - 430 mJ). Additionally, the wall temperature of the 20 L explosion
chamber was lower than the temperature of the 5 L explosion chamber wall for the same

explosion conditions. Ajrash et al.’!

used a 20 L explosion chamber to investigate the
pressure rises of pure methane and hybrid mixtures at lean methane concentrations. Three
different IIEs were used (1, 5 and 10 kJ chemical ignitors). The results showed that there was
no significant pressure rise when the explosion was initiated by a 1 kJ ignitor at a 5%
methane concentration, however, the mixture became flammable when using a 5 kJ ignitor as
the IIE. The results clearly showed the explosive and non-explosive regions for the methane
and methane-coal dust hybrid mixtures according to IIE. Additionally, the flame deflagration
was also affected by the IIE, where the deflagration index increased from 1 bar.m.s™! to about
4 bar.m.s”!, when a 5 kJ, rather than a 1 kJ, IIE was being used. The previous results
investigated the role of the IIE and the explosion characteristics for a closed chamber
(confined space), however, *? it also showed the influence of 1IE in a 1 m? cylindrical open
end tube (semi-confined space). The investigation went beyond the explosion characteristics
by discussing the influences of the IIE on the flame front behaviour and pressure wave speed.
Initial combustion for a 6% methane concentration started 35 Milliseconds (ms) earlier, and
the flame was faster by about 7 m.s' when employing a 10 kJ IIE instead of a 1 kJ IIE. In
other experimental work conducted by Ajrash et al.*®, the ignition condition was fixed and

delivered by the explosion of a 9.5% methane concentration (initiated by 50 mJ chemical

ignitors) in the first 2 m of a 30 m long FDT. The author indicated that flame deflagration



velocity is highly dependent on the initial ignition energy introduced to the reactive sections,

especially for low methane concentrations (i.e below 7.5% methane).

Table 1: Most Recent And Relevent Literature That Deals With Methane Configration

Open end FDT (12 30 m long, 0.5 m 50 m] 5%-7.5% 2.1 132
- m reactive section) diameter
Open end FDT 30 m long, 0.5 m 50 m] 1.25%-15% 3.75 170
(3,6,12 and 25 m diameter
reactive section)
- Spherical vessel 0.52 L Spark (3-5 mJ) 7%-12% 6.1 -
Open end FDT (5 30 mlong, 0.5 m 50 mJ 2.5%-6% 0.53 53
- m reactive section) diameter
Open end FDT 30 m long, 0.5 m / 6%-10% 2.3 -
(10 m reactive diameter
section)
cylindrical closed 0.18 m diameter, 45 m] Stoichiometric 5.8 -
- vessel 0.21 m length
Closed cylindrical 40 L volume, 0.34 Electrical 4.1%-17.2% 7.9 -
- vessel m diameter spark
Horizontal closed 1.325 m long, Electrical 7% 5.4 -
tube 0.1285m spark
diameter 9.5% 6.4
Vertical closed 1.325 m long, Electrical 7% 4.2 -
tube 0.1285m spark
- diameter 9% 6.2
Closed Vertical 3m Electrical 7.5% = 0.62
tube spark 9.5% = 1.05
Closed Horizontal 7.5% = 0.55
tube 9.5% = 0.98
Closed vertical 0.91m*0.15 Electrical 9.5% 5.6 8.4
- chamber m*0.15 m spark
Open end duct 0.08m *0.08 m Electrical 9.5% 0.42 131.1
- and 21 m length spark 2]
Open end duct 0.4 m* 0.4 m and / 9.5% / 92
- 10 m length
Open end FDT 30.8 m length and Explosion of 9.5% 120 2100
0.199 m diameter 7m (Quasi DDT) (Quasi DDT)
stoichiometric
epoxypropane
mist/air



The findings of the previous literature indicate that the level of initial ignition energy
significantly impacts on the flame and explosion phenomena, and also reduces the lower
flammability limit of the fuel. While the geometry and volume of an experimental apparatus
plays an important role in explosion characteristics, the majority of the past studies have been
conducted on small volume (e.g. 20 L) spherical shape geometries. Also, those studies have
not clarified how the initial ignition will impact on the flame deflagration. Therefore, it is
essential to gain a better understanding of flame deflagration and explosions, particularly in
large scale geometry vessels. This will then assist in determining the correlation between the
pressure rise and initial ignition energy associated with the larger geometry. Table 1 shows
the most relevant and recent works to have employed the FDT. The literature review revealed
a lack of data on methane explosions and knowledge of their consequences in FDT. The
current study, however, aimed to examine the significance of the IIE of a methane explosion
in an FDT. This study first addressed the dynamic and static pressures of methane in order to
assist in measuring the expected damage levels. Additionally, the pressure waves were
investigated along the FDT as a function of the IIE. The pressure wave profiles examined the
forms of both the static pressure and the velocity of the pressure wave. Finally, the influence

of IIE on flame deflagration is elucidated in terms of the flame intensity signal and velocity.
2 Experimental setup

2.1 The FDT and diagnostics

The FDT was 30 m long and had a 0.5m diameter (see Figure 1). The pressure wave value
and flame front velocity were measured and tracked by 33 pressure transducers which were
mounted to the system at the rate of three transducers per section. The pressure transducers
can provide readings of up to 60 bar, with an error reading of less than 0.25%, and a response
time of < 0.1 ms. The photodiodes had the following specifications: an active area of 0.8

mm?, a wavelength range of 200 - 1100 nm, a rise time of 1 ns and a bias voltage of 10 V.



Figure 1: FDT at University of Newcstle, Australia

The reactive section is presented in Sections 1, 2 and 3 (see Figure 3). Sections 3 to 11
represent the non-reactive system (the grey sections in Figure 3). A blowing system at the
beginning of the tube was used to refresh the air inside the tube. A pyrometer measured the
temperature (400°C - 2000°C) of the reactive system through a sapphire window. A high
speed colour camera (type Phantom 4) was set at 2000 fps and a standard video camera was

located at the beginning of the FDT (type Bazlar, set at 255 fps) (see Figure 2).

Figure 2: Flame monitoring equipment: (a) pyrometer and video camera mounted at
the beginning of tube, (b) high speed camera mounted at the side view of Section 1 and
(c) pyrometer mounted at the side view of Section 6.

2.2 Gas Mixture

The homogeneity of the methane air mixture was achieved by two circulation systems along
the tube. Each circulation system consisted of a blower, with volumetric flow rates of 720
L/min and 1900 L/min for the first and second circulation blowers, respectively, four

pneumatic valves, a methane monitor, two flame arrestors and a rotameter (see Figure 3).
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Figure 3: Components of the FDT at the University of Newcastle

For each system there was a methane line connected to a methane cylinder via two pneumatic

valves and a mass control flowmeter.

2.3 Initial Ignition Energy (IIE)
A chemical ignitor with three different energy levels of 1 kJ, 5 kJ and 10 kJ was employed as

the IIE, the ignitors lactated at the beginning of the FDT (see Figure 4). Instrument air was
used to minimize the effects of moisture, and any impurities associated with the air, on the
methane mixtures’ explosion properties. The explosion characteristics, pressure wave

velocities and flame velocities were investigated for three methane-air mixture concentrations
(5%, 7.5%, and 9.5%).

Chemical Ignitors
(a) 1 kJ (b) 5k (c) 10k

Figure 4: Chemical ignitors used in this work: (a) 1 kJ (b) 5 kJ and (¢) 10 kJ

2.4 Procedure
The system was designed to be operated from a control room located 30 m from the

explosion chamber. To conduct the test, the system was first purged with fresh air by



activating the purging system (an air blower and two pneumatic valves). Then the ignitor (1
kJ, 5 kJ or 10 kJ) was placed at 20 cm distance from the beginning of the FDT. The sealing
system consisted of a pneumatic valve, manual valve and portable pump. The next step after
sealing off the sections was to evacuate the site. All the sensors were activated at the time of
ignition for the measurement of the pressure, temperature and detection of the flame. The
data was automatically saved on the logging and control computer. Finally, the system was
purged with fresh air after the completion of each test. Table 2 shows the nominal and

measured methane concentration as well as the IIE and temperature used in this study.

Table 2: Test Runs Matrix and Conditions

1

4.87 4.97 27

(=]
- Repeat 5.1 4.96 24
- 5% 5 5.08 5.11 28
- Repeat 5.24 5.11 24
- 10 5.09 4.83 27.6
- 1 7.7 7.52 25
- Repeat 7.65 7.38 29
- 5 7.51 7.52 23
7.5%
- Repeat 7.63 7.52 33
- 10 7.52 7.51 24
- Repeat 7.66 7.5 22
- 1 9.55 9.5 30
- Repeat 9.85 9.6 23
- 5 9.8 9.48 31
9.5%
- Repeat 9.74 9,47 24
- 10 9.7 9.63 27
- Repeat 10 9.48 24



3 Results and Discussion

3.1 Pressure Rise

The pressure rise of an explosion is an essential factor used in the design of chemical plant
equipment. The pressure rise is important for the determination of three design aspects:
firstly, the constructed system should be able to contain the expected pressure rise; secondly,
the destruction can be reduced by using an appropriate control method (i.e., pressure
venting); and finally, it is need to determine the risk level **. In the current configuration of
the DT, the flame deflagrates from the closed end toward the open end. During the flame
deflagration phase, the combustion products exert a side pressure which is vertical to the
flame direction (static pressure). Another pressure forms ahead of the flame (dynamic
pressure). The dynamic pressure is also important for calculating the fluid velocity ahead of
the flame. Although the application of static or dynamic pressures would give some
indications of the exerted pressure on a structure, it would not, however, provide the actual
figure. Therefore, to determine the actual pressure imposed on a structure caused by an
explosion, it is necessary to consider the total pressure (stagnation pressure) in calculation.
Knowledge of stagnation pressure can also contribute to estimating the actual pressure wave
force which is exerted on the fire mitigation countermeasures and their accessories. The
maximum pressure in this study is measured along the tube, and the dynamic and stagnation
pressures are measured close to the end of the tube, for all methane concentrations. The
experimental work was repeated once for each data point. Figure 5 shows an acceptable
consistency between the results with a slight variation. This variation can be attributed to the
full scale accuracy (0.05%) of the methane monitor reading and slight fluctuations in the
initial conditions (e.g. temperature). The maximum pressures recorded for the explosions of
5%, 7.5% and 9.5% methane concentrations are shown in Figure 5. The figure displays the
maximum pressure rise related to the IIE. The results firstly showed that the pressure rise for
a 9.5% methane concentration was about twice the maximum pressure rise as for a 7.5%
methane concentration, regardless of the IIE. Additionally, the results indicated that the I1E
has a significant impact on the maximum pressure rise along the FDT. For a 7.5% methane
concentration, the maximum pressure rise of the flame deflagration increased by about 45%
as the IIE increased from 1 kJ to 10 kJ. However, at a 9.5% methane concentration, the

maximum pressure rise increased by 56% as the IIE increased from 1 kJ to 10 kJ.
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Figure 5: Maximum pressure rise for the explosions of 7.5% and 9.5% methane
concentrations as a function of the IIE

Using a 5 kJ chemical ignitor instead of a 1 kJ ignitor increased the maximum pressure rise
by 36% and 23% for 7.5% and 9.5% methane concentrations, respectively (see Figure 5). At
5% methane, no pressure rise was observed for both 1 kJ and 5 kJ ignitors, however, when
using a 10 kJ ignitor a slight increase in the pressure value (0.17 bar) was observed. The
static and dynamic pressures were measured at the last section of the FDT (Section 11). Two
pitot tubes where employed to measure the dynamic pressure, and the static pressure was
measured by reading the pressure transducers mounted radially around the tube inside the

surface in each section. The stagnation pressures were calculated as follows:

=P +P 1

Stag st Dyn

Where P is the stagnation pressure, Py, is the static pressure and Pp,, is the dynamic

pressure.

For the explosion of the 7.5% methane concentration, the stagnation, dynamic and static
pressures are illustrated in relation to the IIE in Figure 6. The results show that the dynamic
pressure was higher than the static pressure for all three IIEs. The influence of the IIE was
most obvious on the stagnation pressure. The maximum stagnation pressure (0.9 bar) was

achieved when using 10 kJ IIE (see Figure 6).
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Figure 7: Stagnation, static and dynamic pressures for 9.5% methane concentration

For the explosion of the 9.5% methane concentration, the stagnation, dynamic and static

pressures are illustrated in relation to the IIE in Figure 7. The results for the 9.5% methane



concentration, as compared to the 7.5% concentration, show that the gap between the
dynamic pressure and the static pressure increased. This may be attributed to the fact that at a
9.5% methane concentration, the combustion products behind the flame exert a higher
pressure on the axial direction of the flame deflagration than a 7.5% methane concentration.
The influence of increasing the IIE on the static pressure was more pronounced. When the IIE
was increased fivefold, from 1 kJ to 5 kJ, the static pressure increased by 69%. However,
when the IIE was increased two fold, from 5 kJ to 10 kJ, the static pressure only increased by
10%. The dynamic pressure had an almost fixed value when increasing the IIE from 1 kJ to 5
kJ, and the boost in the dynamic pressure was more pronounced when the IIE was increased
from 5 kJ to 10 kJ. The variations in both the dynamic and static pressures were reflected in
the stagnation pressure (see Equation 1). The stagnation pressure was clearly boosted by
increasing the IIE. The stagnant pressure values increased by about 12% when increasing the
IIE from 1 kJ to 5 kJ, and had a similar boost when increasing the IIE from 5 kJ to 10 kJ (see
Figure 7). Finally, neither dynamic nor static pressures were detected at the end of the FDT

for a 5% methane concentration at all ranges of initial ignition energies.

3.2 Pressure Wave Tracking

An effective approach to pressure rise should take into consideration the expected pressure
development during the flame deflagration. The pressure wave is mainly produced by the
expansion of combustion product gases behind the flame. The velocity of the deflagration
flame may be fully developed or self-sustaining, which may cause high pressure gases behind
the flame. These gases are formed at a certain time, boosting the pressure rise in the pipes.
The flame velocity and/or the burning rate in the horizontal pipes is dependent on a number
of factors, such as the Length/Diameter (L/D) ratio, pipe roughness, the flammable gas’s
properties, initial conditions and the ignition energy. In the current study, there were two
variables considered, the percentage of the methane and the IIE. To get accurate insights into
the pressure wave profile properties of methane explosions in pipes, this section discusses
both the pressure rise profiles and the pressure wave velocities for 7.5% and 9.5% methane
concentrations ignited under three IIEs (1 kJ, 5 kJ and 10 kJ). For this section and Section 3.3
the test runs numbered 6, 8,10,13,14 and 16, corresponding to Table 2, were considered in the
analysis. The average variation of pressure values between the first and repeat runs was in the

range of 2% and 1.15% for 7.5% and 9.5% methane concentrations respectively. However,



the average variation in terms of flame velocity between the first run and the repeat run was
in the range of 2% and 8% for 7.5% and 9.5% methane, respectively. The variation between
the first run and the repeat run is reasonable, and is due to the variations of the initial

temperature as well as slight variations in the methane concentration.

3.2.1 Pressure Wave Values
The pressure wave values represented by the pressure rises are shown in Figure 8. Figure
8(a) shows the methane (7.5% and 9.5% concentrations) pressure rise profiles initiated by a 1
kJ IIE. For the 7.5% methane, a pressure wave was generated at a value of between 0.29 bar
and 0.32 bar, then at 20.5 m it was noted that the pressure increased up to 0.38 bar, and the
maximum pressure rise was recorded at 26 m. At the stoichiometric methane concentration
(9.5%), the pressure wave travelled at a pressure rise of between 0.86 bar and 0.75 bar, then
dramatically developed to 1.05 bar at 15 m, and the maximum pressure rise was achieved at

23.5 m. The ratio of the highest to lowest pressure rise values was 35%.

Figure 8(b) shows the methane (7.5% and 9.5% concentrations) pressure rise profiles
initiated by a 5 kJ IIE. For the 7.5% methane concentration, the pressure wave travelled at a
value of between 0.48 bar and 0.4 bar, then at 15 m the pressure increased up to 0.5 bar, and
the maximum pressure rise was recorded at 20.5 m. At the methane stoichiometric
concentration, the pressure wave travelled at a pressure rise of between 1.02 bar and 1.08 bar,
then at 17.5 m the pressure rise increased to 1.37 bar, and the maximum pressure rise
occurred at 20.5 m. The ratio of the highest to lowest pressure rise values was also 35%.
Figure 8(c) shows the methane (7.5% and 9.5% concentrations) pressure rise profiles initiated
by a 10 kJ IIE. For the 7.5% methane concentration, the pressure wave travelled at about 0.52
bar, then at 12.5 m it was marked that the pressure developed to 0.8 bar, and the maximum
pressure rise was recorded at 20.5 m. At the methane stoichiometric concentration, the
pressure wave travelled at a pressure rise of between 0.86 bar and 1.3 bar, then at 15 m the
pressure rise dramatically increased to 1.78 bar and the pressure continued to increase,
reaching the maximum value at 20.5 m. The ratio of the highest to lowest pressure rise values

was 66%.



2.4 (a) 1 kJ Initial Ignition source

224 A 9.5% Experimental
20] -~~~ 9.5% Analytical
{ = 7.5% Experimental
187 ---- 7.5% Analytical

1.6 -
1.4 -
1.2 4 JPTE I

1.04 " A .~

. ~
o - A

A
o Cecshccssccsscccas A=
0.8 - Y

Pressure Rise (bar)

0.6 -

0.4 4 -
l g---g----Bee-c B BB --W"

Ehahairiaial S

L} .-

L}
0.2 | B — | T T T T T L B L | T T ¥ T v 1 1 T

2.4- (b) 5 kJ Initial Ignition source
2.2
2.0+
1.8 -
1.6 - NS

1.4+ » A .
12- . S

A A o
1.0 B==-%--- il ke

Pressure Rise (bar)

0.8 -
0.6 m - n LR

0.4 -

o2 frrrron i 44 v i ik h-—1+—r—p—r—arr-—r—-r—rr—

2.44 (c) 10 kJ Initial Ignition source
2.2-
2.0
1.8 4 P ON

1.6 P .

1.4 pa .

1.2 - NI

1.0

Pressure Rise (bar)

>

| 3

>

Y

.\
4

,

0.8 7w s
0.6 - -,

0.4+

0.2 qyer—t—v-—-"a—"a—-"T"--o
1 35 65 95 125

LA B |
15 175 205 235 26 285

Distance

Figure 8: Pressure wave profiles for explosions of 7.5% and 9.5% methane
concentrations with variable initial ignition energies of (a) 1 kJ, (b) 5 kJ and (c) 10 kJ



Subsequent to this experimental investigation, the pressure wave was calculated using the
following equations. Results obtained for pressure waves from these equations are consistent

with the experimental data and show a similar pattern.

A4
6.5 "
\ 4In(2)

Where x, is the distance from the ignition source, y,, A and xc could be solved according to

—41In(2)(x—xc)

PR=y,+ e B (1)

initial ignition energy from 1kJ to 10 kJ as follows

y=ax' )

1

where y is either y,, A or xc, X; is the initial ignition energy in kJ, and a and b are constants as

shown in Table 3.

Table 3: a and b values for equation 2

a b

7.5% 9.5% 7.5% 9.5%
yo 0.30954 0.81012 0.24184 0.14747
Xc 23.65897 23.25719 0.06179 0.06674
A 0.69907 2.34497 0.4785 0.22024

Figure 8 shows the analytical and experimental results for the pressure waves for different
methane concentrations as well as for different initial ignition energies. As observed, and
irrespective of some slight fluctuations, the pressure waves follow similar trends for different
ignition energies along the tube. The peak pressure was reached at a distance between 17.5m
and 23.5 m from the ignition source. This behaviour can be attributed not only due to
variations in ignition energy, methane concentration, reactive section length and the flame
deflagration characteristics, but also to a great extent it depends on the configuration of the
FDT. The unique cylindrical geometry of the FDT, with a front end closed configuration,
accelerates the flame deflagration beyond the boundary where the fuel presents. Upon
ignition the flame travels toward the open end of the tube, compressing the unburned gases in
front of it and expanding the burned fuel behind. The turbulence caused by this relatively
quick expansion and compression leads to diffusion of the flame and fuel product further into

the non-reactive zone, which causes an increase in the pressure ahead of the flame front.



Typically, the pressure rise continued until reaching the state of deflagration detonation
transition (DDT). However, Figure 8 shows there is a significant decline in the pressure just
after 26 m until the end of the FDT. This fact is not only the result of fuel consumption, but
also the result of venting the compressed pressure wave ahead of the flame through the open
end of the FDT, and the tendency of pressure to equalise with atmospheric pressure. Also, the
reduction in pressure causes a reduction in the temperature of unburned fuel and reduces the
burning rate of the front flame. Eventually, the pressure rise at the end of the FDT is reduced
to minimum values. Table 4 summarise the minimum and maximum pressure rise values that
receded for 7.5% and 9.5% methane concentrations. For the 7.5% methane concentration, the
pressure wave travelled in the range of 0.26 bar to 0.4 bar when a 1 kJ IIE was used.
However, the pressure wave reading was in the range of 0.4 bar to 0.67 bar when a 5 kJ [IE
was used. The values of the travelling pressure waves were in the range of 0.49 to 0.8 bar

using a 10 kJ IIE (see Table 4).

Table 4: The minimum and maximum values of the pressure rises along the FDT

Initial Ignition Energy (I1E)

1kJ S5kJ 10 kJ
Pressure Distance Pressure Distance Pressure Distance
Rise (bar) (m) Rise (bar) (m) Rise (bar) (m)
o Min Pr. 0.26 28.5 0.406 12.5 0.49 28.5
B
g 5 o MaPr 0.4 26 0.667 20.5 0.8 20.5
< = .
o 8 o Min Pr. 0.89 28.5 0.87 28.5 0.86 28.5
B
o =N Max Pr. 1.16 23.5 1.4 20.5 1.78 20.5

3.2.2 Pressure Wave Velocities
The analysis of methane explosions in pipes is usually reported as a maximum pressure rise.
However, it is also important to include the rise time and velocity of the pressure wave *°.
The pressure wave velocities of the 7.5% and 9.5% methane concentrations with 1 kJ, 5 kJ
and 10 kJ ignitor energies are shown in Figure 9. The pressure wave velocity was calculated
from the reading of the pressure transducers at each spool. The pressure wave arrival time

was considered when the pressure transducers indicated a pressure rise of 3% above the



atmospheric pressure. Figure 9(a) shows the pressure wave velocities of the 7.5% and 9.5%

methane concentrations initiated by a 1 kJ IIE.

The pressure wave velocities of both of the concentrations gradually increased until the end
of the FDT. The maximum pressure wave velocity recorded was 129.8 m.s™! and 89 m.s™! for
the 9.5% and 7.5% methane concentrations, respectively. The pressure wave significantly
increased when using a 5 kJ IIE instead of the 1 kJ IIE (see Figure 9(b)), whereas the
maximum velocity at the stoichiometric methane concentration increased twofold, and it
increased by 45% for the 7.5% methane concentration. However, the pressure wave velocities
increased by 177% and 225% for the 9.5% and 7.5% methane concentrations when using a
10 kJ energy ignitor instead of a 1 kJ ignitor (see Figure 9(c)). The pressure wave velocity
mainly depends on the pressure wave and the pressure rise rate. Presented data in Figure 9
indicate that at a 7.5% methane concentration the pressure wave velocity is significantly
influenced by higher ignition energy rates (10 kJ rather than 5 kJ). The pressure wave
velocity was enhanced by 45% and 225% for 5kJ and 10 kJ ignitors, respectively. Therefore,
an explosion triggered by a higher initial ignition energy has a greater tendency to produce a
faster flame deflagration, and consequently a larger pressure wave rise and velocity. For the
near stoichiometric methane concentrations (9.5%), however, the pressure wave velocity is
significantly enhanced by approximately 100% as the initial ignition energy increases from 1
kJ to SKJ. It is enhanced by 117% as the initial ignition energy is increased from 1 kJ to 10 kJ
(it is increased by only 17% when the ignition energy increases from 5 kJ to 10kJ). The low
relative enhancement for 9.5% as compared to 7.5%, as the IIE increases from 5 kJ to 10 kJ,
could be explained as follows; the type of ignitors that are used are chemical ignitors, and
their higher ignition energy consume more oxidants’’. As the 9.5% rate is near the
stoichiometric concentration, the impact of oxidant and/or fuel consumption is more
noticeable. In the case of 7.5% methane concentration, there is an excess of oxidant, and the
role of oxidant consumption is not a critical factor behind enhancing the burning rate, due to

the increase in the initial ignition energy.
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An analytical approach was developed to predict the pressure wave velocity in relation to
methane concentration, ignition energy and distance. The mathematical formula is expressed

as follows;

¢

Pwv=a, —b/In(x+—
100

) 3)
where Pwv is the pressure wave velocity, x is the distance from the ignition source (m), a; is
the initial ignition energy in kJ, b1 is the equation constant as seen in Table 5, and O is the
stoichiometric ratio which is equal to the concentration of methane in volume percent per

stoichiometric concentration, as per the following equation;

_ MC%
9.5%

¢ (4)

where MC is the methane concentration

Table 5: constant values (b1) for Equation 3

Initial Methane conc.
Ignition
9.50% 7.50%
Energy (kJ)
1 -35.9 -24.36
5 -78.5 -31.47
10 -111.7 -81.04

3.3 Flame Tracking

The flame tracking in the current work was extrapolated into two aspects; the flame intensity
and the flame velocity. Calculating the flame intensity is essential to determine the lowest
possible intensity that could be present during a flame’s development; hence, this data will
assist in integrating fire and explosion prevention in pipes and tunnels. The flame’s intensity

is detailed for each run according to the IIE and the methane concentration.

3.3.1 Flame Intensity Signal
Figure 10 shows the flame intensity signals of the 7.5% and 9.5% methane concentrations
ignited by 1 kJ, 5 kJ and 10 kJ, respectively. The results reveal that there were two peaks in
the flame’s intensity signal along the FDT. The first peak was always located in the first



chamber, and was attributed to the methane ignition around the ignitors. The second peak was
attributed to the development of the flame, which is characterised by the flame’s velocity.
The value of these peaks, however, was dependent on the methane concentration and the IIE.
Figure 10(a) shows the flame intensity of the methane deflagration initiated by a 1 kJ IIE.
The flame intensity of the 9.5% methane concentration was higher than for the 7.5%
concentration along the tube. On two occasions (at 3.5 m and 28.5 m distance), however, the
flame intensity curve of the 9.5% methane concentration was contiguous to the curve of the
7.5% concentration. This contiguous phenomenon indicated that the flame developed in two
stages. The first stage of the flame’s development started with the ignitor’s ignition and
diminished at 3.5 m. The second stage of development started at 3.5 m, and reached
maximum flame intensity at 20.5 m, then diminished as a result of consuming the fuel. This
behaviour was matched for both methane concentrations. Figure 10(b) shows the flame
intensity of the methane deflagration initiated by a 5 kJ IIE. The two stages of the flame
intensity’s development are obvious; where the first stage starts at ignition and diminishes at
3.5 m, and where the second stage starts (for the 7.5% methane concentration). In contrast,
for the 9.5% methane concentration, the flame intensity remained low until the minimum
value was reached at 12.5 m. Later, the flame intensities of both methane concentrations
started the next stage, and reached their maximum within 5 m. It sharply increased to a
maximum within 5 m. Finally, the lowest value of flame intensity was recorded at 28.5 m for
both methane concentrations (after considering the consumption of the fuel). Figure 10(c)
shows the flame intensity of the methane deflagration initiated by a 10 kJ IIE. The flame
intensity of the 9.5% methane deflagration duly dropped to about 4.45 V at distances of 6.5 m
in both stages, and the flame started to develop into the next stage at about 9.5m. The
maximum flame intensity (9.2 V) of the second stage was observed at 17.5 m. The first stage
of the 7.5% methane deflagration started with a higher flame intensity, as compared to the
7.5% methane deflagration ignited by either the 1 kJ or the 5 kJ ignitors. The flame
deflagrated with a flame intensity in the range of 0.6 V to 1.2 V until reaching 26 m, where
the flame diminished. To sum up, the flame intensities showed that the IIE has a pivotal
impact on the flame deflagration. The influences were extrapolated from the intensity of the
flame deflagration along the FDT. Additionally, the impacts of the IIEs are more
conspicuous for the 9.5% methane concentration than for the 7.5% concentration. In all the
cases of methane deflagration in this study, the flame intensity showed that the flame
deflagrates in two stages. The first stage starts at the ignition source and finishes after a

distance of 3.5 m to 12.5 m, depending on the IIE and methane concentration.
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Increasing the IIE from 1 kJ to 5 kJ caused a boost in the flame’s intensity in the first stage,
from 4.5 to 10 V (the maximum value of the photodiode range). Using a 10 kJ IIE instead of
5 kJ boosted the flame’s intensity signal in the first stage much more, whereas the flame
intensity at 3.5 m increased from 3.5 V to 7.8 V. The maximum value of flame intensity in
the second stage was also affected by the IIE, whereas the values increased from 3.1 V to 5.1
V, then to 9.2 V, as the IIE was increased from 1 kJ to 5 kJ, then to 10 kJ. For the
deflagration of the 7.5% methane concentration, the flame intensity in the first stage was
more sensitive to the 10 kJ IIE than to the 1 kJ IIE. There were no significant changes in the
flame intensity as the IIE was increased from 1 kJ to 5 kJ. The flame intensity in the first
stage, however, significantly increased from about 2.5 V to 7.8 V as the IIE was increased
from 5 kJ to 10 kJ. Finally, in the second stage for the 7.5% methane concentration, the IIE

did not have a significant impact on the flame intensity.

3.3.2 Flame Velocity
The characteristics of the pressure waves discussed previously (see Section 3.2), are mainly
dependent on how fast the flame deflagrates in the FDT “*’. Hence, the consequences of
explosions in pipes depend on the velocity of the flame deflagration *>*. The determination
of a flame’s velocity is mainly dependent on the burning rate and the velocity of the gases
just ahead of the flame “*-'. It has been proven that the ignition energy can influence the
measurement of the burning rate 3. In this section, the methane flame deflagration velocity is
investigated for 7.5% and 9.5% methane concentrations and three different IIEs, which were
1 kJ, 5 kJ and 10 kJ. The flame velocity was calculated from the photodiode’s readings.
When the photodiode signal reached 0.3 V the flame was considered to have reached to that
sensor location and this arrival time was used to calculate the flame velocity. Then the flame
front velocity can be calculated relative to the ignition point. The flame deflagration
velocities, and the pressure wave development of an explosion at a 7.5% methane
concentration, are illustrated in Figure 11. The figure details the relation between the flame
deflagrations and the IIE, for energies of 1 kJ ( Figure 11(a)), 5 kJ ( Figure 11(b)) and 10 kJ (
Figure 11(c)), and the distances from the ignition source of 3.5 m ( Figure 11(1)), 15 m (
Figure 11(ii)) and 26 m ( Figure 11(iii)). The data shows that the IIE significantly impacted

on the flame deflagration velocities at varying distances along the tube.



The flame velocity of a methane explosion initiated by a 1 kJ IIE at 3.5 m, shown in Figure
11(a)(i), increased twofold when the velocity measurement location from the ignition source
was increased to 15 m, as shown in Figure 11(a)(ii). The flame deflagration velocity
continued to develop until it reached the end of the tube, recording 83.2 m.s! at 26 m ( Figure
11(a)(ii1)). The figure clearly shows that the development of the flame deflagration velocity
between 3.5 m and 15 m distance was much faster than for the distance between 15 m and 26
m. The flame velocities of the methane explosions along the FDT for a 5 kJ ignitor at 3.5 m (
Figure 11(b)(i)) and 26 m ( Figure 11(b)(ii1)) were enhanced, as compared to a 1 kJ ignitor at
the same distances ( Figure 11(a)(i) and Figure 11(a)(iii)), increasing by 15 m.s™ and 23 m.s"
!, respectively. The high speed camera images (Figure 13(a)) showed that the front flame of
the methane ignited by a 1 kJ ignitor was slower than the front flame of a 5 kJ ignitor
methane explosion by about 35 ms. It was also observed that at that distance there was no
fireball for the methane flame deflagrations. However, for the methane flame deflagrations
ignited by a 5 kJ ignitor, the fireball was sustained for about 10 - 15 ms. The flame
deflagrations for the 7.5% methane concentration ignited by a 10 kJ IIE are shown in Figure

13(a).
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It was observed that increasing the IIE to 10 kJ enhanced the velocity of the methane flame

deflagration. The flame deflagration velocity with a 10 kJ IIE at a distance of 3.5 m ( Figure

11(c)(1)) was faster than that for 1 kJ ignitions ( Figure 11(a)(i)) and 5 kJ ignitions ( Figure

11(b)(i)) by about 38 m.s™! and 22 m.s! respectively. The high speed camera images showed

that the methane flame front ignited by a 5 kJ ignitor was slower than the flame front of a 10

kJ ignitor by about 15 ms. The images of the 10 kJ ignitor methane explosions also showed

that the time delay between the fire ball and the flame front was less than 3 ms, as compared

to about 10 ms for a 5 kJ ignitor (see Figure 13(b)).The flame deflagration velocity and
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pressure wave development of an explosion for the 9.5% methane concentration are shown in
Figure 12. The influence of the IIE in enhancing the flame deflagration velocity along the
FDT was obvious. The deflagration velocity was more enhanced for the 9.5% methane
concentration than for the 7.5% concentration. For example, the percentage increase in the
flame deflagration velocity (enhancement ratio) when implying a 10 kJ IIE (Figure 12(a)(i))
rather than a 1 kJ IIE (Figure 12(c)(1)) was about 165% for the 9.5% methane concentration,
as compared to 147% for the 7.5% concentration at a distance of 3.5 m (Figure 11(a)(i) and
Figure 11(c)(i)). Indeed, it was observed that the rate of the flame deflagration’s velocity
development along the FDT for a low ignition energy was greater than the velocity from a
high ignition energy, where the enhancement ratio of the flame velocities from the distance of
3.5 m to 26 m was 265%, 156% and 138% respectively for the 1 kJ , 5 kJ and 10 kJ IIE (see
Figure 12(a)(iii), Figure 12(b)(iii) and Figure 12(c)(iii)). The lower flame velocity
enhancement ratio for the higher IIE can be attributed to the fact that the burning rate of the
methane at the first distance, when implying a higher IIE, was much higher than when
implying a low IIE. Also, the high consumption of methane due to the high burning rate at
3.5 m resulted in reducing the methane concentration at the 28.5 m mark, and eventually
reducing the flame enhancement velocity ratio. Unlike the flame deflagration for the 7.5%
methane concentration, a visual fireball was observed when the 9.5% methane mixture was
ignited by a 1 kJ IIE (Figure 13 (b)) and the fireball followed about 10 ms behind the flame
front. The fireballs of the methane deflagrations initiated by 5 kJ and 10 kJ IIE were only a
few milliseconds behind the flame front (see Figure 13(a)). Finally, the time of the fireball’s
appearance was significantly affected by the IIE. The fireball for the 7.5% methane
concentration with a 5 kJ IIE appeared for about 10 ms, as compared to 50 ms when implying
a 10 kJ IIE (Figure 13(a)). There was no fireball observed when a 1 kJ IIE was used. The
fireball for the 9.5% methane concentration lasted for a greater length of time for both 5 kJ
and 10 kJ IIE, lasting for 50 ms and 75 ms respectively (see Figure 13(b)).To sum up, the IIE
energy has a pronounced influence on the deflagration velocity. For the 7.5% methane
concentration, by increasing the energy of the IIE by 5 times (1 kJ to 5 kJ), the flame
deflagration velocity increased by about 59%, and increasing the initial IIE from 1 kJ to 10 kJ
enhanced the flame deflagration velocity by 147%.
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The flame deflagrated to the end of the FDT and the velocity continually accelerated. The
flame reached 26 m with an enhancement ratio of about 225%, 160% and 111%, respectively,
for the 1 kJ, 5 kJ and 10 kJ IIE. Finally, the sensitivity of the methane flame’s deflagration
velocity to the IIE was far more obvious for the 9.5% methane concentration, as compared to
the 7.5% methane concentration. The enhancement ratios of the 5 kJ and 10 kJ IIE energies
at a distance of 3.5 m were 160% and 160% for the 9.5% methane concentration, and 59%
and 147% for the 7.5% methane concentration, respectively. For 5% methane, no flame was
detected when 1kJ and 5kJ ignitors were used, however, for the 10 kJ ignitor a small
flickering flame was observed. The flame was detected at 1 m distance from the ignitor at a

velocity of 3.74 m.s™' with a flame intensity signal of 0.32 V.
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Figure 14: comparison of flame deflagration of this work with flame deflagration
according to literature review

Table land Figure 14 provide summaries of the most relevant research findings available in
the open literature. The outcomes of the current study indicate a relatively good agreement
with the previous studies by scholars such as Ajrash et al. 2017 **. Perhaps the experimental
work which is closest to this study belongs to Wei et al. !!. They employed an FDT with

dimensions similar to the FDT in this study and obtained a pressure rise of 2.3 for a 9.5%



methane concentration. However, no data for flame velocity or pressure wave behaviour was

1. 4! also

reported, and neither was the ignition source configuration clarified. Jiang et a
employed an FDT, but the cross sectional area was less than the FDT of this work, which
resulted in lowering the value of the maximum pressure rise. Liu et al. ** used a high initial
ignition energy which could lead to a detonation, however, no further information regarding
the flame deflagration could be extrapolated from his work. To sum up, employing high
ignition energies, lab scale and fully confined apparatuses do not provide accurate data for

flame deflagration and its consequences, which may occur in the extractive and other

interconnected industries, where fugitive methane is emitted from underground coal mines.

4 Conclusion

The influences of initial ignition energy on flame deflagration properties were investigated in
a Flame Deflagration Tube. Three energies were used as IIE, which were 1 kJ, 5 kJ and 10 kJ.

The conclusions can be summarised as follows:

e Methane concentration at 5% does not form flame deflagration in an axial direction
from the duct unless ignited by an initial ignition energy of at least 10 kJ.

e Increasing the IIE to 10 kJ increased the maximum pressure rises by 45% and 56% for
methane concentrations of 7.5% and 9.5%, respectively.

e The stagnation pressure at the end of the tube also showed sensitivity to the IIE,
where for the 7.5% methane concentration, the stagnation pressures increased by 35%
and 58%, respectively, when the Initial Ignition Energy was increased from 1 kJ to 5
kJ, and from 1 kJ to 10 kJ. For the 9.5% methane concentration, the stagnation
pressures increased by 14% and 25% as the initial ignition energy was increased from
1 kJ to 5 kJ, and to 10 kJ, respectively.

e The pressure wave profile showed that the pressure wave travelled at an almost
constant pressure. Then, at a specific distance, the pressure rose to a certain pressure,
depending on the IIE and the methane concentration. The data revealed that the
pressure wave developed for a 9.5% methane concentration starts at a distance of 15
m from the ignition point for 1 kJ and 5 kJ IIE. For the 7.5% methane concentration,
however, the pressure wave peak was less obvious, especially when 1 kJ was used as
the IIE. Increasing the IIE from 1 kJ to 5 kJ, or to 10 kJ, increased the value of the

peak pressure and it became more distinct at distances between 15 m and 26 m.



Moreover, the maximum pressure wave velocity for the 9.5% methane concentration
dramatically tripled as the IIE was increased from 1 kJ to 10 kJ.

e The flame intensity conventionally showed two courses of rise along the Flame
Deflagration Tube. The first course emerged at the location of initial ignition and the
second peak developed after a distance of 12.5 m. The intensity signal of the flame in
both courses was significantly affected by the energy of the IIE. Also, the highest
flame intensity of the second course appeared 3 m earlier when using a 5 kJ or 10 kJ
IIE instead of a 1 kJ. For the 7.5% methane concentration, the flame intensity of the
first course was less affected by the IIE than it was for the 9.5% methane
concentration. When increasing the IIE from 1 kJ to 5 kJ, no notable change was
recorded in the flame intensity along the tube.

e The first outcome to be observed regarding the flame velocity was that the flame
deflagration velocities continually increased during the course of the Flame
Deflagration Tube. The flame deflagration velocity showed a direct proportional
relationship to the IIE. For example, when the IIE was increased 5 times, the flame
deflagration velocities increased by 27.4% and 50%, respectively, for the 7.5% and
9.5% methane concentrations. Finally, when the IIE was increased 10 times, the flame
deflagration velocities increased by 61% and 70%, respectively, for the 7.5% and
9.5% methane concentrations.

e More reliable data can extracted from the Flame Deflagration Tube when it has an
open end, which eliminates the interaction of the reflection wave with the front flame.
Employing a relatively low ignition energy also results in more reliable data. The
pressure wave values and the pressure wave velocities can be analytically solved
depending on the methane concentration, energy of ignition and the distance with an

average error of 7.5%.
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