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ABSTRACT

The understanding of flame propagation mechanism in a tube or pipe as a function of
scale is needed to describe explosion severity. Acetylene is an explosively unstable gas
and will lead to a violent explosion when ignited. To achieve the goal, an experimental
study of premixed acetylene/air mixture at stoichiometry concentration was carried out in
a closed straight pipe with different sizes of L/D (ratio of length to diameter) to examine
the flame propagation mechanism. Pipes with L/D=40 and 51 were used. From the results,
it was found that the smaller pipe with L/D=40 enhanced the explosion severity by a
factor of 1.4 as compared to that of the bigger pipe with L/D=51. The compression effect
at the end of the pipe plays an important role to attenuate the burning rate, leading to
higher flame speeds and hence, increases the overpressure. In the case of L/D=40, the
compression effect is more severe due to the larger expansion ratio, and this phenomenon
would decrease the quenching effect and subsequently promote flame acceleration. Fast
flame speeds of up to 600 m/s were measured in the smaller pipe during explosion
development. From the results, it can be seen that the compression effect plays a major
role in contributing to the higher burning rate and affects the overall explosion and flame
speed development. Furthermore, the compression effect is more severe in the smaller
pipe that leads to the detonation-like event. This mechanism and data are useful to design
a safety device to minimise explosion severity.

Keywords: Straight pipe; quenching; compression effect; flame acceleration; detonation-
like event.

INTRODUCTION

It is important to quantify the flame propagation effect and explosion mechanism in order
to have an overview of the explosion phenomenon and its effect towards the dynamic
flame. Yet, studies have been subjected to numerous researchers over the years [1-8].
These previous works discussed that the presence of an obstacle had a significant effect
on the flame propagation in a pipe/channel/tube. The results showed that the presence of
an obstacle in the pipe led to randomisation of the flow and thus, enhanced the flame
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speed and overpressure to five times higher than in a straight pipe/tube [9]. Gamezo et al.
[10, 11] reported that the presence of an obstacle could affect the overall flame
propagation mechanism. This is due to the interaction between the reflected shock-wave
from the obstacle and the side wall with the flame front that is responsible for the increase
of flame surface area, rate of energy release and massive shock strength intensity, and yet
turns out to rapid accelerations. In a closed pipe/tube system, the end of pipe wall is
considered as an obstacle and both flames or waves will reflect back when reaching the
end of pipe due to water hammer effect [12]. When the hot flame and reflective wave
interact, they have a tendency to initiate flame perturbation, and affect the explosion
behaviour [13]. Experimental results have shown that a closed-end tube is susceptible to
induce a flame—reflective wave interaction and enhance the burning rate [14]. Li et al.
[15] investigated the flame—reflective wave interaction in a lab-scale explosion test rig
using a methane-air mixture at stoichiometric concentration. They stipulated that the
interaction between the hot flame and reflective wave plays a major role in contributing
to higher peak pressure. Proust [16], in his report on flame acceleration in confined ducts,
indicated that hydrogen and ethylene explosion have a different profile towards the end
of a pipe event even though both fuels trigger the detonation event. Other than that, Proust
[16] also suggested that the interaction between self-acceleration and reflective wave is
the main mechanism contributing to the fast flame development. Thomas et al. [17] and
Brown et al. [18] observed that flame instabilities in preheated zone result in the flame
perturbation leading to flame acceleration and create a secondary explosion. Furthermore,
Liberman et al. [19], observed the shock-wave interaction of premixed ethylene/air
mixture. They postulated that the compression effect at the end of the wall pipe plays a
major role in the flame-reflective acoustic/shock wave interaction contributing to the high
burning rate and affects the overall explosion development. Besides flame propagation
mechanism, the pipe/vessel size also contributes to flame development. The effect of pipe
diameter on flame propagation was studied by Li et al. [20]. They reported that, in smaller
pipe diameters, the pressure wave is being induced strongly, resulting in the unburned
gases ahead of the flame front to be pre-compressed and pre-heated. This phenomenon
causes the laminar burning velocity to increase, and subsequently, flame accelerates
rapidly, making the explosion pressure to increase. However, the effect of diameter is
insignificant for lean concentration due to the effect of energy loss rate and heat transfer
that cause the flame to quench and affect the flame propagation [20]. Furthermore, the
effect of tube size towards acetylene/oxygen flame propagation was studied by Wu et al.,
[21]. They reported that the tube size has a small influence on flame propagation and re-
initiation is the best mechanism to describe flame propagation instead of compression
effect or self-acceleration.

The extensive research works mentioned above show that there are still many
baffling problems, particularly the mechanism involved in the propagation with respect
to pipe size effect. This phenomenon is not well explored and the understanding of this
phenomenon should be examined thoroughly, as it has been recognised as one of the
factors contributing to the onset of detonation [22, 23].Thus, it is crucial to understand
the mechanism causing the flame propagation and leading to detonation hazard in such
that, the effective corrective action can be taken. Therefore, this research aims to provide
an additional knowledge of flame propagation mechanism (focusing on the pressure and
flame speed) in a closed straight pipe of two different sizes using highly reactive fuel.
Since acetylene gas is thermodynamically unstable, has a very exothermic behaviour,
wide flammability limit (ranging 2.5-81 % v/v) and low ignition energy, it has a potential
to initiate detonation hazard [2, 21]. Therefore, this research aims to provide an additional

3096



Effect of pipe size on acetylene flame propagation in a closed straight pipe

knowledge of flame propagation mechanism (focusing on the pressure and flame speed)
in a closed straight pipe of two different sizes using acetylene fuel.

METHODS AND MATERIALS

Experimental Set-up

The explosion test was performed in two lab-scale explosion test rigs. The first test rig
consisted of a pipe with 5.1 m long and 0.1 m diameter (ratio of length to the pipe
diameter, L/D was 51) and the second test rig consisted of a pipe with 0.05 m diameter
and 2 m long giving the L/D as 40. The experimental setup is shown in Figure 1. P1-P6
and T1-T6 are denoted as pressure transducers and thermocouples, used to measure the
overpressure and flame speed along the pipe, respectively.
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Figure 1. Schematic of a straight pipe.

Gas Mixture

The tested mixture, acetylene/air was applied at a stoichiometric equivalent ratio (¢=1),
initially at ambient conditions. The gas mixture was mixed directly in the test rig using
the partial pressure method. The partial pressure method of mixture preparation added the
flammable gas to a vacuum and then added air to approximately 1.013 bar. The explosion
was carried out after a delay of about 10 minutes. This method of mixture preparation
ensures complete mixing, as the initial vacuum condition rapidly disperses the fuel added
and subsequent addition of air takes place under still very low pressure and together with
the turbulence from the air injection, rapid mixing is ensured. The mixture composition
was controlled to an accuracy of 0.1 mbar (0.01% of the composition). The flammable
mixture was ignited at the centre of one end of the pipe by means of a spark discharge
(ignition energy approximately 16J). The ignition source was placed at the centre of one
of the blind flanges.

Sensors and Data Collection

Pressure measurements were taken at various points along the length of the pipe, using
piezoresistive pressure transducers (indicated as P1 to P6 in Figure 1), used to continually
measure the pressure development and rates of pressure rise. The pressure transducers
were Keller series 11 with an accuracy of £0.001s. The history of flame travel along the
pipe was recorded by an axial array of mineral insulated, exposed junction, type K
thermocouples CHAL OMEGA (with an accuracy of £0.001s), along with the centre-line
of the entire pipe (indicated as T1-T6 in Figure 1). The flame speed data were generated
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from thermocouple flame arrival times, the time of travel between two adjacent
thermocouples and the distance between them. The flame speed data were plotted at the
position midway between the thermocouples or in the case of the first flame speed the
time between the spark and arrival at the first thermocouple. This technique did not
measure the flame temperature as the thermocouple junction was too large (~0.5mm), but
there was no dead time and the flame was detected as a sudden increase in temperature
from a near ambient base temperature. The thermocouple flame arrival time in the pipe
was taken to be the first point at which the reading started to rise. With regard to the
thermocouples in the pipe, this was hindered by a pre-compression wave ahead of the
flame (and associated high flow velocity around the thermocouple) which gave rise to
two distinct gradients on the thermocouple trace. In this case, the point at which the
second (steeper) gradient became apparent was taken as the flame arrival time. A 32-
channel with 16-Bit NI CompactDAQ was used to record all the data from the sensor
using sampling frequency of 1 kHz. Explosion tests (minimum three) were carried out to

ensure reproducibility and accuracy.

RESULTS AND DISCUSSION

Effect of Pipe Size on Acetylene Flame Propagation
Previous studies showed that pipe sizes have a significant effect on pressure and flame

speed [10, 20, 24]. Furthermore, the effect of reactive hydrocarbon fuel such as acetylene
has not been fully explored even though acetylene explosions are more violent than other
hydrocarbon fuels. Thus, in this section, the mechanism of flame propagation along the
pipe was discussed. The discussion focused on pressure development and flame speed as
a function of the ratio of the pressure transducer and thermocouple position, (denoted by

P1-P5 and T1-T6 in Figure 1) to pipe diameter (X/D).
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Figure 2. Pressure development along pipe.

Overpressure along Pipe
As demonstrated in Figure 2, the explosion pressure was more severe in the smaller pipe

(L/D=40) by a factor of 1.4. Moreover, the time to reach the maximum overpressure for
the small pipe (L/D=40) was faster as compared to the bigger pipe (L/D=51) (refer to
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Figure 2). According to Li et al., [20], pipe diameter influences explosion mechanism. As
the pipe diameter increases, the axial flame propagation also increases. However, the
increase of the pipe length decreases the flame speed due to heat losses to the pipe wall
[25]. The slower the burning rate, the longer the time for the complete combustion to take
place. If combustion occurs over a longer time, it enhances the effect of heat transfer to
the pipe wall and causes the flame to be quenched, consequently affecting the pressure
development [20]. Furthermore, Xiao et al., [26] stated that the piston effect (compression
of the unburned gases) contributes to the flame and pressure development. Thus, it can
be said that for pipe with L/D=40, the compression effect is more severe due to the larger
expansion ratio, and this phenomenon would decrease the quenching effect and
subsequently, flame travels at a greater speed, promoting the strong interaction between
flame and reflective wave [19].

Flame Speed

Figure 3 illustrates the flame speed profile along the pipe. Consistent profiles were
observed in both pipe sizes, where flame increased gradually before reaching X/D=25,
but beyond that, a different trend was featured in the result. For the smaller pipe (L/D=40),
the flame was decelerated at X/D=25 before rapid flame propagation began after X/D=30.
This can be explained based on flame extinguishment. According to lida et al., (1985a
and 1985b), the flame front has a tendency to temporarily extinguish in a narrow channel
due to stretching and cooling through turbulent mixing before the occurrence of strong
burn-up during the reignition. The reignition process causes the flame start to accelerate
at a speed of between 115 to 600 m/s towards the end of the pipe as shown in Figure 3.
However, the reignition process was not performed in the bigger pipe (L/D=51) due to
the heat loss to the wall that increases with the increase in the L/D or pipe diameter [25]
and caused the flame to propagate at a constant velocity towards the end of the pipe. This
means that, the flame has a tendency to be quenched rapidly and yet weaken the flame
turbulisation. The Re number was approximately 1.37 x 10°, which was lower than flame
flow in a pipe with L/D=40, indicating that the flame was more stable and propagated at
a constant velocity towards the end of the pipe. It can be concluded that decreasing the
pipe size can strengthen the flame propagation as shown on the flame speed profile in
Figure 3.
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Figure 3. Flame speed along pipe.
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Detonation-like Event in Both Pipe Sizes

Figure 4 demonstrates the pressure-time histories for both pipe sizes. As shown in the
figure, a steep pressure rise was recorded at the end of the pipe. It is very interesting to
discuss this phenomenon, since the spiky pressure is not representing the detonation event
as the pressure and flame speed are below the Chapman—Jouguet (CJ) condition, in which
the CJ pressure is around 15-20 bar with CJ velocity at 1500-2000 m/s. The maximum
overpressures and velocities obtained from Figure 2 and 3 were 8-11 barg and 300-600
m/s, respectively. As mentioned earlier, the high compression effect was observed at the
end of the pipe (straight pipe), thus, it can be said that the steep pressure rise (detonation-
like) was affected by the strong interaction between the hot flame and reflected
shock/acoustic wave, due to the highly compressed flame front [22, 27]. The condition
occurs when an initially laminar flame is hit head-on by the shock waves, producing a
sudden release of pressure [22]. This release sends a strong rarefaction wave to propagate
back into the unburned gases, that creates an unburned gas jet, penetrating the burned gas
and developing the shear layers, subsequently produces an extreme turbulence that causes
a sudden increase in the burning rate whereby ‘trains' of compressed waves are formed
[22, 27]. A study by Karlovitz et al., [28] suggested that the wrinkling of the flame front
(turbulisation) can be so great, such that the pockets of trapped unburned gas preheat and
collapse in a strong reaction burst. It is possible that such reaction burst may form a single
strong shock contributing to a detonation-like wave as illustrated in Figure 4.
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Figure 4. Pressure spike at end of pipe.

In addition, when taking fuel reactivity and dynamic detonation as the basis,
premixed acetylene/air explosions have the smallest detonation cell size [29]. The smaller
the cell size, the more sensitive is the mixture and it has a quick-chemistry control with
rapid exothermic reaction. This condition leads to the increase of H and OH radicals in
the preheat zone, promotes the reaction and hence, results in the rapid rate of pressure
rise. Furthermore, the rapid changes in pressure rise favour the auto ignition and this could
further increase the flame propagation, hence, the pressure rises [30]. This means that, the
excessive heat release is sufficient enough to maintain the reaction and the adiabatic flame
temperature, creating stronger compression waves before the detonation-like event takes
place.
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CONCLUSIONS

In this work, premixed acetylene/air explosions in a closed pipe of different sizes have
been studied. The main focus of this research is to study the flame propagation
mechanism. The total length of pipe and pipe diameter give a significant effect on the
flame propagation development. In a smaller and shorter pipe (diameter 0.05 m, length
2.0 m, L/D=40), flame quenching becomes insignificant, leading to the rapid propagation.
This situation would strengthen the compression effect and subsequently create a strong
turbulent boundary layer between the flame front and the shock/acoustic wave. This
phenomenon further amplifies the burning rate and hence, possesses a greater danger to
explosion when the hot flame-reflected shock/acoustic wave interact. Since the
experiments were conducted in a closed pipe system that was relative to the constant-
volume condition, most of the fuel was fully consumed. It is suggested to carry out the
open system explosion experiment to best simulate a condition that is experienced in the
industrial pipe in case of an explosion.
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