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Methane explosion hazards in pipes are of pivotal concern in chemical plants. Accurate
knowledge of flame deflagration and its behaviours are required to reduce the consequences
of accidental fires and explosions. Considering a lack of experimental work exists in large
2017 scale methane-air deflagration systems, a detonation tube (30 m long) was facilitated at the
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University of Newcastle to cover the knowledge gap in terms of boosting flame deflagra-
tion of low methane concentrations and also examining flame deflagration characteristics
with different reactive lengths (3, 6, 12 and 25m). The feature of injecting methane at var-

Keywords: ied reactive sections (RS) was achieved using a balloon isolation system, a 50 mJ chemical

Methane deflagration ignitor used to ignite the initial explosion section. The results revealed that stagnation pres-
Detonation tube sure gradually increased, from 2.03bar to 3.77 bar then 4.57 bar, with increasing RS length
Flame velocity

Dynamic pressure

from 3m to 6 m then 12m, respectively. There was no significant influence of 1.25% or 2.5%
methane concentrations on dynamic or stagnation pressures, however, they extended the
travelling flame distance by about 3m for RS lengths of 12m and 25m. At 9.5% methane
concentration and for a RS of 12 m a state of fast deflagration was observed, associated with

Pressure wave

Flame intensity
Damage level 5bar pressure rise. The pressure wave up to 6.5 m was only a few milliseconds (about 15 ms)
ahead of the flame for almost the full methane concentration range, however, after this point
the gap between the pressure wave and the flame significantly varied in accordance to the
methane concentration, where the data analysis at 15 m indicated that for 9% methane con-
centration the flame was only 21 ms behind the pressure wave, and for 5% and 15% methane
concentration the flame was behind the pressure wave in the range of 55-93 ms. Due to the
limited length of the DT compared with the large volume of methane injected, there was
no significant influence on the flame deflagration properties when extending the RS length
from 12m to 25m, as the mixture initially located after 12m pushed out through the open

end.
© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction and property. According to Khan and Abbasi (1999), there were about

2584 fatalities and 1800 injuries caused by chemical process accidents

A pivotal concern of process industry safety is the prevention of pote-
nial explosions. Understanding the criteria of the fire and explosion
events and their consequences, however, is contributing to increasingly
sophisticated design safety for the process industries (Eckhoff, 2013).
As mining, oil and gas industry plants are typically congested, acci-
dental fires and explosions are enhanced, causing massive loss of life

in the period between 1981 and 1997. Fugitive methane and natural
gas (Oran et al., 2015) caused 279 fire accidents costing about $41 bil-
lion in property in the period between 1907 and 2007. As a part of
these statistics, there were 2834, 3330 and 709 fatalities caused by coal
mines, oil and gas industry fires and explosions, respectively (Sovacool,
2008). The majority of accidental fire and explosion events in coal mines

* Corresponding author at: C Block-NIER Building, University Drive, Callaghan, NSW 2308, Australia.

E-mail address: jafar.zanganeh@newcastle.edu.au (J. Zanganeh).

http://dx.doi.org/10.1016/j.psep.2017.03.035

0957-5820/© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09575820
www.elsevier.com/locate/psep
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psep.2017.03.035&domain=pdf
mailto:jafar.zanganeh@newcastle.edu.au
dx.doi.org/10.1016/j.psep.2017.03.035

PROCESS SAFETY AND ENVIRONMENTAL PROTECTION 109 (2017) 374-386 375

are caused or enhanced by methane and natural gas, as reported by a
number of researchers (Ajrash et al., 2016a; Akgun, 2015; Dhillon, 2010;
Kundu et al., 2016; Lee, 2003; Lowesmith and Hankinson, 2013; Market
et al,, 2015; Tu, 2011; Wang et al., 2014). It is important to advise that
85%-99% of natural and fugitive gases consist of methane (Gamezo
et al., 2012). An explosion is generally described as a sudden release of
energy due to a chemical reaction with regard to the types of reactants
(Ajrash et al., 2016b; Bai et al., 2011; Cashdollar et al., 2000; Eckhoff,
2013; Kundu et al., 2016; Sanchirico et al., 2011). In current research, the
term explosion may refer to any combustion increase in the pressure
of the system by 3% due to the fuel combustion, which may implicitly
include both the deflagration and/or detonation (Ajrash et al., 2016c;
Yuan et al., 2014).

1.1. Methane air mixture explosions in cylindrical vessels

Abel (1869) first discovered the pressure development of gases in tubes.
However, Berthelot and Vieille (1881) were the first researchers who
systematically measured the deflagration and detonation in tubes of
hydrocarbon gases. Later, Mallard and Le Chatelier (1881) and Jouguet
and Chapman (1913) theoretically and experimentally explained the
phenomena of detonation in tubes. Mason and Wheeler (1920, 1917)
are considered the earliest researchers to give attention to the charac-
teristics of methane explosions in tubes. They observed that the flame
velocity continually increased while traveling in the tube. The study
was performed by using a laboratory scale setup with a tube of 50 mm
diameter and 5m long, closed at the ignition end, and open at the
other end. In spite of using a relatively short tube and a small L/D ratio
(3.65m long and 0.305 m diameter), the phenomena of detonation was
formed at stoichiometric methane air mixtures using a high energy
explosive detonator, sodium chloride and ammonium nitrate (Payman
et al., 1937). Kogarko (1958) also used higher energy explosive ignitors,
alonger tube (11.2 m), and a similar diameter to the setup used by Pay-
man et al. The most important conclusion was that the deflagration
to detonation transition was observed in the range of 6.3%-13.5% of
methane in air. In another study, the detonation present for methane
concentration in the range of 8%-14.5% Wolanski et al. (1981).

Phylaktou et al. (1990) documented the flame speed and pressure
rise rate for methane air mixture explosions in a vertical closed tube
(1.64m long, 21.6 L/D). Ignitors of 16] were used and located at one end
of the tube, with the pressure transducer mounted at the second end.
To ensure a homogeneous mixture, an external circulation pump was
used. Phylaktou et al. (1990) exhibited that at 10% methane, the pres-
sure time history showed four phases. The first phase (short phase)
represented the flame expanding from the ignitor. A rapid pressure ele-
vation was noticed in the second phase, where the pressure increased
from 1 to 3bar in 30 ms. The third phase starts when the pressure rise
and the flame speed are arrested and persist almost at constant values.
The last stage was when the system suddenly cooled, and was asso-
ciated with oscillations in the pressure readings. Finally, the pressure
rise recoded was 6.9bar when the equivalence ratio was equal to one
(Phylaktou et al., 1990). Six one end open tubes with different diame-
ters were used by Knystautas et al. (1982) to illustrate the influence of
the tube diameter on the flame deflagration. The oxygen, nitrogen and
fuel were introduced into the vacuum pressure system through a cal-
ibrated rotameter. The explosion was initiated through an exploding
wire delivering 200-2500] to the system.

The deflagration to detonation transition phenomena did not occur
in all tubes at air stoichiometric conditions. Knystautas et al. extrap-
olated from B versus critical diameter that methane detonation may
occur at the air stiochoimetric condition when the tube diameter is
larger than 0.24 m. Kindracki et al. (2007) examined the effects of loca-
tion of the initial ignition positions on the pressure rise of methane
explosions in a horizontal tube 1.325m long. Results were obtained
for three concentrations, 7%, 9% and 12%. They also noticed that the
position of the ignitor plays an important role on the flame speed and
pressure profile, where the maximum pressure was recorded when the
ignitors were in the middle of the tube. This was attributed to the fact
that when the ignitor was at the end, a longer time is needed for the
products to exchange the heat with the vessel walls.

The dynamic pressure of methane flame deflagration was high-
lighted by Wei et al., 2009. The experimental work was carried out on
a 30m long propagation tube with a 0.5 m diameter. Methane gas was
used in the experiments, and each explosion was initiated by a 50 mJ
chemical ignitor. The aim of the work was to address the static and
dynamic pressure in a long propagation tube. Two approaches were
used: firstly, the tube was fully open from one side; and secondly, the
tube was closed by a structure. The two main outcomes could be sum-
marized as follows: the maximum pressure of the experimental work
was less than the theoretical estimations; and the measured values of
the total pressure were very close to the theoretical values from the
summation of the static and dynamic pressures. Additionally, there
was no significant impact of the volume of the gases in the explosion
on the static pressure when the tube was fully open.

In research work by Li et al. (2012), the interactions of methane
flame velocity and the pressure wave were experimentally explored.
The length of the tube was 12m and the dimensions were 80 mm by
80mm. A spark ignitor of 10k] was employed to ignite the methane
air mixture. The results showed that the closed pipe had an obvious
impact on the transition of the methane deflagration flame due to
the pressure wave reflection. However, a number of researchers have
studied the acceleration and the deflagration to detonation transition
(Gamezo et al., 2012; Jiang et al., 2016; Kessler et al., 2010; Kuznetsov
et al.,, 2002a, 2002b; Moen and Lee, 1982; Peraldi et al., 1988; Porowski
and Teodorczyk, 2013; Salzano et al., 2002; Zipf et al., 2014). Other the-
oretical research has studied flame transport behaviour in vessels and
tubes (Keshavarz and Oftadeh, 2002; Oran et al., 2011; Valiev et al., 2009;
Wang et al., 2013; Zhang et al., 2011).

1.2 Aim of the research

The main aspect of this work is to cover the lack of experimental data on
methane-air mixture deflagration in large-scale systems. The previous
experimental work related to the topic could be criticized as follows;
only few studies reported the methane flame deflagration in a large
scale tube, most of them used a high energy ignition source that could
overdrive the methane flame deflagration and give inaccurate results;
And the values of dynamic and stagnation pressure were not reported
in line with the flame deflagration properties. Finally, it has not been
shown how low methane concentrations assist in accelerating flame
deflagration of explosions in tubes. This case may be present in pro-
cess and extractive industry (i.e. ventilation air methane), where the
concentration of methane is typically less than 1.25%, but may rise up
in abnormal conditions. The existing literature shows that there are
only a few works previously highlighting the consequences and prop-
erties of methane-air mixture deflagration in a large-scale system. In
2015, a large-scale detonation tube system was built at the University
of Newcastle (UoN) to cover the existing knowledge gaps needed to
design a sophisticated capture duct able to trap and mitigate explo-
sions and their consequences. The first aim of this work was to deliver
valid data for the design of suitable mitigation and alarm systems.
The second aim was to examine the propagation and deflagration of
flames at low concentrations (below lean limit). Additionally, the study
examines the front flame and pressure wave velocity results for vari-
able tube explosion volumes. Finally, the static and dynamic pressures
will be discussed for all of the above scenarios and expectations for the
maximum destructive forces of varied methane concentrations under
variable tube methane explosion volumes are given.

2. Experimental setup and methodology

2.1.  Detonation tube and diagnostics

The detonation tube used in this study consisted of eleven
sections with a diameter of 0.5m, a total length of 30m, and
a 6m silencer attached at the end of the tube to reduce the
noise of the explosions (see Fig. 1).
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Fig. 1 - Experimental setup at UoN.

Table 1 - Balloon sealing system locations.

Pressure Transducer

N +
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Pressure Transducer

Fig. 2 — Pressure transducer and photodiode locations.

There were 33 pressure transducers and 33 photodiodes
located along the length of the tube with three pressure trans-
ducers and three photodiodes located at the middle of each
section. Each pressure transducer was located 120° out of
phase from the nearest pressure transducer and each pho-
todiode was located at 120° out of phase from the nearest
photodiode. Each pressure transducer was offset 60° out of
phase from the nearest photodiode but located in the same
cross section plane as shown in Fig. 2. The pressure trans-
ducers pressure measurement range was 0-60bar. The error
reading was less than 0.25%, and the response time was
<0.1ms. The photodiodes had the following specifications: a
reactive area of 13mm?, a wavelength range of 350-1100 nm,
a rise time of 1ns and a bias voltage of 10.6 V. The sampling
frequency was set to 100 kHz (1 sample each 10 us).

The DT sections generally divided to three types, initial
ignition (explosion) chamber with chemical ignitor (Section
1), Reactive Section RS: Section in which different methane
concentrations were present; The RS length was adjusted
according to the case scenarios, and Non-Reactive Section
NRS: Section filled only with air; The NRS length was adjusted
according to the case scenarios, see Figs. 3 and 4. Balloon iso-
lation systems were used to separate the RS from the NRS of
the DT. A blowing system was used to purge the air inside the
DT. The temperature of the reactive system was recorded by a
pyrometer at a frequency of 100 kHz through a sapphire win-
dow. A high speed colour camera (type Phantom 4) was set at
2000 fps and a video camera was mounted at the initial RS
(type Bazlar, set at 255 fps).

2.2. Gas mixture

The homogeneity of the methane-air mixture was achieved
by two circulation systems along the tube. Each circulation

First sealing Second sealing RS length (m)
system system
Case 1 Sect. 2 Sect. 3 3
Case 2 Sect. 2 Sect. 4 6
Case 3 Sect. 2 Sect. 6 12
Case 4 Sect. 2 Sect. 11 25

system consisted of a blower (the volumetric flow rates for
the first and second circulation blowers were 7201/min and
19001/min, respectively). There were four pneumatic valves,
two methane monitors, a flame arrestor and a rotameter in
each system. For each system there was a methane line con-
nected to a methane cylinder via two pneumatic valves and a
mass control flowmeter (see Fig. 3).

The methane-air mixture in the detonation tube was
ignited in four cases (see Fig. 4). In all cases, the ignition
chamber was fuelled with a stoichiometric methane-air mix-
ture. The explosion characteristics, pressure wave and flame
velocities were investigated for a wide range of methane-air
mixtures (1.25%, 2.5%, 5%, 7.5%, 10% and 15%). The four con-
figurations are shown in Fig. 4.

2.3. Procedure

The system was designed to be operated from a control room
located about 30 m away from the explosion chamber. To con-
duct the test, firstly, the system was purged with fresh air by
activating the purging system (an air blower and two pneu-
matic valves). Then, the ignitor was loaded at the beginning
of the first section. The sealing step was varied depending on
the scenario and case number. There were two balloon sealing
systems, the first one was permanently located at the begin-
ning of Section 2 and the second sealing system was adjustable
depending on the case number; For instance Fig. 4, the seal-
ing system was relocated from the beginning of Section 4 to
the beginning of Section 6 (for more information please see
Table 1).

The balloon sealing system consisted of a pneumatic valve,
a manual valve, a portable pump and a balloon that was
replaced after each test. The concept of sealing is to inflate
a balloon inside the tube to isolate the upstream from the
downstream of the balloon sealing system. The next step after
sealing the sections was to evacuate the site. The system was
remotely controlled from the control room outside the DT
area. All of the sensors were activated at the time of ignition
for the measurement of the pressure, temperature and the
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Fig. 4 - Demonstration of four case scenarios.

detection of flame. The data was automatically saved on the
logging and control computer. Finally, the system was purged
with air after the test was completed.

3. Results and discussion
3.1. Initial explosion

As discussed in Section 2.3, the initial explosion was initiated
by an explosion of 9.5% methane at the first spool. The explo-
sive mixture was ignited by a 50 mJ chemical ignitor. The static
pressure, flame and temperature of the initial explosion are
shown in Fig. 5.

The pyrometer was adjusted to measure the temperature
at the end of the initial explosion section (Section 1). The aim
of the pyrometer calibration was to record the actual temper-
ature the flame reached in the active section. Fig. 5 shows the
combustion of methane at about 25 ms, where it was clearly
detected by both the temperature profile and flame intensity.
The maximum pressure rise recorded was 0.6bar, and the
maximum flame intensity signal recorded was 1.7V at about
75ms, the flame intensity is represents the direct reading of
the photodiode signal. The maximum temperature recorded

was about 900°C. The pressure wave velocity and the flame
velocity values were 35 ms~! and 29 ms~1, respectively. These
values were calculated according to the distance from the loca-
tion of the ignitors to the first set of pressure transducers and
photodiodes. Finally, the pressure rise was present along the
DT. However, the flame tracking showed the flame diminished
and disappeared at 9.5m.

3.2. Maximum pressure rise

Addressing pressure rise is an important parameter in char-
acterising explosion hazards. The maximum pressure rise in
pipes relies on the distance from the ignition source, the ini-
tial conditions, ignition source energy and location, L/D ratio,
the flammable gas concentration and the distance the flame
travels. When an ignition source ignites a gas, the pressure
from the explosion is a measure of the exertion of stress in
all directions surrounding the ignition source. The propaga-
tion of explosions is measured by three types of pressure,
static, dynamic and stagnation pressure. The static pressure
is imposed on the side of the tube in a perpendicular direc-
tion from the flame propagation direction. The static pressure
may be referred to as side on pressure. The dynamic pressure
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Initial explosion (9.5% methane)
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Fig. 5 — Pressure, flame intensity signal and temperature of the initial explosion.

represents the pressure that the moving fluid would have in
the head of propagation (Bjerketvedt et al., 1997). The dynamic
pressure, Ppyp, is expressed as the following:

2
ou
Fom =5

1
where p is the fluid density and u represent the velocity.

The summation of both the static and dynamic pressures
is called the stagnation pressure, which is mathematically
expressed by the following equation:

Pstag = Pst + Ppyn 2
In this work, the dynamic pressure was detected via two

Pitot tubes located at 28 m from the ignition source, and the

stagnation pressure was calculated according to Eq. (2).

In this section the static, dynamic and stagnation pressures
were addressed to illustrate the consequence of methane
explosions in a chemical plant and coal mine For example,
prediction of the damage to structures, prediction of the fluid
velocity from the dynamic pressure and to consider the impact
of the stagnation pressure when designing both a structure
and a mitigation system. The static, dynamic and stagnation
pressures are shown in Fig. 6.

The results showed that the dynamic pressure was higher
than the static pressure in all cases and in all the methane
concentrations of the experimental works (see Fig. 6). The
maximum values of the static, dynamic and stagnation pres-
sures were at 9.5% methane concentration. This adds to
evidence that 9.5% represents the stoichiometric value of
methane in air explosions (Ajrash et al., 2017; Amyotte et al.,
1991; Bai et al., 2011; Cashdollar et al., 2000, 1992). The max-
imum value of the static pressure for the 3m active section
and the 6 m active section did not exceed 0.6 bar (see Fig. 6(a)
and (b)). However, the static pressure reached to over 2 bar for
the 12m active section and the 25m active section. This may
be attributed to the fact that at the 3m and 6m RS lengths,
the flame did not reach the end of the tube. However, as the

length of methane injection increased to 12m and 25m, the
flame reached to the last section of the DT (30 m) and signif-
icantly increased the static pressure. The dynamic pressures
for all four cases at low methane concentrations (1.25%, 2.5%
and 5%) were about 0.5 bar. In the case of low methane concen-
tration (i.e. 1.25% and 2.5%), the reading of dynamic pressures
were over driven by the initial explosion in the first section.
In other words, the low methane concentration did not have
a pronounced influence on the pressure values, and the pres-
sure values were generated mainly from the initial explosion
chamber. At 7.5% methane, the dynamic pressure proportion-
ally increased in accordance with the length of RS, where the
dynamic pressure increased from about 0.95bar to 1.5bar for
the 3m and 6 m RS, respectively. The dynamic pressure contin-
ually increased until reaching a maximum value (2 bar) at the
25m RS. At the stoichiometric methane concentration (9.5%),
the dynamic pressure significantly increased, from 1.4bar to
2.2bar, then to 2.56bar, when increasing the RS from 3m to
6m, then to 12 m, respectively. However, the value of dynamic
pressure was fixed at about 2.55 bar, even when increasing the
RS length to 25m (see Fig. 6).

The static and dynamic pressure at low methane concen-
trations were over driven by the initial explosion and almost
constant dynamic and static pressures were recorded. There-
fore, the stagnation pressure did not show any significant
change at low methane concentrations, where the stagna-
tion pressure values varied around 1bar for all cases at low
methane concentrations (see Fig. 6). At 9.5% methane concen-
tration, the stagnation pressure dramatically increased from
2bar to 4.5 bar when increasing the RSlength from 3mto 12 m,
respectively. In a similar behaviour to the static and dynamic
pressures, increasing the length of the RS, from 12m to 25m,
did not show a significant impact on the stagnation pressures.

3.3. Flame and pressure wave characteristics

The explosion energy appears in a number of forms. The major
energy of an explosion appearsin a pressure wave form (Frank,
2012). The remaining energies appear in both potential and
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Fig. 6 — Static, dynamic and stagnation pressures for (a) Case 1, (b) Case 2, (c) Case 3 and (d) Case 4.

kinetic forms. The destruction from an explosion propagat-
ing in pipes depends on the pressure rise and the impulse
generated from the flame deflagration (Otsuka et al., 2007).
A detailed record of methane flame deflagration velocity is
not only required to determine the pressure impulse and
explosion development, but also to design an effective flame
mitigation system. The flame velocity helps to estimate the
distance and time required between the flame detectors and
the location where the flame mitigation acts. The terminology
of “flame velocity” is conventionally defined as the velocity of
the flame relative to a stationary point. The scholars assumed
that the boundary condition of a gas’s velocity ahead of the
flame is identical to the first indication of a flame reaching
a photodiode. Another group of scholars measured the flame
velocity relative to a stationary point. the velocity was calcu-
lated as the time and length from ignition point to the first
increased point of temperature, where the assumption was
the first increased point of the temperature is asymptotic to
the point of the gases ahead of the flame (Frank, 2012; Gunther
and Janisch, 1972; Tien and Matalon, 1991). The flame velocity
is mathematically descried as:

S=U+uyg

where S (ms~!) is the flame velocity, U (ms~!) is defined as
the burning velocity, the velocity of the front flame relative to
unburnt gas, and ug (ms~?) is the velocity of the unburnt gas
(see Fig. 7).

The pressures in detonation phenomena may increase by
up to ten times that of the initial explosion. In the next sec-
tion, the pressure wave profiles, pressure wave velocities and

ug

Burnt Gas Unburnt Gas

Fig. 7 - Illustration of the flame velocity in a tube
(Bjerketvedt et al., 1997).

destruction levels are discussed according to the RS length (see
Table 1).

3.3.1. Pressure wave profiles

The pressure wave profiles showed similar behaviours for con-
centrations below the lower flammability limits (1.25%, 2.5%
and 5%) and at the rich limit (15%). For the 3m RS, the pres-
sure wave travelled at about 0.8 bar pressure until 15m from
theignition source. Then the pressure wave gradually declined
to about 0.4 bar at about 28.5 m from the ignition source. How-
ever, the pressure wave for 5% and 15% at the 25 m RS travelled
for about 23.5m at the same energy (1bar) before declining.
Fig. 8 shows clearly that for both scenarios (the 3m and 25m
RS) the pressure wave of 9.5% is much higher than for 5% and
15% methane concentrations. It is clearly explicit that the ini-
tial explosion has a major impact on the travelling pressure
wave, and is in agreement with (Blanchard et al., 2011; Frank,
2012; Moen and Lee, 1982; Rasbash and Rogowski, 1960).

For 9.5% methane concentration and the case of a 3m RS,
the pressure wave also started to diminish at a distance of
23.5m (similar to 5% and 15% methane concentrations at the
3m RS). In contrast, the pressure wave for a 9.5% methane
concentration at the 25m RS showed a distinct behaviour,
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Fig. 8 - Pressure wave profiles for 5%, 9.5% and 15% methane concentrations for (a) 3m RS and (b) 25 m RS.

where the pressure profile continually increased from 20.5m
until the end of the tube (from 2.05bar at 20.5m to 3.8bar at
28.5m). The pressure developed and the shape of the pres-
sure profile appeared only for 9.5% methane concentration.
The development of pressure at 9.5% methane concentration
is attributed to the accelerating flame; as a result, the value
of pressure will increase as the volume of the product gases
increase. The flame interaction with the pressure wave of 9.5%
methane concentration is clarified in Section 3.3.4.

Another influence of the RS length on the pressure wave
profile appears for 7.5% methane concentration (see Fig. 9).
The analysed data showed that for the 3m RS, the explosion
initiated a 1.4bar pressure wave which travelled for about
20m. Then, the pressure wave declined gradually to 0.4bar,
where the pressure wave profile behaved in a typical way to
the observed methane explosion at the 3m RS length (see
Fig. 9). The pressure wave profiles of 7.5% methane concen-
tration at the 6m and 12m RS showed a slight development

in the pressure wave. This behaviour does not appear for the
explosion of methane at the lower flammability concentration
limit, or below, for all four RS lengths. The peak of the devel-
oped pressure wave was stronger for the 25 m RS. However, all
the pressure developed then declined after 23.5m, and did not
develop to detonation. The first symptoms of pressure devel-
oping occurred between 9.5m and 12.5m from the ignition
source for the of RS lengths of 6m, 12m and 25m.

The rapid increase in the pressure of the pressure wave
is attributed to the increased burning rate. Nonetheless, the
value of the developed pressure is directly proportional to the
RS length, where the pressure wave mainly depends on the
amount of product gases and, eventually, the burning rate.

To sum up, three patterns of pressure waves were observed
in the current experimental work. The first pattern was a dis-
tinct behaviour for the 3 m RS for all methane concentrations.
The pressure wave travelled at a pressure close to the initial
pressure rise for a specific distance, then gradually dimin-
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Fig. 9 — Pressure wave profiles for 7.5% methane concentration.

ished. The second pressure wave pattern showed the pressure
developing after a specific distance. The peak value of the pres-
sure wave was strongly dependant on the run up distance. The
previous pattern was distinct for 7.5% methane concentration
for the last three RS length cases (6 m, 12 m and 25m), and the
behaviour also appears at 9.5m for the 6 m RS. The last pres-
sure wave pattern showed a fast development at the end of the
tube. This behaviour appeared at the methane stoichiomet-
ric concentration for the 25m RS. The pressure wave patterns
have good agreement with (Bjerketvedt et al., 1997).

3.3.2. Pressure wave velocity

Another factor which determines the pressure wave proper-
ties is the pressure wave velocity. The pressure wave velocities
were calculated relative to the ignition point (stationary point).
The data revealed that the pressure wave velocities for stoi-
chiometric methane concentrations, and below, were affected
by the pressure rise, and eventually by the burning rate. At a
rich methane concentration (15%), nonetheless, the pressure
wave velocity was relatively high, as compared to the pressure
rise of a 9.5% methane concentration.

The pressure wave velocities for all four cases of RS lengths
gradually increased until the last section of the DT. In a sim-
ilar behaviour to the pressure rise profile, Fig. 10 shows the
pressure wave velocities for the 3m RS and the 25m RS. It
was found that when increasing the RS length, the velocity of
the pressure wave increased, even at a distance of 1m. For
instance, for a 9.5% methane concentration and at a 3.5m
distance, the pressure wave velocity increased from 40ms~?!
to 145ms~! as the length of the RS was increased from 3m
to 25 m. The maximum pressure wave velocity was 310ms~?
for methane stoichiometric concentration at 9.5m, and the
minimum pressure wave velocity was 25 ms~! at 5% methane
concentration for the 3m RS (see Fig. 10).

3.3.3. Flame profile
Chemical energy is the form of the energy released from an
explosion. In pipes, the combustion of the flammable gases

Table 2 - Flame travel distances for the four RS length
cases.

Methane concentrations RS Length

3m 6m 12m 25m
1.25% 9.5 9.5 12.5 235
2.5% 9.5 12.5 12.5 235
5% 12.5 15 15 235
7.5% 235 28.5 28.5 28.5
9.5% 235 28.5 28.5 28.5
15% 15 20.5 17.5 235

(flame propagation) characterises the explosion propagation.
The design of a mitigation system requires accurate data for
the flame travel distances and the flame velocities in all pos-
sible scenarios. In this work, and in correspondence to the
identified knowledge gaps, the experimental flame travel dis-
tances and flame speeds were measured for six methane
concentrations under each of the four RS lengths.

The flame travel distances for all RS length cases are shown
in Table 2. As extrapolated before, the data for the 1.25% and
2.5% concentrations for the 3m and 6 m RS was over driven
by the initial explosion. For these concentrations, the flame
travel distances were about 9.5m from the ignition source.
The flame travel distance for the 1.25% and 2.5% concen-
trations, nonetheless, travelled for 12.5m and 23.5m for the
12m and 25m RS lengths, respectively. The flame travel dis-
tance for 5% methane concentration was about 50% higher
than for 2.5% methane concentration. Additionally, the flame
travel distance of methane at its stoichiometric concentration
was about threefold that of 2.5% methane concentration at
the 3m RS length. Finally, only the flame with 6 m RS length
reached the last section of the DT for 7.5% and 9.5% methane
concentrations. The most powerful detection approach to a
fire in a chemical plant is through sensoring the light, tem-
perature and pressure. Photodiodes are the primary detection
system to activate the mitigation system and/or fire alarms.
Gaining a good understanding of the flame intensities along
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the detonation tube gives a clear indication of the minimum
flame intensity signal that could be present during a flame
proprogation.

The photodiodes gave a reading up to 10V (see Section 2.1),
and any reading below 0.03V in this work was considered as
noise due to a pressure rise or light reflection from the flame
in the prior sections. Fig. 11 shows the flame intensity signals
for the 25m RS length at 1.25%, 2.5%, 5%, 7.5%, 9.5% and 15%
methane concentrations.

The first photodiode data (at 1 m distance) represents the
reading of the initial explosion chamber. The flame intensity
signal of the first section ranged between 1.5V to 3 V. Regard-
less, the methane concentration in the RS, exempting the 9.5%
scenario, caused the flame intensity signal in the first section
to reach about 4.5 V. The flame tracking of the 1.25% and 2.5%
methane concentrations, notwithstanding, caused the flame
to be detected at about 23.5m, as compared to only 9.5 m when
the RS was free of methane. The detected flame intensity sig-

nal of the 1.25% and 2.5% methane concentrations was 0.05V.
The flame travelled until the last section of the DT when 5%,
7.5% and 9.5% methane concentrations were used in the RS.
The lowest flame intensity was detected for the 5% and 7.5%
methane concentrations at about 0.09 V. The flame intensity
signal of the stoichiometric concentration was much higher
(0.9V-9.6V). The high flame intensity signals detected may
be attributed to the turbulence of the flame at stoichiometric
conditions. Finally, the flame travel distance at a rich methane
concentration (15%) failed to reach the end of the tube at the
last detector at 26 m (0.4 V).

3.3.4. Flame velocity

The flame velocity was calculated relative to the first sign
of the flame light detection (0.05V). Fig. 12 illustrates the
methane flame velocities for three methane concentrations
(5%, 9.5% and 15%). The outcomes indicated that the highest
flame velocity for the 3m RS length was about 120ms~1. At
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Fig. 12 - Flame velocities for 5%, 9.5% and 15% methane for (a) 3m RS and (b) 25m RS.

a stoichiometric methane concentration (see Fig. 12(a)), the
peak velocity was achieved at 17.5 m before the flame velocity
began to decline. For 15% methane concentration, the peak
flame velocity (70ms~?) was achieved at a distance of 12m.
However, the lowest peak velocity was for 5% methane con-
centration, which was 63ms~1 at 12.5m. It was noticed that
the flame velocity accelerated as the length of the RS was
increased. Fig. 12(b) shows the methane flame velocity at 25m
RS length. In a similar behaviour to the pressure rise, the
flame velocities at 12 m and 25 m RS lengths at a stoichiometric
concentration were similar in magnitude. This indicates that
the developing pressure wave from the beginning of the tube
works on pushing out the excess methane through the last
section of the DT. The flame velocity at 5% methane concen-
tration, however, when increasing the RS length from 12m to
25 m, significantly accelerated the flame velocity from 70ms~?
to about 83ms~!. Finally, Fig. 12(b) indicates that the flame
velocity for 5% and 15% started to decelerate after 15 m. Thisis
attributed to either consumption of fuel or the concentration
not adequate to sustain the developing flame. However, 9%
flame concentration was enough to maintain the acceleration
of flame velocity along the DT.

The pressure wave is usually ahead of the flame due to the
compression wave of the combustion products and the high
pressure due to the compression wave will ignite the fuel,
causing flame to reach the head of the pressure wave. The
results of the current work showed that the pressure wave
was ahead of the flame in all scenarios and methane concen-
trations (see Fig. 13).

For a greater understanding of the flame and pressure
wave travelling characteristics, the interaction between flame
combustion and the pressure wave pressure rise should be
clarified. Fig. 13 shows the pressure and flame intensity signal
for the 25 m RS for 5%, 9.5% and 15% methane concentrations.
The data represents the pressure transducer and photodiode
readings at five sections (Sections 2, 4, 6, 8 and 10). The red
dashed lines represent the boundary of the flame’s velocity
(flame front) and the dashed black line represents the first
peak of the pressure wave. Fig. 13 shows the front flames
detected for 5%, 9.5% and 15% methane concentrations at
80ms, 68 ms and 62 ms, respectively. As the flame velocity in
the early stage is relatively low due to the low burning rate,
a slow pressure wave velocity was generated. This fact made
both the flame velocity and pressure wave close of each other,

especially at the beginning of flame deflagration, continuing
up to Section 4.

Accordingly, this section focuses on the flame front and the
pressure wave in Section 4 to the end of tube. Fig. 13(a) shows
the pressure and flame intensity signal for a 5% methane con-
centration. The pressure wave was ahead of the front flame
by about 15ms at Section 4. The last flame was detected at
Section 8 and it showed that the flame followed the head
pressure wave, offset by about 78 ms. Addressing the time is
important to predict the location of the flame during an explo-
sion propagation. The distance between the front flame and
the head of the pressure wave at Section 4 was 1.35m. The
distance between the flame front and the head of the pres-
sure wave at the flame extinguishment point (Section 8) was
7.02m. Fig. 13(b) shows the pressure and flame intensity signal
for a 9.5% methane concentration. The head pressure wave
at Section 4 was faster than the front flame by about 15ms
(1.3m). At Section 6, the time between the flame front and the
head pressure wave was almost constant at 15 ms. However,
the distance was slightly longer (1.72m) as the flame’s veloc-
ity accelerated. At Section 8, the difference between the flame
front and the head pressure wave was about 27 ms, which
was less than half the period, as compared to 78 ms for 5%
methane concentration at Section 8. The distance between
the flame front and the head pressure wave at Section 10 was
about 5.6 m. The blue cycle refers to the pressure wave reflec-
tion, and the reflection of the pressure wave is clear at a 9.5%
methane concentration due to a significant rise in the pres-
sure at this concentration. Fig. 13(b) shows the pressure and
the flame intensity signal for a 15% methane concentration.
At Section 4, the front flame was 12 ms behind the head pres-
sure wave, about 1.08 m distance. This value is very close to
the scenarios of 5% and 9.5% methane concentrations. Within
the first two sections, the distance between the flame front
and the head pressure wave was 3.78 m. At Section 8, the gap
between the flame front and the pressure wave were twofold,
and reached about 8.1m.

4, Conclusion

The pressure rise, stagnation pressure, and flame characteris-
tics have been investigated in a large scale DT. The influences
of the methane concentrations (from lean to the rich limit) and
the variations of the RS lengths were addressed. This data will
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assist in designing and developing the measures required for o The explosion of 9.5% methane concentration in an explo-
an affective alarm and mitigation system in chemical plants, sion chamber (first section) via 50mJ chemical ignitors
and in particular in VAM capture ducts. The conclusions can released a pressure wave detected along the tube, and the
be summarised in the following points:

flame travelled 8.5 m into the non-reactive system.
e The stagnation pressure gradually increased with an
increasing RS length, from 3m to 6m, then 12m. How-
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ever, no significant increase in the pressure was observed
as the RS length was increased from 12 m to 25 m. the maxi-
mum stagnation pressures recorded were about 4.56 bar and
4.55bar at the 12m and 25m RS lengths, respectively. The
maximum dynamic pressure recorded was 2.56bar ata 9.5%
concentration for a 12m RS length and the maximum side
on pressure was higher than the side on pressure in all the
other results. The side on pressure significantly increased
about threefold as the reactive side length was increased
from 6m to 12m at a 9.5% concentration; however, there
was a slight increase in the side on pressure as a result of
increased RS lengths, from 3m to 6m, and from 12m to
25m.

Three pressure profiles appeared in the pressure wave pro-
files. The first occurred at a low RS length (3m), where the
pressure wave travelled for a distance at the same pres-
sure value and then declined at a distance dependent on
the methane concentrations. The maximum pressure rise
recorded was about 2bar at 9.5% methane concentration.
The second pressure profile was present for RS length from
6m to 25m, the pressure gradually developed at a cer-
tain distance before declining. This is clearly shown for
7.5% methane concentration at a RS length of 6m, where
the pressure developed from 1.62bar to 2.02bar at a dis-
tance of 12.5m to 17.5m, then gradually declined. This was
also shown by the pressure developed for a 7.5% methane
concentration and a 12m RS length, where the pressure
developed from 1.65bar, at a distance of 12.5m to 2.36bar
at a distance of 23.5m, then gradually declined. The second
pressure profile further showed, more significantly, by the
pressure developed at 7.5% methane concentration and a
25m RS length, where the pressure developed from 1.95bar
at a distance of 12.5m to 2.8bar at a distance of 23.5m,
before gradually declining. The last pressure profile pattern
was distinct for 9.5% methane concentration at 12m and
25m RS lengths. The pressure travelled at about 2 bar along
the tube, then after 23.5 m the pressure suddenly developed
to a pressure in the range of 5bar-3.75bar at 28.5 m. The last
pressure wave was attributed to the development of a flame
from the deflagration to a fast deflagration or predestination
stage.

The pressure wave velocity gradually developed from the
initial ignition point to the last section of the DT. The val-
ues of the velocities at the last section of DT were dependent
on the RS length. For instance, at 9.5% methane concentra-
tion, the maximum pressure wave velocity increased from
177ms~! to 312ms~! as the RS length was increased from
3m to 25m, respectively.

The flame was able to reach the end of the tube at 7.5%
and 9.5% methane concentrations when the RS length was
3m. The shortest flame travel distance was 9.5m distance
at 1.25% and 2.5% methane concentrations. For the 3m and
6m RS lengths, the flame travelled at a low intensity signal
the diminished by reaching 0.05 V. At low methane concen-
trations (1.25%, 2.5% and 5%), however, the travelling flame
had alow and constant intensity producing a signal of about
0.43V, and increased to 1.5V for the 7.5% and 9.5% methane
concentrations. Due to the flame’s acceleration and turbu-
lence, the flame intensity signal gradually increased to 9V
at the last section of the DT for 9.5% methane concentration
and 25m RS length.

The flame velocity showed two patterns. The first pattern
was summarised as the flame starting to develop, then
reaching a plateau or declining. This pattern was distinct for

the 3m RS length and for 1.25%, 2.5%, 5% and 15% methane
concentrations at6m, 12 m and 25 m RS lengths. The second
pattern observed was when the flame velocity continued to
develop until reaching the last section of DT. The second
pattern was distinct for a 9.5% methane concentration at
distances of 12m and 25m. The maximum flame velocity
was in the range of 162ms~1-170m s~ for a 9.5% methane
concentration for the 12m and 25m RS length. However,
the highest magnitude of flame velocity for 9.5% methane
concentration was 105ms~! at a RS length of 3m.

e The pressure wave was ahead of the flame front in all sce-
narios where both the methane concentrations and the
lengths of the RS were varied. Nonetheless, the methane
concentration plays an important role on the flame travel
distance and the pressure wave along the DT. The distance
between the flame velocity and the head of the pressure
wave significantly reduced as a stoichiometric methane
concentration was reached, where the distance at Section
8 declined by about 42% as the methane concentration was
increased from 5% to 9.5%.
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