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ABSTRACT

Explosions in chemical, gas and petroleum industries are still a significant problem
leading to injuries, death, destruction of equipment and downtime. In the chemical,
hydrocarbon and gas process industries, a large variety of cases can be found where
internal gas explosions, confined explosion, may occur. As a consequence there is a need
to protect gas pipelines against propagation of unwanted combustion phenomena such as
deflagrations to detonations transmission (DDT). However, a review of the literatures
revealed that flame acceleration of hydrocarbons/air, hydrogen/air, hydrocarbons-
hydrogen/air and hydrogen-inhibitors/air mixtures with wild range of concentration in
tee pipelines are still unclear. Thus, given the gaps in the literature, this research was
carried out to investigate the dynamics of flame propagation of premixed gas mixtures
deflagration in tee pipelines for determining the most critical point(s) of tee pipelines
based on the rate of pressure rise with respecting ignition positions. In this research study,
the fuel/air mixtures were ignited at six different ignition positions in two different tee
pipes’ configuration. The results of pure hydrocarbons/air and hydrogen/air mixtures
show that, while there is no significant difference in the maximum pressure and rate of
pressure rise in both the tee-pipe arrangements investigated, the bending pipe consistently
produces the worst set of results in terms of maximum pressure and flame speeds, in pipe
explosions involving the most reactive mixtures. In addition, the detailed records of
pressure traces and blast waves show that the duration of flame acceleration, the flame
direction and the initial ignition point depend on the tee junction placement along the pipe
length, as this gives a different overall profile of the flame acceleration mechanism.
Moreover, for the overall observation of hydrocarbons-hydrogen/air mixture, it can be
said that the flame reactivity of ethylene-hydrogen/air and NG-hydrogen/air was much
higher. The kinetic reaction of these mixtures contributed to the overall explosion

development. However, the dynamics of flame deployment in the tee junctions had a



significant effect on the recorded maximum overpressure and flame speeds along the
pipes. The obtained data show that the lower distance between tee junction and the
ignition point caused a higher explosion severity in terms of the rate of pressure rise. The
results show that, when ignited at the furthest distance, the tee junction area is most
vulnerable to the critical pressure impact of gas explosion. However, no similar trend was
observed at the other ignition positions. In addition, mixtures with compositions of 95%
H2-2.5% Ar-2.5% N2/air, 95% H2-5% N2/air, Hz/air and 95% H2-5% Ar/air showed the
highest risks due to the higher diffusivity ratio and the associated rate of pressure rise.
The results show that mixtures with CO2 lead to lower severity than other hydrogen-
inhibitors/air mixutures (~ 50% reduction), as the average recorded maximum flame
speed for this particular mixture was lower at all of the ignition points. This suggests that

the effectiveness of the inhibitors should be in the order of Ar < N2< CO..



ABSTRAK

Kejadian letupan di industri petroleum, kimia dan gas adalah isu signifikan yang
mengakibatkan kerosakan kepada peralatan, masa henti operasi, kecederaan dan
kematian. Pelbagai kes letupan gas dalaman dan letupan dalam ruang terkurung mungkin
berlaku di industri-industri ini. Oleh yang demikian, perlindungan terhadap fenomena
perambatan pembakaran tidak dikehendaki seperti deflagrations to detonations (DDT)
dalam proses industri adalah perlu. Namun begitu, berdasarkan kajian literatur, fenomena
pecutan nyalaan campuran hidrokarbon/udara, hidrogen/udara, hidrokarbon-
hidrogen/udara dan hidrogen-perencat/udara dengan pelbagai kepekatan di dalam saluran
paip Tee masih tidak jelas. Justeru, kajian ini dijalankan bagi mengkaji dinamik
perambatan nyalaan gas pracampuran di dalam saluran paip Tee. Kedudukan paling
kritikal di dalam saluran paip ditentukan berdasarkan kadar peningkatan tekanan yang
bergantung kepada kedudukan pencucuhan. Dalam kajian yang dijalankan, campuran
bahan api/udara dinyalakan pada enam titik nyalaan yang berbeza di dua tatarajah salur
paip Tee berlainan. Hasil kajian terhadap campuran tulen hidrokarbon/udara dan
campuran hidrogen/udara mendapati bahawa tekanan maksimum dan kadar peningkatan
tekanan tidak menunjukkan perbezaan signifikan antara kedua-dua tatarajah saluran paip.
Selain itu, pembengkokan paip juga didapati tidak mempengaruhi tekanan maksimum
dan laju nyala dalam letupan paip yang mengandungi campuran sangat reaktif.
Berdasarkan data gelombang bagas dan tekanan yang direkodkan, tempoh pecutan
nyalaan, arah nyalaan dan titik mula pencucuhan bergantung kepada kedudukan
persimpangan Tee yang juga memberi kesan berbeza kepada profil keseluruhan
mekanisme pecutan nyalaan. Di samping itu, hasil kajian terhadap campuran
hidrokarbon-hidrogen/udara mendapati reaktiviti nyalaan ethylene-hidrogen/udara dan
gas asli-hidrogen/udara adalah lebih tinggi berbanding campuran gas lain. Tindak balas

kinetik campuran-campuran ini memberi kesan kepada keseluruhan pengorakan letupan.



Namun begitu, dinamik nyalaan di persimpangan tee memberi kesan yang signifikan
terhadap tekanan lebih maksimum dan laju nyala sepanjang saluran paip. Berdasarkan
data yang diperoleh, tahap keterukan letupan yang bergantung kepada kadar peningkatan
tekanan semakin tinggi apabila jarak persimpangan Tee semakin hampir ke titik
pencucuhan. Persimpangan Tee merupakan kawasan paling terdedah kepada kesan
tekanan kritikal letupan gas apabila titik pencucuhan terletak paling jauh (titik A). Walau
bagaimanapun, tiada trend yang sama diperolehi di titik pencucuhan lain. Di samping itu,
komposisi campuran 95% H2-2.5% Ar-2.5% N2/udara, 95% H2-5% N2/udara, Hz/udara
dan 95% H2-5% Ar/udara didapati merupakan campuran paling berisiko disebabkan oleh
nisbah kemeresapan yang lebih tinggi dan kadar peningkatan tekanan berkaitan. Hasil
kajian menunjukkan campuran karbon dioksida memberi kesan kepada tahap keterukan
yang lebih rendah berbanding campuran hidrogen-perencat/udara (~50% penurunan)
memandangkan purata laju nyala maksimum campuran ini adalah lebih rendah di
kesemua titik pencucuhan. Oleh itu, susunan perencat mengikut keberkesanan ialah Ar <

N2< COa.

Vi
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CHAPTER I: INTRODUCTION

1.1. Background of Study

Explosions in the chemical, gas and petroleum industries are still a significant problem
leading to injuries, death, destruction of equipment and downtime. In the chemical,
hydrocarbon and gas process industries, there is a large variety of cases of internal gas
explosions or confined explosions (Hadjisophocleous & Mehaffey, 2016). Such
explosions can be caused by uncontrolled leaks, simply by accidental purging with air or
unpredictable failures (Khan & Abbasi, 2001). As a consequence, there is a need for
protection of gas pipelines against propagation of unwanted combustion phenomena such
as deflagration to detonation transmission (DDT) (including decomposition flames) in the

process (Blanchard et al., 2010; Grossel, 2010).

To ensure safety precautions in pipeline gas carriers, it is essential to fully characterize
and quantify their explosion behaviour. In particular, information regarding the maximum
pressure, maximum rate of pressure rise (i.e., the deflagration index) and flame speed,
which are among the most important parameters for the assessment of process hazards,
and the safe design of process equipment are required (Hawkes & Chen, 2004; Salzano
et al., 2012). Studies on flame propagation and explosion mechanisms in pipes have been
extensively discussed and reported (Blanchard et al., 2010; Chatrathi et al., 2001; Emami
et al., 2013; Jianliang et al., 2005; Oh et al., 2001; Phylaktou et al., 1993; Thomas et al.,
2010), but most are focused on specific applications, i.e., different pipe diameters, effects
of obstacles, bending pipes or straight pipes. For this reason, holistic studies should be
performed on flame propagation in different pipe configurations, considering the
complicated problems involved in the interaction between fluid dynamics, heat transfer
and turbulent combustion. For instance, Zhu et al. (2010) used a single-bend, U-shaped
pipe and a Z-shaped pipe in their experimental setup, to investigate the effect of roadway

turning on methane-air explosion propagation. The results showed that, by increasing the



number of turnings the explosion strength was significantly enhanced, while the flame
speed and peak overpressure increased dramatically. In addition, the values of flame
speed and maximum overpressure were enhanced by increasing the concentration of
methane in the mixture in a horizontal pipe (Zhu et al., 2010). Another study on a straight
pipe with a 60 L/D (length/diameter) showed that pressure and velocity waves accelerate
with the increasing reaction rate of methane-air (Zhu et al., 2015). More examples of
flame acceleration of fuels are presented in Section 2.4.2 in Chapter Il. Yet, what is
lacking is a comprehensive study of the governing parameters involved in flame
propagation in different pipe configurations, by considering the physics and dynamics of
the flame and pressure development of hydrocarbon-air and hydrogen-air explosions in a

wide range of equivalence ratios (lean, stoichiometric and reach concentrations).

The point at which ignition takes place is another important factor during the initial stages
of combustion (Phylaktou & Andrews, 1991). When the ignition source is further from a
sealing flange or vessel wall, the flame will have a longer period to spherically propagate,
leading to an initially higher overall flame speed and rate of pressure rise. Changes in
these initial conditions will also affect the continuation of combustion further along the
pipe, particularly when the pipe has different configurations, i.e., obstructed, bending and
branched. Investigations of fuel transfer in pipes have shown that 36.5% v/v hydrogen in
air has the potential to develop DDT (Heidari & Wen, 2014; Thomas et al., 2010).
Blanchard et al. (2010) also reported that the ignition position had a significant effect on
DDT development in the hydrogen/air explosion. In their study, the shortest run-up
distance to DDT relative to the end pipe was recorded when the ignition source was placed
0.7 m from the pipe ends. From the discussion above, it can be postulated that there is a
direct relationship between the changes of ignition positions and gas fuel on the pressure-

development mechanism and flame dynamics during gas explosion inside a branched

pipe.



Transporting hydrogen to end users could affect the integrity or durability of a pipeline
network. This is because the existing gas pipeline network is designed, constructed and
operated using natural gas. Once it is introduced into the pipeline, the hydrogen mixes
with other gases such as hydrocarbons and inhibitors. Hence, for the safe use of hydrogen
fuels, it is essential to fully characterize and quantify their explosion behaviour to insure
that hydrogen application is safer. Extensive reports in the literature on the development
of partial or total replacement of hydrocarbon fuels with hydrogen in power plants and
vehicle engines have significantly highlighted society’s awareness of environmental
pollution and the declining supply of fossil fuels (Verhelst & Wallner, 2009; Vu et al.,

2011a). These are broadly discussed in Chapter 1.

A review of the literature revealed that the flame acceleration of hydrocarbons/air,
hydrogen/air, hydrocarbons-hydrogen/air and hydrogen-inhibitors/air mixtures with wide
range of concentration in tee pipes have not been extensively studied. Thus, the objective
of this work is to report some new experimental and numerical data and provide an
understanding of the explosion development in tee-pipe geometry on a medium-scale
system, where ignition occurs at different locations. This work intends to present and
discuss the effect of ignition position and tee-junction placement on the physics and

dynamics of the explosion mechanism.

1.2. Problem statement

Industries commonly use pipes to connect vessels handling or storing flammable gas such
as interconnected reactors, tanks and adjacent buildings (Di Benedetto & Salzano, 2010).
After an explosion, the flame can propagate from one vessel to others through
interconnected pipes, which increases the risk on the systems by enhancing the peak

pressures and rates of pressure rise inside the vessels (Khan & Abbasi, 2001).



Consequently, paying attention to the flame acceleration of flammable fuels in the fuel-

transferring process, especially in pipelines, are undeniable.

Moreover, due to growing environmental concerns and the deteriorating supply—demand
scenario for fossil fuels (Abbasi et al., 2011), the idea of partial or complete replacement
of hydrocarbon fuel with hydrogen in power plants and transportation engines, because
of its unique properties (Das, 1996; Ikegami et al., 1982; Jamal & Wyszynski, 1994), is
discussed in the literature (Verhelst & Wallner, 2009; Vu et al., 2011a). Hydrogen is a
promising fuel for the future and is massively utilized in industries, especially in refineries
and petrochemical industries. However, storing and transporting hydrogen in a pipeline
is a complicated and subtle process. To avoid anomaly accidents, this process needs to
take into account the numerous safety considerations and follow safety procedures (de
Goey et al., 2011; Emami et al., 2013). Hydrogen is considered dangerous due to its
properties of low ignition temperature, small ignition energy, wider explosion limits and
fast combustion speeds [3,4]. In a confined space hydrogen is dangerous, like any other
flammable gas. Moreover, the presence of inhibitors in hydrogen fuels can be considered
a solution for preventing unexpected incidents. However, only scarce data about the
effectiveness of inhibitors on hydrogen-explosion behaviour are available for different
systems (Di Benedetto et al., 2009; Kwon & Faeth, 2001; Sabard et al., 2013; Shih, 2009).
Consequently, it is required to fully understand the phenomena of flame propagation of
hydrocarbons/air and hydrogen-hydrocarbon/air and hydrogen-inhibitors/air mixtures in

fuel-transferring process to reduce unexpected incidents in systems.

1.3. Objectives
Based on the above-mentioned problems and gaps in the literature, the overall aim of the
project is to develop and evaluate methodologies for classifying flame acceleration and

deflagration to detonation hazard in pipe facilities that are filled with hydrocarbon/air,



hydrogen/air, hydrocarbon-hydrogen/air and hydrogen-inhibitors/air mixtures. To

undertake the main objective successfully, several tasks will be carried out to:

1. measure the associated maximum over pressure, explosion severity rate, flame
speed and unburnt gas velocity of the flame front of hydrocarbon/air and

hydrogen/air explosions in the tee pipes;

2. quantify the influence of pipe configuration, ignition position and the flame
acceleration mechanism on explosion development in straight, bending and tee-
junction pipes for hydrocarbon/air and hydrogen/air mixtures in different

concentrations;

3. quantify the effect of hydrogen enrichment on flame propagation and explosion
severity of hydrocarbon/air mixtures in tee pipelines;

4. determine the effect of inhibitor gases on flame propagation of hydrogen/air
mixtures in tee pipes; and

determine the overall dynamic of flame acceleration and flame appearance of

hydrocarbon/air and hydrogen/air explosions in tee pipelines using the FLUENT

software.

1.4. Research Questions

Consequently, to achieve the above-mentioned objectives the research questions are:

v" What is the maximum pressure, flame speed, rate of pressure rise and unburnt gas
velocity ahead of the flame during explosion development in tee pipes?

v' What is the influence of hydrogen addition on flame acceleration and over
pressure during hydrocarbon explosion in tee junctions?

v' What are the effects of adding inhibitors on the overall pressure and flame

propagation of hydrogen/air explosion in tee junctions?



v’ Is the ignition position one of the governing factors influencing explosion
development in a tee junction?
v Do obstacles in pipes, i.e. bending and tee junctions, result in an increase of the

explosion severity compared to a straight pipe?

1.5. Significance of the Study

Although many studies have been conducted to identify the explosion behaviour of
hydrocarbon/air, hydrogen/air, hydrogen-hydrocarbon/air and hydrogen-inhibitors/air
mixtures, most are focused on specific applications, i.e., bending or straight pipes
(Blanchard et al., 2010; Chatrathi et al., 2001; Emami et al., 2013; Jianliang et al., 2005;
Oh et al., 2001; Phylaktou et al., 1993; Thomas et al., 2010). For this reason, holistic
studies should be performed on flame propagation in different pipe configurations,
considering the complicated problems involved in the interaction between fluid
dynamics, heat transfer and turbulent combustion. This study is conducted to investigate
the dynamic flame behaviour of gas fuel in the tee pipelines, which would generate new
data.

Hydrogen has been promoted for several decades as an energy carrier of the future. As a

secondary energy carrier with a lower heating value of 120 MJ/kg and density of 0.0899

kg/m3, it can be used in many applications, particularly in refineries and petrochemicals
(Barreto et al., 2003). However, hydrogen explosion hazards have constantly been a
concern for its storage and transportation through pipelines; it is essential to address safety
issues related to pipeline gas carriers by characterizing and adequately quantifying their
explosion behaviour to protect against the propagation of unwanted combustion
phenomena such as deflagrations and detonations (including decomposition flames)
(Grossel, 2002; Xiao et al., 2012; Zhou et al., 2006). Extensive reports in the literature on

the development of partial or total replacement of hydrocarbon fuels with hydrogen in



power plants and vehicle engines have significantly highlighted society’s awareness of
environmental pollution and the declining supply of fossil fuels (Verhelst & Wallner,
2009; Vu et al., 2011a). To safely use hydrogen-hydrocarbon and hydrogen-inhibitors
mixtures, knowledge of the explosion hazard of these fuels is vital. Thus, this work also
aims to develop new experimental data and provide an understanding of the explosion

development of these mixtures in tee-pipe geometry on a medium-scale system.

As mentioned earlier, the point at which ignition takes place is an important factor during
the initial stages of combustion (Phylaktou & Andrews, 1991). Therefore, six ignition
positions have been applied on experimental rigs to determine the most critical area of tee
pipelines for these mixtures to cause explosion from the respective ignition position. It
intends to explore data that are reported in the literature in terms of maximum pressures
(Pmax), rates of pressure rise (dP/dt) and flame speeds observed. The findings are more
significant for gas fuel transferring and mining processing due to controlling the

unexpected incidents that come about from unpredictable gas explosions in systems.

1.6. Scope of Study

To address the gaps in the literature, a study of flame propagation in tee pipelines at two
different configurations resulting from the combustion of different concentrations of
ethylene/air propane/air, NG/air, hydrogen/air NG-hydrogen/air, propane-hydrogen/air,
ethylene-hydrogen/air, hydrohen-COz/air, hydrohen-Nz/air, hydrogen-Ar/air, hydrohen-
CO2-N2/air, hydrohen-Ar-N2/air and hydrohen-CO2-Ar/air mixtures were carried out
experimentally and numerically in this research. In addition, six ignition positions have
been applied on experimental rigs. The full details of rigs’ configuration and applied fuel

are presented in Chapter I11.



It is noticeable that the current research thesis has been divided into five main chapters.
In the first chapter, the importance of the current research is discussed and the objectives
of the research are defined. In Chapter Il, the related previous research studies are
summarized and discussed fairly to find out the available gaps in fuel transferring process.
This chapter is divided into four main subsections: flame acceleration mechanisms in
pipes, deflagration to detonation transmission in pipelines, the effects of the initial
condition on flame acceleration of fuels and the flame evolution during explosion in
different combustor systems. In Chapter I11, the full details of the experimental and

numerical setups and the experimental procedure are presented.

The experimental and numerical data are presented and discussed in Chapter IV. This
chapter is divided into four main sections. In the first, the flame acceleration of
hydrocarbon/air and hydrogen/air mixtures in different pipe configurations (e.g., straight,
bending and tee pipes) is highlighted and explored. In the second section, the flame
development of hydrocarbon-hydrogen/air mixtures in the tee pipes by considering the
influence of ignition positions are discussed. In the following section, the effectiveness
of inhibitors on the flame acceleration of hydrogen/air is discussed in detail. In Chapter V,
the main achievements of the current research are summarized and some
recommendations for both academic and industrial concepts for improvement of piping

processing are given.



CHAPTER II: LITERATURE REVIEW

2.1. Introduction

Nowadays the need for energy is soaring significantly among conventional energy

sources including oil, gas and coal. Among all sources, hydrocarbons and hydrogen fuel

gases are the common fuel sources as they are playing significant roles to drive the

economy’s wheels (Bradley et al., 2008; Ciccarelli & Dorofeev, 2008; Gamezo et al.,

2008; Liberman et al., 2010). However, the processing industry has raised a major

concern in terms of safety due to accidental gas explosions that have frequently happened

and caused serious damage. Table 2.1 shows some associated gas explosion accidents.

Table 2. 1 Previous gas explosion accidents

Location Year(s) reports
Ethylene accidents ( Ethylene is Explosive!, 2015)

Sidon, Lebanon, | 2013 Fatality: 1
Injury: 14
Reason: A reaction between chemicals used at
the plant to treat bananas

Los Angeles, CA, | 1999 Fatality: 1
Injury: 1

Reason: An ethylene cylinder was left open in a
ripening room. Consequently, the LEL exceeded
over 27,000 ppm, likely from a door opening,

caused a spark, which ignited the explosion.




Fort Pierce, FL late 1970's Fortunately, this explosion did not kill anyone
Reason: A reaction between chemicals used at
the plant

Lantanna, FL, 1976 Fortunately, this explosion did not kill anyone
Reason: This blast caused by cylinders of
ethylene gas.

Camarillo, CA, 1987 Injury: 1
Reason: Inappropriate response for changing
ethylene cylinders

Naples, FL late 1970's Injury: 1
Reason: Inappropriate response by releasing too
much ethylene into the ripening area

Athens, Greece, 1997 Fatality: 2

Reason: Leaking ethylene cylinders in banana

ripening rooms.

Natu

ral gas disasters

(List of pipeline accidents, 2015)

Belgium

2004

A major natural gas pipeline exploded in
Ghislenghien, Belgium near A" (50 kilometres
southwest of Brussels), killing 24 people and

leaving 122 wounded.

Canada

1962

An explosion on a gas pipeline occurred on a
lateral line, about 50 kilometers northwest of
Edson, Alberta. 8 people were killed.

2014

A Trans Canada Corporation gas transmission
pipeline exploded and burned, causing a natural
gas shortage in Manitoba and parts of the
United States.

2009

A refined product pipeline rupture near Farran's

Point, Ontario on Ottawa Lateral, from Trans

10



Northern Pipelines Inc. system, unknown

petroleum product, unknown quantity.

2009

A refined product pipeline rupture near Farran's
Point, Ontario on Ottawa Lateral, on 2009 Oct
05, from Trans Northern Pipelines Inc. system,

unknown petroleum product, unknown quantity.

2003

A backhoe punctured a pipeline in Etobicoke,
Ontario. The resulting explosion killed 7

people.

1965

An explosion & fire involved the Albert Gas
Trunk Line LTD. near Sundre, Alberta, killing 2
pipeline workers.

1996

A gas pipeline, owned and operated by
TransCanada Corporation ruptured at a crossing
of the La Salle River in St. Norbert, Winnipeg
resulting in an explosion, fire and loss of one
home. There were no injuries or deaths

reported.

1965

An explosion from a gas line destroyed several
apartments in the LaSalle Heights Disaster in
LaSalle, Quebec killing 28 people, the worst

pipeline disaster in Canadian history.

Malaysia

2014

Petronas gas pipeline explosion in the state of
Sarawak, Malaysia ripped apart a portion of the
RM3bil Sabah to Sarawak interstate gas
pipeline between Lawas town and Long Sukang
in the northernmost district of Sarawak at 2
a.m., resulting in the evacuation of nearby
villagers; some houses and vehicles were

damaged.

Kenya

2011

Nairobi pipeline fire killed approximately 100
people and hospitalized 120.

Mexico

1978

A gas pipeline exploded and burned, killing 52

people in Colonia Benito Juarez, Mexico, and

11



injuring 11 in a town of only 100 people. The
Failure created a crater 300 feet wide and 20

feet deep.

Nigeria

2000

Pipeline explosion near the town of Jesse killed

about 250 villagers.

2000

At least 100 villagers died when a ruptured
pipeline exploded in Warri.

2000

A leaking pipeline caught fire near the fishing
village of Ebute near Lagos, killing at least 60

people.

2003

A pipeline punctured by thieves exploded and
killed 125 villagers near Umuahia, Abia State.

2004

A pipeline punctured by thieves exploded and
killed dozens of people in Lagos State.

USA

1994-2013

The U.S. had 745 serious incidents with gas
distribution, causing 278 fatalities and 1059
injuries, with $110,658,083 in property damage.
There were an additional 110 serious incidents
with gas transmission, resulting in 41 fatalities,
195 injuries, and $448,900,333 in property

damage.

Propane accidents

Canada

1998

An 18,000-gallon propane tank exploded at the
Herrig Brothers farm in Albert City, lowa.
Fatality: 2

Injury: 7

Several buildings were also damaged by the blast
(Herrig Brothers Farm Propane Tank Explosion,

1998).

12



2008

The explosions occurred at the Sunrise Propane
Industrial Gases propane facility, located in
Torento

Injury: 40

Fatality: 1 ( Toronto propane explosion, 2008)

1963

The Indianapolis Coliseum Explosion (now
known as the Pepsi Coliseum) occurred during
the opening night for the Holiday on Ice show.
Injury: 400

Fatality: 74

The cause was an explosion following a propane

tank leak ( Gas explosion, 2012).

USA

2012

A propane leak explosion
Injury: 2

Fatality: 1 (Gas explosion, 2012)

Hydrogen accidents

All over the word

1908-1937

22 Hydrogen Airship Disasters (Hydrogen

Airship Disasters, 2015)

Canada

1994

Chemical accident with hydrogen due to low

concentration of hydrogen

Injury: 1

Japan

2011

Hydrogen Explosions in Nuclear Reactors

(Buxbaum, 2011)

No fatality

13



USA 2007 Hydrogen explosion at the Muskingum River

Power Plant’s (Hamza, 2010)

Injury: 11

These phenomena can take place in a confined area within a vessel, pipes, channels or
tunnels, and the use of a pipeline to convey the reactive material from one vessel to
another could possibly lead to the development of an explosion and potentially damaging
overpressures (Blanchard et al., 2010; Grossel, 2010). Consequently, experimental and
theoretical studies have been done to understand the gas explosion phenomena as well as
to identify the ignition and transmission laws in the flammable gases with oxygen or air

in different systems that have been fairly reviewed in this chapter.

2.2. Flame Acceleration Mechanism in Pipes

Flame acceleration mechanism, in relation to the pressure development in closed pipeline
has recently been discussed by Solberg et al. (1979). They mentioned that some flame
acceleration is caused by a feedback mechanism involving flame instabilities. In such a
feedback mechanism, for instance, pressure waves generated by a propagating flame may
be reflected from a vessel wall back to the flame, binging about an increase in burning
rate. It is necessary to mention that flame acceleration also can happen due to turbulence

regime which is discussed later.

These statements emphasize that in order to ensure that better precautions are taken in
relation to pipeline gas carriers, it is essential to fully characterize and quantify their
explosion mechanisms. In particular, knowledge is required about the maximum pressure,

the maximum rate of pressure rise and the flame speed, which are among the most
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important parameters for the assessment of process hazards and the safe design of process
equipment (Hawkes & Chen, 2004; Salzano et al., 2012). Studies on flame propagation
and explosion mechanisms in pipes have been widely discussed (Blanchard et al., 2010;
Chatrathi et al., 2001; Emami et al., 2013; Jianliang et al., 2005; Oh et al., 2001; Phylaktou
et al., 1993; Thomas et al., 2010), but most of these are focused on specific applications

(i.e., bending or straight pipes).

2.3. Deflagration to Detonation Transition in Pipeline

Flame may be accelerated through a series of regimes depending on the fuel concentration
and the flow geometry, as illustrated in Figure 2.1. For the case of mild ignition, in the
first phase the flame propagates laminar by the laminar burning velocity and the density
ratio across the flame front. The laminar flame propagation regime has a short-live and it
is quickly replaced by a "wrinkled" flame regime. Wrinkled regime can persist over
moderately large flame propagation distances in many accidental explosions. Therefore,
the flame propagation velocity in the wrinkled flame regime can be several times higher
than the laminar flame due to the increase in flame area and the burning rate. In the next
phase, the wrinkled flame ultimately transforms into a turbulent flame due to associated
obstacles or boundary layers inside the systems. This phenomenon causes further flame
acceleration due to the increase in surface area of the laminar flamelets inside the flame.
Higher level of turbulence also causes that a distributed reaction zone may destroyed and
then replaced the flamelet structure which it leads the deflagration to detonation transition
(DDT) happened via shock ignition or the shock wave amplification mechanism (Gamezo

et al, 2008).
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Figure 2. 1 Regimes of flame propagation (Gamezo et al, 2008)

According to Thomas et al. (2010), an early review of flame acceleration and a
deflagration to detonation transition (DDT) were produced by Smith in 1948 who
considered explosion pressures in industrial piping, with a particular interest in acetylene.
In later studies, much effort was concentrated on determining the distance from the
ignition source to the point at which detonation was observed, the run up or transition
distance, DDT, and how it correlated with pipe diameter, D. Moreover, for flames that
have achieved choked velocities (velocity of the flame equals the sonic velocity of the
burned gas), the pressure between the precursor shock and the reaction zone is three times
the initial pressure of the mixture. In laboratory experiments with relatively sensitive
mixtures, unusually high pressures resulting from DDT in the end gas were observed. It
has been also observed that the pressure generated in pipelines during some accidents
could be extremely high, capable of causing damage to the pipeline. In these accidents,

DDT often occurred in the end gas region of the pipeline (Chan & Dewit, 1996).

It is valuable to know that the flame could behave as a thrust resource for the unburned
mixture to generate or induce very complex flow fields (Zhou et al., 2006). When the

flame travels across the pipe the shape of the flame front changes due to interaction
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between the flame front and the flame-induced. In fact, this is an interaction between
burned gas and unburned gas. Also the static pressure gradient could play a role in the
shape of flame front but a difference of velocity can be a large item in this issue. Below
Figures (a-h) show the evolution of the flame section by section. These figures show the
flame front and the complex flame induced velocity fields near the flame front.

In the first phase of flame propagation, the flame formed an oval cylinder-like shape
(Figure 2.2. (a), t = 0.01 s) with the flow of the unburned gas around the flame. Later,
the front was almost cylindrical with a parabolic frontal section (Figure 2.2. (b), t = 0.02
s). At that instance, the flow of the unburned gas near the lateral region tended to be
parallel to the side walls while that of the burned and unburned gases near the frontal
region remained in the downstream direction. Then, due to the effect of the sidewalls of
the duct, the lateral regions flattened while the frontal region remained curved (Figure
2.2. (c) t=0.06 for instance). When the lateral regions of the flame front were quenched
at the walls, the front section was flattened (Figure 2.2. (c) for t = 0.06 s and Figure 2.1.

(d) for 0.07 s).

There are three noticeable points about Figures 2.2 (a-d):

a. Inthe burned region there are two vortex about the middle line;
b. The vortex area is increased with time;

c. There is a clear velocity gradient across the lateral area of the flame front.
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Figure 2. 2 Flame front and the velocity fields in the vicinity of the flame front at the

middle plane of the pipe (Zhou et al., 2006).

When the lateral regions of flame were quenched and reminding the leading section was
nearly completely flat (Figure 2.2. (e)). Att =0.09 s and 0.10 s (Figure 2.2. (f) and (Q)),

at which time the corner section of the flame traveled faster than the central region, the
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flame front was folded, with a backward directed dome. Fromt=0.11stot=0.14s, the
folding of the flame front increased and a tulip flame developed more clearly and the
magnitude of the velocity around the cusp in the unburned region approached zero (Figure
2.1. (h)) (Zhou et al., 2006).

An investigation showed that the transition to detonation in pure ethylene can sustain a
detonation by a decomposition reaction at pressures greater than atmospheric (Thomas et
al., 2010). Moreover, while the energy of the ethylene sphere explosion was estimated to
be about (2.4-3.2)x10” kJ (Wang et al., 2000), an experimental study on flame
acceleration and deflagration to detonation transition in representative process piping
indicated that the initial pressure does not have a significant effect on flame acceleration
of ethylene/air mixture, however, the initial pipe wall temperature or possibly mixture
humidity could affect (Thomas et al., 2010). For more clarification, Figure 2.3 shows
pressure histories of ethylene at ambient condition in a straight pipeline tests with 150

mm diameter.
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Figure 2. 3 Pressure histories at various gauge locations for ethylene—air mixtures: (a)
5.2%, (b) 6.45% and (c) 10.1% in air at ambient atmospheric pressure (Thomas et al.,

2010)
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Blanchard et al. (2011) showed that there is no possibility for ethylene/air mixture to
present shock waves since its overdriven detonations were not strong enough to enable
confident measurement of its velocity. As shown in Figure 2.4, after DDT, flame speed
decreases during the transition process in both straight and bend pipe with 159 mm initial
diameter. However, the maximum flame speed was observed at approximately 80% for
the straight pipe and, at approximately 70% for the two configurations containing
obstacles. This phenomenon indicated that the reflected pressure waves from the closed

end of the pipe has a significant effect to slow down the flame/pressure front.
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Figure 2. 4 Flame speeds for ethylene—air explosions (Blanchard et al., 2011)

On the other hand, the investigation on the behaviors and shape changes of
premixed hydrogen—air flames at various equivalence ratios propagating in half-open and
closed horizontal ducts showed that the premixed hydrogen-air flame undergoes more
complex shape changes and exhibits more distinct characteristics than that of other
gaseous fuels (Xiao et al., 2011). The previous investigation reported that hydrogen is

susceptible to deflagration to detonation transition (DDT) (Ciccarelli & Dorofeev, 2008)
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and it is important that this parameter can be calculated and predicted with a reasonable
degree of accuracy in order to affect the end goal; control over flame acceleration and the
process of DDT. An extensive amount of work has therefore been devoted to understand
the phenomena related to a flame acceleration and transition from deflagration to
detonation (DDT) in pipes (Markstein, 2014). Investigation on fuel transferring in pipes
showed that 36.5% hydrogen in air has the capability to develop DDT (Heidari & Wen,

2014; Thomas et al., 2010) as presented in Figure 2.5.
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Figure 2. 5 Pressure histories at various gauge locations and superimposed flame front
arrival time for hydrogen in air: (a) 35.6% Hz, (b) 19.7% H2 and (c) 14% H2 (Thomas et

al., 2010).

These previous works discussed and illustrated the fact that the changes of the flame
front shape and the propagation in a tube depend on numerous parameters, such as aspect
ratio, initial pressure, the tube with open or closed ends, equivalence ratio of the mixture,
etc. (Markstein, 2014). Yet, dynamics of flame mechanism during gas explosion
development of premixed hydrogen-air flames at various equivalence ratios undergoes a
complex flame inversion and exhibits more distinct characteristics than that of other

gaseous fuels (Xiao et al., 2011).
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2.4. Effect of Initial Condition on Flame Acceleration of Fuels

Considering the safety aspects on fuel transferring cause researchers to give more
attention on the influence of the initial conditions on the overall maximum overpressure,
rate of pressure rise, flame speed, burning velocity and time arrival. The investigations
showed that the initial fuel, pressure, temperature, ignition source and pipe/tube

configuration have significant influence on flame acceleration in pipes.

2.4.1. Influence of Fuel Reactivity and Concentration

Natural gas mainly contain light hydrocarbons including methane, ethane, propane, etc.
but methane is the primary component with a concentration of 82% (Akansu et al., 2004).
Due to the numerous advantages of natural gas, including high fuel octane number (Shiga
et al., 2002), clean energy with the lowest C/H ratio and user-friendly for internal
combustion engines (Ma et al., 2007; Papagiannakis et al., 2010; Shiga et al., 2002;
Turrio-Baldassarri et al., 2006), industry has given more attention to it, especially,
applying as a fuel for engines. However, utilizing natural gas contains unavoidable
problems/disasters which are coming across with combustion (Jo & Ahn, 2005; Jo &
Crowl, 2008; Jo & Ahn, 2002; Wiser et al., 2004). Therefore, many studies have been
done to fully understand the combustion behavior including flame instability and ratio of
the laminar burning velocity of methane/air and natural gas/air mixtures at different

equivalence ratios (Gu et al., 2000; Liao et al., 2004).

Moreover, among all hydrocarbon fuels, propane has been used as a domestic,
agricultural, industrial, and commercial fuel for many years due to its extensive use as an
alternative “clean” fuel. Specifically, after gasoline and diesel, it is the third most popular
vehicle fuel due to its undeniable advantages including being liquefied at a moderate

pressure, fast refill times, less engine wear and no need diluting engine oil (Liu et al.,
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2015). However, due to unpredictable disasters/accidents that could happen in fuel
transporting/usage of propane, many research studies have been conducted to fully
characterize propane explosion phenomenon. For instance, Razus et al. (2011) examined
the influence of the initial composition, temperature and pressure of propane/air mixtures
on pressure evolution in spherical vessel deflagrations. In other investigation, Liu et al.

(2015) studied the flame propagation and gas explosion in propane/air mixtures.

Ethylene (CzHa4) is the simplest alkene among all hydrocarbons which is a colorless
flammable gas with a faint "sweet and musky" odor. Ethylene is commonly used in the
chemical industry, and its production surpassed that of any other organic compounds.
Ethylene is widely applied as a raw material for ethylene oxide, ethylene glycol and
polyethylene manufacture (Movileanu et al., 2013). Furthermore, ethylene has been
promoted the interest among researchers for applying numerical methods of Kinetic
modeling to find a suitable mechanism for ethylene oxidation at a wide range of
temperatures, pressures, and equivalence ratios (Bergthorson & Dimotakis, 2007,
Egolfopoulos et al., 1991; Jomaas et al., 2005). Based on severe consequences of ethylene
explosions, a number of experimental and numerical studies on flammable parameters of
ethylene have been done (Kumar et al., 2007; Movileanu et al., 2011a, 2011b). However,

same as propane, for fuel transferring process, only a few research have been done.

Hydrogen explosion hazards have for many years been a concern within its use in storage
and transportation using pipelines and it is essential to address the related safety issues
on pipeline gas carriers by characterizing and adequately quantifying their explosion
behaviour to protect against propagation of unwanted combustion phenomena such as
deflagrations and detonations (including decomposition flames) in the process (Grossel,
2002; Xiao et al., 2012; Zhou et al., 2006). Some unique properties of hydrogen, such as
lower ignition energy, wider flammability range, higher laminar burning velocity and

higher diffusivity, smaller quenching distance and greater extinction strain rates than
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other typical gaseous fuels, make its flame behavior and propagation different from other
gases such as methane, butane and etc. For instance, the lean premixed hydrogen-air
flame is more susceptible to a variety of flame-induced hydrodynamic and combustion
instabilities (Sarli & Benedetto, 2007). Therefore, the study on these unique features is
becoming more demanding (Xiao et al., 2011). Hydrogen has a very high burning rate
compared to other flammable gases. The possibility of a significant flash fire or vapour
cloud explosion resulting from delayed remote ignition is extremely low due to the
buoyant nature of the hydrogen, which generally precludes the formation of a persistent
vapour cloud at ground level (Jo & Ahn, 2006). However, due to a relatively high burning
velocity, hydrogen can easily make the transition from deflagration to detonation
(Wooley et al., 2008), should a fire incident occur. Moreover, hydrogen has been feared
in the popular press as a relatively more dangerous fuel, and in fact it has the widest
explosive/ignition mix range compared to all fuel gases except acetylene (Thomas et al.,
2010). Moreover, field-scale experiments on the high pressure release of hydrogen gas
inside a 6 m long horizontal channel presented that the pressure started to build up as the
flame moved closer towards the jet, and the deflagration taking place closer to the jet

resulting in the highest pressure peak (Rai et al., 2014).

Initial fuel concentration is another important factor that has been given attention by
researchers. The fuel/oxidant ratio is normally reported in terms of a non-dimensional
variable called equivalence ratio (®). Equivalence ratio is the actual fuel/oxidant ratio
normalized by the stoichiometric fuel/oxidant ratio (Eq 2.1) (Lee et al., 2000).

(Fuel / Oxidant)

Actual Eqg 2.1
Fuel / Oxidant) (Eq2.1)

Stoichiometric

7

Stoichiometric concentration is defined as @ = 1.0. “Lean” and “Rich” conditions are also
identified as an excess of oxidant present (® < 1.0) and an excess of fuel (® > 1.0) in the

mixture, respectively (Lee et al., 2000). Fundamental studies on explosion behavior of
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hydrogen/air (Kim et al., 2013) and methane/air (Kindrachi et al., 2007) mixtures showed
that the flames in lean condition propagated by artless flame instabilities. However, the
flames propagated smoothly in the early stage, and wrinkled and accelerated in the later

stage, intensively, by different type of instabilities in stoichiometric and rich conditions

(Figure 2.6 and 2.7).
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Figure 2. 6 Pressure wave histories of hydrogen/air with different equivalence ratio in a

spherical soap bubble (Kim et al., 2013)

—_— 1%

— — —95%

Pressure [bar]

Time [s]

Figure 2. 7 Pressure wave histories of methane—air mixture with different equivalence

ratio in a horizontal tube (without obstacle) (Kindrachi et al., 2007)
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For giving more clarification, Figure 2.8 illustrates a series of representative high-speed
schilieren images of premixed hydrogen-air flame shape changes during propagation at
various equivalence ratios in a closed duct. Xiao et al. (2011) found that in the
experiments when the $<0.42 tulip flame would not be initiated anymore and when
0.49<¢<0.84 and 4.22<¢$<7.14 a classical tulip flame, which has been widely studied, will
be produced without obvious distortion. Moreover, squish flow can drive the flame to

propagate faster near the walls than in the central region; although it is not the essential cause that

initiates the tulip formation. In the amplitude of equivalence ratio should be 0.67 < ¢ < 1.17
and ¢ > 4.05 though the squish flow is active. Another research study showed that a stratified
mixture even may posed a greater problem than homogeneous for lean overall global
concentration (¢p<1). It is due to the increased mixture reactivity at the ignition site and the
concentration gradient in the vessel, which would let explosion to create the more severe

condition (Willacy et al., 2007).

Column 1 Column 2 Column 3 Colummnm 4

Figure 2. 8 High-Speed schiliren of flame premixed hydrogen- air shape changes

during propagation in closed duct at various equivalence ratios (Xiao et al., 2011).

The conducted research on an incident shock wave of hydrogen—-oxygen mixture also
showed that associated incidents are following the respective sequences: first, reflected

shock, second, wave structure of medium behind these waves, third and fourth, the centers
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of ignition, fifth, own luminescence of combustion waves and sixth, extending from
ignition centers (Petukhov et al., 2009). However, the hazard assessment on these
phenomena is still debatable, even though this concern has attracted researchers’
attention. It is essential that reliable and cost-effective prevention and mitigation methods
are available to practitioners and researchers to assess the hydrogen explosion hazards in
the pipeline, in order to ensure that a loss of containment and hydrogen leakage during
transportation does not occur (Middha et al., 2007). One possible means for mitigating
the hazards associated with unintended hydrogen release or DDT in a pipe is through the
use of inhibitors and adding to hydrocarbon fuels that are discussed in sections 2.4.1.1

and 2.4.1.2.

2.4.1.1. Hydrogen Enrichment

Extensive reports in the literature on the development of partial or total replacement of
hydrocarbon fuels with hydrogen in power plants and vehicle engines have given
increasing impact on awareness of environmental pollution and the declining supply of
fossil fuels (Das, 1996; lkegami et al., 1982; Jamal & Wyszynski, 1994; Verhelst &
Wallner, 2009; Vu et al., 2011a). However, the benefits of using hydrogen as a source of
fuel seem to be limited due to some difficulties, particularly on storage issues. These
difficulties are relating to its low density (0.08 kg/m? at 300 °K and 1 atm), wider range
of flammability limits (from 4 to 75%), higher laminar flame velocity (2.3 m/s at normal
conditions) and very low ignition energy (0.02 mJ) (Frolov et al., 2013) and this drawback
properties would make hydrogen becoming a second alternative compared to
hydrocarbons. From previous studies, hydrocarbon-hydrogen fuel mixtures would be the
best substitution to overcome these drawbacks (local flame extinction, combustion
instabilities, lower power output, etc.), as the blending would synergistically resolve the

problems associated with the combustion of hydrogen and fossil fuels combustion
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(Briones et al., 2008), both stationary and mobile systems (Cammarota et al., 2009;

Ernesto Salzano et al., 2012; Tahtouh et al., 2009).

The fundamental and practical aspects of the usage of hydrogen-hydrocarbon mixtures in
both transportation and power generation (in terms of their mechanical and chemical
properties) in different systems, such as engines (Hu et al., 2009d; Kahraman et al., 2009;
Mohammed et al., 2011; Nguyen & Mikami, 2013; Ozcan, 2010; Shirk et al., 2008; Wang
et al., 2008a;), burners (Boushaki et al., 2012; Choi & Chung, 2012; de Ferrieres et al.,
2008; Mardani & Tabejamaat, 2010; Sepman et al., 2011; Zhen et al., 2012a,),
combustion bombs (; Di Sarli et al., 2012; Di Sarlia et al., 2013; Hu et al., 2009c; Miao
et al., 2008; Tinaut et al., 2011), vessels (Azatyan et al., 2005; Cammarota et al., 2009;
Cammarota et al., 2010; Di Benedetto et al., 2009; Emami et al., 2013; Ernesto Salzano
et al., 2012; Tang et al., 2008) and chambers (Aggarwal et al., 2011; Dinkelacker et al.,
2011; Hu et al., 2009b; Miao et al., 2011;; Tahtouh et al., 2011;; Vu et al., 2011a), have
been broadly investigated. The parameters affecting hydrogen-hydrocarbon mixtures
have been studied, including flame configurations, e.g., laminar premixed (F. Halter et
al., 2005; Yu et al., 1986), non-premixed (Guo & Neill, 2009) and partially premixed
flames (Briones et al., 2008; Sayangdev Naha & Aggarwal, 2004), as well as burner-
stabilized (Choudhuri & Gollahalli, 2003; Halter et al., 2007) and swirl-stabilized

turbulent flames (Kim et al., 2009; Schefer et al., 2002; Strakey et al., 2007).

As far as authors’ concern, literature studies have focused on the effect of the addition of
hydrogen to: (a) chemical characteristics (kinetics (Hu et al., 2009b; Masri et al., 1992;
S. Refael & E. Sher, 1989), flame stability (Hu et al., 2009c; Lafay et al., 2008; Miao et
al., 2008; Tuncer et al., 2009; Vu et al., 2011b), NOx (Bauer & Forest, 2001; Guo et al.,
2005b; Hawkes & Chen, 2004; Hu et al., 2009¢; Miao et al., 2009; Mohammed et al.,
2011; Sayangdev Naha & Aggarwal, 2004; S. Naha et al., 2005; Tinaut et al., 2011;

Tuncer et al., 2009), CO (Bauer & Forest, 2001; Burbano et al., 2008; de Ferrieres et al.,
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2008; Tinaut et al., 2011; Zhen et al., 2012b) and CO2 emissions (Bauer & Forest, 2001;
de Ferrieres et al., 2008; Mardani & Tabejamaat, 2010; Miao et al., 2009; Mohammed et
al., 2011; Shih, 2009), Markstein length (Briones et al., 2008; Hu et al., 2009b; Hu et al.,
2009c; Huang et al., 2006;; Miao et al., 2008, 2009; Tahtouh et al., 2011; Tang et al.,
2008; Vuetal., 2011a), kernel development (Dunstan & Jenkins, 2009)), and (b) physical
characteristics (flame shape and structure (Di Sarli & Di Benedetto, 2013; Di Sarli et
al., 2012), flammability limits (Guo et al., 2005b; Miao et al., 2011), laminar (Azatyan et
al., 2010; Boushaki et al., 2012; F Cammarota et al., 2010; Coppens et al., 2007; Di Sarlia
& Di Benedettob, 2013; Halter et al., 2007; Hu et al., 2009b; Huang et al., 2006; llbas et
al., 2006; Law & Kwon, 2004; Li et al., 2012; Miao et al., 2008, 2009; Salzano et al.,
2012; Tahtouh et al., 2009; Tang et al., 2008; Vu et al., 2011a; Yu et al., 1986) and
turbulent (Cammarota et al., 2009; Dinkelacker et al., 2011; Hawkes & Chen, 2004,
Mandilas et al., 2007; Shy et al., 2008) burning velocities, flame propagation
characteristics including flame speed (Boushaki et al., 2012; Conte & Boulouchos, 2006;
Emami et al., 2013; Guo & Neill, 2009; Hu et al., 2009c; Li etal., 2012; Miao et al., 2009;
Tang et al., 2008; Tuncer et al., 2009), auto-ignition (Choi & Chung, 2012; Frolov et al.,
2013) maximum overpressure (Azatyan et al., 2005; Cammarota et al., 2010; Di
Benedetto et al., 2009; Emami et al., 2013; Li et al., 2012; Mohammed et al., 2011,
Salzano et al., 2012; Tinaut et al., 2011; Tuncer et al., 2009), maximum rate of pressure
increase (Azatyan et al., 2005; Cammarota et al., 2009; Emami et al., 2013; Salzano et
al., 2012), flame temperature (Boushaki et al., 2012; A. Di Benedetto et al., 2009; Guo &
Neill, 2009; Hawkes & Chen, 2004; Hu et al., 2009e; Li et al., 2012; Tuncer et al., 2009;
Zhen et al., 2012b), resistance to strain-induced extinction (Halter et al., 2005; Halter et
al., 2007; Ren et al., 2001; Schefer et al., 2002), flashback (Briones et al., 2008; Tuncer
et al., 2009), small-scale flame-front wrinkling (Conte & Boulouchos, 2006; Di Sarli et

al., 2012; Halter et al., 2007; Hawkes & Chen, 2004; Vu et al., 2011b), lean blowout limits

29



(Schefer et al., 2002; Schefer, 2003; Strakey et al., 2007; Tuncer et al., 2009) and length
(Burbano et al., 2008; Choi & Chung, 2012; Dinkelacker et al., 2011; Hawkes & Chen,

2004; Zhen et al., 2012a) of flames).

Moreover, for the diffusion of combustion, hydrogen-enrichments can suppress the
formation of soot particles (Gulder et al., 1996; Guo et al., 2007) and reduce ignition
delay (Aggarwal et al., 2011; Choi & Chung, 2012; Frolov et al., 2013; Ju & Niioka,

1994).

Tuncer et al. (2009) showed that hydrogen-enrichment allows the combustion to be
sustained at a much leaner equivalence ratio than those possible with methane. The kinetic
analyses show that the addition of Hz to natural gas mainly benefits the methane and
ethane oxidation sequence initiated by H-abstraction by H, OH and O (de Ferrieres et al.,

2008; R. Schefer et al., 2002):

CH, +OH —CH, +H,0 2.1)
CH,+0 — CH, +OH (2.2)
CH,+H - CH,+H, (2.3)

The supplementary kinetic mechanism shown below provides evidence on why the
addition of more hydrogen to methane would lead to higher levels of OH, CH3z0 and HCO

in the mixtures (Hu et al., 2009b):

HO, +CO <> HCO +0, (2.4)
H+CO+H,0 < HCO+H,0 (2.5)
HO, +CH, <> OH +CH,0 (2.6)
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H+0, <>0+0H 2.7)

As a consequence, the reaction rate, the mixture-ignitability and the rate of heat release
(Mardani & Tabejamaat, 2010) as well as the burning rate (Hu et al., 2009b) would
increase significantly. These large positive sensitivities were promoted by the

development of the following reactions (Hu et al., 2009b):

H+0O, < O+O0OH (2.8)
OH+CH,; <> CH,(S)+H,0 (2.9
OH +CO & H +CO, (2.10)
HO, +CH, «<>OH+CH,0O (2.11)
HCO+H, 0« H+CO+H,O (2.12)

Lafay et al. (2008) also showed that the following reactions have a crucial effect on the

increased heat release rate from CHas+H2 flames:

O+CH, <>H+CH,0, (10%) (2.13)
O+CH, <> H+H, +CO, (9.0%) (2.14)
H +CH, (+M) <>CH, (+M), (8.5%) (2.15)
OH +H, & H+H,0, (8.5%) (2.16)
HCO +0, «+ HO, +CO, (6.0%) (2.17)
OH +CO < H +CO,, (5.7%) (2.18)
OH +CH, <> CH, +H,0, (5.3%) (2.19)
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The links between major heat release rate reactions and the reaction (2.8) showed that this
particular reaction plays a significant role on the global increase of the heat release rate
and temperature gradient. Moreover, the reaction (2.20) increases the mixture reactivity
and heat release rate at lower temperatures, and this causes higher OH concentrations in
early flame development (Dagaut & Nicolle, 2005; Lafay et al., 2008). In other words, by
adding Hz, the OH production in this flame zone is mainly due to reaction chain of (2.20)
(36%), whereas the influence of (2.8) reaction is only 24% based on report by Lafay et

al. (2008).

H + HO, <> 20H (2.20)

However, the following reactions have negative sensitivities due to the reduction of active

radicals during the combustion process (Hu et al., 2009b):

H+0,+H,0«< HO,+H,O (2.21)
H+CH, +(M) < CH, +(M) (2.22)
HCO +0, < HO, +CO (2.23)

In the literature, numerous reports show that NOx formation would be almost double if
hydrogen were added to hydrocarbon mixtures (Bauer & Forest, 2001; Das, 1996; Guo &
Neill, 2009; Guo et al., 2007; Guo et al., 2005b; Hawkes & Chen, 2004; Hu et al., 2009¢;
Jackson et al., 2003; Miao et al., 2009; Mohammed et al., 2011; Sayangdev Naha &
Aggarwal, 2004; S. Naha et al., 2005; Ren et al., 2001; Sankaran & Im, 2006; Tinaut et
al., 2011; Tuncer et al., 2009; Zhen et al., 2012a, 2012b). Tuncer et al. (2009) in their
work have explained how hydrogen-enrichment allows the combustion to become more
sustainable at the linear equivalence ratios than those with methane (Tuncer et al., 2009).
The NO formation is influenced by the CH mole fraction, and the addition of Hz to

methane, propane and ethane mixtures led to a dramatic decrease in NO formation for an
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atmospheric pressure-stabilized burner (Hawkes & Chen, 2004; Sepman et al., 2011).
However, some works have reported that there is an increase in NOx formation in
CHa+Ho/air mixtures with lower concentrations of Hz (0-35 % v/v), and this phenomenon
is similar to methane/air flames in a flat burner (Guo & Neill, 2009). Guo and Neill (2009)
have shown that this observation is in good agreement with numerical analysis. They
indicated that lower concentrations of hydrogen in methane/air mixture lead to an increase
in NO formation at moderate or higher strain rates. Work by Coppens et al. ( 2007)
supported the hypothesis made, indicating that the Zeldovich thermal-NO mechanism
and enriched mixtures are the reason for higher NOx formation in stoichiometric
mixtures, in a circa of 1.3-1.4 due to the Fenimore prompt—-NO mechanism (Coppens et
al., 2007). A kinetic analysis done by Guo et al. (2005a) showed that N2O and NNH are
the two main routes on the NO formation in pure CHa/air. By adding hydrogen into pure
CHoa/air mixture, the contribution of the NNH intermediate route significantly increases,
while the other route showed only minimal change, except for the mixtures with $<0.47
at lower hydrogen fraction. At equivalence ratio of 0.47, the contribution of the N20O
intermediate route rises much faster than another route when the hydrogen fraction is 0.2.
A sensitivity analysis on CHs-Hz/air mixture with ultra-lean counter flow (Guo et al.,

2005a) indicates that the two most significant initiation reactions of the NNH intermediate

route are:

N, + H < NHH (2.31)
NHH+M <> N, +H +M (2.32)
and the most important NNH destruction reaction is:

NNH +0, <> HO, + N, (2.33)

Mainly, NO2 formation reaction in CHas-Hz/air mixture is:
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HO, + NO <> NO, + OH (2.34)

Since the activation energy of this particular reaction is negative, the rate of NO2
formation is very slow yet, the contribution of these radical reactions cause higher NO
formation and flame temperature, simultaneously (Guo et al., 2005a). At other
perspectives, an experimental study carried out by Ng and Gan (2010) suggested the
potential use of palm oil biodiesels in small-scale liquid fuel burners. Their investigation
showed that the optimum combustion in a non-pressurized burner system at an
equivalence ratios ranging between 0.75 and 0.85 of the biodiesel-diesel blends is either
too rich or lean to endure a complete combustion consequently, the level of NO was the

highest as temperature became elevated from the overall stoichiometric combustion.

From this work, it was also found that the recombination of H and C2Hs molecule
structures caused vigorous reinforcement of the ethane sequence and the richness of H
atoms in natural gas-hydrogen mixtures. This reinforcement would implicitly convert
fewer radicals into ethylene via the thermal decomposition reaction, which is
unfavourable to the Cs sequence (de Ferriéres et al., 2008). To support the argument,
Sepman et al. (Sepman et al., 2011) have done series of experiments involving
H2+CHa/air, H2+C2He/air and H2+CsHs/air flames. A realistic agreement is successfully
obtained between the experimental and quick loading (QL) mechanism calculations’
profiles on NO and temperature in Hz2+CHoa/air, H2+C2He/air and Hz+CsHs/air flames

(Sepman et al., 2011).

Basically, it can be said that the reactions with a positive sensitivity rate affect not only
the thermodynamic parameters but also the dynamic properties of flame propagation in
hydrogen-hydrocarbon fuel mixtures. For example, in Hz-air system, the addition of a
hydrocarbon, like propane, at an appropriate concentration (¢=0.8) can suppress the

instability of Hz-air flames by reducing the laminar burning velocities of the fuel. When
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the mixture is ignited, it tends to form a spontaneous cell on expanding low concentration
of Hz spherical flames; in a consequence, retarding the intensity of the flames (Tang et
al., 2008). The kinetic analysis of propane shows that if the pre-exponent coefficient is
lower at high pressure, the following reactions have an insignificant effect on the burning

velocity, leading to the consumption of the free H radicals (Refael & Sher, 1989):

CH;+H+M —>C,H,+M (2.24)
C,H,+H+M ->C,H, +M (2.25)
CO+H+M - HCO+M (2.26)
OH+H+M - H,0+M (2.27)
O,+H+M —> HO,+M (2.28)

Furthermore, there are no apparent changes in the reaction in co-flow air, though some
reactions are reported at the fuel reaction zone when hydrogen is added, implying the
dominance of H radicals over OH radicals in the system. Accordingly, the last sequence
implies that the H-abstraction is mainly conducted by OH radicals as presented in reaction
(2.29), although H-abstraction by H atoms will dominate when hydrogen is added (de
Ferriéres et al., 2008). This favourable interaction of H atoms in the chemical reaction of
CO conversion to CO:2 indicates that the CO level increases with co-flow oxygen
enrichment, a finding which has been said to be an unforeseen observation (Burbano et
al., 2008; de Ferriéres et al., 2008; Mardani & Tabejamaat, 2010). It should be noted that
the reaction (2.30) is temperature sensitive. On this basis, the contrary observation of CO
and COz2 can be assumed based on the measurement of the temperature (de Ferrieres et
al., 2008). It is also shown that the higher concentration of hydrogen in methane (Burbano
et al., 2008; Zhen et al., 2012a) and LPG (Zhen et al., 2012a, 2012b) would considerably

decrease the air-free CO emissions. The addition of hydrogen dramatically affects the
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concentration of OH radicals by raising and promoting CO oxidation to CO2 sequences,
as shown in the kinetic reaction above (Burbano et al., 2008; Hawkes & Chen, 2004; ilbas

et al., 2005; Schefer, 2003).

CH, +OH —CH, +H,0 (2.29)

CO +OH — CO, +H (2.30)

In order to safely use hydrogen-hydrocarbon mixtures, knowledge of the explosion hazard
of these fuels is vital. Experimental investigations into the laminar flame characteristics
of hydrogen-hydrocarbons/air flames which have been validated by numerical analyses
have disclosed a number of key changes that take place with the addition of Hz, namely:
extended flammability limits (a lower lean limit and a higher stretch extinction limit)
(Miao et al., 2011), a reduced laminar flame thickness, a higher adiabatic flame
temperature, a reduced stretch response (a lower Markstein number), increased laminar
flame speed (with a greater increase at lower equivalence ratios) (Dunstan & Jenkins,
2009), improved combustion stability (Schefer, 2003) and reduced pollutant emissions
(Sankaran & Im, 2006). Investigations into combustion bombs also emphasize the
potential effectiveness of adding hydrogen to hydrocarbon fuels in relation to laminar
burning velocity (Hu et al., 2009c; Miao et al., 2008, 2009; Tinaut et al., 2011), flame
speed (Miao et al., 2008), CO2 (Miao et al., 2008), CO (Tinaut et al., 2011) and NOx
(Tinaut et al., 2011) emissions, flame stability (Hu et al., 2009c; Lafay et al., 2008; Miao
et al., 2009) and flame shape, and vortex (Di Sarli & Di Benedetto, 2013; Di Sarli et al.,
2012; Di Sarlia & Di Benedettob, 2013) at different initial conditions. Experimental
results demonstrate that the mole fraction, equivalence ratio, initial pressure (Miao et al.,
2008) and initial temperature (Hu et al., 2009c) unify the effects of hydrogen-enriched

NG on the mentioned parameters (Miao et al., 2008) as well as the optimum ignition
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timing (Tinaut et al., 2011). The results indicate that an increase of initial pressure could
be either favourable or unfavourable to the flame propagation. In other words, a higher
initial pressure reduces the concentration of H and OH radicals, as a result of which the
flame speed tends to decrease. On the other hand, with the growth of initial pressure, the
temperature of the reaction zone and the flame speed will be enhanced (Miao et al., 2008).
The flammability limits of hydrogen-enriched natural gas and hydrogen-methane in both
lean limit and rich limit mixtures show that the upper flammability limit increases with
the escalation of the hydrogen fraction. It can be said that while a higher hydrogen fraction
has an insignificant effect on the lower flammability limit, the upper flammability limit is
governed with the addition of more hydrogen in both mixtures. It indicates that the upper
flammability limit can be applied for hydrogen-enriched natural gas for hydrogen
fractions at the same value since their flammability data are closer to each other.
Moreover, the ignition source and experimental setup have a significant effect on the
lower flammability limit results while the upper flammability limit results tend to agree
with each other (Miao et al., 2011). The addition of Hz also extends the flammability
limits associated with CHa—air triple flames by the improving interactions between the
reaction zones (Briones et al., 2008). No more experimental data are available for the
flammability limits of other enriched hydrocarbon-hydrogen mixtures. Similarly, there is
no discussion of whether the same phenomena occur in other mixtures, especially those

containing reformer gases, such as N2, Ar, CO and CO:a.

Moreover, Fotache et al. (1997) investigated the ignition characteristics of hydrogen-
enriched methane flames at various pressures and identified three ignition limits:
(i)hydrogen-assisted ignition, (ii)transition, and (iii)hydrogen-dominated ignition. The
auto-ignited lifted flames of methane-hydrogen mixture fuels in laminar jets were
investigated experimentally in heated co-flow air. By adding a small amount of hydrogen

to methane, the lift-off height of the auto-ignited lifted flames increases with the jet’s
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velocity under a high temperature hydrogen-assisted auto-ignition regime (Choi &
Chung, 2012). However, a higher hydrogen fuel fraction is required to auto-ignite the
flame under the temperature regime. The addition of hydrogen to hydrocarbon/air plays
the role of a self-ignition inhibitor at temperatures lower than 1050 °K. This is mainly
caused by the formation of fewer active species, like HO radicals, which in turn hinder
the chain-branching processes (Frolov et al., 2013). Moreover, even by adding hydrogen
and maintaining the condition of mild combustion, the critical auto-ignition with tri-
brachial flames still contains the linear relation between the flow time and the square of

the adiabatic ignition delay time (Choi & Chung, 2012).

2.4.1.2. Effectiveness of Inhibitors on Hydrogen Flame Acceleration

From the previous studies, the investigations are more focused on the discussions that the
presence of inhibitors in hydrocarbon and hydrogen fuels affect the laminar flame
propagation velocity, laminar combustion velocity, Markstein length, flame stability and
the maximum combustion pressure (Kwon & Faeth, 2001; Zeng et al., 2014).
Nevertheless, these investigations analyse different aspects and there are still a lot of open
guestions due to various assumptions, different fuel-inhibitors concentrations, tube/vessel
system application and different condition boundaries on responding to the inhibitors
effects. For example, Qiao et al. (2005) look for the flame stretching effects on the laminar
burning velocities of H2-O2-diluent (N2, Ar or He) in a small scale system (a spherical
windowed chamber). They reported that these flames were very sensitive to flame
stretching, exhibit the ratio of unstretched-to-stretched laminar burning velocities in the
range of 0.6 to 3.0, with corresponding Markstein numbers ranging between +3-7. They
also indicated that diluents, i.e., N2, Ar, and He, tend to have a significant effect on the
preferential-diffusion/stretch interactions due to their dynamic and kinetic characteristics

I.e. argon and helium have a higher laminar burning velocity ratios, compared to nitrogen
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based on their higher flame temperatures and transport rates (Qiao et al., 2005). Further,
a study on the flame propagation of H2-O2-Nz using an International Thermonuclear
Experimental Reactor (ITER) showed that both the overpressure and laminar flame speed
increased as the initial pressure and temperature increased. It also showed that this
condition was more preferable on a higher nitrogen concentration (Sabard et al., 2013).
Different view was given by Di Benedetto et al. (2009) on the effectiveness of CO2 on
the H2-O2-N2-CO2 mixtures. They suggested that the burning velocity of the fuel-
inhibitors mixtures is mainly due to their kinetic mechanism as the rapid reaction of O,
H, CO, HCO, OH, HO2 and COz, gives a negligible effect on the transport rate. However,
the explosion behaviour of a stoichiometric Hz-O2-N2-CO2 mixture at NTP (normal
temperature and pressure) condition showed a significant stability on the flame and
apparently, no ignition if CO2 presence is higher than 40%. It could be depicted that the
explosion was mainly affected by the CO2 and Oz concentration (Di Benedetto et al.,
2009). On the other hand, investigations also show that adding N2 to both methane-
hydrogen and iso-octane-hydrogen mixtures (Tahtouh et al., 2011; Tahtouh et al., 2009),
as well as adding CO to methane-hydrogen (Masri et al., 1992; Vu et al., 2011a) and
propane-hydrogen mixtures (Vu et al., 2011a), significantly reduced the rate of the
laminar burning velocity for every hydrogen mole fraction due to the enhancement of the
flame inheritor groups; increase in H: fractions, the carbon fraction declined in the
methane-hydrogen blends and the combustion temperature increased. Moreover, CO2 had
a significant radiation and dilution effect on the quenching and blow-off limits, as
reported by Shih (2009). Yet, the effectiveness of all of these inhibitor gases on Markstein
numbers were insignificant, due to their virtually similar dynamic properties (Di
Benedetto et al., 2009; Kwon & Faeth, 2001; Qiao et al., 2005). Despite such extensive

studies, discussion on the influence of the inhibitors concerning explosion in the pipe is
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still crucial particularly on the unsteady propagation of flames under branched pipe

conditions.

2.4.2. Effectiveness of Pipe Configuration on Flame Acceleration

As mentioned earlier, studies on flame propagation and explosion mechanisms in pipes
have been widely discussed (Blanchard et al., 2010; Chatrathi et al., 2001; Emami et al.,
2013; Jianliang et al., 2005; Oh et al., 2001; Phylaktou et al., 1993; Thomas et al., 2010),
but most of these focused on specific applications (i.e., bending or straight pipes). For
this reason, holistic studies should be performed on flame propagation in different pipe
configurations, considering the complicated problems involved in the interaction between

fluid dynamics, heat transfer and turbulent combustion.

2.4.2.1. Flame Acceleration in Straight Pipes

Razus et al. (2006) studied the explosion pressures of hydrocarbon-air mixtures in closed
vessels. They showed that the initial pressure, fuel concentration and heat losses have a
significant effect on the maximum overpressure during flame propagation. Gu et al.
(2000), and Liao et al. (2004), investigated the flame instability and ratio of the laminar
burning velocity of methane-air and natural gas-air mixtures at different equivalence
ratios. Liu et al. (2015) studied flame propagation and explosion development in propane-
air mixtures, in a 1.16 m? vessel with central ignition, to evaluate the burning velocity of
the fuel by considering the history of flame-front trajectory and pressure in the vessel.
From their work, flame instability was observed at the equivalence ratio of 1.2 and above,
suggesting that the flame instability is due to the effect of thermal-diffusion instability
and hydrodynamic instability. Rich mixtures are known to be more susceptible to

developing surface instabilities (flame cellularity), which can lead to higher burning rates
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and hence higher flame speeds. This in turn could result in a more severe explosion than
might otherwise be expected (on the basis of its laminar burning velocity alone). In
addition, the values of flame speed and maximum overpressure are enhanced by
increasing the concentration of methane in the mixture in a horizontal pipe (Zhu et al.,
2010). Another study on a straight pipe with a 60 L/D (length/diameter) showed that the
pressure and velocity waves accelerate with the increasing reaction rate of methane-air

(Zhu et al., 2015).

On the other hand, Xiao et al. (2011) have carried out an experimental study on half-
open and closed horizontal ducts, and found that premixed hydrogen-air mixtures undergo
different phases of flame shapes, indicating pronounced characteristics compared to other
gaseous fuels. Research on the estimation of shock waves in hydrogen-oxygen mixtures
in a 12-metre diameter volume has also shown that wave intensification from a small
[initial] amount of energy could create secondary combustion explosion centres, whose
parameters exceed the values predicted by the Chapman-Jouguet condition (Petukhov et
al., 2009). This contradicts the normal assumption that detonation is stimulated by a
significant power effect. However, experimental researchers report a number of common
findings, including the fact that when an explosion uses hydrogen fuels, DDT has the
potential to be achieved at a magnitude of greater severity, compared to hydrocarbon fuels

(Heidari & Wen, 2014; Thomas et al., 2010).

2.4.2.2. Flame Acceleration in 90 degree Pipes

Little research has been carried out on explosions through pipe bends as well as round
pipes, a complicated problem involving the interaction between fluid dynamics, heat
transfer and (turbulent) combustion. An investigation by Qing et al. (2009) showed that

the bend curvature, duct diameter and the duct end condition (open or closed) has
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significant effect on the propagation characteristics. Moreover, Blanchard et al. (2010;
2011) showed that at a moderately short distance from the ignition point in a long tube
had the ability to increase flame speeds and overpressures, and shorten the run-up distance
to DDT in 90 degree pipe. Observations of the flame front when travelling through a
rectangular 90 degree bend were made by Zhou et al. (2006), who showed that after
initially propagating as a flat flame the flame front takes on a tulip
configuration. Investigation on flame acceleration of propane/air mixture also showed
that both the flame tip speed and pressure dynamics are in close connection with the flame
front evolution in 90 degree pipe. As presented, the flame propagates exponentially in the
early stages, and decelerate quickly after touching the sidewalls (Xiao et al., 2014). It was
also shown that amount of mole fraction has significant effect on dynamic of flame
propagation in terms of flame speed, maximum overpressure and rate of pressure rise in
this configuration (Emami et al., 2013). Emami et al. (2013) study on the flame
acceleration of methane-hydrogen/air for an ambient initial pressure and temperature in a
90-degree pipeline showed that hydrogen at a concentration below 10% in methane-
hydrogen/air mixtures would dramatically affect the maximum overpressure, rate of
pressure increase and flame speed due to the energy release and chaotic combination of

mixture reactivity.

Numerical simulation and experimental study on flame propagation in a duct with a 90
curved section also showed good agreement for the basic physical phenomena, such as,
the tulip flame, flame shedding, pressure evolution trends, flame propagation speed trends
and vortex development in the bend (Emami et al., 2013; Zhou et al., 2006). As shown,
the unburned mixture flow development in the bend was marked by an imbedded transient
secondary flow in a form of two or more stream wise vortices (Zhou et al., 2006).
Moreover, the representative results from propane/air explosions utilizing the straight

pipe configuration, 90 degree bend and a 20% BR baffle at 2 m from the ignition source
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also showed that the utilized maximum overpressures and rates of pressure rise in baffle
and bend were slightly higher compared to the straight configuration due to the higher

flame speeds (Figure 2.9) (Blanchard et al., 2010).
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Figure 2. 9 Flame speeds for propane-air explosions (Blanchard et al., 2010)

Explosions in pipes and ducts, flame acceleration and the transition from deflagration to
detonation are well researched subjects (Ciccarelli & Dorofeev, 2008). However, research
in this area tends to concentrate on the effects of baffle type obstacles or items in the path
of the flow (lbrahim & Masri, 2001). Tube bends, for example, are obstacles used
extensively in industrial applications, however little is known about their effects on flame
acceleration, overpressure enhancement and their contribution to DDT therefore a
complicated problem involving the interaction between fluid dynamics, heat transfer and
(turbulent) combustion. Phylaktou, et al. (1993) showed that with a short tube, a 90 degree
bend can enhance to both the flame speed and the overpressure for methane-air

explosions compared to similar experiments carried out in straight pipes. The flame speed
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in these experiments was enhanced by a factor of approximately five and was equated to
the effects of a baffle with a blockage ratio of 20% at the same position. Observations of
the flame front when travelling through a rectangular 90 degree bend were made by Zhou
et al. (2006), who showed that after initially propagating as a flat flame the flame front
takes on the tulip configuration (Clanet & Searby, 1996a). As the flame reached the bend,
the upper tongue (the one propagating towards the outside of the bend) of the tulip slowed
down, Whereas the lower tongue the one propagating towards the inside of the bend began
propagating more quickly around the inside of the bend, an effect named “*flame
shedding’’ by the authors. 3-D particle modeling of the flow around the bend showed that
large vortexes were created just downstream of the inside wall of the bend while flow
followed a more streamlined pattern around the outside of the bend. Lohrer et al. (2008)
demonstrated that a bend induced a significant increase in turbulence over the first 30%
of the inner diameter of the pipe immediately after the bend whereas only a relatively
small amount of turbulence regime was induced around the outer side (Blanchard et al.,

2010).

2.4.2.3. Explosions in Other Systems

Investigation on enriched hydrogen mixtures in chambers showed that the chamber
volume has no significant effect on the burning velocity, opposite to initial pressure and
hydrogen concentration (Figure 2.10). It illustrates that a less stable flame will occur at a
higher initial pressure and hydrogen fraction for relatively lean conditions (Miao et al.,
2008). Moreover, for a fixed initial pressure, the laminar burning velocity is increased
with the increase in the hydrogen fraction (Cammarota et al., 2009; Cammarota et al.,
2010; Hu et al., 2009b; Salzano et al., 2012; Tahtouh et al., 2011; Tahtouh et al., 2009;
Tang et al., 2008; Vu et al., 2011a) in all mixtures. One study also suggests an empirical

correlation to estimate the laminar burning velocity of CHs—H2—Nz2/air mixtures for all
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hydrogen mole fractions under stoichiometric conditions, at 1 bar pressure and ambient

temperature, for vast dilution levels (0 < B < 0.35) (Tahtouh et al., 2009).

Several findings also show the modification of the triple flame structure (Briones et al.,
2008) and flame dynamics (Azatyan et al., 2005; Briones et al., 2008; Cammarota et al.,
2009; Cammarota et al., 2010; Di Benedetto et al., 2009; Emami et al., 2013) of methane
by Hz enrichment and transition phenomenon of laminar burning velocity into turbulent
burning velocity (Ciccarelli & Dorofeev, 2008), yet only fair discussion is offered.
Adding hydrogen to methane increases the flame curvature, the mixture fraction gradient
near the triple point, and the total stretch (Briones et al., 2008). It can be said that a higher
value of the H2 mole fraction (Azatyan et al., 2005; Cammarota et al., 2010; Emami et
al., 2013; Salzano et al., 2012), a higher initial pressure (Cammarota et al., 2009;
Cammarota et al., 2010; Salzano et al., 2012) and greater flame turbulence (Cammarota
et al., 2009) also increase the maximum pressure and maximum rate of pressure-increase
in confined systems. The combined effects of initial pressure and turbulence on the
maximum pressure rate of the pressure increase and burning velocity are insignificant for
methane-hydrogen at lower concentrations of Hz (lower than 10%), since the fuel has a
negligible effect on the flame reactivity (Cammarota et al., 2009). For any initial pressure,
the effect of hydrogen-substitution to methane is dramatic in relation to both the
maximum rate of pressure increase and the laminar burning velocity for hydrogen molar
fractions higher than 50% (Cammarota et al., 2010; Salzano et al., 2012). The inhibitor
gases if added into hydrogen-hydrocarbon fuel mixtures would significantly decrease the
burning velocity values as shown in Figure 2.10 b and c. For instance, the presence of N2
and CO in CHas-Hz and C3sHs-H2 mixtures in constant initial pressure declines the burning
velocity up to two times at the same equivalence ratio. It is understood that the initial
conditions have a significant effect on the hydrogen-enrichment mixtures, though it

requires further investigation of the dynamic and chemical analysis of the explosive
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behaviour of hydrogen-hydrocarbon mixtures. However, researchers have not yet paid
attention (whether experimentally or numerically) to the dynamic properties in question,
especially to the flame propagation of hydrogen-hydrocarbon mixtures in other types of

junctions, which is an important safety issue for future fuel transmission and distribution.
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2.4.3. Effectiveness of Ignition Source on Flame Acceleration of Fuels

The point at which ignition takes place is an important factor during the initial stages of
combustion (Phylaktou & Andrews, 1991), especially in closed vessels (Inaba et al.,
2004; Kindracki et al., 2007; Qingwu et al., 2013). When the ignition source is further
from a sealing flange or vessel wall, the flame will have a longer period to spherically

propagate, leading to initially higher overall flame speed and rate of pressure rise.

Cho et al.(2007) reviewed the effectiveness of the spark ignition on some indexes such as
emissions, combustion efficiency, and strategies to get stable combustion of the natural
gas in engines. As shown in Figure 2.11, the central ignition causes higher maximum
pressure due to a shorter time of the heat exchange between hot combustion products and
cold vessel walls. Moreover, the presence of obstacles in vessels cause higher pressure
and rate of pressure rise due to shorter time of combustion process. A comparison study
between interconnected closed vessels and an isolated close vessel of the same size also
showed that ignition position affects on the peak pressure and the rate of pressure rise in
the interconnected vessels. In overall, the results indicate that explosion in interconnected
vessels presents strongly destructive power to secondary vessel, especially transmission

from big vessel to the small one (Zhang et al., 2013).
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Figure 2. 11 Maximum rate of the pressure rise of methane—air mixture in cylindrical
vessel, a)without obstacle and b)with obstacle for various ignition positions (Kindracki

et al., 2007)

Blanchard et al. (2011) also shows that ignition position has a significant effect
on DDT development of hydrogen/air mixture. For instance, the shortest run-up distance
to DDT relative to the end of the pipe was recorded when the ignition source was placed

4.4 pipe diameters or 0.7 m from the pipe end (Figure 2.12).
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49



However, Willacy et al. (2007) showed that effectiveness of ignition position on flame
acceleration of propane/air mixture compared to initial concentration is negligible in a
duct vented vessel. But, the results showed that the severity of the system is higher if the
ignition position was allocated at end point compared to central ignition point. Moreover,
another study showed that the minimum required ignition energy by using laser sparks as
an ignition source are reliably larger than electrical sparks for propane/air mixtures at 1
atm and lower pressures (Eckhoff et al., 2010; Lee et al., 2001). It is due to the different
electromagnetic and thermal conditions that exist within and near the spark plasmas (Lee

etal., 2001).

Spark duration is another issue in methane explosion in closed vessels that investigated
by Zhang et al. (2012). They illustrated that for the weaker ignition, the spark durations
in the range from 6.5 ps to 40.6 ps had insignificant effect on explosion parameters of
methane/air mixtures in the 5 L or 20 L vessels while the vessel volumes had a significant
impact on the flame temperatures near the vessel wall in the same ignition and the volume

fractions of methane/air.

2.5. Flame Instabilities

2.5.2. Hydrodynamic Instabilities

The results on stability envelopes in micro-scale combustion showed that propane/air
flames could be stabilized in narrow channels by applying specific conditions for common
ceramics such as alumina and silica. As known, the wall material thermal conductivity
acting a conflicting role in flame stability. Regarding to material lifetimes, the wall
temperature gradients and hotspots are declined by higher wall thermal conductivities. It
was also shown that thicker walls cause further upstream heat propagation and faster

flows before blowout which give this opportunity to use less conductive materials (Norton
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& Vlachos, 2004). However, another study showed that heat recirculation has
insignificant effect on flame stability of propane/air mixture in the extinction mode. It
makes the internal channel warmer while it increases the heat loss (Federici & Vlachos,

2008).

The determination of burning velocity is another important issue that should be
considered for hazardous waste explosion. Consequently, Huzayyin et al.(2008) and
Razus et al. (2010b) determined laminar burning velocity of propane/air mixture at NPT
condition in different systems. The normal burning velocities at NTP condition versus the
equivalence ratio present a good agreement in published data, especially when inherent
differences between the accuracies of different methods are considered (Figure 2.13).
Moreover, an investigation on effect of the burning velocity behaviour on blast wave
intensity of propane/air mixture showed that the enhancement of the blast wave intensity
is due to the burning velocity increasing and the acceleration ratio (Kim et al., 2014). It
was also found that the explosion times at constant initial pressure decrease by increasing
of the preheating temperature in all propane/air concentrations (Razus et al., 2010a). It
also showed that propane/air mixtures at higher equivalence ratios (1.2-1.4) will be

exploded in shorter time (Razus et al., 2010a).
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Moreover, Razus et al. (2006) and Tang et al. (2014) studied explosion pressures of
hydrocarbon-air mixtures in closed vessels. They showed that initial pressure, fuel
concentration and heat losses have significant effects on the maximum overpressure
during flame propagation. Hu et al. (2009a) also showed that with the increase of
equivalence ratio of hydrogen in air, laminar burning velocity increases in the case of
fuel-lean mixture combustion and decreases in the case of fuel-rich mixture combustion.
Laminar burning velocity increases with the increase of initial temperature initial
pressure. Investigation on other systems also showed same phenomenon (Bauwens et al.,

2012; Dahoe, 2005).

Sabia et al. ( 2014) also analyzed the auto-ignition of propane mixtures under a moderate
or intense low-oxygen dilution (MILD) by varying the mixture composition from, fuel-

lean to fuel-rich conditions, and the dilution level over a wide range of temperatures (850-
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1250 K) at atmospheric pressure. The results showed an obvious change in the slopes of
the Arrhenius plot at stoichiometric concentration. Moreover, another investigation
showed that the auto-ignition for 40 mol% propane—air mixtures at atmospheric pressure
occurs in 300°C in a closed vessel. However, if the temperature declines up to 250 °C, it
is required to increase initial pressure up to 14.5 bar to let auto-ignition occurs for this
particular mixture at same concentration ratio (Norman et al., 2006). It can be found that
the propane sensitivity to auto-ignition mainly depends on the initial pressure. Prince et
al. (Prince & Williams, 2012) also showed an ignition possibility and negative-
temperature-coefficient (NTC) behavior at low temperature for propane/air mixture by
adding a small number of appropriate elementary steps. Figure 2.14 is giving an example
of predictions of two-stage ignition with San Diego mechanism for propane. As shown in
the transition from the first stage to the second stage, the ignition-time reversal clearly
occurred in the center of the two-stage regime at initial temperatures between 725 K and
825 K (Prince & Williams, 2012).
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Figure 2. 14 prediction of two-stage ignition for stoichiometric propane—air mixtures at

30 bar pressure using San Diago mechanism (Prince & Williams, 2012)
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On the other hand, the investigations (Bauwens et al., 2011; Razus et al., 2011) showed
that the maximum rates of pressure rise and deflagration are slightly influenced by the
initial temperature at constant initial pressure and composition. Moreover, an
experimental study in long closed pipes showed that maximum overpressures and flame
speeds occurred at near the stoichiometric concentration for propane/air fuel while they
were decreased by increasing the length-to-diameter ratio of the steel pipe (at a constant

diameter) (Lohrer et al., 2008).

Studies of single-port atmospheric (Burbano et al., 2008), drilled-port atmospheric
(Burbano et al., 2008) and Bunsen (Zhen et al., 2012a, 2012b) burners demonstrate the
significant effect of additional hydrogen in methane (Burbano et al., 2008; Zhen et al.,
2012a) and LPG (Zhen et al., 2012a, 2012b) in terms of the height of the blue cone of the
flames. At a constant Reynolds number, an increase in the hydrogen concentration in both
LPG and methane led to a rise in the volume flow rate of the fuel/air mixtures. Therefore,
the reduction in the height of the inner reaction cone suggests an increase in the laminar
burning speed of the flame under stoichiometric conditions in all burners (Burbano et al.,
2008; Zhen et al., 2012a, 2012b). However, one study shows that if the middling of the
local reaction rates is done over the total flame brush then the influence of the Lewis
number is negligible, since the curvature distribution is naturally symmetric for highly
turbulent flames (Dinkelacker et al., 2011). For consolidating these achievements, more
analytical and experimental investigations on the flame stability of hydrogen-

hydrocarbon mixtures in other burners are required.

From the literature, the peak temperature (in non-stoichiometric conditions) was
increased by adding more hydrogen into methane/air under a moderate or intense low-
oxygen dilution (MILD) combustion regime at an L/D (length per diameter) higher than
10. However, the mixture fraction, strain rate and radial velocity are dramatically

decreased at L/D of between 10 and 25 (Mardani & Tabejamaat, 2010). On the other
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hand, the addition of hydrogen into hydrocarbon fuel also induces a slight increase in
flame temperature, and the effect is more prominent at ambient conditions. The slight
linear modification of the temperature of all hydrocarbon-hydrogen mixtures is due to the
linear increase in the energy input at higher hydrogen contents (Burbano et al., 2008;
Zhen et al., 2012a, 2012b). Noted that, due to a faster decrease in flame height and a
higher increase in the laminar burning speed in the CHa4 flames, a significant increase in
the flame temperature and heat transfer of the CH4 flames over LPG flames was
experienced (Dinkelacker et al., 2011; Zhen et al., 2012a). Under the same conditions,
the higher initial pressure of CHs-H2 flames also showed a substantial increase in the
initial temperature (up to 225°K) (Zhen et al., 2012a). This indicates the effectiveness of
initial pressure on flame propagation. Moreover, investigation of combustor shells show
that there is a close relation between the pressure cycle, the periodic flashback behaviour
and the emission of NO. The presented data show that higher hydrogen concentrations
cause fewer pressure fluctuations and lower levels of flashback formation (Tuncer et al.,
2009). Yet, the highest equivalence ratio corresponds to the flashback limits, the increase
that takes place due to the reactant preheats, and the higher pressure of the combustor

(Noble et al., 2006).

Investigations on the flame characteristics of various enriched-hydrogen mixtures have
been done in different chambers with different values of hydrogen. The results show that
the un-stretched flame propagation speed (Azatyan et al., 2005; Briones et al., 2008;
Emami et al., 2013; Li et al., 2012; Strakey et al., 2007; Tang et al., 2008) and laminar
burning velocity (Azatyan et al., 2010; Li et al., 2012; Refael & Sher, 1989; Tang et al.,
2008) increased parallel to any increase in the initial temperature (Azatyan et al., 2010;
Hu et al., 2009b; Hu et al., 2009c; Miao et al., 2008; Refael & Sher, 1989; Tang et al.,
2008; Tinaut et al., 2011) and hydrogen fraction (Azatyan et al., 2005; Cammarota et al.,

2009; Cammarota et al., 2010; Emami et al., 2013; Hu et al., 2009c; Li et al., 2012; Miao
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et al., 2008; Salzano et al., 2012; Tang et al., 2008; Tinaut et al., 2011). However, the
values declined with an increase in the initial pressure, as this condition will reduce the
H and OH radical concentrations at elevated pressures (Cammarota et al., 2009; F
Cammarota et al., 2010; Hu et al., 2009b; Hu et al., 2009c; Miao et al., 2008; Salzano et
al., 2012). Based on numerical analysis (Hu et al., 2009b; Hu et al., 2009¢), it was also
found that the increase in the burning velocity is more significant in hydrogen-
hydrocarbon mixtures when the hydrogen mole fraction is higher than 40%. It can be said
that the burning velocity increased exponentially with the increase of the equivalence
ratio, as clearly illustrated in Figure 2.10. These phenomena are induced by a chemical
mechanism as explained by Westbrook et al. (2007). As the can be seen, this is more
significant for propane-hydrogen mixtures due to the higher inhibiting reaction, reaction
(2.47), and a delaying effect is, therefore, inflicted on the overall progress of the reaction
with increasing pressure (Azatyan et al., 2005; Tang et al., 2008). Apparently, a study on
burning velocities of CHa+Hz/air mixtures with wide range of equivalence ratio (from 0.8
to 1.4) in adiabatic condition was in a good agreement with the literature results given at
atmospheric pressure (Konnov et al., 2010). The mechanisms and phenomena of H2+CsHe
and Hz+iso-CsHs combustions are also in agreement with definition of inhibition offered
by encyclopaedias, chemical kinetics and monographs (Azatyan et al., 2005). In one
study, the flame stability of the lean blow-off limit was assessed by the turbulent flame
speed. The results showed that the turbulent flame speed for the enriched flame was higher
than that the pure methane flame, due to a faster laminar burning rate, a greater area and
the mean effect of the turbulence on the local structure, leading to a different burning rate
per unit area. Consequently, the higher turbulent flame speed promotes a greater
resistance to flame blow-off, which leads to greater stability in the flame (Hawkes &
Chen, 2004) and is significantly greater for kernels by a factor of 1.38 (Dunstan &

Jenkins, 2009).

56



H+OZ+M —)HOZ+M (247)

The simulation studies prove that the non-equidiffusion has an insignificant effect on
controlling the unsteady flame propagation of the hydrogen-methane/air mixture, which
is mainly controlled by the laminar burning velocity. As a result, it causes faster flame
propagation and higher velocities ahead of the moving flame, which focuses on the
burning-rate growth by interacting with flame-flow (Di Sarli & Di Benedetto, 2013; Di
Sarli et al., 2012). The result is also in agreement with the experimental results,
confirming that adding lower concentrations of hydrogen to methane will lead to
transition from a regime in which the vortex only wrinkles the flame front to a more
vigorous regime (Di Sarli et al., 2012; Di Sarlia & Di Benedettob, 2013). Moreover, the
higher mole fraction in the fuel causes a growth in the intensity of the flame-vortex

interaction and the flame surface area (Di Sarli et al., 2012).

Moreover, the higher equivalence ratio (¢ up to 1.2) increases the burning velocity caused
by hydrodynamic instability. The critical radius and Markstein length decrease with an
increase in the hydrogen fraction (Tang et al., 2008; Vu et al., 2011b); however, this
phenomenon is reversed for a equivalence ratio of more than 1.3 (Vu et al., 2011c). It
should be noted that the explosion behaviour of a stoichiometric H2+O2+N2+CO2 mixture
at NTP (normal temperature and pressure) condition was different. Significant stability
in the flame and no ignition behaviour were observed, since the explosion was clearly
affected by the CO2 and Oz concentration (Di Benedetto et al., 2009). The numerical
studies show that CO:2 dilution chemically affects the H2+O2 flame structure under a
counter-flow diffusion conditions. Moreover, COz2 has a significant radiation and dilution
effect on quenching and blow-off limits, respectively. A higher CO2 concentration

decreases the extinction limits and flame temperature, which in turn reduce the overall
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reaction rate (Shih, 2009). However, this proposition was not examined for other

inhibitory gases.

2.5.3. Thermal and Mass Instabilities

Consider the combustion of gas-air mixture within a vessel a short time after ignition. It
is assumed that before ignition the unburnt gases are at rest and that during combustion
the burnt gases are at all-time trapped behind the advancing flame front. Consequently,
in linear condition the relation between flame speed and burning velocity is as follow

(Harris, 1983):

S, = Eu, (Eq. 2.2)

St is defined as flame speed, E is expansion factor and up is burning velocity.

The expansion factor is equal to ratio of densities of unburnt and burnt gas (Eq. 2.3),

E= pu/pb: Nu/Nb (Eq 23)

Consequently, unburned gas velocity (Sg) can be also calculated as below:
Sg = St (E-1)/E (Eq. 2.4)
Where E is the expansion factor.

Lewis numbers were calculated as a basic analysis of the diffusivity rate of involved
species in the unburnt gases, corresponding to the mass burning rate. This is the most

important factor that affects the burning velocity and heat release rate during flame
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propagation (Movileanu et al., 2013). The Lewis number calculation is as following (Lide

& Haynes, 2009):

Le = (Eq. 2.5)

®
D
Where, o is thermal diffusivity and D is the mass diffusivity. Thermal diffusivity is the

thermal conductivity divided by density and specific heat capacity at constant pressure:

o= (Eq. 2.6)

Where, k is thermal conductivity (W/(m-K)), p is density (kg/m?3) and Cp is specific heat
capacity (J/(kg-K)). Moreover, for current system, the mass diffusivity dependence of the
diffusion coefficient on temperature for gases can be expressed using Eq 2.7:

1.858.107373/2 | 4 L
D= M M (Eq. 2.7)

- P

where; 1 and 2 index the two kinds of molecules present in the gaseous mixture, T is the

absolute temperature (K), M is the molar mass (g/mol) and P is the relative pressure

X

referring to (

) where Px is the pressure on each measured point.

atmosphere

Liuetal. (2015) investigated the flame propagation and explosion in propane/air mixtures
in a 1.16m?* vessel with central ignition to evaluate the burning velocity of the fuel be
considering the history of flame-front trajectory and pressure in vessel. The results
showed that at equivalence ratios 0.7-1.0, 1.2 and 1.0 instability occurs within a flame
radius of 125, 24 and 30 mm with corresponding Lewis numbers 1.6-1.25, 1.1 and 0.95,
respectively. It indicates that the flame instability results are due to effect of thermal-
diffusion instability and hydrodynamic instability. A similar situation was observed by
Kim et al. (2014), who demonstrated that the flame for a Le < 1 mixture was wrinkled by

diffusional-thermal instability, accelerating the flame speed and consequently increasing
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the overpressure with time. The studies report that a higher hydrogen mole fraction is not
only causing stretched flame propagation speeds and an increase in the burning velocity,
but also reducing the burned gas Markstein lengths (Lb) (Hu et al., 2009b; Tahtouh et al.,
2011; Tahtouh et al., 2009; Tang et al., 2008; Vu et al., 2011a, 2011b; Vu et al., 2011c),
which in turn results inane increase in the instability of the flame (Hu et al., 2009c; Miao
etal., 2008; Tahtouh et al., 2011; Tahtouh etal., 2009; Vu etal., 2011a, 2011b; Vu et al.,

2011c).

The numerical analysis indicates that the effectiveness of the Lewis number on flame
temperature is undeniably important, particularly when the hydrogen mole fraction is
higher. Furthermore, the flame temperature increases faster than the adiabatic equilibrium
and a super-adiabatic flame temperature at the same operation due to the effect of the
Lewis number (Guo & Neill, 2009). Nevertheless, radioactive losses at a lower mass flux
gave the opposite effect on temperature at atmospheric pressure burner-stabilized
H2+CHa/air, H2+CzHs/air and Hz2+CsHs/air flames (at ¢=1.3), suggesting an advantage of
burner stabilization over the fuel mentioned (Sepman et al., 2011). This can be justified

based on the kinetic mechanism discussed previously.

Hydrogen-enrichment also swings the flame’s centre of mass more towards the dump
plane since the burning velocity is increased with the addition of hydrogen (Tuncer et al.,
2009). Nevertheless, these phenomena are distinct with the achievements for the
combustion of syngas in a pressurized combustor system. A study showed that for a
syngas fuel mixture including hydrogen 79.5% and 29.5% carbon monoxide, no
combustion instabilities such as auto-ignition, flashback, dynamic instability or blow-off
(non-deliberate) were observed and the level of CO and NOx were lower than expected
(Delattin et al., 2010). It was due to the fact that the combustion of syngas has higher

level of linearity.
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The properties of hydrogen/air combustion are broadly discussed in various thermal
systems (Das, 1996). However, few studies have investigated the performance of engines
using hydrogen-hydrocarbon mixtures (Jamal & Wyszynski, 1994). Experiments have
shown that by fuelling hydrogen-enriched natural gas, engines can operate smoothly at
lean conditions with improved engine performance (up to 14%) (Bauer & Forest, 2001),
increased thermal efficiency (Choi & Chung, 2012; Conte & Boulouchos, 2006; Karim et
al., 1996; Ma & Wang, 2008; Ma et al., 2008; Sher & Ozdor, 1992; Zhen et al., 20123,
2012b) and reduced emissions (Bauer & Forest, 2001; Burbano et al., 2008; Coppens et
al., 2007; de Ferriéres et al., 2008; de Goey et al., 2007; ilbas et al., 2005; Karim et al.,
1996; Ma & Wang, 2008; Ma et al., 2008; Mandilas et al., 2007; Mardani & Tabejamaat,
2010; Mohammed et al., 2011; Saravanan & Nagarajan, 2008; Sepman et al., 2011; Zhen
etal., 2012a, 2012b). Therefore, it provides a feasible solution for the high-efficiency and

environmentally friendly usage of both hydrogen and natural gas.

The effect of additional hydrogen on the combustion of gasoline-air mixtures depends
significantly on the quality of the mixtures’ preparation and the presence of residual
combustion products (Bortnikov, 2007; Conte & Boulouchos, 2006). A report by
Bortnikov (2007) showed that by adding 3-5% (as with the addition 0f10-15% hydrogen)
it was possible to reduce the gasoline combustion value under the throttle-operation
conditions of a reciprocating internal combustion engine cylinder. Moreover, by adding
reformer gas (H2+CO+Nz2) to gasoline, the process of combustion would develop faster
and a higher amount of heat would be released compared to pure gasoline, since the flame
front reaches the furthest wall more quickly in an engine with two cylinders (Conte &
Boulouchos, 2006). A similar observation is made for a single-cylinder stationary diesel
engine for diesel-hydrogen mixtures (Saravanan & Nagarajan, 2008). Furthermore,
adding 10% hydrogen greatly contributes to a decrease in combustion noise with late

diesel-fuel injection timings due to a dramatic increase in the maximum combustion
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impact energy of the mixture (Nguyen & Mikami, 2013). The laminar flame speed of the
addition of reformer gas to gasoline also qualifies the different fuel behaviours regarding
flame curvature and stretch during the early phase of flame propagation in the engine. By
adding reformer gas, the flame speed of the fuel increases significantly due to the higher
flow rate through the engine and the combination of different spark timings and flame
propagation speeds. Further, when the concentration of the initial component is too high,
its impeding thermal effect overcomes the accelerating chemical effect of the hydrogen
(Conte & Boulouchos, 2006).

A study on a single-cylinder engine shows that adding a small amount of hydrogen into
compressed natural gas (CNG) improves engine performance at low engine speeds. At
higher concentrations of hydrogen, the thermal brake efficiency and cylinder pressure are
increased while the engine torque and brake specific energy combustion (BSEC) decay
due to the higher heating value of hydrogen (Mohammed et al., 2011). The detailed
analysis of the driving cycle of a S.I. (spark ignition) engine showed that adding H2 to
methane (up to 60%) leads to a lower partial burn limit from an equivalence ratio from
0.58 to 0.34 in comparison to methane alone. It also corresponds to a reduction in braking
power up to 8% (at ¢=1) and maximum to 14% (¢=0.58-1) in brake-specific fuel
consumption. However, the increase in engine speed showed no significant difference as

regards fuel consumption and pollutant production (Bauer & Forest, 2001).

However, the results in the CNG engine indicate that the turbulence intensity of the fuel
mixture is already higher at high engine speeds (e.g., 3,000 and 4,000 rpm). Therefore, a
lower concentration of Hz does not contribute any significant effect to the flame’s
development or the duration of rapid combustion (Mohammed et al., 2011). The kinetic
analysis showed that reactions (2.44-2.46) are important reactions in the ignition of n-
C7His/H2 blends at engine-relevant conditions. The sensitivity to these reactions

increased with an increase of the Hz value (Aggarwal et al., 2011). This is in contribution
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with the addition of H2 to CNG, which improves the optimal ignition timing, consequently
leading to improved engine efficiency (Tinaut et al., 2011). The effectiveness of
hydrogen-enrichment in relation to the availability of lean burning in a natural gas engine
showed that the percentage of fuel availability exchanged through irreversibility. Clearly,
it appeared near the lean limit with the addition of H2to NG. This phenomenon occurred
due to an increase in combustion temperatures and a decrease in combustion duration and
entropy generation during oxidation (Ozcan, 2010). Another study also showed that the
addition of a relatively small amount of n-C7Histo Hz/air mixtures significantly modifies
their ignition characteristics by decreasing and increasing the ignition delays at low and
high temperatures, respectively (Aggarwal et al., 2011). The high lower-heating value of
the hydrogen increase the energy input in the cylinder (Ozcan, 2010); it is in a

contribution to the second law point view.

C7H14 + O2H+02—C7H14 + O2 + HO2 (2.44)
H202+m—OH+OH+m (2.45)
C7H15-2 —CsHo+CsHe (2.46)

On the other hand, the relation between exhaust emission and engine speed showed that
the total unburned hydrocarbon (THC), CO and NOx decayed for all CNG-hydrogen
mixtures under the same conditions when the engine speed was increased. However, at a
low engine speed of 2,000 rpm, the reduction rate of the THC was almost negligible for
all values of H2 (Mohammed et al., 2011). Due to the increase in Hz fractions, the carbon
fraction declined in the fuel blends and the combustion temperature increased. Thus, the
THC reduction is more significant with higher concentrations of Hz in mixtures.
Moreover, particulate emissions are reduced by hydrogen-enrichment due to the absence
of carbon in hydrogen. A study of a diesel engine showed that the reduction of particulates

is more significant, especially for NOx (about 70%), with 90% hydrogen-enrichment
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(Saravanan & Nagarajan, 2008). This phenomenon is in agreement with the numerical
analysis investigation (Hu et al., 2009e). It also verifies that the burning velocity can be
enhanced at low engine speeds with the addition of a small amount of hydrogen into pure
CNG. However, this condition might not be suitable for application at high engine speeds
because of the high turbulence intensity of the mixtures (Mohammed et al., 2011).
Additionally, the released brake specific CO2 and CO values declined up to 26% and
40%, respectively, with the addition of 60% hydrogen to methane in an I.S. engine. This
statement also holds in relation to the temperature and pressure drop in the cylinder due
to the closing throttle plate and lower oxidization of the unburned fuel (Mohammed et al.,

2011).

2.6. Remarks

1. Adding hydrogen to hydrocarbons leads to an increase of the flame temperature
and the heat release rate in burners due to the higher release of OH, CH20 and
HCO radicals. The interaction on these species is mainly kinetically related.
However, the initial conditions (including pressure, temperature and initiated
hydrocarbons, etc.) are also effective for burners’ processing.

2. The CO and CO2 emission rates significantly decay while the NOx rate slightly
increases in the combustion of hydrogen-hydrocarbon mixtures, since the addition
of hydrogen dramatically increases the concentration of OH radicals.

3. Adding a small amount of hydrogen improves engine performance at lower engine
speeds. With higher concentrations of hydrogen, the brake thermal efficiency and
cylinder pressure increase while the engine torque and brake specific energy
combustion (BSEC) decline due to the higher heating value of hydrogen.

4. The addition of 10% hydrogen to a diesel engine system contributes significantly

to a decrease in the combustion noise of late diesel-fuel injection timings, thanks
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to the dramatic increase in the maximum combustion impact energy of the
mixture. However, while lower concentration of Hz does not have any significant
effect on flame development or rapid combustion duration, the lift-off height of
auto-ignited lifted flames significantly increases.

. Adding H: affects the dynamic parameters, namely the extended flammability
limits (lower lean limit and higher stretch extinction limit), reduced laminar flame
thickness, higher adiabatic flame temperature, reduced stretch response (lower
Markstein number), increased laminar flame speed (with a greater increase at
lower equivalence ratios), and improved combustion stability.

Different dynamic behaviours have been observed in each system due to the
different initial conditions of hydrogen-hydrocarbon mixtures. In other words, the
initial pressure, temperature, mixture and system have a vivid effect on the
burning velocity, the flame speed, pollutant emissions, auto-ignition and flame

stability.
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CHAPTER Ill1: RESEARCH METHODOLODY

3.1. Introduction

In this chapter, the methodology of the research is discussed. The research utilized a
quantitative methodology. The main purpose of this study is to investigate pre-mixed-
mixture flame propagation in confined tee pipelines and identify the associated risks for
systems. For this study, different concentrations of pre-mixed mixtures were exploded to
evaluate the maximum overpressure, rate of pressure rise, flame speed, blast wave, Lewis
number and unburnt gas velocity in tee pipelines. Consequently, the effectiveness of

ignition positions and tee junction positions have been considered in this research.

3.2. Test Operation Location

The experiments were carried out in building NO6a, which was designed for medium-
scale gas explosion tests, at the University of Technology (UTM) in Skudai, Malaysia.
To ensure the safety of the experiment, the experimental rig was stablished in a semi-
confined area following the safety procedures of UTM and Malaysian safety law (Act

1994 and FMA 1967), as presented in Figure 3.1.
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Figure 3. 1 Actual pictures of tee pipes configuration

3.3. Primary Preparation of EQuipment

Initially, preparation of the equipment and mixtures was completed before the start of the
actual tests on explosion properties. Some of the preparation includes the rig installation,
which involved the setup of the piping system, installation of additional fittings and the

igniter switch system, setting the sensor and data collection system and preparing the
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mixture pressure at different concentrations. Knowledge about the equipment,
understanding the important theories to be referred to and purchasing skill were vital in
making sure this research study started and finished smoothly. Moreover, before the
actual data collection period, a pilot study was conducted to assess the validity of the

research instruments.

On the other hand, the non-experimental variables that affect the dependent variable were
checked in this research. Variables such as initial pressure, temperature and amount of
mixture, which all affect the dependent variables, were controlled. In this study, the effect
of the initial mixture on flame propagation was investigated to evaluate the maximum
overpressure, rate of pressure rise, flame speed, blast wave, Lewis number and unburnt

gas velocity after explosion in pipelines.

3.4. Experimental Setup

Tee pipe rig configurations consisting of 4.12 m horizontal and 1.275 m junction lengths,
with an 0.1 m initial diameter were set up as shown in Figure 3.1. The pipes had several
segments ranging from 0.5 to 1 m in length, bolted together with a gasket seal in-between
the connections and blind flanges at both ends by fallowing an ASTM Standard with a
Schedule 40 pipe. Moreover, a digital pressure gauge with accuracy +0.001 bar was used
to monitor the initial mixtures. The full details of the experimental setup are listed in

Table 3.1.
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Table 3. 1 Details of the experimental rig

Internal diameter (m) 0.1
Length (m):

- Long in horizontal (normal) (m) 412
- Long in junction (normal) (m) 1.275
Wall thickness (m) 0.005
Design pressure (bar) 20
Flanges

Flange thickness (m) 0.05
Number of bolts on each two flanges 8
Bolt-hole diameters (m) 0.042
Bolt-hole PCD (m) 0.67
Diameter of bolts (m) 0.038
Assembled test-vessel

Length-to-diameter ratio(L/D) 53.95
Volume (m?) 0.042

Measurements of flame speed and overpressure were recorded from the pipe using an
array of exposed junction, mineral insulated, type-k thermocouples (CHAL OMEGA,
with accuracy +0.001s) and piezoresistive pressure transducers (Keller series 11, with
accuracy £0.001s), respectively, positioned along the centre line (as presented in Figure
3.2 and Table 3.2). The data generated were collected using a 34-channel transient data
recorder by NI Compact DAQ (NI 9220, 100 kS/s per channel sample rate). An ignition
source and vacuum pump (VACUUBRAND RE 2.5) were also used in the research. More

discussion about the application of the equipment is included in Sections 3.6 and 3.7.
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Figure 3. 2 Tee pipes configuration

3.5. Mixtures Preparation

Mixtures of C2oHa/air, NG/air, CsHs/air, Hz/air, C2Hs-Hz/air, NG-Hz/air, CsHs-Hz/air and
Hz-inhibitors/air (in wide range of concentrations) were applied and prepared using a
partial pressure method, with an accuracy of 0.1 mbar (0.01% of the composition) at
normal temperature and pressure (NTP) conditions. Mathematically, the total initial

pressure of the fuel gases mixture can be defined as:

P (Eq. 3.1)

total

=P +P,+...P,
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where P1, P2, ..., Pn represent the partial pressures of each component. It should be
mentioned that the overall pressure of pipeline must not be more than 1 atm (equal to 0
bar) at the NTP condition. Therefore, it was assumed that the initial pressure of the

pipeline before inserting the fuel gases was -0.5 bar using vacuum pump.

3.5.1. Single Gases

For single gases (CzHa/air, NG/air, CsHs/air and H2/air), five equivalence ratios (¢=0.6,
0.8, 1.0, 1.2 and 1.4) were considered. For more clarification on the preparation of single

mixtures, an example on the preparation of hydrogen/air mixtures described as:

2H2+02—2H20 (3.1)

As shown in reaction 3.1, the stoichiometric ratio of hydrogen for 1 mole oxygen is 2
moles. Consequently, as shown below, since the stoichiometric concentration of
hydrogen based on the constant volume is equal to 30%, the initial injected hydrogen into
the system was 180 mbar at equivalence ratios of 0.6 by considering equation of

stoichiometric (Eg. 3.2) at normal pressure and temperature condition.

nH,
no, ) ... :
¢ — stoichiome tric concentrat ion (Lee et a|_, 2000) (Eq 32)

(nsz
n02 stoichiome tric

[1H2 ]
0_6:&

0.3 "M
0.50,

Based on Daltown’s law, the initial pressure (Pin) is in proportion with initial mole

— nH, = 0.18mole

fraction for ideal gases. Therefore:

P, = 0.18bar =180mbar
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Consequently, the initial hydrogen injected into the system was 240, 300, 360 and 420
mbars at equivalence ratios of 0.8, 1.0, 1.2 and 1.4, respectively. The same phenomenon
applied to other mixtures by considering the stoichiometric concentrations of C2H4, NG

and CsHs is 6.5%, 8% and 4%, respectively.

3.5.2. Hydrocarbon-Hydrogen/Air and Hydrogen-Inhibitors/Air Mixtures

Mixtures of C2Ha-Hz/air, NG-Hz/air and CsHs-Hz/air in wide ratio ranges (90:10, 70:30,
50:50, 30:70 and 10:90) were applied by considering hydrocarbon fuels as the primary
fuel at their stoichiometric concentration. Moreover, Hz-Ar/air, H2-COz/air, Hz2-N2/air,
Hz2-Ar-COz2/air, Hz2-Ar-Nz/air and H2-N2-CO2/air mixtures with a constant ratio
(95:5=Hz:inhibitors) were used at a stoichiometric equivalence ratio (¢p=1) by considering

hydrogen as the primary gas.
For more clarification, the preparation of 90%NG-10%H-2/air is described as follows:

Since the stoichiometric concentration of the primary gas (NG) is 8% v/v, the initial
pressure at stoichiometric ratio for this particular gas is 80 mbars at the NTP condition
(for more clarification refer to Section 3.5.1). Consequently, when applying the 90%NG-

10%H:/air mixture, 72 mbars NG and 8 mbars H2 must be injected into the system.

3.6. Experiment Procedure

As a first step, a check-list operation (Appendix A) was done to ensure leakages were not
present in the pipes during the tests. Moreover, all gases were initially stored in different
storage tanks and kept at higher pressures to create a pressure difference to facilitate gas
flow from the tank into the vessel using the partial pressure method, with an accuracy of

0.1 mbar (0.01% of the composition) at different concentrations. It should be mentioned

72



that the overall pressure of the pipeline must not be more than 1 atm so we can assume
the partial pressure of pipeline can be -0.5 bar using vacuum pump (more clarification is
given in Section 3.5). The injected gases were left for 10 minutes in each run to achieve
a homogeneous composition. This method of mixture preparation ensured complete
mixing, as the initial vacuum condition rapidly dispersed the fuel added and the
subsequent addition of air was still at very low pressure, which together with the

turbulence from the air injection ensured rapid mixing.

In the next step, the flammable mixtures were ignited by an electrical spark, which gave
energy of 16 J at six ignition positions (A-F) for the gas explosion tests, separately. It
should be noticed that in previous investigations on the flame propagation of fuels
(Hassan et al., 2012; Kolbe & Baker, 2005; Phylaktou, 1993) in tee pipes, the tee junction
was placed in the central part of the horizontal pipe (such as Figure 3.2b at G point). This
showed that if the ignition happens in the G point, the flames propagate almost
symmetrically along both sides of horizontal part. Consequently, the ignition point at the
tee junction for the second configuration (Figure 3.2b) was not used in the current
research. The ignition positions and location of each sensor are presented in Figure 3.2
and Table 3.2. Moreover, each explosion was repeated at least three times for accuracy

and reproducibility.
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Table 3. 2 Position of each pressure transducer and thermocouple from ignition points

Ignition Position (m)

A B C D E F
Pressure transducers Pl 026 399 322 445 026 1.9
P2 118 3.07 023 353 1.18 098
P3 253 172 095 218 216 0.06
P4 342 083 006 129 3.08 0.92
P5 39 035 054 177 407 191
P6 403 144 067 06. 277 0.67
P7 452 1.93 116 0.19 3.26 1.16
Thermocouples T1 045 384 3.09 425 045 151
T2 126 3.03 228 344 126 0.7
T3 1.65 2.64 1.89 3.05 165 031
T4 275 154 079 195 206 0.12
T5 342 087 012 123 313 1.17
T6 399 026 069 185 39 194
T7 412 154 079 056 273 0.79
T8 438 138 1.05 03 299 1.05

The circuit diagram before ignition included various safety interlocks including:

e A gate valve used to fully confine the pipe during the mixture preparation had to

be closed before ignition.

e The mixture inlet line and pumping line had to be disconnected from the test

vessel. This effectively meant the fuel supply was isolated before ignition.

Finally, the data generated were collected using a 34-channel transient data recorder by

NI Compact DAQ. The collected data was transferred to the operation computer using

Signal Express software.
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To make the experimental rig ready for the next round of experiments, the vacuum pump
was re-connected to the system and turned on for 15 minutes to ensure the system was

cleaned of combustion products.

3.6.1. Nitrogen Purging System

In some cases, the fuel-air mixtures were not ignited due to failures that may be associated
with the ignition spark plug, an electrical fault in the ignition circuit or the sediment of
exhausts in the system, which led to a relatively large volume of explosive mixture
remaining inside the test vessel. Consequently, the experimental rig needed to be purged
of the gas mixtures before any repairs could be made. One of the methods was to use a
‘nitrogen purging system’ in which high-pressure nitrogen was injected into the system
and the gate valve left open to release the mixtures and exhaust to the atmosphere outside.
Afterwards, the vacuum pump was turned on for 20 minutes to purge the system and

safely release the leftover gases and exhaust to the atmosphere.

3.7. Method of Calculations for Required Parameters

3.7.1. Flame Speed

Measurements of flame speed were recorded from the pipe using an array of exposed
junction, mineral insulated, type-k thermocouples positioned along the centre line. Flame-
speed data were generated from the thermocouple flame arrival times (marked as an
abrupt change in the thermocouple output). The flame-speed data were generated from

the thermocouple flame arrival times, the time of travel between two adjacent
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thermocouples and the distance between them. The flame speed was plotted at the
position midway between the thermocouples or, in the case of the first flame speed, the
time between the spark and the arrival at the first thermocouple (Table 3.3). This
technique did not measure the flame temperature as the thermocouple junction was too
large (~0.5 mm), but there was no dead time and the flame was detected as a sudden
increase in temperature from the 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.
For the thermocouples in the pipe, this was hindered by a pre-compression wave ahead
of the flame (and the associated high flow velocity around the thermocouple) giving rise
to two distinct gradients on the thermocouple trace (Emami et al., 2013; Na'inna et al.,
2015). In this case, the point at which the second (steeper) gradient became apparent was

taken as the flame arrival time.

Table 3. 3 Procedure in calculating the flame speed from raw data

Flame arrival time, Thermocouples positions, Flame speed
t X
to (ignition) Xo — eeemeeeee-
t1 X1 (X1-Xo)/(t1-t0)
t2 X2 (X2-X1)/(to-12)
tn Xn (Xn'Xn-l)/(tn-tn-l)

3.7.2. Pressure

Pressure within the pipe was monitored using an array of piezoresistive pressure
transducers (Keller 11), with high sensitivity combined with stability and shock

resistance, at points around the outer wall in each section, shown as P in Figure 3.2. All
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the pressure transducers were calibrated using a standard hydraulic dead-weight
calibrator. This was performed with the transducers connected to the data acquisition
system. Calibration of this integrated system eliminated any errors that might arise from

the electronic circuit connecting the instrumentation to the data logging system.

3.7.3. Unburnt Gas Velocity

Equations 2.1-2.3 were used to calculate unburnt gas velocity. The details of calculation

are presented in Section 2.5.3.

3.7.4. Rate of Pressure Rise

On the other hand, when considering the most critical point(s) of the pipes after explosion,
the rate of pressure rise based on the deferential of maximum overpressures at reached

times (dp/dt) were calculated as follows:

dp_PR-FR
— = Eg. 3.3
d t -t (Eq )

Where Pi and Pj are the primary and secondary maximum overpressures along the tee
pipe, respectively. For instance, the rate of pressure rise at P2 point for ignition position
A is calculated as follows:

dp_PR-R
dt  t,—t,

(Eq. 3.4)

N

P1 and P2 allocation were presented in Table 3.2.
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3.7.4. Lewis Number

To justify the associated maximum rate of pressure rise, the Lewis number was calculated

using equations 2.5-2.7. The details of calculation are presented in Section 2.5.3.

3.8. Simulation

3.7.1. Problem Formulation and Simulation

The review showed that the theoretical and simulation analysis investigations on flame
propagation of different fuel gases in tee joints are well studied (Chen-hua, 2008; CHEN
et al., 2011; Fang, 1996; Ferrara et al., 2006; S. LIU et al., 2011; Muramatsu, 2004;
Remennikov & Rose, 2005; Smith & Rose, 2006; Xianli, 1995; Yang et al., 2002; L.-w.
ZHANG et al., 2010). Among all simulator software, ANSYS FLUENT can model the
mixing and transport of fuels by solving conservation equations describing convection,
diffusion and reaction sources. Multiple simultaneous chemical reactions can be
modelled, with reactions occurring in the bulk phase (volumetric reactions) and/or on the
wall or particle surfaces, and in the porous region. Consequently, for investigating the
capability of ANSYS FLUENT software on flame acceleration of the fuels in medium-
scale piping size, the combustion of the hydrogen/air and hydrocarbon/air mixtures at the
three most critical ignition points in tee pipes, which were consistent in the experimental

rig and initial conditions, were applied for simulation.

3.7.2. Software

The software used in this study was ANSYS FLUENT15. It has a capability for modelling
fluid flow, heat transfer, and chemical reactions of hydrocarbons/air and hydrogen/air

combustion in pipelines as well as other combustor systems that suits the purpose of this
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study. It provides complete mesh flexibility, including the ability to solve flow problems
using structured mesh and also using adaption in meshing during the calculation in

simulation, which can generate complex hydrogen combustion.

3.7.3. Computer Workstation

The simulation was carried out in the Process Safety and Risk Assessment laboratory, on

a computer with CORE i7 4820K (4C/8T) CPU and DDR3 RAM 16G.

3.7.4. Geometry and Mesh

Simulation was conducted in 2D Cartesian dimensions, where the size of tee pipe was
similar to the experimental rig. Moreover, quadrilateral meshing size was used, with
mapped face meshing. For increasing the accuracy of FLUENT’s prediction, a different
grid size was adopted. However, by comparing different meshing size, 1x1 mm gave a
reasonable prediction on explosion properties, therefore, it was used in simulations.
Moreover, during the solution, the ‘adaption meshing size’ was carried out to find the

independent mesh sizing influence on the results (Figure 3.2).
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Figure 3. 3 Meshing in Ansys

3.7.5. Boundary and initial conditions

To define a problem that results in a unique solution, the dependent variables including

fluxes of mass, momentum and energy, etc., must be specified at the domain boundaries.

FLUENT predicts the local mass fraction of each species, Yi, through the solution of a
convection-diffusion equation for the i species using the following conservation

equation:
0 - —-
5 (YD + V. (p9Y;)) = =V.J,+ R, +S; (Eq.3.2)

where R; is the net rate of production of species i by chemical reaction (described later in
this section) and Si is the rate of creation by addition from the dispersed phase plus any
user-defined sources. It is noticeable that this form of equation is solving N-1 species

where N is the total number of fluid phase chemical species present in the system.
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Consequently, the Nth mass fraction is determined as one minus the sum of the N-1

solved mass fractions since the mass fraction of the species must sum to unity.

On the other hand, two-equation models are the simplest complete models of turbulence
in FLUENT which allows the turbulent velocity and length scales to be independently
determined. The standard k — e model is also classified in this class of turbulence model
and has become the workhorse of practical engineering flow calculations in the time since
it was proposed by Launder and Spalding. Based on well-known the strengths and
weaknesses of the standard k — e model, the RNG k — € and the realizable k — €
models also add up to software to improve its performance. Based on model transport
equations, the standard k — e model is a semi-empirical model for the turbulence kinetic
energy (k) and its dissipation rate (e ) which are obtained from the following transport

equations:

B ) B ok
E(pk) + a—xi(pkui) = — [(u + g—;)— + G+ G, —pe—Yy + 5 (Eq. 3.3)

ox;j 0x;j

And,

0 0 _ 9 us\ oe € €?
5c (PO + 5~ (peuy) = o [(H + a_é) 6_x]] + c1e 7 (Gi + GpC3e) — Cocp—+Se  (EQ. 3.4)

In these equations,

Gy . represents the generation of turbulence kinetic energy due to the mean velocity

gradients.
Gy, : is the generation of turbulence kinetic energy due to buoyancy.

Ywm : represents the contribution of the fluctuating dilatation in compressible turbulence

to the overall dissipation rate.

Cie , Cye and C5, are constants o, and o, and are the turbulent Prandtl numbers for k and

€ , respectively Syand S, are user-defined source terms.
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In turbulent flows, FLUENT computes the mass diffusion in the following form:
Ji = =(PDim + )Y, (Eq. 3.5)
t

where Sc; is the turbulent Schmidt number (:Tf) where u, is the turbulent viscosity and
t

D, is the turbulent diffusivity). The default Sc.is 0.7 Note that turbulent diffusion
generally forces laminar diffusion and the specification of detailed laminar diffusion

properties in turbulent flows is generally not warranted.

Defining boundary conditions involves: identifying the location of the boundaries (e.g.,
inlets, walls, symmetry) and supplying information at the boundaries that have been

discussed in following sections:

3.7.5.1.Boundary conditions at inlet

The boundary conditions set at the inlet plane were as follows: k epsilon module
with turbulent intensity equal to 5%, 300 °K as input temperature and species mass
fraction on the basis of stoichiometric concentration ratio and active the ‘Spark’ in central

point of inlets with 16 j energy.

3.7.5.2.Wall boundary conditions

The thermal boundary condition was set at a fixed heat flux of zero (adiabatic condition),
while the walls were not moving. The no slip conditions were prescribed for the wall
shear stress. The treatment of the boundary conditions concerned with turbulent flows

was the same as for laminar flows except in the case of walls.
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3.7.5.3.Standard wall functions

In the part of the flow near to walls there exist regions in which the local Reynolds number
of turbulence (Eg. 3.6) is so small that the viscous effects become more significant than
the turbulent ones. In this viscous sublayer very steep gradients occur; so for accurate
modeling many grid points were applied in this region. However, it is not necessary to
discretize the k and e conservation equations over this region as there exist suitable laws,
called law-of-the-wall which relates the wall conditions to values of the dependent

variables just outside the viscous sublayer.

Re, = k%/(9¢) (Eg. 3.6)

3.9. Summarize of Research Frame Work

All carried out steps in current research are summarized in Figure 3.4.
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CHAPTER IV: RESULTS AND DISCUSSIONS

4.1. Introduction

As mentioned earlier, in order to ensure that better precautions are taken in relation to
pipeline gas carriers, it is essential to fully characterize and quantify their explosion
mechanisms. In particular, knowledge is required about the maximum pressure, the
maximum rate of pressure rise and the flame speed, which are among the most important
parameters for the assessment of process hazards and the safe design of process
equipment (Hawkes & Chen, 2004; Salzano et al., 2012). However, what has been lacking
is a comprehensive study of the governing parameters involved in flame propagation in
different configurations, by considering the physics and dynamics of the flame and
pressure development of fuels-air mixtures in a wide range of concentration. For this
reason, the physics and dynamics of explosion development of applied mixtures in two
different Tee pipe configurations are discussed in this chapter with respecting the Tee

junction and ignition positions.

This chapter has been divided into four main sections (4.2-4.5). In section 4.2, the flame
acceleration of hydrocarbons/air and hydrogen/air mixtures, as reference mixtures, in the
tee pipes are discussed. Moreover, for giving detailed and comprehensive discussion
about flame development of hydrocarbons/air and hydrogen/air mixtures in tee pipes, the
obtained data has been compared with associated data from the straight and 90 degree
pipes with similar initial conditions from the literature (Sulaiman, 2015). The pipes
configuration and details of recorded points in straight and 90 degree pipe configurations

are presented in Figure 4.1 and Table 4.1.

85



~J1P1 T2 - T3P2 . 14 __mPB3T5P4 —T6PS5 POt/ .
A0 ccmcon || et || s | mcacace | | mecxca]]
A
310cm
et Pl P2 __mI3 P3.T4
1 st | o | nc | o

wapzz

Figure 4. 1 Scheme of pipes: (a) straight; (b) 90-degree (Sulaiman, 2015)

Table 4. 1 Position of each pressure transducer and thermocouple from the ignition

points (Sulaiman, 2015)

Ignition Position
straight 90 degree

Pressure transducers P1 0.32 0.32
P2 1.35 1.35
P3 2.02 2.02
P4 2.58 2.58
P5 3.33 3.33
P6 4.16 4.16
P7 - 4.44
Thermocouples T1 0.26 0.26
T2 0.705 0.75
T3 1.065 1.61
T4 1.485 2.17
T5 2.14 2.62
T6 3.2 3.48
T7 4.345 4.26

In the next section (4.3), the flame acceleration of hydrocarbons-hydrogen/air mixtures
in the tee pipes have been analyzed with different ignition positions. Continuously, the
findings on effectiveness of inhibitors on flame acceleration of hydrogen in Tee pipes are

presented in section 4.4. Finally, the flame acceleration of hydrocarbons/air and
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hydrogen/air mixtures in experimental study have been compared with simulated results

from FLUENT 15 software at four ignition positions.

4.2.  Flame acceleration of hydrocarbons/air and hydrogen/air

4.2.1. The effect of maximum overpressure on the pipe configuration

Figures 4.2 and 4.3 illustrate the recorded maximum overpressures for all
hydrocarbons/air and hydrogen/air fuels at straight, 90 degree and tee pipe configurations.
The pressure traces are presented with respect to times. For hydrocarbon explosions,
typical explosion profiles are shown, giving a highest maximum pressure value at the
bending region when ignited at the rear positions. From the hydrogen-air pressure results,
it was found that the maximum overpressure of a hydrogen explosion is greater than that
of hydrocarbon fuels: twice as high for all pipe configurations. Surprisingly, the
maximum pressure of hydrogen-air mixtures experienced its highest value (~7.2 bars) at
the bending region, rather than the tee junction position for both the longer obstacles

position and the equal distance position (2.22 bars and 2.67 bars, respectively).

From previous investigations, the burning area was found to increase when the flame front
travelled through the 90-degree bend (Clanet & Searby, 1996b; Zhou et al., 2006).
Consequently, the flame speed also increases, thus giving a higher overpressure when
compared to similar experiments carried out in a straight pipe and tee junction (Blanchard
et al., 2010; Cheng et al., 2009; Emami et al., 2013; Phylaktou et al., 1993). Figure 3d
shows the overpressure development along the pipe at different positions for hydrogen-
air mixture. It is clearly shown that the two overpressure peaks were observed at two
different positions—first, at the bending position, and second, near the end wall (0.9 m
from the pipe’s end wall)—for the 90-degree pipe explosions. There is no doubt that the
first pressure rise is due to the influence of an obstacle: in this case, the presence of the

90-degree bend in the closed pipe. Strong reflection and diffraction acoustic/shock waves
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enter into the reaction zone, enhancing the burning rate and increasing the flame speed.
This phenomenon causes the overpressure to increase by about 7.2 barg (at an equivalence
ratio of 1). It is a known fact that the presence of an obstacle in the pipe will randomize
the flow, thus increasing the flame speed and overpressure when compared to the straight
pipe/tube (Phylaktou et al., 1993). However, in a closed pipe/tube, the end wall also acts
as an obstacle with a propensity to initiate flame perturbation, and hence, affect the
explosion behaviour (Liberman et al., 2010; Thomas et al., 2010; Zhu et al., 2012). Figure
4.2a also shows the pressure development as influenced by the distance from the ignition
position, for ethylene-air mixture in straight and 90 degree pipes. It shows that the
pressure decayed after the bending position, which is inconsistent with other fuel
explosion profiles. For propane and natural gas (NG) explosions, the pressure rose after
the bend/obstacle, whether in the 90-degree or tee pipes. It is suspected that the quenching
effect of the preferential-diffusion mechanism promoted the flame dissipation at the pipe
wall, giving a lower overall adiabatic temperature inside the pipe. According to Aung et
al. (2002), the turbulent flame propagation decreases progressively with the increase of
the preferential-diffusion region. The preferential-diffusion concept is relative to the
flame-stretch interaction. Thus, it can be suggested that, when the preferential-diffusion
effect is apparent, it tends to retard the flame distortion through excessive flame stretching
and causes the flame to partially quench (Bradley et al., 2008). Due to the various flame
instability mechanisms involved in the flame propagation (e.g., hydrodynamic instability,
thermal diffusion, Darrieus-Landau), turbulent flame also develops as a result of
interactions between the flame front and the acoustic waves (Bradley et al., 2008;
Ciccarelli & Dorofeev, 2008; Gamezo et al., 2008; Liberman et al., 2010). However, the
findings confirm that the maximum overpressure attained at the bending position for most
fuels (except for propane and NG) are as shown in Figure 4.2. This inconsistent trend can

be explained based on fuel reactivity itself. The diffusivity of propane is significantly
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smaller than its thermal conductivity, allowing the fuel to be preferentially heated more
rapidly at the preheated zone (Aspden et al., 2011). For propane, the highest maximum
pressure was observed at x = 2.02 m (P3), before the 90-degree bend position shown in
Figure 4.2c. At the same time, the acoustic/shock wave—which was diffracted and
reflected due to the bending effect—travelled back toward the hot flames to amplify the
burning rate. Due to the slower burning rate and heat losses to the wall, the flame tends
to quench after point P3. However, a second acceleration was observed at a distance of
4.16 m from the ignition position (P5), due to the end wall’s effect relative to the flame-
reflective wave interaction. For NG-air mixtures, the pressure at P3 was approximately
0.41 barg, as exhibited in Figure 4.2b. The second peak overpressure was shown to be
located at P5 (after the bending position), due to the flame-wave interaction, which was
comparable to the other fuels. This could suggest that the effect of bending was more
pronounced in the NG-air explosions. As expected, the methane-air mixture exhibited the

lowest pressure development along the pipe, because of its lower reactivity behaviour.

The results clearly show that, in the straight pipe, the trend is consistent for all fuels, with
the maximum overpressure occurring at a distance of x = 2.02 m (P3) from the ignition
position (Figure 4.2). The associated maximum overpressure, resulting from the highest
burning rate, is due to the flame cellularity/wrinkling, i.e., the distortion of the flame
surface increasing the flame area and, hence, enhancing the burning velocity. In this
instance, the tulip formation attenuates the turbulence, due to its vortex creation, and the
reflective wave promotes a strong interaction between the fast flame and turbulence
which increases the flame speed, followed by a pressure rise. However, at x > 2.02 m (P4
onwards), the trend was inconsistent for reactive fuels. For instance, hydrogen-air gave a
gradual pressure development, yet there were no similar observations for ethylene-air,

propane-air or methane-air explosions, which displayed an abrupt pressure drop to around
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two to five times lower than the overpressure at x = 2.02 m. This inconsistent trend can

be related to the nature of fuel reactivity. This will be discussed further in the next section.
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Figure 4. 2 Maximum overpressure vs. the recorded points in straight and 90 degree

pipes (Sulaiman, 2015)

Within the examined range of hydrocarbons-air and hydrogen-air concentrations, the

value of the maximum overpressure was almost the same for both tee pipe configurations
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(Figure 3.1 a and b), only it was attained at different locations. As Figure 4.3 shows, the
highest overpressure for hydrogen-air mixture was observed at the tee junction region
(P7) for the Figure 3.1a configuration, whereas P5 gave the maximum peak pressure for
another tee pipe (Figure 3.1b). As seen, the propagated flames in both tee pipes
experienced a higher acceleration rate after the tee region, leading to a higher pressure at
the pipe end, by considering ignition A and E as the reference points. As mentioned
earlier, the flames for the various mixtures were susceptible to flame wrinkling,
particularly for the more reactive fuels, due to the diffusional-thermal instability effect.
Consequently, this wrinkled flame causes an increase in the mass burning rate, giving a

higher overall flame speed and overpressure intensity (Kim et al., 2014).
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Figure 4. 3 Maximum overpressure vs. the recorded points in tee pipes
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Giving attention into overpressure trends of all mixtures in all configurations, it can be

found that the maximum overpressures of all mixtures were recorded at their

stoichiometric concentration ratio while it was recorded at equivalence ratio 1.2 for

CaHa/air mixture. It is due to this fact that flame reactivity of the mixtures at the

mentioned equivalence ratio range is higher than lean concentrations (¢<1 and $>1.2).
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This statement is also in agreement with previous research studies (Hjertager et al., 1988;

Lewis et al., 2012)

From Figure 4.4d, we can see that it took a shorter amount of time for the hydrogen
flames to reach the maximum overpressure, towards the end pipe, giving a net result of a
higher pressure rise and higher flame speeds when the explosion occurred inside the pipe
Figure 3.1a configuration. On the other hand, when the mixtures were exploded inside
the tee pipe Figure 3.1b configuration, the flame propagation of this particular mixture
was inconsistent with the others. The appearance of multiple peak overpressures indicates
that, at a shorter distance between the ignition point and obstacles, the flame experiences
a strong interaction with the transverse pressure waves from the tee junction effect,
inducing more turbulence and, consequently, attenuating the acceleration of the burning
of the unreacted mixtures, which were trapped along the tee junction region. This, again,
will increase the combustion rate and thus increase the flame speed and overpressure. The
findings of this study are in good agreement with previous studies (Kim et al., 2014). It
appears that hydrocarbons-air flames have the most minimal fluctuations along the tee
pipes, both in terms of overpressure and flame speed (Figures 4.2-4.5). However, the
relationship between the overall maximum pressure and its explosion severity in both tee
pipe configurations, can be substantiated by the unburned gas velocity’s Sg profile, as
shown in Figure 4.6. The Sg for both the tee pipe configurations was at an average of
208.18 m/s, indicating that there is no possibility of these particular gases presenting
shock waves since their overdriven detonations were not strong enough (Blanchard et al.,
2011). This statement is also in agreement with previous investigations of the flame
acceleration of hydrocarbon fuels (Cho & He, 2007; Kumar et al., 2007; Movileanu et al.,
2011a, 2011b; Prince & Williams, 2012). Moreover, the plotted blast waves of the flames
at multiple locations (given in Figure 4.7) also suggest a linearity of flame acceleration

for the hydrocarbons-air fuels in tee pipes. It is interesting to note that the duration of
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flame acceleration, the flame direction and the initial ignition points all depended on the
tee junction placement along the pipe length, as this gives a different overall profile to the

flame acceleration mechanism in general.
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Figure 4. 4 Maximum flame speed vs. the recorded points in straight and 90 degree

pipes (Sulaiman, 2015)
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Figure 4. 5 Maximum flame speed vs. the recorded points in tee pipes
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Figure 4. 6 Unburned gas flame speed vs. the recorded points
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Figure 4. 7 Blast waves
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Figure 4. 7 continued
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4.2.2. Flame speeds inside the pipe

Figures 4.4 and 4.5 illustrate the flame speed as a function of flame arrival points,
represented by the thermocouple positions (denoted by T1-T8 in Figures 3.1 and 4.1).
For the straight pipe, natural gas, propane and ethylene gave consistent flame speed
profile: i.e., the maximum flame speeds occurred at x = 1.0 m from the ignition position
(T3). However, two peaks were observed in the hydrogen flame speed figures, occurring
at x =1.48 m (T4) and 3.20 m (T7) from the ignition position, as shown in Figure 4.1A.
It should be noted that the laminar burning velocity (SL) of hydrogen, at a stoichiometric
concentration (®=1.0), is approximately 3.15 m/s (Harris, 1983), and the adiabatic
spherical flame speed is 28 m/s (Alekseev et al., 2014). The measured flame speeds were
much higher than SL, and at least seven times higher than the adiabatic flame speed. The
significant increase in flame speed could be due to the self-acceleration of the flame
resulting from the thermal-diffusive instabilities of the flame-front mechanism. The first
peak reached a speed of 172.4 m/s, an increment of approximately 13 times the initial
speed, indicating a very high turbulence experienced in the pipe. This flow creates
turbulence ahead of the flame, inducing the flame to speed up rapidly. Coupled with the
formation of flame wrinkling, flame folding and vorticity generation, the rapid flame
propagation would draw the flame expansion preferentially in the direction of the end of
the pipe. Furthermore, the reflective wave from the end of the pipe would attenuate the
mass burning rate at the maximum, resulting in a rise to the second peak at ~1000 m/s, at
T7 from the ignition position. It can be suggested that the flame speed development, seen
between the ignition point and a distance of x =2.14 m (T5), is due to the unsteady flow
caused by the tulip flame phenomenon, the quenching effect and the flame-wave
interaction in confined pipes (Ciccarelli & Dorofeev, 2008). The high flame speeds for
hydrogen-air were due to the flame’s self-acceleration, resulting from the interaction

between the shock wave, the fast flame and the flame front during the onset of a vortex,
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in accordance with the baroclinic effect (Petchenko et al., 2007). Such vortices induce the
stretching of the flame surface area and cause the flame to cellularize/distort, intensifying
the turbulence flame. To the contrary, for ethylene-air, propane-air and methane-air
mixtures, the flame speeds had decreased slightly at x = 1.5 m (T5), before propagating
at a constant velocity towards the end pipe. It is suspected that the flame starts to quench,

resulting in a weaker flame turbulization.

The recorded flame speed in the 90-degree pipe indicated that the presence of bending
would promote the flame stretch around it, intensifying the turbulence vortex and thus
increasing the flame surface area through the strong mixing of burned and unburned gas.
As Figure 4.4d shows, the peak flame speed of hydrogen-air was approximately 1384
m/s: a steep increase of up to 4.8 times before entering the bend. Meanwhile, ethylene-
air, propane-air and methane-air experienced maximum flame speeds of about 496 m/s,
407 m/s and 339 m/s, respectively, before the bending position. Furthermore, it also
shows that the second acceleration occurred at 3.49 m (T6) from the ignition point, giving
an increase of flame speeds to 1311 m/s, 487 m/s, 407 m/s and 310 m/s for hydrogen-air,
ethylene-air, propane-air and methane/air, respectively, before reaching the end wall. The
increased flame speeds at this position were approximately twice as high as the flame
speeds at distance 2.62 m (T5). This is possibly caused by the complicated interaction
between flame acceleration, the quenching effect and flame shape, which affects the mass
burning rate (Phylaktou & G. E. Andrews, 1991; Phylaktou et al., 1993). It is worth noting
that the interaction of hot flame with pressure waves, which are reflected from the end

wall, plays an important role in contributing to the second acceleration.

For the tee pipe, the flame speeds were lower than those of the straight and 90-degree
pipes, due to the free paths available after the tee region (figure 4.5). An investigation of
parallel pipes also showed a similar observation (Zhu et al., 2012). However, there is no

doubt of the explosion severity posed by the tee pipe configuration. The data from both
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tee pipe configurations (Figures 3.1a and b) show that a shorter distance of the tee junction
from the ignition position gives a higher severity magnitude, compared to a longer
distance of the tee junction placement. However, at a longer distance of tee junction,
different flame speed profiles were recorded. The higher flame speed observed at T3
(~500 m/s) was due to the dynamic effect experienced by the flame propagation; mass
diffusivity, the rapid mixing of the induced turbulence, fast flame downstream, a strong
interaction between reflective waves and fast flames from the end points, on the one hand,
and flame acceleration of the fuels, on the other, can cause retonation and detonation, as
discussed by Qiao and Faeth (2005). When the tee junction was placed at an equal
distance along the pipe, as shown in Fig. 1d, the flame acceleration of the fuel gases gave
the lowest flame speed intensity, since the flames accelerate at almost the same distance
after the tee junction region. In this instance, the interaction between the reflective waves
and fast flames from the end points was insignificant; this phenomenon has been fairly

widely discussed in the literature (Hassan et al., 2012; Kolbe & Baker, 2005).

4.2.3. Maximum rate of pressure rise

The maximum rate of pressure rise at all equivalence ratios for all fuels is presented in
Figures 4.8 and 4.9. As shown, the associated maximum rates of pressure rise from the
ignition point were recorded at the end of the second of the three parts of the straight pipe
(P3), and at the bend point in the 90-degree pipe (P4). However, it was localized at
different points in the tee pipes, with respect to the tee junction allocation. As mentioned
earlier, flame cellularity causes distortion to the flame surface, giving a larger area and
thus increasing the ratio of burning velocity. Consequently, the tulip formation reduces
the turbulence due to the vortex creation, and the reflective wave leads to a strong
interaction between the fast flame and turbulence, increasing the flame speed as well as

the rate of pressure rise (Bougrine et al., 2014; Merlin et al., 2012). These conditions can
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be substantiated by associated blast wave (Figures 4.7) and calculated Lewis number
(Figure 4.10). The fluctuation rate at each pressure transducer point suggests that the
flame has a tendency to become cellular as it is progressively stretched, particularly in
bending and tee junction regions, giving it more room to grow larger and thus increasing
the mass-burning rate. The rate of pressure rise data appear to be more repeatable than
the maximum overpressure results, and show that the hydrogen fuel produced a more
severe explosion for all the configurations tested. For instance, it took the shortest time
for the hydrogen-air to reach maximum overpressure in all configurations. This was not
only an effect of the kinetic reaction for each mixture, but also of the dynamic properties
of the flame (i.e., diffusional-thermal instability also has a significant influence on this
phenomenon) which it has been presented by Lewis number in Figure 4.10. This is the
most important factor affecting the burning velocity and heat release rate during flame
propagation (Movileanu et al., 2013); consequently, it is associated with flame wrinkling.
This wrinkled flame causes an increase in the mass-burning rate, giving a higher overall
flame speed and overpressure intensity (Kim et al., 2014). This was the reason for the
highest and lowest rates of pressure rise observed in hydrogen-air and propane-air

explosions, respectively.
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Figure 4. 8 Rate of pressure rise vs. the recorded points in straight and 90 degree pipes
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Figure 4. 10 Lewis number vs. the recorded points in tee pipes
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It is noticeable that the effectiveness of ignition points and associated Lewis number on

flame acceleration of hydrocarbons/air and hydrogen/air mixtures have been deliberated

in following sections due to avoiding repetitive discussion.
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4.3.  Flame acceleration of Hydrocarbons-hydrogen/air mixtures

4.3.1. Pressure and Flames Acceleration Mechanism

Figures 4.11-4.13 describe the overpressure as a function of the pressure transducers’
points. By giving overall attention to all of the ignition points, as shown in Figure 4.11
and 4.12, the maximum overpressure for the ethylene-hydrogen/air and NG-hydrogen/air
mixtures were higher than the pure ethylene/air and NG/air fuels, with an addition of 10-
30% v/v hydrogen in the mixtures. In details, by adding 10-30% hydrogen into pure
ethylene/air and NG/air fuels, maximum overpressure increased up to 0.7 and 0.8 bars,
respectively, which they are almost two times higher than the recorded maximum
overpressure for pure ethylene/air and NG/air fuels. However, the overpressure was lower
when the hydrogen enrichment was 50% v/v and above. Furthermore, there were no
significant changes on the pressure development along the pipe. It can be said that the
interaction between the flame front and unburnt gases in the lower hydrogen content was
much higher due to the oxidation reactions of ethylene-hydrogen/air and NG-
hydrogen/air mixtures. Tuncer et al. (2009) have shown that hydrogen-enrichment allows
the combustion to be sustained at a much leaner equivalence ratio than is possible with
methane. The supplementary kinetic mechanism that is shown below provides evidence
for why the addition of hydrogen leads to higher levels of OH and HCO in these mixtures

(Hu et al., 2009b):

HO, +CO <> HCO+0,

(4.1)
H+CO+H,0 HCO+H,O 4.2)
H +02 ~0+0H (43)

As a consequence, the reaction rate, the mixture-ignitability and the rate of heat release
(Mardani & Tabejamaat, 2010), as well as the burning rate (Hu et al., 2009b), increases

significantly. This affects the overall dynamic parameters including the overpressure and
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flame speeds. This also applies for ethylene. The presence of double bands in its structure
causes a higher expansion ratio (Cortright et al., 1991; Huntress Jr, 1972). Consequently,
the researchers recorded a higher value of overpressure in ethylene-hydrogen/air
mixtures. Moreover, they showed that the reaction (4.4) promotes higher mixture
reactivity and heat release rate at lower temperatures. This causes higher OH
concentrations at early flame development (Dagaut & Nicolle, 2005; Lafay et al., 2008).
However, the following reactions have negative sensitivities due to the reduction of active

radicals during the combustion process (Hu et al., 2009b):

H +HO, <> 20H (4.4)
CH;+H+M —>C,H, +M (4.5)
CH,+H+M—>C,H,+M (4.6)
CO+H+M —» HCO+M (4.7)
OH+H+M > H,0+M (4.8)
O,+H+M —» HO, +M (4.9)
H +0,+H,0«< HO, +H,0 (4.10)
HCO +0, & HO, +CO (4.11)

Less active radicals significantly reduce the overpressure of ethylene-hydrogen/air and
NG-hydrogen/air mixtures in the presence of a higher concentration of hydrogen. This is
a possible explanation for lower, maximum overpressure and flame speed with 50% v/v
and above hydrogen content (Figures 4.11-4.14). However, the pressure profile for

propane is different. In the present work, the value of maximum overpressure and flame
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speed of this particular mixture in all of the ratios were lower than the pure propane/air
mixture. Maximum overpressure was recorded at 50% CsHs-50%Ho2/air mixtures. A
kinetic analysis showed that the hydrogen radicals on the primary and secondary sites of
propane favourably occurred at one side and the reactions of propyl radicals on the other
side (Refael & Sher, 1989). This kinetic reaction plays an important role in the overall
reaction mechanism due to its thermal decomposition. Therefore, by adding hydrogen
into propane/air, the H and OH radicals broke down the propane molecules, forming the
products of combustion at a lower temperature. This has already been adequately
discussed in previous literature (Levy, 1955; Refael & Sher, 1989). The kinetic analysis
of propane-hydrogen showed that the following reactions have an insignificant effect on

the flame development, leading to the consumption of the free H radicals (Refael & Sher,

1989):

CH; +H+M —>C,H, +M (4.12)
CH,+H+M —->C,H,+M (4.13)
CO+H+M — HCO+M (4.14)
OH+H+M - H,0+M (4.15)
O, +H+M —» HO,+ M (4.16)

Furthermore, there are no apparent changes in the reaction in the co-flow air. However,
some reactions have been reported at the fuel reaction zone when hydrogen is added into
the propane. This implies the dominance of H atoms over the OH radicals in the system.
Accordingly, the last sequence implies that the H-abstraction was mainly conducted by

OH radicals, although the H-abstraction by the H atoms dominated when the hydrogen
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was added (de Ferriéeres et al., 2008). This favourable interaction of H atoms in the
chemical reaction of CO conversion to CO2 indicates that the CO level increases with the
co-flow oxygen enrichment. In such studies, this finding was an unforeseen observation
(Burbano et al., 2008; de Ferrieres et al., 2008; Mardani & Tabejamaat, 2010). With
regard to what is discussed above, in the current study, the presence of hydrogen in
propane/air caused the value of the burnt gases to increase at all of the compositions. This
was more significant for the ratios of 90:10 and 70:30, respectively. Consequently, the
overall maximum overpressure and flame speed declined, compared to the pure

propane/air mixtures.
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Figure 4. 11 Maximum overpressure vs. the recorded points at different ignition

positions — C2Ha/air and C2H4-Ha/air mixtures

109



—m— C2H4 (1.0)-C[ '

]
0712 HE._____/

n
w 0623 |-
et \
- H
3
No445F , ., . 4 o L !
(7] ®— 90%C2H4-10%H2-C
Qo 70%C2H4-30%H2-C
|
Q. 148 4 50%C2H4-50%H2-C
P v— 30%C2H4-70%H2-C
g & 10%C2H4-90%H2-C
O "1t
074 B— A — 1 —BR—91—§— 4
v — I
0'3?'|11.|,1.|A|.|
P1 P2 P3 P4 P5 PB P7
Points
—=— C2H4 (1.0)-E[ ' J J d
0.90 - L]
-
/ ‘
/ .
0.75 /
—
2 | / .
(1] 0.60 |- s | / \
27 \ / .
o | \/ \
L™ . '-
= 045
w L i 1 " 1 i 1 " 1 1 1
3 —m— 90%C2H4-10%H2-E
i 70%C2H4-30%H2-E
Q 152 4 50%C2H4-50%H2-E
‘6 -w— 30%C2H4-70%H2-E
& 10%C2H4-90%H2-E
O 114} .
s __d___./ \-.___d_-
A
076F ¥~ Y ——y—X I~ *
¥ * * * * *
0.38 1 L L f 1 1 1
P1 P2 P3 P4 P5 P& PT7

Points

Overpressure (bars)

Overpressure (bars)

0.78

o
2}
(5]

=
[3)]
~

0.39

1.64

iy
[
[+

0.82

0.41

0.900

0.825

=3
-]
g

o
(=]
=
o

1.52

0.76

0.38

—ma—C2H4 (1.0)-D] © '

N

s

LR |

i 1 i i 1 i
90%C2H4-10%H2-D
70%C2H4-30%H2-D
50%C2H4-50%H2-D
30%C2H4-70%H2-D
10%C2H4-90%H2-A

Points

—=—C2H4 (1.0)-F] ' 7

L " 1 " 1 " 1 "
—m— 90%C2H4-10%H2-F |

70%C2H4-30%H2-F |
50%C2H4-50%H2-F |
30%C2H4-70%H2-F |

— 10%C2H4-90%H2-F |

Points

Figure 4. 11 Continued

110



uverpressure (bars)

Overpressure (bars)

0.96

0.80

0.64

0.48

1.72

0.86

0.43

0.900

0.855

o
™
=
(=]

o
~
@
w

o
N
=]

-
(=]
w

0.84

0.42

—=s—NG(1.0)-A] T T T T

1 " 1

L " " 1
—m— 90%NG-10%H2-A
70%NG-30%H2-A

A 50%NG-50%H2-A
v— 30%NG-70%H2-A
+ _10%NG-80%H2-A

[
\\
r kY
V%
I ’/-“—\R-.//,l . .
a—X—i><A7" I}
* & * L 2 * - &
P1 P2 P3 P4 P5 P67
Points
| —®— NG (1.0)-C| ' ’ T T
I /
- I\
/ -
/
- .-f
i / '
e i

1 " 1

L " i 1

—m— 90%NG-10%H2-C

70%NG-30%H2-C

A 50%NG-50%H2-C

v— 30%NG-70%H2-C ”
+ 10%NG-90% /

A A
- /"v A : : % v
A ~y— v
v
* .
* - * +*
P1 P2 P3 P4 P5 P6 P7
Points

Overpressure (bars)

Overpressure (bars)

0.697

0.656

o
o
'y
I

0.574

8

g

0.78

0.52

1.32

1.20

1.08

0.96

0.84

1.45

1.16

0.87

0.58

|-—w—NG(1.0)-B] "~ " T T
L . . -
/Y A
/\ / \

/ f
L ¢ / \\ |
/ f
/ \ .
/ \. .l'lll \\

1 \ / \
o \ / "
\-. .- f
L \"./ . -
L i 1 " 1 i 1 " 1 " 1 i 1
—u— 90%NG-10%H2-B .

70%NG-30%H2-B
A 50%NG-50%H2-B
v 30%NG-70%H2-B i
+  10%NG-90%H2-B
-
/ ™~
| . — - ~ g
A
& A— 4 A A
A
L e o .
¢ $
L .z v
L f xI 1 L L I.
P1 P2 P3 P4 P5 P& P7
Points
—=— NG (1.0)-D] ! J ! '
r | ]
!

/

/

] /
f'\/ /[

/NN

/ \\ /.

/

/ -

]
S P [ S ST 1 1 i —
—&— 90%NG-10%H2-D
70%NG-30%H2-D
A 50%NG-50%H2-D |
v— 30%NG-70%H2-D
- 10% 20
,HK
L ] -
A A
L O A Ty 'y A o A
~y—Y—v—vy—v—V
*
| * * * * * * |
Pi P2 P3 P4 P5 P6 P7
Points

Figure 4. 12 Maximum overpressure vs. the recorded points at different ignition

positions — NG/air and NG-Ha/air mixtures

111



- NG_G._OJ—E 1 Tt I * I ' 1 - NG_G_OJ_'H — 1 T T T 7T
0.768 |- - !
" .
N / \ 0812f \ :
! f
0.744 L J,f \\ / 4 L \,‘
— ! " / \ \
) . / —~0783F |\ .
= / . [ \ —
0.720 | / . \ —u
) [ ] -'lf \.I ® “I" / .\\\ / -
A . W L o754 | \ .
@ \ ."I — \ /u
!
5 0.696 - " 1 o .
2] | I U RO | 1 1 1 = 0.725 | I U RO | 1 1 1
3 114 | = 90%NG-10%H2-E | g —m— 90%NG-10%H2-F
s 70%NG-30%H2-E b 70%NG-30%H2-F
o A 50%NG-50%H2-E w108 4 50%NG-50%H2-F .
y v— 30%NG-70%H2-E o v— 30%NG-70%H2-F
> 095| ¢ 10%NG-90%H2-E ) @ + 10%NG-80%H2-F m—u
(@) r P E—— a > 090 "y — " "W 8
e R —a— o
0.76 |- - " A
072} M4 A 6
é— D __._;._..-0-_.__¢ — 4 —4 v Y S A 4
0.57 | S & . P . * * *
¢ 0.54 - b -
PI P2 P3 P4 P5 P6 P7 PI P2 P3 P4 P5 P6 P7
Points Points
Figure 4. 12 Continued
—w—C3H8 (1.0)-A] * " T 77 | —=—C3H8(1.00-B] ' " " 7
1.200 | . - .
J . 0.966 |- / \ i
\
1125 / \ i / \
’ 1 / 7 L \
—~0920} \ .
m o/ \ —" g H.\ / \\
f .,-' A | |l|
& 1050t/ \\ »d g o \
o / =0874 | \ / \ =
o I (] \-’ \\ /
QO gors5l \ / ] 5 -
a L i 1 " 1 i 1 " 1 T 1 moazs - L i 1 " 1 i 1 " 1 " 1 i 1 ]
b4 —m— 90%C3H8-10%H2-A g 1.35 | —=— 90%C3H8-10%H2-8 -
@ 70%C3H8-30%H2-A ot 70%C3H8-30%H2-8
= 95| 4 50%C3H8-50%H2-A z j=1 A 50%C3H8-50%H2-B
= —v— 30%C3H8-70%H2-A © 10s| 7 30%C3HB-70%H2-B A
Q _* 10%C3H8-90%H2-A > [ * 10%C3H8-90%H2-B
8 0.76 | A . o "
| » B P 0811 4 R A4
*— A
= 2 N - PN
20 v ¥ 1 -—n —
- P * 054 | Y e =)
I x + * : v—V——y . : B ’
0.38 * * ® * *
PI P2 P3 P4 P5 P6 P7 PI P2 P3 P4 P5 P6 P7
Points Points

Figure 4. 13 Maximum overpressure vs. the recorded points at different ignition

positions — CsHs/air and CsHs-Hz/air mixtures
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4.3.2. Influence of Ignition Positions on Explosion Development

Previous investigations (Blanchard et al., 2011; Kasmani et al., 2007; Kindracki et al.,
2007) have shown that the position of the ignition source has a significant effect on the
initial flame propagation and the resulting flame speeds and overpressures. Within the
examined range of hydrocarbons/air and hydrocarbons-hydrogen/air concentrations, the
value of the maximum overpressure and flame speed were almost the same at all of the
ignition positions. There was only a different location on the recorded peak overpressure
and flame speeds (refer to Table 3.2). For instance, the highest overpressures for the
ethylene/air and ethylene-hydrogen/air mixtures were observed at the tee point (P4) for
the ignition positions A, C and F. Meanwhile, P1 gave maximum pressure for the ignition
position at B and D. Furthermore, P5 gave the highest value of pressure when it was
ignited at E. It can be depicted that the differences in the maximum overpressure and
flame speed of each of the mixtures at all of the ignition points may have been due to the
stratification of gases on the pipe bed or what is known as sedimentation phenomenon.
This has been discussed in previous literature (Di Benedetto et al., 2011; Sanchirico et

al., 2011).

To further support the justification that is mentioned above, the maximum rate of pressure
rise, dP/dt and blast wave for all of the fuels mixtures at all of the concentrations are
presented in Figures 4.15-4.18. From Figure 4.15, it can be seen that, compared with the
pure fuel explosions, there were different dP/dt profiles, when ignited at B, D and F.
Position D and F were located at the tee junction, while B was at the shortest distance
from the ignition to tee junction. It can be said that the addition of hydrogen to the fuel
mixtures and ignition position gives different physics and kinetic mechanisms to the
overall tee junction explosion development. As mentioned above, the additional OH

radicals encourage the diffusivity process to become shorter, causing the flame to distort
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and the flame area to increase. Hence, it increases the burning rate and enhances the flame

speeds and pressures (Bougrine et al., 2014; Merlin et al., 2012).

To further clarify this condition, the blast wave plots of all of the mixtures at P1, tee point
(P4), P5 and P7 at t =1 s are presented in Figure 4.16-4.18. From the figures, the
oscillation instabilities are apparent when the mixtures were ignited at B and D. This
associates with the lower Lewis number for the ethylene /air and NG /air, and a higher
Lewis value for the propane. As mentioned earlier, the mixtures with a lower Lewis
number than one were susceptible to flame wrinkling, due to the diffusional-thermal
instability. This wrinkled flame causes an increase in the mass burning rate, giving a
higher overall flame speed and overpressure intensity (Kim et al., 2014). With a Lewis
number that is higher than one, rich propane is susceptible to flame cellularity. This
indicates that the mass thermal diffusivity was dominant in this condition. The appearance
of the multiple peak overpressures indicates that, at a shorter obstacles distance and, in
this case, when ignited at B, the flame experienced a strong interaction of transverse
pressure waves from the tee junction. This interaction induced more turbulence and,
consequently, attenuated the acceleration of the burning of the unreacted mixtures, which
were trapped along the tee junction. This, again, increased the combustion rate and hence,
increased the flame speeds and overpressure in the ethylene-hydrogen/air and NG-
hydrogen/air, compared to others. These statements are also in agreement with previous
research studies (Kim et al., 2014). From the findings, it can be said that the flame

dynamic mechanism at the tee junction mainly depends on the ignition positions.
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Figure 4. 16 Blast waves - C2Ha/air and C2Ha-Hz/air mixtures
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Figure 4. 17 Blast waves - NG/air and NG-Hz/air mixtures
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The Lewis number can justify the inconsistent overpressure of the studied fuels (Figure
4.19). It is associated with the diffusivity rate of species to unburnt gases, which
correspond to the mass burning rate. This is the most important factor that affects the
burning velocity and heat release rate during flame propagation (Movileanu et al., 2013).
Figure 4.15 shows that the value of the Lewis number for all of the ethylene-hydrogen/air
and NG-hydrogen/air mixtures was lower than one. This indicates that these mixtures
were affected by thermal diffusivity. This is due to the fact that the diffusion coefficient
at normal conditions for hydrogen gives a higher ratio of flame temperature and diffusion
coefficient (Cussler, 2009). Consequently, the addition of Hz, ethylene and NG tends to
diffuse more into the mixtures. Considering the maximum overpressures and flame
speeds of the hydrocarbon fuels, it can be said that the flame acceleration of CsHs/air was
much higher than the others. Furthermore, based on the molecular structure of the fuels,
the required energy for the oxidation of CsHs/air was lower than the NG/air and C2Ha/air,
respectively. Previous literature has discussed this in detail (Gamezo et al., 2012;
Hjertager et al., 1988; Kasmani et al., 2013; Liu et al., 2015; Movileanu et al., 2012; Suga,
1958). However, the results of the propane-hydrogen/air mixtures indicate that their flame
acceleration phenomenon was mainly affected by kinetic processing. In the current
research, thermal diffusion had insignificant effects, since the diffusion coefficient of the
propane was higher than the other studied hydrocarbon fuels. This statement is also in

agreement with previous research studies (Lohrer et al., 2008; Razus et al., 2010a).
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For the overall observation, the explanation that is offered indicates that the flame
reactivity of ethylene-hydrogen/air and NG-hydrogen/air is much higher than others. This
is not only because of the kinetic reaction of these mixtures but also, the dynamics of
flame deployment in tee junctions have significant effects on the recorded maximum
overpressure and flame speeds along the pipes. In comparison with straight and 90 degree
pipes, the value of maximum overpressure of hydrogen/air mixture in tee pipes are almost
three times lower (Blanchard et al., 2010; Emami et al., 2013). Some investigations have
shown that the burning rate increases when the flame front travels through the 90 degree
bend (Clanet & Searby, 1996b; Emami et al., 2013; Zhou et al., 2006). Consequently, the
value of both the flame speeds and the overpressure were lower at the tee junction
compared to similar experiments that were carried out in a straight pipe and 90 degree
pipe (Blanchard et al., 2010; Cheng et al., 2009; Emami et al., 2013; Phylaktou et al.,
1993). There is no doubt that the presence of the obstacle in the pipe randomizes the flow,
thus increasing the flame speed and overpressure, compared to the straight pipe/tube
(Phylaktou et al., 1993). However, in a closed pipe/tube, the end wall acts as an obstacle,
which has the propensity to initiate the flame perturbation and affect the explosion
behaviour (Liberman et al., 2010; Thomas et al., 2010; Zhu et al., 2012). On the other
hand, due to the various flame instabilities mechanisms (hydrodynamic instability,
thermal diffusion, Darrius-Landau) that are involved in propagation, turbulent flame is
developed by generating turbulent flame with the interactions of flame front and the
acoustic waves (Bradley et al., 2008; Ciccarelli & Dorofeev, 2008; Gamezo et al., 2008;
Liberman et al., 2010). This is because the addition of H2 extends the flammability limits
that are associated with hydrocarbons/air triple flames. This is achieved by improving the
interactions between the reaction zones (Briones et al., 2008). Consequently, in the
current study, while the tee points act like obstacles, the recorded maximum overpressure

and flame speed in the tee pipes were lower than the straight and 90 degree pipes. This is
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due to the free paths after the tee point in two directions (along the pipe and tee junction).

Investigations on parallel pipes have also shown a similar phenomenon (Zhu et al., 2012).

However, the effects of tee junction placement on the flame acceleration of fuel gases in
tee pipes are undeniable. The recorded data from ignition A and E, as the reference
ignition points, shows that the lower distance of tee junction to ignition point causes
higher explosion severity, i.e., a high rate of pressure rise. When looking at the overall
plots, the fluctuation of maximum overpressures and flame speeds of all of the flames at
ignition A was much higher than at ignition E. This condition is due to the influence of
dynamic effect during the explosion development, i.e., thermo diffusivity, rapid mixing
of the induced turbulence, fast flame downstream, a strong interaction of reflective waves
and fast flames from the end points on the flame acceleration of the fuels. These factors
cause retonation. In this particular configuration, detonation occurred (Qiao et al., 2005).
A similar observation was also reported in parallel pipes with different lengths (Zhu et
al., 2012). However, by placing the tee junction on the centre of the horizontal pipe
(Figure 3.1b), which was ignited at E, the flame acceleration of the fuel gases showed the
lowest intensity on both the overpressures and flame speeds. This is because the flames
expended and accelerated almost in a similar distance after the tee junction.
Consequently, in this configuration, the interaction of the reflective waves and fast flames
from the end points was insignificant. Hassan et al. (1998) and Kolbe and Baker (Kolbe
& Baker, 2005) have given a fair discussion on this phenomenon. Furthermore, it should
be noted that the different flame paths greatly depend on the ignition location. This varies
the flame propagation mechanism on each of the ignition positions. There is another

interesting observation that is worth mentioning.

To facilitate the explanation of the findings, the unburnt gas velocity (Sg) was calculated
and plotted for all of the mixture compositions, as given in Figure 4.20. As presented, in

terms of overpressure and flame speeds, the hydrocarbons/air flames had a minimum
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fluctuation along the tee pipes at the entire ignition positions (refer to Figures 4.11-4.14).
In this condition, it seems that the ignition position played a significant role in
determining the maximum overpressure of these mixtures. As can be observed from the
figures, the maximum overpressures were recorded in the early stages after ignition,
before travelling in a smooth speed afterwards. By giving more attention to the Sg of
these flames, it can be understood that the conflicts between the flame front and unburnt
gases in these particular mixtures were insignificant. Consequently, this particular gas
could not produce shock waves, since its overdriven detonations were not strong enough
(Blanchard et al., 2011). The associated flame speed and rate of pressure rise at the same
orientations followed the trends of the overpressures at all of the ignition points. This
statement is also in agreement with previous investigations on the flame acceleration of
hydrocarbon fuels (Cho & He, 2007; Kumar et al., 2007; Movileanu et al., 2011a, 2011b;
Prince & Williams, 2012). Furthermore, the recorded blast waves of the flame also
showed the linearity of the flame acceleration of hydrocarbons/air fuels in the tee pipe.
However, it depends on many factors, i.e., the location of the tee junction and ignition
points, and the duration of the acceleration of the flames. This is due to the direction and
starting point of the flame acceleration. It is worth mentioning that the flame reactivity of
ethylene/air and NG/air increased by adding hydrogen. Hence, the flame front and
unburnt gases increased, since the concentrations of H and OH radicals increased
(Cammarota et al., 2009; Cammarota et al., 2010; Hu et al., 2009b; Hu et al., 2009c; Miao
et al., 2008; Salzano et al., 2012). As mentioned earlier, the flame reactivity of C2Has-
Hz/air and NG-Hz/air, with ratios of 90:10 and 70:30, were most pronounced. This is due
to the dynamic effect, i.e., the thermo diffusivity, rapid mixing of the induced turbulence
and fast flame downstream. Since the induced maximum value of Sg was calculated to be
less than 340 m/s, the flame travelled with a slight impact at the end pipe. Consequently,

the fluctuation rate of each monitoring point, depending on the mixture and ignition
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position, more or less had wrinkling in terms of pressure changes in the specific time

period.
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4.4.  Effectiveness of Inhibitors on Flame Acceleration of Hydrogen

4.4.1. Effect of Inhibitors to Pressure and Flame Speed in Explosion
Development

A set of recorded maximum overpressures along the tee pipe at different ignition positions
are presented in Figure 4.21. These are in reference to the stoichiometric hydrogen/air
mixtures, which were diluted with various amounts of COz, Ar and N2. As a function of
the recorded points, the corresponding flame speed and rate of pressure rise (dP/dt) are
plotted in Figure 4.22 and Figure 4.23. Considering the hydrogen/air as a prime fuel, it is
found that the pressure drop and flame linearity were more significant in the presence of
CO2, i.e., 95%H2-5%CO2/air, 95%H2-2.5%C02-2.5%N2/air and 95%H2-2.5%Ar-
2.5%CO0z/air. As reported by Di Benedetto et al. (2009), the presence of free radicals,
including O, H, CO, HCO, OH, HOz and COz, causes the rate of overpressure, flame speed
and rate of pressure rise to decrease significantly, as illustrated in Figure 4.21-4.23.
Among the inhibitors, the argon in the hydrogen/air mixtures gave a higher overpressure,
compared to the others. Based on the work carried out by Movileanu et al. (2013), the
presence of additives changes the thermo-physical properties of unburned mixtures
(thermal conductivity and heat capacity) and this directly affects the overall reaction rate
in the reaction zone (in the flame front). Kwon and Faeth’s (2001) investigation also
showed that, even though nitrogen and argon have almost similar transport properties, the
addition of argon into hydrogen could cause a higher laminar burning velocity due to the
higher flame temperature. This mechanism suggests that the effectiveness of inhibitors

should be in the order of Ar < N2< CO..

On the other hand, from Figure 4.22, it can be said that there was a significant change in
the flame speed rate along the centreline of the pipe and end points at all of the ignition
positions. This is due to the fuels’ reactivity (Zhu et al., 2010). The highest flame speed

recorded was at the average of 736, 719, 706 and 703 m/s on 95% H2-2.5%Ar-2.5%N2/air,
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95%H2-5%N2/air, Hz/air and 95%H2-5%Ar/air mixtures, respectively for all of the
ignition positions. This was also in agreement with a previous studies (Kwon & Faeth,
2001; Qiao et al., 2005). Moreover, by comparing the flame speed of these mixtures with
the 95%H2-5%CO0O2/air at a similar condition, the linearity of this mixture was higher,
since the average recorded maximum flame speed of 599 m/s for this particular mixture
was lower for all of the ignition positions. This suggests that the addition of CO: into
hydrogen mixtures caused the heat release rate to decrease and consequently, the average
value of the flame speed for this mixture to be lower. This observation is also in agreement
with previous research studies regarding the lower concentration of CO2 in a mixture (Di

Benedetto et al., 2009).
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The effect of inhibitors on the explosion development on stoichiometric hydrogen/air
mixtures can be better explained by plotting Lewis numbers (see Figure 4.23). The Lewis
number is associated with the diffusivity rate of species to unburnt gases, corresponding
to the mass burning rate. This is the most important factor that affects the burning velocity
and heat release rate during flame propagation (Movileanu et al., 2013). As it can be seen
in Figure 4.23, the value of the Lewis number for all of the mixtures was lower than one.
This indicates that all of the mixtures were affected by thermal diffusivity. However, this
phenomenon is more significant for those mixtures that consisted of argon. This is due to
the fact that the diffusion coefficient at normal conditions for argon (2x10~° cm2.st) was
higher than N2 (1.88x107° cm?.s!) and CO2 (1.92x107° cm?.s%), giving a higher ratio of
flame temperature and diffusion coefficient (Cussler, 2009). Consequently, by adding

argon, Hz tended to diffuse more into the mixtures.

151



4.40x107
3.52x10°

2.64x10°

ERetE
6.40x10°

9 4.80x10”
3.20x10°
1.60x10°
4.0x10%
3.2x10%

2.4x10*

1.6x10%

4.41x10
3.92¢10°
3.43x107

2.94x10°
6.60x10?

5.50x10°

Le

4.40x107

3.30x10°
5.70x10*

4.75x10%
3.80x10

2.85x10°

5.40x107
4.86x107
4.32x10"

3.78x10°
5.70x107

4.75x10

3.80x10*

Le

2.85x10”

3.84x10?
3.20x10°
2,56x10%

1.92x10*

—&— 95%H2-5%Ar-A
* - 95%H2-5%C02-A
*— 95%H2-5%N2-A

—_——

v 95%H2-2 5%Ar-2. 5%N2-A
—¥— B5%H2-2.5%Ar-2.5%C02-A
®— 95%H2-2.5%C02-2.5%N2-A

“ A

—h— 5%Ar-95%H2-B

B « 5%C02.05%H2-B|
- 5%N2-95%H2-B | .
. A a—A— % e —a
= — N
* o * *

L

v 25%C02-2.5N2-95%H2-B
—— 2.5%Ar-2.5N2-95%H2-B
@ 2.5%C02-2.5Ar-95%H2-B

N\, \ .
\33:':'_/:..---"""-— —%
P3 P5 P& P7

P4
Points

N

1 1 Il 1 |

—A— 85%H2-5%Ar-D
* - 95%H2-5%C02-D

'y
_\\ - 96%H2-5%N2-D
* —k ; * A
" = ’/‘\§ 4

g

1 1 1 1 1 1 1

v 95%H2-2 5%Ar-2.5%N2-D
—%— 85%H2-2.5%Ar-2.5%C02-D

| ®— 95%H2-2.5%C02-2.5%N2-D|
xh_______x___xx_q_‘ "
N —x
. .- \‘x.\_\ /
B i N S —§——%
1 , 1 L 4 , h 4
P1 P2 P3 P4 P5 P6 P7

Figure 4. 23 Lewis number vs. the recorded points in a Tee pipe at different ignition

points.

152



Le

Le

a.00x10° F ; . T T T T T
3.75x10° | =
3.50x10° | . =
/ \H“H\ . __-/
3.25x10° N 7
—A— 95%H2-5%Ar-C
6.00x10% - - 95%H2-5%C02-C
A —#— 95%H2-6%N2-C
4.50x107 —A——— A —A————A= P g
i 2 y
3.00¢10% - ey — 3 * ¥ ¥
150‘10: E L " 'l i 1 1 " L " L " 'l
il v [—w— 95%H2-2.5%Ar-2.5%N2-C
445x10% 1 @ 95%H2-2.5%Ar-2 5%C02-C | |
i 95%H2-2.5%CO2-2,5%N2-C
.
3.32x10° ey
2.49x10% | g Y‘—.——-'—————.!.;—
1 1 T 1 1
P1 P2 P3 P4 Ps
Points
5.25x10° F x T ¥ T T T ™ T - - - -
4.50x10°
3.75x10% |-
00x10° &
3.00x10 = _______-/ .
1 1 1 L 1 1 1
—A— 95%H2-5%Ar-E
5.04x107 ||~ * - 95%H2-6%CO2-E b,
—#— 95%H2-5%N2-E ) / oA
441x10° | /‘H _

, O 7 N "
3.78x10° |- . = : * &
EE 1 1 AT SN SRR, I TR T
3.85x107 |- | —w— 95%H2-2 5%Ar-2 5%MN2-E

[ @ 95%H2-2.5%Ar-2.5%C02-E
2.30x10°? |- L 95%H2-2 5%C02-2 5%N2-E .
2.75x10° |-
2.20x10° |
42 103 T L/ T T T ¥ ; ¥ T T
LEX . X
{-a—Hz.F| SO
=
3.9x107 |
3.6x10? | =
-‘_,_,_,—o— \
3.3x10° | D
1 " 1 " 1 " 1 " 1 i 1 i 1
7.20x10° [ —A— 95%H2-5%Ar-F
* - 95%H2-5%C02-F A
6.00x107 [ —#— 95%H2-5%N2-F
4.80x10° A ¥
T—a A A D A A
3.60x10° — ¥ */ - * *
I 1 i — 1 ¥
3.12x107 || —¥— 95%H2-2 5%Ar-2.6%N2-F
- 95%H2-2.5%Ar-2.5%C02-F
2.86x10% L 95%H2-2.5%C02-2.5%N2-F
2.60x107
2.34x10°

Figure 4. 23 Continued.

153



From the overall observations, it is noted that the overpressure plot of 95%H2-5%Nz/air
mixtures posed a different trend at all of the ignition positions. The maximum peak
overpressure, flame speeds and rate of pressure rise allocated along the pipe were spotted
at different points. An explanation for this can be offered as follows: the momentum
movement of the N2O, NNH and NO radicals gave variation on the explosion pressure
development and this directly affected the rate of pressure rise and flame speed ratio. This
is because the contribution of the N20 intermediate route rose much faster than the other
routes that were involved in the reaction (Guo et al., 2005a). Besides, it should be noted
that the different flame paths greatly depended on the ignition location. This varied the
flame propagation mechanism of each of the ignition positions. There is another
interesting observation that is worth mentioning. The flame reactivity of 95%H2-2.5%Ar-
2.5%N2/air mixtures gave higher values on the overall overpressure, flame speeds and
rate of pressure rise - approximately two times higher than that of the 95%H2-2.5%Ar-
2.5% CO2 composition (Figure 4.24). As mentioned earlier, with regards to the effect of
N2 on the inhibitors-fuel mixtures, the unique dynamic properties (flame diffusivity and
thermal conductivity) of argon also played an important role in intensifying the

combustion of the mixtures.
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4.4.2. The Influence of Ignition Positions to Overall Explosion Development

To facilitate the explanation of the findings, the unburnt gas velocity (Sg) was calculated
and plotted for all of the mixture compositions, as given in Figures 4.25 and 4.26. As
mentioned earlier, the flame reactivity of 5%Ar-95%H-2/air and, partially, 5%N2-
95%H2/air and 2.5%Ar-2.5%N2-95%H2/air were mostly affected due to the dynamic
effect, i.e., mass diffusivity and rapid mixing of the induced turbulence and fast flame
downstream. Since the induced maximum value of Sg was calculated to be more than 340
m/s, the flame travelled with a higher speed, giving a massive compression impact at the
end pipe and hence, promoting a strong interaction between the fast flame and reflective
wave. This phenomenon is known as retonation and was markedly sound if the ignition
started at position A and D. Previous research studies (Sabard et al., 2013; Di Benedetto
et al., 2009) gave a similar observation on this phenomenon. However, the ignition
position B had an opposite impact on both the pressure and flame development in the Tee
pipe configuration. The blended inhibitors-fuel/air mixtures did not guarantee that the
explosion risk posed on the obstacles would be minimized. Application of the inerting
method is a recommended protection and mitigation measure for an explosion hazard.
Instead, in this study, when the method was considered at this particular ignition point, it
gave a ‘vulnerable condition’. As shown in Figure 4.25, the maximum overpressure for
2.5%C02-2.5%N2-95%H2/air, 2.5%Ar-2.5%N2-95%H/air and 2.5%CO02-2.5%Ar-
95%H_2/air were observed at P2 for the ignition initiated at B. Previous studies show that,
with a wider fuel variation, i.e., composition of the blended mixtures, the Lewis number
is directly proportional with the wider Markstein numbers (Bell et al., 2007). Based on
this justification, it can be said that the flame acceleration, which was ignited at position
B, was mainly affected by thermal diffusivity. It further indicates that the transition of the

flame deformation into detonation and a strong interaction of reflective waves and fast
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flames from the end point could be possible causes for the maximum overpressure that
was experienced at P2. Furthermore, at position B, the mixtures consisting of 5%N2-
95%Ho>/air and 2.5%Ar-2.5%N2-95%H:/air gave overpressure, which was also picked at
P5 and P7 in the former and at P5 in the latter. This is not only due to the mentioned
reasons but also, the mixtures experienced strong thermal diffusivity in the presence of
Ar and Nz, as explained in the previous section. This phenomenon is also discussed by

Qiao et al. (2005).
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Giving more attention to overpressure trends of all mixtures at C, E and F ignition
positions, it can be found that the trends and pick point for all mixtures at same ignition
position are almost same. As shown in figure 4.21, the maximum overpressures were
recorded at P1 for ignition C and, at P5 for latter ignitions. It indicates that the flames
tend to growth in the direction with longer distance. It is also in agreement with previous
investigations (Kindracki et al., 2007; Zhang et al., 2011). Same as ignition position A
and D, retonation phenomenon happens for ignitions C, E and F due to a massive
compression effect at the end pipes which is promoting a strong interaction between fast
flame and reflective wave. For giving more clarification, the the fluctuation rate of all
mixtures at P1, Tee point, P5 and P7 at t =1 ms are presented by blast wave in Figure 4.27
and 4.28. As fairy discussed in the literature, the flames of the mixtures with Lewis
number lower than 1 were wrinkled by diffusional-thermal instability which cause higher
flame speed and more overpressure intensity (Kim et al., 2014). As shown, hydrogen/air,
5%Ar-95%H2/air, 5%N2-95%H:/air and 2.5%Ar-2.5%N2-95%Ho:/air mixtures travels
with short duration to reach the end pipe and maximum overpressure in these ignition
points, at consequent, the rate of pressure rise and flame speed are higher due to associated

dynamic effect i.e. thermodiffusivity that has been discussed fairly earlier.
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4.4.3. The influence of tee junction position to overall explosion
development

Giving more attention to recoreded data from two tee pipe cofiguratations (Figure 3.2 a
& b), it can be found that tee junction allocation also has significant effect on flame
development of hydrogen-inhibitors/air fuels. By comparing the obtained data from
ignition C to F and, E to A and B, it can be found that the lower distance of tee junction
to ignition point cause higher level of severity. For enstance, in overal, the obtained
severity from ignition point B is 1.72 and 2.14 times higher than A and E, respectively.
for all mixtures. The appearance of multiple peak overpressures indicates that, at a shorter
distance between ignition point and obstacles, the flame experiences a strong interaction
with the transverse pressure waves from the tee junction effect, inducing more turbulence
and, consequently, attenuating the acceleration of the burning of the unreacted mixtures,
which were trapped along the tee junction region. This, again, will increase the
combustion rate and thus increase the flame speeds and overpressure. The findings of this

study are in good agreement with previous studies (Kim et al., 2014).

By comparing the overpressure trends in early stage after ignition position (P5 for ignition
position B and, P1 for ignition positions A and E) it can be noticed that turrbulence ratio
in the early stage of flame development at ignition position B is much higher than
ignitions A and E, respectively (Figures 4.21). It is due to the fact that the wrinkled flame
ultimately transforms into a turbulent flame due to presence of the obstacle (tee junction)
in the early stage of flame development at ignition position B. This phenomenon causes
further flame acceleration due to the increase in surface area of the laminar flamelets
inside the flame (Gamezo et al., 2008). In the next phases (along the pipe and tee
junction), higher level of turbulence in the early stage of flame development at ignition B
causes a distributed reaction zone destroyed and then replaced the flamelet structure

which it leads the deflagration to detonation transition (DDT) happened via the shock
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wave amplification mechanism at end of the pipe due to the increase in flame area and

the burning rate (Gamezo et al., 2008).

On the other hand, overpressure trends at ignition A and E showed that the turbulence
ratio for former is higher (Figure 4.21). This is due the fact that the distortion of the flame
surface happened in two different periods of time at ignition A. Firstly, it happened along
the pipe before reaching the tee point and secondly, after passing the obstacle (tee point).
Therefore, the interaction between the unburnt gas and the flame front is higher at ignition
A since the burning velocity ratio increases (Clanet & Searby, 1996a; Zhou et al., 2006).
It is a known fact that the presence of an obstacle in the pipe will randomize the flow,
thus increasing the flame speed and overpressure (Phylaktou et al, 1993). This

phenomenon is much significant in the tee junction at ignition A than at ignition E.

The stability of the flames is much higher if the tee junction is allocated centrally along
the pipe (ignition E). By locating the tee junction at the central point, the flame
acceleration along the pipe and in the tee junction showed almost the same behaviour
since it passed the almost equal distance after the obstacle (tee point). Consequently, the
overpressure and flame speed distribution in both directions are almost same. This
phenomena is also in agreement with observations in parallel pipes (Zhu et al., 2012).
However, due to the flame reactivity of the fuel, the reflective waves from the end walls

had significant effect on turbulent ratio in both directions at ignition E.

4.5. Numerical analysis on explosion development in tee junctions using FLUENT

Due to defined benefits on simulators systems compare to experimental setups (Zalok et
al., 2011), the main purpose of using FLUENT software in current research is to

investigate the capability of this software for studying flame acceleration of gases fuel in
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medium scales sizing pipe for fuel transferring purposes based on associated standard

models for combustion purposes.

As well-known, the location of flame at any time of burning depends on many physical
and chemical characteristics such as initial mixture, pipe diameter, length of pipe, the
position of tee junction, equivalence ratio of mixture, ignition position, spark power and
spark duration. Therefore, the pressure in the pipe at any time of flame propagation is
depended on the length of pipe and the position of the tee junction and ignition source.
Figures 4.29-4.32 present the predicted pressure contour of hydrocarbons/air and
hydrogen/air flames at their stoichiometric concentration ratio in tee pipes at four ignition
positions. Red color indicates higher pressure and the amount of pressure decline
according to color table beside the figures. As presented, the tee junction has very
influential impact on flame behavior because of its pressure drop act. In fact, the tee
junction acts as a venture pipe (ejector). The pressure increase across the pipe step by step
and pressure waves move along till they pass the tee junction. The pressure drops
suddenly after the tee junction and it can be a main factor in flame shedding and vortex
flow in this section of pipe. Moreover, each ignition position produce pressure waves
around itself naturally. This pressure deviation across the pipe during time and distance
can play a main role in flame propagation and its tip forming. The amount of burned gas
pressure and unburned gas changed during reaction model and burning process.
Consequently, the associated turbulence in the unburned mixture ahead of the flame front
represents the main mechanism for the flame acceleration, therefore, the obstacles
randomize of the mean flow kinetic energy (E Salzano et al., 2002). It is due to this fact
that turbulent burning velocity was dominated by three factors: (1) purely hydrodynamic
factor, turbulence Reynolds number, (2) relative turbulence intensity to reaction speed,
the ratio of turbulence intensity to unstretched laminar burning velocity, and (3)

sensitivity of the flame to the stretch due to the thermo-diffusive effects (Kitagawa et al.,
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2008). This observation is more significant for hydrogen/air mixtures compare to
hydrocarbons/air fuels (refer to Figure 4.36) due to its specific properties that has been

discussed earlier fairly.
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Figure 4. 29 simulated models of the pressure contour of C2Ha/air (¢=1) mixture at

ignition positions: (a)A, (b)B, (c)C and (d)E
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Figure 4. 29 Continued
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Figure 4. 30 simulated models of the pressure contour of NG/air (¢=1) mixture at

ignition positions: (a)A, (b)B, (c)C and (d)E
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Figure 4. 30 Continued
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Figure 4. 31 simulated models of the pressure contour of CsHs/air (¢=1) mixture at

ignition positions: (a)A, (b)B, (c)C and (d)E

178



1.58e+05
1.24e+05
1.01e+05
9.85e+04
9.56e+04
9.26e+04
8.97e+04
3.67e+04
8.37e+04
8.08e+04
7.78e+04
74%e+04
719e+04

5 90e+ U4§

6 606+04 ittt S

5.30e+04
6.01e+04
571e+04
542e+04

512e+04
4.82e+04

(©)

Contours of Relative Total Pressure (pascal)

Jul 08, 2015
ANSYS Fluent 15.0 (2d, dp, pbns, spe, ske)

1.01e+05
9.69e+04
9.24e+04
8.78e+04
8.32e+04
7.87e+04
T41e+04
6.96e+04
5.50e+04
5.05e+04
5.59e+04
5.14e+04
4.65e+04
4.23e+0

3.77e+04
3.31e+04
2.86e+04
2.40e+04
1.95e+04
1.49e+04
1.04e+04

(d)

Contours of Relative Total Pressure (pascal)

Jul 09, 2015
ANSYS Fluent 15.0 (2d, dp, pbns, spe, ske)

Figure 4. 31 Continued
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Figure 4. 32 simulated models of the pressure contour of Hz/air ($=1) mixture at

ignition positions: (a)A, (b)B, (c)C and (d)E
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Figure 4. 32 Continued
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On the other hand, the change of the flame shape in tee junction is also due to the side
walls in vertical direction which obstruct the flame expanding freely as the flame
approaches the side walls. This observation is also in agreement with previous study by
Xiao et al. (2010). However, the generated pressure of the flames at end of the junction
and along the pipes showed an increase due to associated reflective wave at end walls for
all mixtures. On the other hand, when the tee junction was placed at an equal distance
along the pipe, the flame acceleration of the fuel gases gave the lowest flame speed
intensity, since the flames accelerate at almost the same distance after the tee junction
region. In this instance, the interaction between the reflective waves and fast flames from
the end points was insignificant; this phenomenon has been fairly widely discussed in the

literature (Hassan et al., 2012; Kolbe & Baker, 2005).

Figures 4.37-4.40 compare the recorded pressure of hydrocarbons/air and hydrogen/air
mixtures in the tee pipes based on CFD model and experimental results. It is noticeable
that X and Y parameters are defined in Figure 3.3. There is difference between simulation
values and experimental values. In average, the differences between recorded data from
experiment and simulation was 0.236, 0.284, 0.598 and 1.57 bars for CzHa/air, NG/air,
CsHs/air and Hg/air, respectively. Mostly, the simulation values are larger than
experimental values. This may relate to the different setting of conditions of the pipe wall.
In numerical simulation, the pipe wall was set to be smooth while the roughness of the
real wall may cause some loss of energy, making the pressure value lower. However, the
simulation values decreased near the exit, contrary to the experimental trend, and this is
because in experiment, the exit was sealed with film so the pressure wave was influenced
and the pressure value increased. Instead, in simulation there was no such handling, so
the pressure value decreased after decompression (Zhian et al., 2012). However, among
all mixtures, CsHs/air showed a slightly larger value in experimental data compared to

simulation. It maybe because of the associated governing factors/parameters in FLUENT
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software may incongruent for this mixture in applied setup. Since the same setup was
applied for all mixtures, the sudden increase of temperature of the domain may affect on
reacting flows of propane/air. Other researchers (Yan et al., 1996; Sathiah et al., 2012)

also argue this statement.
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CHAPTER V: CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

A comprehensive study of the governing parameters involved in the flame propagation

of hydrocarbons-air and hydrogen-air mixtures, in a wide range of equivalence ratios and

in different pipe configurations, was carried out in this current research. The findings can

be summarized as below:

From the hydrogen-air pressure and flame speed results, hydrogen explosions
gave both higher maximum overpressure and flame speed values compared to
those of the hydrocarbon fuels (approximately twice as high for all studied pipe
configurations). However, the recorded data also showed that the associated
maximum overpressure and flame speed of ethylene-air were the highest among
all the hydrocarbon-air fuels, followed by NG-air and propane-air, respectively,
since the diffusivity of propane is significantly smaller than its thermal
conductivity, which allows the fuel to be preferentially heated more rapidly at the
preheated zone compared to other hydrocarbon fuels.

It is interesting to note that the maximum pressure of hydrogen-air mixtures
experienced its highest value (~7.2 bars) at the bending region, compared to the
straight pipe and both tee junction configurations. Therefore, pipe bends pose the
highest explosion severity in terms of the rate of pressure rise when compared to
other pipe obstacles.

There are two distinct overpressure peaks recorded at two different positions in
the bent pipe explosions for all studied mixtures: first, at the bending position, and
second, near the end wall (0.9 m from the pipe end wall). The presence of a bend
can be observed to attenuate flame stretching and intensify the turbulence. This

condition promotes further strong mixing of reflection and diffraction
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acoustic/shock waves, entering into the reaction zone, enhancing the burning rate
and increasing the flame speed.

The trend for all fuels is consistent in the straight pipe, with the maximum
overpressure occurring at a distance of x = 2.02 m (P3) from the ignition position.
The associated maximum overpressure and flame speed resulting from the highest
burning rate is due to the flame cellularity/wrinkling, i.e., the distortion of the
flame surfaces to become larger, hence increasing the burning velocity.

Within the examined range of hydrocarbons-air and hydrogen-air concentrations,
the values for the maximum overpressure and maximum flame speed were almost
the same for both tee pipe configurations, only they were attained at different
locations. Moreover, the appearance of multiple peak overpressures indicates that,
at a shorter distance from the obstacles, the flame experiences a strong interaction
with the transverse pressure waves resulting from the tee junction effect, inducing
more turbulence and, consequently, attenuating the acceleration of the substantial
unburned gases trapped around the tee junction region. This results in a rise in

flame speeds and thus enhances the maximum pressure and rate of pressure rise.

Another aim of this study was to provide an understanding of the explosion development

in the geometry of tee pipes on a medium scale system, where ignition occurs at different

locations for hydrocarbons-hydrogen/air mixtures. The results showed that:

The flame reactivity of the ethylene-hydrogen/air and NG-hydrogen/air were
much higher than the propane-hydrogen/air mixture. This was not only because
of the Kinetic reaction of these mixtures but also, the dynamics of flame
deployment in the tee junctions had significant effects on the recorded maximum

overpressure and flame speeds along the pipes.
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The recorded data from ignition A and E, as the reference ignition points, show
that the lower distance of tee junction to ignition point caused higher explosion
severity in terms of the rate of pressure rise. When looking at the overall plots, the
fluctuation of the maximum overpressures and flame speeds of all of the flames
at ignition A was much higher than ignition E. This is due to the influence of the
dynamic effect, i.e., thermo diffusivity, rapid mixing of the induced turbulence,
fast flame downstream and a strong interaction of reflective waves and fast flames
from the end points on flame acceleration of the fuels. These factors caused
retonation and, in this particular configuration, detonation occurred.

Within the examined range of hydrocarbons/air and hydrocarbons-hydrogen/air
concentrations, the value of the maximum overpressure and flame speed was
almost the same at all of the ignition positions. We only recorded the peak
overpressure and flame speeds at the different locations. It can be suggested that
the different values of maximum overpressure and flame speed on each of the
mixtures at all of the ignition points may have been due to the stratification of

gases on the pipe bed or sedimentation phenomenon.

With regards to the importance of hydrogen fuel for future transportation, this research
study was conducted to investigate the effectiveness of argon, nitrogen and carbon
dioxide on hydrogen/air flame acceleration in a tee pipe configuration. Based on the

findings, it can be summarized that:

The ignition position and initial fuel composition had a strong influence on the
overpressure, flame speed and rate of pressure rise. The blending of the two

inhibitors gave a lower severity to all of the investigated compositions of
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hydrogen/air mixtures. From the study, COz2 is the most efficient, followed by N2
and Argon.

e The noticable observation is regarding to obtained severty of applied fuels if the
ignition happens in the tee points of both cofigurations (ignition points C and E).
it indicats that in any configuration of tee junctions, the risks pose by hydrogen-
inhibitors/air mixtures is the highest if the ignition happened in tee points.
Moreover, by comparing the obtained data from ignition C to F and, E to A, D
and B, it can be found that the lower distance of tee junction to ignition point cause
higher level of severity. Overal, the obtained severity, in terms of rate of pressure
rise, from ignition point B is 1.72, 1.67 and 2.14 times higher than A, D and E,
respectively.

e The explosion severity recorded at ignition position B was higher than at A or D.
It is found that the flame acceleration, when ignited at position B, was mainly
affected by mass diffusivity and consequently, it promoted the transition of the
flames deformation into the detonation mode. However, flame acceleration at
ignition position A and D was affected by the strong interaction of a reflective
wave at the end pipe and fast induced flame, highlighting the retonation-like
obstacles phenomenon.

e Among all of the studied mixtures, 95%H2-2.5%Ar-2.5%Nz/air, 95%H:-
5%N2/air, Hz/air and 95%H2-5%Ar/air, respectively, showed higher risks, in
terms of rate of pressure rise, compared to others. This is due to their dynamic
properties. However, it was found that the mixtures containing CO2 had lower
severity, since the average recorded maximum flame speed for this particular
mixture was lower for all ignition points (at the average of 599 m/s).

Numerical analysis on explosion development in tee junctions using FLUENT also

showed that:
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e There is difference between simulation values and experimental values. In
average, the differences between recorded data from experiment and simulation
was 0.236, 0.284, 0.598 and 1.57 bars for C2Ha/air, NG/air, CsHs/air and Hz/air,
respectively. Mostly, the simulation values are larger than the experimental
values. This may relate to the different setting of conditions of the pipe wall. It
can be concluded that the application of FLUENT for fuels with higher reactivity
needs more scrutiny due to higher value of differences for medium scale sizing

pipe for fuel transfer processing.

5.2. Recommendations

In order to ensure that better precautions are taken in relation to pipeline gas carriers, it is
essential to fully characterize and quantify their explosion mechanisms and do some
primary actions to avoid the unwanted combustion phenomena, such as deflagration to
detonation transmission (DDT) (including decomposition flames), occurring in the
process. For this study a number of recommendation for both industrial and academic
concepts to reduce unpredictable accidents/incidents in fuel transferring processing can

be made.

4.2.1. Recommendation for Industries

As the results shown, pipe bends pose the highest explosion severity in terms of the rate
of pressure rise when compared to other pipe obstacles. Therefore, among all pipe
configurations that have been investigated in current research, it is highly recommended
to reduce the number of bend joins in piping design processing. Moreover, due to
associated the lowest severity for tee pipes, especially for configuration where tee

junction allocated in central (Figure 3.2b), it is recommended to giving more attention for
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allocation tee junction in piping processing. It is more preferred to allocate the tee junction
at almost the central point of a horizontal/main pipe. Moreover, allocating flame arrestors
before the bend joins and tee point joins from the initial vessel is another recommendation

for piping design process to prevent DDT from initial vessel to end point vessel.

As mentioned earlier, transporting hydrogen as a gas carrier to end users could affect the
integrity or durability of a pipeline network. It is due to this fact that the existing gas
pipeline network is designed, constructed and operated using natural gas. Once it is
introduced into the pipeline, the hydrogen mixes with other gases such as natural gas,
inhibitors and act. The results at the current research also emphasis this issue. Therefore,
it is highly recommended that the piping system should be purged fully before fuel
transferring beginning. Moreover, controlling the purity of the initial fuel into the system
is another recommendation for reducing the associated hazards of hydrogen fuel

transferring.

4.2.2. Recommendation for Academic Research

It is recommended to do more experimental investigations on flame acceleration of gases
fuels in different shaped pipes by considering different L/D ratio and the presence of
obstacles. On the other hand, to better understand the effectiveness of tee point on flame
acceleration of fuels, , it is recommended to investigate flow and fluid dynamics of flames

intensely by considering the different initial mixtures, tee junction and ignition position.

To better understand the capability of simulation software on flame acceleration of fuels
in piping processing, it is required to do comparison studies using available software,
including ANSYS FLUENT, FLACS and ABAQUS, and compare with actual
experimental data to reduce the value of errors which associated. Furthermore, while the

simulation results showed almost the similar trends compare to experimental results for
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pure hydrogen/air and hydrocarbons/air mixtures, due to available limitation on FLUENT
software, more investigations on applied turbulent models for predicting the flame
acceleration of hydrogen-hydrocarbon/air and hydrogen-inhibitors/air mixtures are

required.
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Appendix A — Operation Check List

Date:

description

Fuel:

Test No:

Concentration:

Authorized by:

Ignition:

Injection:

Procedure: EXPLOSION TEST

Sheet: premixed fuel gases

| Tick | operation

| Instruction

| Action/Remarks

Initial Start State

| | System purged

Pretest conditions

Load data logger software

Close the butterfly valve

Record the data

Ambient P:

bar

Ambient T:

°C

Humidity :

%

Time base:

Valves closed

Pretest checks

Power to spark

Audible test to spark

Check the bottle pressure

Ensure enough fuel>5 bar

Open and set regulator F2

Set to =2 bar

Open and set regulator F3

Operating State
Connect and Evacuation

Connect

CP1TO V1

Open V1

CP2TO V2

Open V3 to test vessel

Check the vessel pressure

Evacuation

Open CB1

Start vacuum

Vacuum to <300 mbar

Close CB1

Stop vacuum

Is leak rate < 2 mbar/min

If No: see S/P 1

Operating State

Note and record Vac P

% fuel required=

Vac P=

Fuel P required=

Total fill (vac P+fuel)=

Vf= litre

tf= second

Open V2

Meter to total fill P

Actual pressure=

Close F1,F2,F3

Disconnect

CP2 from V2

Ari filling

Record required P

Final pretest P= mbars

(day ambient pressure)

Crack V2 for initial air fill

Fill to 50 mbar less than pretest P

Close V2

Pretest P (driver vessel)=

mbars

Close V1

Close V2

Check System

| All valves are closed

Ignition State: Sequence

Checking ignition source

Start, Arm data logger

Open GV4

ignition

Ignition time =

Data logging ends

Save data

Purging End State

Purging the test vessel

Open V1

Open CB2
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Start Vac B

Crack V5

Open V2

Allow Vac to run for >10 mins

Stop Vac B

Close CB2

Allow vessel pressure to reach ambient

Close V2

Close V1

Disconnect CP1 from V1

Data Check

Load test results

T/C and P data indicate ignition Recorded (P0)= bars
Recorded (P1)= bars

If No record: see S/P 2 Recorded (P2)= bars
Recorded (P3)= bars
Recorded (P4)= bars
Recorded (P5)= bars
Recorded (P6)= bars
Recorded (P7)= bars

Ly~

Is the maximum recorded pressure lower than the maximum predicted one?

If no: see S/P3

Flame arrival Times

thermocouples Time

T0

T1

T2

T3

T4

T5

T6

T7

T8

Comments:

Special Procedures (S/P) Sheet

Authorized by

No. Cause/Description

Action

1 Leak to ambient

Close all valves
Abandon test
Collect leak

2 No ignition: fault in ignition
circuit

Vessel contains exposable mixture
Connect N2 supply

Isolate barocel

Fill vessel up 1.5 bars

Open CB1, Start Vac B

Evacuate vessel to <50 mbar

Open V2,V3 and V4 (return vessel to ambient pressure)

Re-integrate barocel

Isolate N2 supply and follow purge procedure

3 Maximum pressures were
underestimated

Go back to risk assessment stage

Get more accurate pressure predictions
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