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ABSTRACT

Premixed flame dynamics are particularly complex in confined
geometries and play a crucial role in optimizing combustion
applications and safety systems. The study has two main objectives.
The first objective is to simulate the two-dimensional (2D)
chemically reacting flow model implemented in the XiFoam solver,
part of the OpenFOAM CFD toolbox with a length of 1.5 m and a
diameter of 0.72 m. The second objective is to Same scenario
examine the effects of tube length and equivalence ratio on the speed
and shape of premixed LPG-air flames in horizontal tubes closed at
one end of the ignition and open at the other end using high-speed
photography. A notable finding is that the flame front, which forms
when the equivalence ratio is between 0.8-1.4 and the tube length is
1.3 m, 1.5 m, and 2 m, undergoes significant distortions. The mixture
composition affects the formation and dynamics of the tulip flame,
which can collapse differently at low and high equivalence ratios. The
shape of the flame, especially the tulip flame, is affected by the length
of the tube and the equivalence ratio over time. For a length of 1.5 m
and an equivalence ratio of 1, the tulip flame appears at 0.365 m and
0.0162 ms and collapses at 0.7 m and 0.0226 ms. For an equivalence
ratio of 1.2, the tulip flame forms at 0.372 m and 0.0165 ms and fades
at 0.709 m and 0.0233 ms. For an equivalence ratio of 0.8, the tulip
flame changes at 0.315 m and 0.0200 ms and collapses at 0.665 m
and 0.0286 ms. For a higher equivalence ratio of 1.4, the flame
becomes spiral at 0.318 m and 0.0221 ms and collapses at 0.615 m
and 0.0305 ms. Both the experiments and the 2D simulations show
interactions and the deceleration in the flame front, reverse flow, and

vortices in the burned gas altering the flame shape and making the
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flame front develop a tulip shape. Results of these parameters show
that with more fuel concentration, by increasing the equivalence ratio
and going from a fuel-lean to a fuel-rich condition, the flame front

goes faster with higher velocity and pressure.
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Chapter One Introduction

CHAPTER ONE
INTRODUCTION

1.1 Introduction

The primary objective of combustion studies is to acquire a
comprehensive understanding of ignition mechanisms, species distribution,
flame propagation, and energy release from combustion mixtures. Clearly,
the practical consequences of such knowledge are the control of the
combustion process from a safety standpoint and its use as a source of
energy. The burning process is defined by (Rajput, 2008) as the rapid
oxidation that produces heat, or "both light and heat,"” or the sluggish
oxidation accompanied by a relatively small amount of heat and no light.
Flame may or may not be associated with combustion processes.

The study of the combustion process necessitates the use of
measuring instruments with a quick response time and a high spatial
resolution in order to provide a precise description of the structure of the
flame. The temperature of the fluid, reaction rates, "fluid flow and
composition profiles”, and transport coefficients of the numerous species
are presented in the flame. In addition to laminar flame speed (Chigier,
1991).

1.2 Flame Propagation in A Cylinder

Flame propagation in a cylinder involves several parameters that
affect the combustion process and performance. Here are some key
parameters of flame propagation in a cylinder (Zhou et al., 2022):

1) Spark Timing: Spark timing refers to the precise moment when the
spark plug ignites the air-fuel mixture in the cylinder. It influences the

initiation of flame propagation and affects the combustion phasing,

1



Chapter One Introduction

2)

3)

4)

efficiency, and power output.
Flame Speed: Flame speed, represents the rate at which the flame
front propagates through the unburned mixture. In a cylinder, the
flame speed is influenced by factors like fuel composition, air-fuel
ratio, and turbulence intensity Understanding and controlling the
flame speed are important for achieving desired combustion
characteristics.
Turbulent Flame Interaction: Turbulent flow affects flame
propagation by enhancing mixing and increasing the flame surface
area. The interaction between the turbulent flow and the flame front
significantly influences the combustion process, including flame
speed, heat release, and flame stability.
Residual Gas Effects: In the cylinder, a certain amount of exhaust
gases from the previous combustion cycle remains, known as residual
gases. Residual gas effects, including temperature, composition, and
dilution, influence the combustion process and flame propagation.
These parameters interact with each other and need to be carefully
controlled and optimized for efficient combustion. cylinder design,
fuel injection strategies, spark plug configuration, and combustion
chamber geometry are among the factors that can be tailored to
improve flame propagation and overall performance (Beretta et al.,
1983; Tewarson & Khan, 1988).

1.3 Premixed flames Dynamics in Tubes

Depending on the characteristics of fuel and oxidant mixing, there are

three types of combustion: premixed, partially premixed, and diffusion or

non-premixed. This investigation examines the laminar flame speed in

diffusion, partially premixed, and premixed modes of liquified petroleum

2



Chapter One Introduction

(Huth & Heilos, 2013).Premixed flame is the mode of combustion that
occurs when fuel and oxidizer are combined before combustion. Numerous
practical combustion devices feature premixed flames (Insidoro, 1992).

In the premixed phase, the fuel and oxidizer are molecularly mixed
outside the combustion chamber before combustion. In this mode, a flame
front swiftly moves into the unburned mixture with a finite reaction rate and
a characteristic velocity. Based on the rate of flame propagation, premixed
combustion is classified as either deflagration or detonation. Expansion
combustion occurs when the speed of the flame front is less than the local
speed of sound, whereas compression combustion occurs when the flame
propagates quicker than the local speed of sound (Hariharan, 2016).

When a combustible mixture is ignited by a weak ignition, the flame
may undergo various propagation and combustion regimes as shown in
Figurel.l. These regimes include (1) weak ignition, (2) laminar flame, (3)
wrinkled laminar flame, (4) turbulent flame, and (5) quasi-
detonation/detonation. The flame first develops a smooth laminar flame,
which is controlled by laminar burning velocity and expansion
ratio(McAllister et al., 2011),(Strasser & Chamoun, 2014).
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Flow and flame

Weak ignition

Smooth laminar
flame

instabilities

Turbulent flow

Wrinkled/cellular

laminar flame

Turbulent flame

ST e

paads awe|} Jo aseaou|

Weak flame
acceleration
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/
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No DDT DDT

Slow, subsonic
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Fast, supersonic
turbulent flame

Quasi-detonation,
detonation

Figure 1.1: Schematic showing possible propagation regimes of premixed flame in a

tube (Arpaia, 2019)

However, the flame can develop wrinkled and cellular structures due to flame

instabilities, which can lead to an increase in flame surface area and

acceleration of the flaming. Figure 1.1 schematic showing possible

propagation regimes of premixed flame in a tube can also be generated by the

interactions between the flame and acoustic waves. Turbulence can also

promote flame acceleration by increasing the flame surface area and heat and

mass transfer rates. However, flame deceleration may occur when the flame

reaches tube walls due to the quenching effects of the wall. The flame may

also experience deflagration mode, leading to DDT. Laminar flame is an

essential topic in combustion and explosion science..(Al-Malki, 2013;

Rashwan et al., 2017).
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1.4 Burning Velocity and Flame Speed

The laminar burning velocity is the velocity of a one-dimensional
flame in which an unburned mélange moves perpendicular to a wave
surface through the combustion wave as shown in Figure 1.2. This
parameter is regarded as one of the fundamental parameters of the
combustion process because it contains information about the mixture's
physicochemical properties (Williams, 2018). The velocity at which the
flame propagates into a quiescent premixed, unburned mixture in front of
the flame (Balusamy et al., 2009; Rahim et al., 2008). For the sake of
brevity, a short list of the differences between burning velocity and flame
speed is given in Table 1.2. Parameters are classified by definition,

combustion type, influencing factors, measurement unit, and Context.

Figure 1.2: Laminar Premixed Flame and Combustion wave (Seidel, 2019)

Table 1.1: The difference between burning velocity and flame speed (Cloney et al.,
2018)

Parameter Burning Velocity Flame Speed

Rate of flame

propagation through a General term for the speed of a flame

Definition combustible mixture front propagation. Can refer to both
under quiescent premixed and diffusion flames.
conditions.

Fuel composition, mixture
stoichiometry, flame thickness, heat
release rate (in premixed flames). Fuel
and oxidizer concentrations, fuel
droplet size, turbulence intensity,
mixing characteristics (in diffusion

Fuel composition,
temperature, pressure,
concentration gradients.

Influencing
Factors
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Parameter Burning Velocity Flame Speed
flames).
A broad term encompassing various
types of flame propagation. Can be
used interchangeably with burning
velocity in certain cases.

Specifically refers to the
Context speed of combustion in
quiescent conditions.

1.5 Flame Speed Measurement Techniques

The measurement of the laminar flame velocity of a premixed flame
iIs a longstanding issue in the field of combustion. This issue extends
beyond the realm of academia and is not confined just to laminar flames.
The velocity of the premixed flame is a crucial element in the majority of
supercharged combustion systems. Determining or computing laminar
velocities continues to be a difficult task. The measurement of laminar
flame velocities may be conducted using several techniques, including the
tube-scattering flame, stagnation point flame, unstable spherical flame,
convective flow method, and orifice burner.

Both experiments and simulations may be used for all procedures.
The first approach seems straightforward: by measuring the displacement of
the lamellar flame over time inside a tube, one may determine the velocity
of the flame(Londofio et al., 2013).
1.6 Flame propagation applications

Flame propagation is defined as the progress (spread) of the flame
inside the engine cylinder or any (combustible environment) outward from
the point at which the combustion started. It has various applications in
different fields. Here's a Table 1.2 summarizing some common applications

of flame propagation:
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Table 1.2: Flame propagation applications (Ballester & Garcia-Armingol, 2010)

Application

Description

Pictures

Combustion
Systems

Designing and
optimizing
combustion

systems such as gas
turbines, engines,

boilers, and
furnaces for
efficient and safe
operation.

QT MO
T3 YROTOAR VIR

4:102‘\114

/_ a2

HIOW QIVMAT YUY
DN QWA 2I0MTHOD YT IIA2 LA

Tauag

Automotive
Engines

Studying flame
propagation in
internal combustion
engines to improve
performance, fuel
efficiency, and
emissions control.

(cowtiszzoy [Bugiou)
Disws| g

Aerospace
Applications

Analyzing and
controlling flame
propagation in
aerospace systems,
such as rocket
engines and
combustion
chambers, for
reliable and
efficient operation.

Y
;’{Fast mixing /‘
(reac(ion ) y

Combustion
Chamber

Nozzle
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1.7 Problem Statement

This study addresses the Problem Statement with the following:

1) The increasing energy demand makes fossil-fuel combustion attract
great attention due to the rise in fuel consumption and greenhouse gas
emissions. The combustion results in the emission of harmful
greenhouse gases GHG including CO,, CO, NOy, SOy, etc.

2) The pipeline length exerts a great influence on flame propagation
characteristics, which are affected by the fuel type. The fuel type also
affects the formation of the pollutant.

3) The formation of tulip flame is particularly significant since the flame
should not strike the combustion chamber walls for safety and system
integrity considerations.

4) The research of describing and showcasing distinct forms of flame
has become more vital than ever to boost combustion efficiency and
minimize particulate emissions.

1.8 Objectives for the Present Work

This study aims to address the following:

1) studying the effect of different lengths of pipes in a horizontal manner
and with different equivalence ratios on flame front propagation for
Iragi liquid petroleum gas and propane.

2) developing an experimental device and a numerical model using the
OpenFOM program, where the experimental and numerical data
focused light on these systems to enhance our knowledge and ability
to regulate and improve combustion processes.

3) Determine the physical mechanisms behind the development of the

tulip flame by studying flame front propagation in a horizontal tube.

8
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1.9 Scope of Study

As discussed in the impact of LPG premixing on flame
propagation for various hydrocarbons. where the flame speed of LPG
was investigated solely using a horizontal combustion chamber with
varying diameters and lengths, the primary focus of this present work
Is to conduct both experimental and numerical investigations on the
flame propagation of lIragi Liquefied Petroleum Gas (ILPG)/air-
premixed mixtures. The experimental setup involves using a
horizontal cylindrical combustion chamber made of Pyrex glass, with
inner and outer diameters of 71mm and 76 mm, respectively, and a
wall thickness of 5 mm. The length of the combustion chamber is set
at 1500 mm. The experimental phase includes premixing the ILPG
with air and injecting it into the combustion chamber. To analyze the
shape and structure of the flame, a specially designed experimental
apparatus has been constructed, incorporating a high-speed camera.
In addition to the experimental study, the scope of this work also
entails a numerical investigation. A 2-D simulation for the
combustion model will be implemented using the OpenFOAM CFD
code and XiFOAM solvers shown in Figure 1.3. The numerical study
aims to provide complementary insights into the flame propagation of
ILPG/air-premixed mixtures. By combining experimental and
numerical approaches, this study aims to comprehensively understand
the flame behavior and characteristics of ILPG/air-premixed mixtures
in a horizontal cylindrical combustion chamber. The findings from
this research are expected to contribute valuable knowledge to the
field of combustion science and potentially offer insights into

optimizing LPG combustion systems for practical applications.
9
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

In this section, embark on a comprehensive journey through the
historical evolution of flame front propagation in horizontal tubes, aiming
to shed light on the intricacies that govern this fascinating phenomenon. By
examining the stages involved in flame propagation, from ignition to
extinction, we gain crucial insights into the factors influencing the velocity,
shape, and stability of flames. In addition to addressing the existing body of
knowledge, this section also serves to identify a significant research gap in
the field of flame front propagation. While various experimental and
numerical investigations have provided valuable insights into the behavior
of flames in horizontal tubes, there remains an underexplored area in the
study of "tulip flames." Although the transition from outwardly pointed
flames to inwardly pointing cusps has been documented, a comprehensive
understanding of the underlying mechanisms governing this particular
flame shape is yet to be fully elucidated.

2.2 Flame Propagation

Considerable and extensive research efforts have been devoted to the
study of contained premixed flames, with roots tracing back to Ellis's
pioneering investigations (Ellis, 1928). Ellis's seminal work involved
meticulous documentation and visual capture of the transition in flame
shape, revealing the evolution from an outwardly pointed or concave front
to an inwardly pointing or convex cusp, particularly evident for aspect ratio
(AR) values exceeding two. This distinctive flame shape later became

known as the "tulip flame," as referred to by (Salamandra et al., 1958).

10
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Subsequent to Ellis's contributions, comprehensive experimental studies on
semi-open tubes were conducted by (Clanet & Searby, 1996; Mallard & Le
Chatelier, 1883), while examinations on closed tubes were performed by
(Dunn-Rankin & Sawyer, 1998; Guénoche, 1964; Starke & Roth, 1989). In
pursuit of understanding the underlying mechanisms behind this flame
structure transition, various hypotheses have emerged from the research
community. Researchers (Dold & Joulin, 1995; Gonzalez et al., 1992;
Marra & Continillo, 1996; Matalon & Metzener, 1997; N'konga et al.,
1993) explored the impact of the Darrieus-Landau and Taylor instability on
flame dynamics. Guenoche (Guénoche, 1964) delved into the interaction
between the flame front and its self-generated pressure wave, revealing
crucial insights into this intricate process. Researchers (Ellis, 1928; Marra
& Continillo, 1996; Starke & Roth, 1989) directed their investigations
towards comprehending the interplay of viscous flow with the flame front.
Additionally, the interplay between vortical fluid flow and the flame front
was thoroughly examined by (Hanford et al., 1994; Kaltayev et al., 2000;
Matalon & Metzener, 1997; Metzener & Matalon, 2001).

Among the notable studies (Clanet & Searby, 1996), conducted an
exhaustive experimental examination of confined flame propagation,
providing a physically based analysis. They successfully identified
distinctive time scales and processes associated with each of the four
characteristic phases: ignition, skirt flame, tulip flame, and extinction.
These investigations were conducted using half-open circular tubes with an
aspect ratio (AR) of 6:60.

Despite the vast strides made in numerical analysis concerning tulip
flames, validation through comparable experimental tests has been

relatively limited, with (Kumar, 2011; Pizza et al., 2010), being prominent
11



Chapter Two Literature Review

contributors in this aspect of research.

The collective body of research on flame propagation, particularly
the fascinating phenomena of tulip flames, has significantly enriched our
understanding of combustion processes. The insights gained from these
studies hold great potential for optimizing combustion efficiency and
enhancing safety measures in diverse industrial applications. Nevertheless,
further integration of numerical simulations with rigorous experimental
validation will likely pave the way for a more comprehensive and accurate
comprehension of the complexities governing flame front propagation in
horizontal tubes.

2.3 Flame Propagation Stages

In the early stages of flame propagation, following ignition, the
primary effect of flame acceleration is the increase in flame surface area, as
demonstrated by (S Kerampran et al., 2001).

As the flame interacts with the back and side walls of the
confinement pipe, it undergoes four distinct stages, as defined by (Clanet &
Searby, 1996). Initially, the pipe walls have little effect on the propagation
of the flame front, resulting in a hemispherical shape. In the second stage,
the pipe walls begin to influence the flame propagation, leading to a radial
flame propagation velocity towards the walls that approaches the laminar
flame velocity. Simultaneously, the flame surface area expands,
transforming into a finger-shaped flame, resulting in a considerable increase
in axial velocity (Guénoche, 1964). Clanet and Searby established empirical
relationships for the time when the flame reaches the pipe wall (t,,4;;) and
the time when the flame front changes from spherical to finger-shaped
(tspnere) @s shown in Equations 2.1 and 2.2 (Clanet & Searby, 1996):

12
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twall = OZ(T' Sl) i 002(7' Sl) (21)
topnere = 0.1(r S)) +0.02(r S)) (2.2)

Where r is the radius of the pipe and S; is the laminar burning
velocity.

Furthermore, an analytical relationship between t,,,;; and tsppere Can
be derived by considering the temporal variation of the volume of the
burned gases and equating it to the mass consumption rate of fresh gas
(Clanet & Searby, 1996):

r 1 Z 1
tsphere = twan — E%ln( V:,a ) (2.3)

Where «a is the expansion ratio and Z,,,;; is the axial location of the
flame front when it first comes into contact with the pipe side wall. Clanet
and Searby also found that the time the flame reaches the pipe wall is nearly
similar to the time when experiments demonstrate the first rise in pressure,
Figure 2.1.

The subsequent stage in flame propagation occurs when the inversion
to a tulip flame shape begins. The term "tulip flame" was initially used by
(Salamandra et al., 1958) to describe the rapid change of flame shape from
a forward finger to a backward cusp (Bussing & Pappas, 1994). The
increase in pressure before the flame front generates flow in the opposite

direction of flame front propagation, Figure 2.1.
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Figure 2.1: Pressure at the closed end of a shock tube while stoichiometric propane-
air flames are present (Salamandra et al., 1958)

Clanet and Searby empirically established a linear function of the
ratio of radius to laminar burning velocity to compute the time when the

tulip flame occurs as shown in Equation 2.4 (Clanet & Searby, 1996):

r r
teutip = 0.33 (S_z> +0.02 (5_1> (2.4)

From their investigations, Clanet and Searby concluded that the
Rayleigh-Taylor instability is the primary source of the tulip inversion. This
instability is caused by the pressure and density gradients at the interface
between the burned light fluid and unburned denser mixture in the presence
of acceleration or deceleration. The final stage involves flame propagation
following tulip inversion. The flame surface inversion causes a decrease in
surface area, leading to a slowing of the flame. In the absence of acoustic
waves and with sufficient pipe length, this deceleration is followed by an

acceleration caused by the increase in flame surface area when the flame
14
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turns concave again toward the unburned mixture. Due to this new
acceleration, the same instability mechanism can cause a new tulip
inversion (Al-Dulaimi, 2017), leading to deceleration of the flame

propagation once more as shown in Figure 2.2.

a

Figure 2.2: The four stages of flame propagation (a) hemispherical shape. (b) finger
shape, (c) tulip flame. (d) flame surface inversion from (Al-Dulaimi, 2017)

Xiao (Xiao et al., 2015) presented a five-stage formation of a
premixed flame in tubes: a spherical flame, a finger shaped flame, a flame
with skirts touching the sides, a tulip flame, and finally a deformed tulip
flame.

Markstein (Markstein, 2014), proposed that closed-tube propagation
begins with an oscillating flame (related to the structural inversion from a
finger flame to a tulip flame), followed by a pulsing flame (referring to the
evolution from a tulip flame to a distorted tulip flame, without significant
structural inversion). There are similarities in flame structures when
compared to open-tube flame propagation, but the sequencing of the

structures is different. The boundary conditions of the tube differentiate
15
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open-ended and closed-tube flame propagation. Pressure waves are
reflected off both ends of closed tubes, but refracted in open-ended tubes.
The pressure readings in both configurations reflect this difference, with
closed tubes steadily growing with slight oscillations, whereas open-ended
tubes fluctuate along the x-axis with increasing amplitude and eventually
decreasing. The disappearance of the cusp in open-ended tubes after the
distorted tulip flame could be attributed to pressure wave refraction at the
tube end, resulting in a succession of rarefaction and compression waves.
Vitaly Bychkov (Bychkov et al., 2007) demonstrated the propagation
of a flame in a cylindrical tube of radius R with adiabatic walls, where the
flame is started at the symmetry axis at the tube's closed end, resulting in an
initial hemispherical shape that evolves into a finger-shaped flame as shown

in Figure 2.3.

4r tube

R

“skirt™ flame

“tip™ z

Figure 2.3: Geometry of aflame acceleration due to the initial condition form
(Bychkov et al., 2007)

Nazrein Adrian (bin Amaludin et al., 2022), studied premixed flame
propagation in open-ended horizontal tubes and observed that the flame
profile becomes convex towards the unburned gas and spreads gradually
down the tube faster than the laminar combustion velocity. The flame enters
a self-induced longitudinal acoustic field about halfway down the tube, with
the frequency of oscillations determined by the diameter of the tube.

Tulip flame initiation and proliferation were investigated by

(Taniyama & Fujita, 2014), linking it to the variable pressure in flame
16
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confinement, Figure 2.4.
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Figure 2.4: Tulip flame initiation and proliferation reproduced with permission
from (Taniyama & Fujita, 2014)

Xiao conducted substantial computational and experimental research
on the production of a tulip flame and postulated the formation of a
deformed tulip flame due to vortex generation at the back of the tulip flame
lips, as shown in Figure 2.5. However, the formation of a deformed tulip

flame is not observed in every propagating flame (Xiao et al., 2013).

Figure 2.5: The formation of a deformed tulip flame (a) and a traditional tulip
flame (b). the original flame shape is indicated by solid lines, while the succeeding
flame shape is indicated by dashed lines. The characteristic flow velocity field is
indicated by arrows. Reproduced with permission from (Xiao et al., 2013)
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From a different perspective, both experimental and numerical
investigations suggest that tulip flame formation is a fluid dynamic process
rather than solely an instability (Hariharan & Wichman, 2014; Xiao et al.,
2013). Xiao's research proposed a five-stage transition from a curved flame
to a distorted tulip flame:

1) A hemispherical flame expanding outward, unaffected by sidewalls;

2) An axially elongated finger-shaped flame due to confinement and
rapid increase of flame surface area;

3) An elongated flame in contact with the sides, causing surface area
reduction;

4) Tulip flame formation after flame inversion with a cusp; and

5) The eventual formation of a deformed tulip flame, but not in every

propagating flame (Xiao et al., 2015), as shown in Figure 2.6.
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Figure 2.6: A progression of numerical schlieren pictures from a regular flame to a
warped tulip flame, reproduction of (Xiao et al., 2015)

The velocity field and flow field structure were analyzed to
understand their impact on the flame. Perry and Chong (Perry & Chong,
1987) developed a classification system for fluid topology based on the
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surface's Euler characteristic 'X,' which can be used to characterize complex
fluid systems using critical point concepts.
The Euler characteristic for a surface in the flow field can be

expressed as Equation 2.5:

Xsurrace = Xsphere — 2 z handles — Z holes

= Z nodes — Z saddles (2.5)

The Euler characteristic equation can be expressed in an easily to use

format as an alternative method proposed:

Xourface = (ZZN +2N’) - (225 +25’) (2.6)

In Equation 2.6, half-nodes (N") and half-saddles (S") appear on the
perimeter (boundary) of a considered 2D surface, whereas the nodes (N)
and saddles (S) appear within a control volume. Half-saddles and half-
nodes characterize single points at the walls during flame propagation in a
closed end system. The saddle formed after ignition, an internal singularity,
does not travel toward the flame until the flame skirts are extinguished by
the side walls. The proliferation of this saddle point and the formation of
further nodes, half-nodes, saddles, and half-saddles have been thoroughly
investigated (Foss, 2004).

In summary, extensive research has been dedicated to understanding
flame propagation in confined horizontal tubes. The four distinct stages of
flame propagation involve the initial hemispherical shape, followed by the
finger-shaped flame, the tulip flame, and finally, flame surface inversion.
The formation of tulip flames has been linked to the Rayleigh-Taylor
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instability caused by pressure and density gradients at the flame interface.
Various research studies have shed light on the complexity of tulip flame
formation, with investigations of fluid dynamics, flame structure transitions,
and boundary conditions. Further research in this field promises to deepen
our understanding of combustion processes and improve safety measures in
industrial applications.

2.3.1 Spherical flame

Upon ignition, a hemispherical flame front emerges, with its radius
growing in conjunction with the fluid flow velocity within the control
volume. The flow streamlines are illustrated on the response contour in
Figure 2.7a. As the spherical flame expands, a stagnation point generated at
the moment of ignition undergoes minimal displacement to the right along
the centerline. Utilizing the streamline as a reference, several topological
properties are identified, as shown in Figure 2.7a. The graph consists of two
nodes, three half-nodes, three half saddles, and one saddle. Applying
Equation 2.6, the Euler characteristic number for the control volume is
found to be X = 2. The boundary layer attenuates the recirculation vortex
formed near the wall in the unburned mixture after ignition (Hariharan &
Wichman, 2014).

This initial stage of flame propagation, characterized by the
captivating spherical flame, sets the foundation for the subsequent phases in
the journey of combustion within the confined horizontal tube. As the flame
continues its progression, transitioning through different shapes and stages,
it unravels the complexities and intricacies of combustion processes,
providing invaluable insights for wvarious engineering and safety

applications.

20



Chapter Two Literature Review

Figure 2.7: Plots of the streamlines in the channel at different times throughout the
combustion process. (a) ignition stage; (b) finger flame stage; (c) planar flame stage;
(d) propagating tulip flame stage. The nodes (N), saddles (S), half-nodes (N'), and
half-saddles (S') are depicted in each illustration. At X = 2, the Euler characteristic
is constant throughout the whole combustion process (Hariharan & Wichman,
2014)

2.3.2 Finger flame

As the flame propagation progresses from the initial spherical flame,
a fascinating transformation takes place, giving rise to the distinctive
"finger flame." The spherical flame expands more rapidly down the length
of the combustion chamber than along its sides, leading to a lengthening of
the front of the flame that resembles the shape of a finger. This elongated
structure of the flame front marks a significant milestone in the combustion
process within the confined horizontal tube. The evolution of the finger
flame's topology is marked by the presence of two unique points at the ends
of the side skirt, where the premixed flame is extinguished. These points are
identified as half-nodes (N'), and they play a crucial role in driving the
formation of the saddle point along the axis of the channel's centerline. The

flow dynamics during this stage of flame propagation exhibit a compelling
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arrangement of nodes, half-nodes, half saddles, and a saddle point
(Hariharan & Wichman, 2014), as depicted in Figure 2.7b.

Figure 2.7b shows the intricate flow streamlines and the topological
features of the finger flame. The presence of two nodes, two half-nodes,
two half-saddles, and one saddle point characterizes the fascinating
topology of the finger flame's flow field. The formation of these distinct
points and their interactions contribute to shaping the elongated structure of
the finger flame as it gracefully traverses the confined horizontal tube.

The Euler characteristic, a valuable mathematical measure capturing
the inherent topology of the fluid system, is calculated for the flow field of
the finger flame. Applying Equation 2.6, the Euler characteristic number is
determined to be X = 2, providing a fundamental understanding of the
complex flow patterns and structures present within the finger flame (Foss,
2004).

The emergence of the finger flame signifies a critical stage in flame
propagation within the confined tube. The elongated shape of the flame
front and the presence of distinct topological features offer valuable insights
into the intricate interplay between fluid dynamics and combustion Kinetics.
2.3.3 Planar flame

The flame front undergoes a transformation as it progresses further in
its journey of propagation within the confined horizontal tube, eventually
transitioning into the distinctive "planar flame." The unique point,
represented by the saddle, approaches the flame front, resulting in a flatter
configuration. As this singular point coincides with the reaction front, the
flame achieves a completely planar shape (Foss, 2004).

The quenching of the side skirts by the cold side walls initiates a
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recirculation pattern, both in the unburned and burned mixtures. This
recirculation pattern gives rise to specific changes in the flow dynamics,
particularly in the region of the burned gas. The half-nodes present in the
burned gas region transform into a pair of nodes and half saddles (S') that
now exist independently. The formation of these new topological features
adds complexity to the flame structure during this stage of propagation.

Figure 2.7c presents a visual representation of the flow streamlines
and the topological properties of the planar flame. The planar flame's flow
field is characterized by the presence of four nodes, four half-saddles, and
one saddle within the control volume. These topological features intricately
define the shape and behavior of the planar flame as it progresses through
the confined horizontal tube (Hariharan & Wichman, 2014).

The Euler characteristic number, a significant mathematical measure
reflecting the underlying topology of the fluid system, is computed for the
flow field of the planar flame. Applying Equation 2.6, the Euler
characteristic number is revealed to be X = 2, underscoring the fascinating
complexity of the flow patterns and structures present within the planar
flame.

The emergence of the planar flame marks a critical stage in flame
propagation within the confined tube. The transition to a flatter
configuration and the intricate changes in topological features provide
valuable insights into the underlying fluid dynamics and combustion

phenomena at play during this phase of flame propagation.
2.3.4 Tulip flame

As the flame propagation reaches the far end of the channel, a

mesmerizing phenomenon occurs, giving rise to the distinctive "tulip flame"
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(S Kerampran et al.,, 2001). During this stage, the stagnation point
gracefully traverses through the flame front while maintaining a constant
distance from the tulip cusp, which lies at the channel's midline. This
intriguing motion of the stagnation point induces an increase in the velocity
of the unburned mixture flowing toward the flame's centerline, acting as a
source of flame stretch. The tulip cusp, being a pivotal point of the flame's
geometry, plays a crucial role in shaping the flame front during this phase
of propagation.

Notably, until the last stage of the combustion process in the channel,
which is either extinction or quenching, the flame area continues to expand
to its full extent. During this expansion, the propagation speed of the flame
front remains virtually constant, and the entire structure moves coherently
as a unit. The tulip flame exhibits a unique flow field configuration within
the control volume, characterized by the presence of four nodes, four half
saddles, and one saddle (Xiao et al., 2015), as shown in Figure 2.6.

Figure 2.6 visually illustrates the behavior of the tulip flame,
emphasizing the constant spacing between the flame front and the saddle
point as the saddle moves through the flame. Regardless of the specific
geometry of the flame front, it is intriguing to note that the Euler
characteristic of the fluid flow within the combustion chamber remains
constant throughout the flame propagation process (Hariharan & Wichman,
2014). This valuable insight suggests that while the quantity and type of
singular points may vary during different stages of flame propagation, the
overall flow topology, as measured by the Euler characteristic, remains
unaltered.

The emergence of the tulip flame signifies a critical stage in flame

propagation within the confined horizontal tube. The distinctive geometry
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and flow characteristics of the tulip flame highlight the intricate interplay
between fluid dynamics, flame stretch, and combustion kinetics (Perry &

Chong, 1987), as shown in Figure 2.8.
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Figure 2.8: Normalized plot displays the position and velocity of the flame front and
stagnation point, as well as the pressure p(t), pressure change rate (dp/dt),
stagnation front speed, and flame front speed vs channel time t. Position and

velocity of the flame are normalized to their greatest values (Hariharan &
Wichman, 2014)

Zakaria Movahedi (Movahedi, 2017) investigated the propagation of
premixed propane-air flames within ducts under two distinct conditions:
fully opened and fully closed end outlets. The study meticulously examines
the dynamics of flame behavior and its propagation stages while placing a
particular emphasis on the interchange effect between the flame and the
feeding flow. Advanced numerical simulations are conducted to elucidate
the physical mechanisms responsible for the formation of the tulip flame

shape and its subsequent inversions. Furthermore, comparisons are drawn to
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highlight both the similarities and differences of these observed
phenomena. Numerical analyses are executed using two computational fluid
dynamics (CFD) software packages, namely Star CCM+ and OpenFOAM,
leveraging a range of combustion models the findings offer valuable
insights into the intricate interplay between flame propagation and duct
flow dynamics, the formation of the tulip flame, and its subsequent
inversions, extending the frontiers of combustion research within confined
geometries.

Siba and Ratan (Siba & Ratan, 2018) conducted an experimental
study on the propagation of premixed LPG-air flames in a rectangular
channel. Two types of combustion chambers, a half-open and a closed duct,
were investigated. In the half-open duct, a regular curved flame was
observed, while in the closed duct, a distinct “tulip flame" was observed.
Peculiar detonation structures were also observed near the closed side of the
duct. The velocity of flame propagation decreased after the formation of the
tulip flame. The paper explores factors such as pressure fluctuation, wall
roughness, and hydrodynamic effects that contribute to the formation of the
tulip flame. The experimental setup included an uncooled rectangular duct
with acrylic glass sides, and high-speed camera imaging was used for flame
visualization. The findings provide insights into premixed LPG-air flame
behavior and contribute to the understanding of flame front characteristics

and the formation of tulip flames in closed and opened ducts.
2.4 Factors Affecting Flame Propagation

Flame propagation is influenced by a multitude of factors that play
significant roles in shaping the behavior and characteristics of the

combustion process. Understanding these factors is crucial for optimizing
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flame propagation in various applications and ensuring safety in industrial
and engineering processes. The following are the key factors that have been
extensively studied for their impact on flame propagation and they were
dealt with in this research (Chen et al., 2023):

» Fuel-Air Mixture and Equivalence Ratio: The composition and ratio of
the fuel-air mixture have a direct influence on the flame's ignition,
stability, and propagation speed. An optimal mixture is necessary to
achieve efficient and controlled combustion. Also, the ratio of actual
fuel-air mixture to the stoichiometric mixture affects flame stability
and the formation of soot and pollutants.

> Fuel Type: The type of fuel used significantly influences flame
propagation, affecting factors such as combustion rate, flame
temperature, stability, and overall characteristics of the flame.
Different fuels exhibit varying combustion behaviors, which impact the
speed and intensity of flame propagation in a combustion chamber or
tube.

» Tube Length: Tube length directly impacts flame propagation by
influencing the distance the flame must travel before encountering
boundaries. Longer tubes provide more space for the flame to develop
and can result in different flame behaviors compared to shorter tubes.
Tube length affects flame residence time, propagation speed, and
overall stability.

Temperature, pressure, heat loss and cooling, turbulence, flame
stretch, chemical kinetics, heat release rate, and turbulent flame speed are
all critical factors influencing flame propagation in a combustion chamber
or tube. The initial temperature of reactants plays a significant role in

determining the rate of chemical reactions and ignition delay time,
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ultimately affecting the speed and intensity of flame propagation.
Researchers and engineers continuously strive to gain deeper insights into
these factors to optimize combustion processes and promote energy
efficiency while mitigating environmental impacts (Ballester & Garcia-
Armingol, 2010). Some literatures about the most effective factors are
listed here.
2.4.1 Fuel-air mixture and equivalence ratio
The equivalence ratio represents the ratio of fuel to oxidizer in a
mixture relative to the stoichiometric condition. Mathematically, it is
expressed as Equation 2.7, where CF denotes the mole concentration of
fuel, CA denotes the mole concentration of air, and the subscript st denotes

the mole concentration at stoichiometry:

_ CF/CA
(¢F/ ca)st

Richardson and Chen (Richardson & Chen, 2017) conducted direct

numerical simulations to investigate the influence of equivalent ratio

¢ (2.7)

stratification on turbulent flame propagation. The study employed accurate
multi-step kinetic modeling for methane-air combustion, simulating
turbulent slot-Bunsen flame configurations in three dimensions.
Comparisons were made between one perfectly premixed and three
equivalent ratio-stratified cases, where the mean gradient was aligned,
tangential to, or opposite to the mean flame brush. Flame surface area and
burning intensity were analyzed based on these simulations. Additionally,
displacement speed statistics conditioned on the flame-normal equivalent
ratio gradient were examined to assess the local effects of stratification. The
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study revealed that equivalent ratio stratification impacts the flame surface
area due to changes in the surface-averaged consumption rate and
differential propagation effects resulting from flame speed oscillations.

Cho and Tim (Cho & Lieuwen, 2005) analyzed the flame response
to equivalence ratio perturbations, observing three disturbances that govern
heat release: reaction heat, flame speed, and flame area. Equivalence ratio
oscillations induce the first two disturbances, while flame speed variations
cause the third. The transfer function of flame response was studied at
various Strouhal numbers (frequency of flame length). At low Strouhal
numbers, the flame response is dominated by the reaction disturbance heat
(axial flow velocity). As Strouhal number approaches 1, all three
disturbances become equally significant. At low Strouhal numbers, the
flame response is found to increase with decreasing mean equivalence ratio
(¢ = 1), supporting previous heuristic arguments. Additionally, the study
investigated the sensitivity of this transfer function to uncertainties in mean
flame position.

Ax and Meier (Ax & Meier, 2016) conducted an extensive
experimental examination of laminar premixed methane-air flames under
different equivalent ratio oscillations. Methane was periodically added to
the stationary fuel/airflow of a lean premixed flame, and parametric studies
explored flame reaction as a function of modulation amplitude and
frequency. Low pressure was utilized to improve spatial resolution across
and within the flame front, approximating the flame's temporal and length
scales, while causing equivalent ratio oscillations of 10 Hz. The results
demonstrated various interacting effects depending on the oscillation
frequency. At low frequency, a "macroscopic” flame reaction occurred due

to changes in laminar flame speed, flow velocity, and position. At high
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frequencies, the flame tip maintained its position, but species profiles across
the flame front showed significant phase shifts relative to each other,
rendering the flame behavior uncharacterizable by steady states during the
oscillation period.
2.4.2. Fuel type

Liquefied Petroleum Gas (LPG) has been extensively studied for its
advantages, including its high heating value of approximately 46.1 MJ/kg,
surpassing fuel oil (42.5 MJ/kg) and gasoline (43.5 MJ/kg), (Park et al.,
2011; Wierzba & Wang, 2006). Other benefits of LPG include its near
absence of sulfur, resulting in cleaner combustion with minimal ash
content. Additionally, LPG burns in the engine in a gaseous state, leading to
less corrosion and engine wear compared to gasoline. Its high-octane level
enables LPG to mix more effectively with air, promoting complete
combustion and producing fewer carbon emissions than gasoline. This
results in extended spark plug life and reduces the frequency of necessary
oil changes. Moreover, LPG offers flame stability and minimal processing
costs (Ax & Meier, 2016; Cho & Lieuwen, 2005; Park et al.,, 2011;
Richardson & Chen, 2017; Said et al., 2019; Wierzba & Wang, 2006).

However, LPG also exhibits several disadvantages that need to be
considered. Its boiling point below room temperature can cause issues with
cold-weather starting, especially at low vapor pressure and temperatures.
Additionally, LPG has a lower energy density per unit volume (26 MJ/L)
compared to gasoline and fuel oil, with a relative density around 0.5-0.6
kg /L, while gasoline has a relative density of 0.71-0.75 kg/L. This lower
energy density affects the driving range of vehicles using LPG as fuel.

Another drawback is that LPG is generally more expensive than other fuel
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options. Moreover, during burning, LPG emits a significant amount of
carbon dioxide (CO,) and unburned hydrocarbons (HC), contributing to
environmental problems. Furthermore, the limited flammability range of
LPG restricts its utilization in certain applications (Jang et al., 2019;
Richardson & Chen, 2017).

Ibrahim (lbrahim et al., 2015) conducted a study on the laminar
flame speed of methane and LPG fuels. Their research found that the
laminar flame speed (SL) of any mixture of these two fuels is greater than
the SL of each fuel when used separately. Increasing the proportion of LPG
in the mixture, particularly near the stoichiometric condition, substantially
improves the flame speed. The specific reason for this phenomenon is not
yet clear, but it may be related to the projected increase in flame
temperature resulting from the addition of LPG to the mixture. This change
in temperature might lead to alterations in the rate of synthesis and
consumption of H, O, OH, and CH; radicals in the reaction zone.

In a separate study by Wang, Qiu, and Jiang (Wang et al., 2008), a
numerical analysis of hydrogen-enhanced LPG + air flames were
conducted. The researchers investigated the fluctuations of the adiabatic
burning velocity under different combustion conditions (equivalence ratio =
0.7-1.4). The fuel's hydrogen percentage ranged from 0% to 45%, while its
dilution factor ranged from 21% to 16%. Their study involved validating
the chemical kinetic model against fundamental combustion data and
performing separate simulations of opposed-jet, symmetric, and twin flame
designs. The calculations indicated that hydrogen-enhanced LPG/air-
premixed flames exhibited greater stability at high flame strain.
Additionally, the addition of hydrogen extended the lean flammability

limits. It is essential to consider these findings in the context of other types
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of fuels as well. Each fuel type comes with its unique set of advantages and
disadvantages, and the choice of fuel should take into account factors such
as energy efficiency, environmental impact, availability, and cost. Other
types of fuels that are commonly used or being researched for various
applications include gasoline, diesel, natural gas (Compressed Natural Gas-
CNG and Liquefied Natural Gas-LNG), and biofuels (Mjbel et al., 2021). A
comprehensive evaluation of these fuels can aid in making informed
decisions about the most suitable fuel for specific applications, with
consideration for both performance and environmental considerations.
Hamza M. Mjbel (Mjbel et al., 2021), analyzed the laminar flame
speed of a pre-mixed lIragi LPG/air mixture in a horizontal cylindrical
combustion chamber. Experimental measurements and numerical
simulations are conducted to analyze the flame speed at various equivalent
ratios. The experiments involve recording the flame propagation using a
high-speed camera and analyzing the videos to determine the laminar flame
speed. The numerical simulations utilize the Ansys Fluent program and the
Chemkin USC Mech 2.0 model to predict flame speed. Both the
experimental and numerical results demonstrate that the flame speed
increases with the equivalence ratio, peaking at the stoichiometric ratio, and
decreases as the mixture becomes richer. The study also examines the
influence of the propane/butane ratio on the flame speed, revealing that a
higher propane ratio enhances the flame speed. These findings enhance our
understanding of laminar flame behavior in LPG-air mixtures and offer
valuable insights for the optimization and design of combustion systems.
Omid Aghaabbasi (Aghaabbasi, 2021) focuses on the use of
computational fluid dynamics (CFD) simulations to study the behavior of

hydrogen-air explosions. employs the OpenFOAM CFD toolbox and the
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XiFoam solver to simulate flame acceleration in explosions within a 2D
channel. The parameters analyzed include flame front position, flame speed,
equivalence ratio, and pressure. The results show that increasing fuel
concentration and moving from fuel-lean to fuel-rich conditions lead to
faster flame front propagation, higher velocity, and higher pressure. The
behavior is observed in both homogeneous and inhomogeneous H, —air
mixtures. However, the homogeneous mixture exhibits greater flame
elongation and acceleration due to the presence of a larger flammable

mixture.

2.4.3 Tube length
Kerampran (KERAMPRAN et al., 2000) conducted experimental

studies using propane-air, ethylene-air, and acetylene-air mixtures in tubes
of varying lengths. They observed oscillatory behavior in the flame
trajectory, which correlated with pressure records. The findings highlight
the dependence of flame acceleration on mixture composition and tube
length. The paper fills a gap in existing knowledge by focusing on the self-
acceleration of flames in tubes closed at the ignition end, a situation
conducive to deflagration to detonation transition (DDT). He emphasizes
the importance of correlating pressure evolution with the flame propagation
regime to ensure safety. The study provides valuable insights and
reproducible data that can contribute to the modeling of flame acceleration
phenomena. Overall, this research paper offers a significant contribution to
the field of combustion science and technology, improving our
understanding of flame behavior in confined spaces.

Xue Li (Xue et al., 2000) explored the effects of pipe length on

propane-air explosion flames using numerical simulations and experimental
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verification. The paper highlights the agreement between the realizable k-¢
model and experimental results, demonstrating the model's effectiveness in
capturing the flame structure and propagation speed. The formation of tulip
flames and the presence of vortices are examined, shedding light on their
impact on the flow field. Furthermore, the study compares the flame
behavior in open-ended and closed-ended pipes, emphasizing the role of
reflected waves, turbulence, and combustion reactions. The findings
contribute to a better understanding of flame dynamics and provide insights
for improving safety measures in industries dealing with combustible gases.
Overall, this research paper presents a comprehensive analysis of flame
propagation in different pipe lengths, making it a valuable contribution to
the field of combustion science.

S. Kerampran (S. Kerampran et al., 2001) presented a
comprehensive study on flame propagation in tubes and its dependence on
tube length. The authors conducted experiments using propane-air mixtures
in a specially designed experimental set-up, allowing for accurate
observations of flame behavior. It discusses the phenomenon of oscillatory
flame propagation and its relation to tube length, as well as the influence of
acoustics on flame oscillations. The experimental results are presented
clearly through flame trajectories and pressure records, supported by
quantitative analysis. Overall, this paper provides valuable insights into the
complex dynamics of flame propagation in tubes and contributes to our

understanding of flame behavior and industrial safety.
2.5 Summary

Table 2.1 shows a summary of the research close to my work in

terms of the study method and its results.
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Table 2.1:

Literature Review

Summary of the researches close to my work

Authors

Conditions

Observations

Kerampran (S
Kerampran et al.,
2001)

Studied oscillating flame
propagation in tubes
closed at the ignition end
and open at the other for
several different reactive
mixtures

The experimental results clearly
demonstrate the oscillating
behavior of the flame front as it
propagates. They demonstrate that
oscillation frequency and
amplitude depend on tube length,
the speed of sound in the fresh
mixture, and the initial velocity of
the laminar flame. However,
when the cross-section of the tube
is altered, i.e. in the large tube,
oscillating propagation modes are
no longer detected under the same
conditions as in the small tube.
Conclusion: acoustics have a
significant role in the flame
acceleration mechanism

Cho and Tim (Cho &
Lieuwen, 2005)

Analyzed the flame
response to equivalence
ratio perturbations and

found that heat release is
governed by the
superposition of three
disturbances: reaction
heat, flame speed, and
flame area.

The flame reaction to equivalence
ratio oscillations increases as the
mixture becomes leaner,
supporting heuristic arguments
from previous investigations.

Bychkov (Bychkov et
al., 2007)

Studied the numerical and
exponential acceleration
of premixed laminar
flames in the early stages
of burning in tubes for the
propane-air mixture with
0 =(07-14)

The simulation results and theory
are consistent with previous
experiments, revealing the most
intriguing stages of flame
dynamics: hemispherical
expansion, acceleration of the
finger-shaped flame, rapid
deceleration when the flame skirt
sweeps along the tube side wall,
and inversion of the flame shape,
which can also be interpreted as a
"tulip” flame

Taniyama and Osamu
(Taniyama & Fujita,
2014)

Experiments were
conducted on a 45-cm-
long, 5-cm-inner-diameter
combustion tube using
C2H4/C02-02 (Le< 1)
flames. The flame fronts
propagated downhill until

Results showed that the locally
deformed flame changed into a
corrugated structure at the front of
the flame. This was followed by
self-tribalization. The experiments
used a CO2 laser irradiation
method with a flame moving
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Literature Review

Authors

Conditions

Observations

they reached the closed
bottom of a tube with an
open end

downward in a tube. Careful
observations showed that the
concave structure appears just
before the corrugated flame when
the flame moves in a turbulent
way

Hariharan and Indrek
(Hariharan &
Wichman, 2014)

Studied experimental and
numerical research of
premixed flame
propagation in a
combustion chamber
consisting of a six-sided
rectangular channel with a
constant volume

The results of transient 2D
numerical simulations are
compared to the results of
transient 3D experiments. Issues
discussed are the appearance of
oscillatory motions along the
flame front and the influences of
gravity on the flame structure. An
explanation is provided for the
formation of the "tulip™ shape of
the premixed flame front

Xiao (Xiao et al.,
2015)

Studied numerical
simulations of the
formation and
propagation of tulip and
distorted tulip flames in a
closed tube

The effect and facilitation of the
creation of a deformed tulip flame
(DTF) by triggering Rayleigh—
Taylor instabilities. Hence, the
creation of a DTF can be viewed
as the consequence of Rayleigh—
Taylor in stability driven by
pressure waves.

Ibrahim (Ibrahim et
al., 2015)

Studied the laminar flame
speed of methane and
LPG fuels

CHA4/LPG-air mixtures show that
the SL of a mixture of these two
fuels with any percentage is
higher than the SL of both pure
fuels when used separately.

Richardson and Chen
(Richardson & Chen,
2017)

Used direct numerical
simulation, the effect of
equivalent ratio
stratification on turbulent
flame propagation was
investigated. Accurate
multi-step modeling of
methane-air Kinetics

The flame surface area is also
affected by equivalent ratio
stratification as a result of changes
in the surface-averaged
consumption rate and differential
propagation effects resulting from
oscillations in flame speed
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Literature Review

Observations

Authors

Conditions

Zakaria Movahedi
(Movahedi, 2017)

Investigated the
propagation of premixed
propane-air flames within

ducts under two distinct
conditions: fully opened
and fully closed end
outlets. The study
meticulously examines
the dynamics of flame
behavior and its

The fin

into the intricate interplay between
flame propagation and duct flow
dynamics, the formation of the tulip
flame, and its subsequent inversions,
extending the frontiers of combustion
research within confined geometries

dings offer valuable insights

propagation stages while
placing a particular
emphasis on the

interchange effect
between the flame and the
feeding flow

Siba and

& Ratan, 2018)

Conducted an

experimental study on the

propagation of premixed
LPG-air flamesin a

rectangular channel. Two

types of combustion

chambers, a half-open and

a closed duct, were

Ratan (Siba
investigated. The

The findings provide insights into
premixed LPG-air flame behavior
and contribute to the understanding
of flame front characteristics and the
formation of tulip flames in closed

experimental setup
included an uncooled
rectangular duct with
acrylic glass sides, and
high-speed camera
imaging was used for
flame visualization

and opened ducts.

The effects After ignition, the

Nazrein Adrian (bin
Amaludin et al., 2022)

Studied methane-air
mixtures (¢ = 1.2)
enriched with hydrogen
ignited in an open-ended
horizontal tube at 20 °C

and an atmospheric
pressure of 1.013 bar

propagation gradually down the

flame profile becomes convex
toward the unburned gas and

tube faster than the laminar
combustion velocity. The flame

enters a self-induced longitudinal
acoustic field about halfway down

the tube. The frequency of

oscillations is determined by the
diameter of the tube but is not

exclusive

The speed of the flame was

Hamza Mjbel (Mjbel
etal., 2021)

Experimental and
numerical the effect of the
equivalence ratio (0.7-1.4)

for the ILPG/AIR

calculated practically and
numerically for the LPG fuel, as it
was found that the combustion speed
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Literature Review

Authors

Conditions

Observations

premixed on the laminar
flame speed in horizontal
cylindrical with length
1300mm and 180mm
diameter.
The condition 1latm and
300k

increased from the side of the weak
mixture of the fuel

(Equivalence ratio = 0.8) until it
reached its maximum value at

equivalence ratio = 1and 1.1, then it

began to decrease each increasing the

amount of fuel in the mixture until it
reached less Its value when the

equivalence ratio = 1.2

(Almyali, 2024)

investigated the
propagation of a mixed
LPG-air flame inside a
tube under two distinct
conditions: fully open and
fully closed end ports.
The study carefully
studies the dynamics of
flame behavior and the
stages of its propagation,
with special emphasis on
the effect of pipe lengths
and equivalence ratio,
taking into account the
initial conditions, pressure
1 bar and temperature 300
K.

The results provide valuable insights
into the complex interplay between
flame propagation and tube flow
dynamics, tulip flame formation and
tulip flame recurrence, the effect of
tube length and equivalence ratio on
flame propagation phase formation,
and its subsequent implications,
expanding the boundaries of
combustion research within confined
geometries.
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CHAPTER THREE
NUMERICAL STUDY

3.1 Introduction

Computational fluid dynamics (CFD) techniques have revolutionized
research methods, providing significant advantages over traditional
laboratory experiments. Using CFD tools offers cost-effectiveness by
eliminating the need for expensive physical test devices and equipment.
These simulations require substantial processing capacity due to the
intricacies of the mathematical models and the need for high-resolution
grids. It is crucial to validate CFD results against experimental data to
ensure accuracy. Despite these considerations, CFD tools provide
researchers with a powerful and versatile approach to simulate and analyze
fluid dynamics, heat transfer, and combustion processes, advancing
scientific understanding and engineering applications.

In the present work, a CFD model has been developed and applied to
investigate flame propagation and characteristics for various LPG/air
mixtures with varying blending conditions. Chemical reactions and
turbulent models would be utilized, necessitating significant computing
resources. This chapter clarifies the numerical work of this investigation.
Complex chemical reactions and turbulent models solved using
OpenFOAM code have been used to simulate the combustion process of

these mixtures.
3.2 Numerical Modeling and Methodology

Numerous commercial and non-commercial solvers, such as ANSYS
CHEMKIN, CFX, FDS, and SMAFS, are used to solve numerical models in

which chemical reactions and combustion are implemented. OpenFOAM
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code (Field Operation and Manipulation) (Samantaray & Mohanta, 2015)
has been chosen to solve the present numerical problems because it contains
multiple solvers that investigate and cover various combustion scenarios,
including the numerous effects nested in action with combustion details
such as turbulence and radiation. Open GL (General License) code is yet

another distinguishing feature of OpenFOAM.
3.2.1 OpenFOAM methodology
As mentioned previously, the OpenFOAM (Open Source of Field

Operation and Manipulation) code is used to solve the computational
domain for combustion in the current numerical simulation. The
OpenFOAM code is written in C++. Concerning the combustion model, it
can be solved with various solvers, including rho-Reacting-Foam, rho-
Reacting-Buoyant-Foam, reactingFoam, FireFoam, and XiFoam (Paulasalo,
2019). In the current numerical simulation, the XiFoam solver is utilized to
solve all applicable governing equations. XiFoam is a transient solver for
compressible combustion with turbulence modeling in premixed and
partially premixed conditions. This solver discretizes the PDE (partial
differential equations) using the finite volume method (Kutkan & Guerrero,
2021; Povilaitis & Jaselitinaite, 2021).

3.2.2 Cases assumptions

The present study has been implemented using the XiFoam solver by
considering the following assumptions for the current work:
1) The flow is unsteady, and the solver ceases at time when the residuals
are converged.
2) (2-D) numerical simulation would be considered where the flow is

considered in x and y coordinates while it would be neglected in z-
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direction.

3) The flow is compressible.

4) The thermophysical properties for all the components are not
constants.

5) All the reactants and the products of the combustion reactions are
implemented in the multi-species solver.

6) The initial pressure and initial temperature is (1 bar and 300k)

3.2.3 CFD models

As previously indicated, the XiFoam solver is used in the current
simulation to solve the current combustion model. In this solver, the PDE is
discretized using the finite volume method. The XiFoam solver is an
unsteady solver whose run duration and time step must be set so that
Courant number. does not exceed the maximum value specified. A Courant
number is a dimensionless value that represents the amount of time a
particle spends in a single mesh cell (AD Number, 1980; Avhad, 2020). In

this simulation, the maximal Courant number is set to 0.5, so:
u At
Co.No.=——< 0.5
Ax

However, in the current setup, the adjustable time step is turned on to
avoid any divergence in the solution through the simulation. The PIMPLE
algorithm is used to solve the pressure-velocity coupling, which represents
a combination of the PISO (Pressure-Implicit-Split-Operator) algorithm and
the SIMPLE  (Semi-Implicit Method of Pressure-Linked-Equation)
algorithm (Avhad, 2020).

Second-order scheme discretization LUST (linear-upwind stabilized
transport) is used to discretize the momentum equation, while (Gauss
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limited linear) is used for the other equations; the energy equation, the
turbulence model equation (the standard k-e model is utilized in the current
work as would be discussed in the next sections), and species conservation
equations. The combustion model is enabled in the case file, and the
reactions were set properly, where there are different reactions according to
different cases investigated in the present study, as shown in the next

section.
3.3 Model Governing Equations

The combustion within a chamber would be modeled using
OpenFOAM code in the current numerical investigation. XiFoam solver
will be used to solve the pertinent governing equations utilizing FVM
(Finite Volume Method) with various discretization methods. Due to the
inclusion of Multiphysics issues in the simulation modeling, the combustion
numerical model is extremely complex. In addition, modeling reactions
involving multiple species increases the number of relevant equations that
must be solved. In addition, the turbulence model increases the complexity
of the modeled problem.

There are fundamental governing equations for fluid flow problems
that must be implemented in the model first. To the main governing
equations, such as the combustion and/or radiation sources, any additional
model specifications can be added as a source or sink. Alternatively, scalar
transport additives can be added as a distinct governing equation, such as
the energy equation, multispecies equation, or turbulence model. All
governing equations associated with numerical modeling are described in

detail in the current section.
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3.3.1 Mass conservation equation (continuity equation)

The equation for mass conservation, also known as the continuity
equation, the mass conservation equation is derived from the fundamental,
well-known form of the continuity equation, which is written as (la Cruz-
Avila et al., 2020; Li et al., 2017; Paulasalo, 2019):

ap N o(pt;) _

3t ox =0 (3.1)

3.3.2 Momentum equation

The momentum equation, or what Navier-Stock named it, the
definition of an equation is the equation that describes the flow
characteristics (velocity and pressure) in all flow directions. Generally
speaking, the final form of Navier-Stock's The x and y direction equation

Is:

d(pt;) N o(piL;i;)

B dx;  0x; K dx; 0x; \3 Y 9x, Pty (32)

Where u; and &,; represent the velocity component and spatial

distance in the flow direction, u; and &,; represent the velocity component

and spatial distance in the other directions, p represents the pressure, and

8;; is the Kronecher Delta, the mixture density that can be determined using

the ideal gas law:
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P
PV = mRT — pPnixture = ﬁ (3.3)
R
R=-—"
M ype
M _ 1
ave Z YSMS

Where R, is the constant for all gases. M, is the average molar
mass of the mixture (Paulasalo, 2019), where Y, and M, are the mass
fraction and molar mass for each chemical species, respectively, where the
subscript s refers to the chemical species, and T is the temperature of the
gas.

Sutherland's law is used to calculate the gas dynamic viscosity as a function

of temperature T in the present transport model (Greenshields, 2020):

VT
T + T,

p=A

Where A, is the Sutherland coefficient and T is the Sutherland
temperature; both are species constants.
3.3.3 Energy transport equation

The temperature is the most influential property in the combustion
model's reactions. To calculate the temperature, the energy transport
equation, also known as the energy conservation equation, must be
implemented in the computational model. To include their effects in the
final calculations, however, the combustion and radiation sources must be

added to the energy transport equation. The energy conservation equation
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that includes the effects of combustion and radiation is as follows (la Cruz-
Avila et al., 2020; Paulasalo, 2019):

d(ph) N a(phuj)

0 ,u6h+ (1 1)Zh6YS +6P+S
_ax,- Prh ox; “\scs ~ Prh S Saxj ot = red.

+ Scomb. (3-4)

Prh and Scs represent the mixture Prandtl number and the species
Schmidt number, respectively, and S.,,,p. and S,,4 are source variables
added to the energy equation to account for combustion and radiation

effects, where:

Prh = @
u

Scg = —

s pDs

Where A and Ds represent the thermal conductivity of the mixture
and the diffusion coefficient of the species, respectively.
The temperature of the field mixture is computed for each updated

enthalpy value, as follows:

h —Yryerh
T = fﬁl fuel

= (3.5)

Yeuer and hgye, represent the fuel's mole fraction and enthalpy,
respectively.
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JANAF is the most popular thermophysical model for calculating the
enthalpy of a mixture. JANAF calculates cp as a function of temperature
using coefficients extracted from JANAF thermodynamic tables. Two sets
of coefficients are specified, the first for temperatures above T, and the
second for temperatures below T, (Greenshields, 2021). The relationship

between cp and temperature is:

cp =R ((((a4T +a;)T + az)T + al) T + ao)

In addition, the high and low temperature constants of integration, as

and a,, are used to calculate h.

hg = h + f TCp,s(T)dT
To

Where C, ; is the species’ specific heat at constant pressure and h; is
the species' enthalpy.
3.3.4 Species transport equation

In the present computational model, each chemical component in the
flame combustion reaction is considered a single species, with each species'
equation included as a scalar transport equation or a scalar conservation
equation.

The species transport equations can be reduced to a single
combustion progress variable equation (Kutkan & Guerrero, 2021) under

the assumption of straightforward one-step chemistry.
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1

Where t stands for tumultuous property and  and ~ stand for
Reynolds and Favre averaging, respectively. The transported quantity c
represents the normalized mass proportion of the products, also known as
the progress variable. The combustion progress variable defines the
thermochemical state of the mixture (products and reactants) at any point in
space and time. Any quantity, such as temperature or reactant mass fraction,
can be used to establish a progress variable, so long as it is bounded by a

single value in the reactants and another in the product (Ehsan, 2010).

Where r represents unburned reactant gas and p represents product
gas.

A progress variable characterizes the combustion process (c =1 in
the burned product gas and ¢ = 0 in the reactant gas). None of the existing
combustion solvers in OpenFOAM are directly predicated on a progress
variable (Povilaitis & Jaselitinaité, 2021). In OpenFOAM, flame front
propagation is modeled by solving a transport equation for the regress
variable b as opposed to the progress variable ¢, where b = 0 represents the

products and b = 1 represents the reactants, and:

b=1-c¢ (3.7)

Consequently, Equation 3.6 can be expressed as follows in terms of
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the regressive variable b:

o(pb) o(pup) 0 (_  u 0b |
9t + ox, - ox, p — + w, (3.8)

Equation 3.8 is utilized by the OpenFOAM and XiFoam solvers in
particular.

3.3.5 Turbulence modeling using the standard k — e model

Most compressible fluid problems must be corrected by turbulence
models in order to calculate fluid properties, particularly for combustion
and chemical reaction models. RANS, or the Reynold-Averaged Navier
Stock Equation, is the fundamental model. This model cannot account for
the tiniest vortex ripples in the flow. In order to account for the intermediate
vortex robbers in the flow, a new model known as LES (Large Eddy
Simulation) was created. Nonetheless, LES filters cannot photograph the
smallest robins. Thus, a newly developed model known as DNS (Direct
Numerical Simulation) was constructed to capture the system's smallest
vortex. DNS requires a large amount of computing resources in addition to
the complexity of applying the DNS model to a complex domain.

In the present numerical work, the standard k — € turbulence model
was used to implement the RANS turbulence model. In this model, two
essential parameters are taken into account for the calculations: k, or
turbulent kinetic energy, which is the measure of turbulence production.
The other crucial parameter in this model is the dissipation rate, denoted by
the symbol €. This parameter represents the energy loss due to turbulence.

This section describes the processes necessary to develop the

standard k- € turbulence model within the current computational model. The
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initial step is determined by averaging each parameter in the Navier-Stock
equation over time, with each parameter separated into two parts: the time-
averaged term and the fluctuating term, as shown below (Chengeng &
Mikhail, 2023):

T
u=1u+1uwhereu = lim = | u(x,t)dt

T —oo 0
Where u denotes the time-averaged term, whereas u denotes the
fluctuating term. However, because the fluid is compressible, density
change must be taken into account by simplifying the transport equation as

shown below:

u =1+ uwhereti =

=

Favre-Averaging employs this technique when the density change is
taken into consideration. This method applies to the other flow, pressure,
density, species, and temperature parameters. Now, by applying Favre-
Averaging to the preceding governing equations, they would be
reformulated as follows (Rusdin, 2017):

1) Equation for Averaged Continuity:

op 9(pty) _
ot dx;

0 (3.9)

2) Momentum Average Equation:
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d(pti;) N o(pt; ;)

_oP N 0 o1l N 01l (25 aak) ——| 210
©0x;  0x; # dx;  0x; \3 Y 9x, Pty | (3-10)

Where —pii,ii, Reynold stresses, which can be modeled using the so-

called Boussinesq Eddy viscosity model, refer to a parameter.

_ o1i; +6ﬁj (26 aak) (2 T8 ) 311
Py = K ox;  dx; \3 Y ax, 3P0 31D)

Where k represents the kinetic energy of turbulent motion and u;, is

the eddy viscosity. u, can be computed as follows:

C,pk?
_ K
Uy = E

Where € is the dissipation rate while C, is a constant. k and € are
scalars that can be evaluated using a particular scalar transport equation or a
scalar conservation equation, as shown below:

The transport equation is derived for k as follows (Han & Reitz,
1995):

m

o(pk) , 0(Pky) _ [/H He <ak>]+p_,5 (3.12)

While the derived transport equation for € is:
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9(pé) N 0(pét;)
ot 0x

0 U [ 0€ € .
= a U+ vl 1 E(CelG — Ce2P€)

2 .
- <§ Cer + C63>p6— (3.13)

P is the turbulent kinetic energy production rate, which can be

calculated as follows (Krastev et al., 2017):

2 a1,
P=G—-——-pK— 3.14
PR (3.14)
1[01,1°
Xk
5, =29, 9Y (3.16)
Y 2 ax] axi '

Prfand Prd represent the turbulent Brandtl number for k and, while
Ce1, Cez, Cy, and C3 are the model constants. All of these constants have
already been computed as shown below (Krastev et al., 2017):
Pri, =1 Prt =13 ¢, = 0.09,
C., = 1.44 C,=1 Ce53 =-0.33
3.3.6 Combustion model
In the majority of problems involving flame propagation, the reaction
rate is governed by the turbulent time scale for each species rather than the
reaction time scale. Eddy dissipation is the name for such a model that
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regulates the combustion rate. Model (EDM). Spalding (Spalding, 1971)
created the original model, from which the aforementioned model was
derived. The "Eddy-Break-Up" (EBU) model, developed by Spalding
(Spalding, 1971) and referred to as the "Eddy-Break-Up" (EBU) model,
was initially used to calculate the reaction rate of the premixed turbulent
flame and states:

2
Y

_f = _CEBU (317)
Tr

Where @; is the reaction rate or combustion rate, Cgp;; is the model

coefficient, and 1?;2 is the mixture fraction variance. 7, represents the

characteristic turbulent time, which is equal to:

Later, Magnussen and Hjertager (Magnussen & Hjertager, 1977)
developed the Eddy Dissipation Model (EDM) by introducing a new model

in which the variance of the mixture fraction (1?;'2) Is replaced by the mass

fraction of the deficient species, which represents the fuel for the lean
mixture and the oxidizer for the rich mixture.
Consequently, the eddy dissipation model can be modified as

follows:

(3.18)
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Y, Yo, and Y, are fuel, oxidizer, and product, respectively. While s
represents the stoichiometric mass ratio of oxidizer to fuel, (Favre-
Averaged Mass Fractions) are the average mass fractions of Favre.

To calculate the reaction rate for any particular species, use the

following equation:

(3.19)

Where Y, and Y7 represent the species mass fraction computed from

the species transport equation and the species fraction -calculated

chemically, respectively. The overbar  and tilde " refer to the Reynolds

and Favre averaging’s, respectively.

v
T = 0.4083\/;
€

Where v is the kinematic viscosity.

N| R

VE
y = 2.1377 (ﬁ)

3.3.7 Radiation model

The energy transport equation (Equation 3.4) contains two source
terms: combustion and radiation (S,,4). The radiation term is derived from

the calculation of the net radiation heat flux (V. q,), where:

V.Gr = f 7. ($Ddn (3.20)

s
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S is the propagation direction of the radiation beams, while I and 2
are the spectral intensity and the spherical solid angle, respectively. One of
the assumptions of the present computational model is that the medium is
gray, so that V. (8I) can be integrated along the radiation wavelength A as
below (Viskanta & Mengli¢, 1987):

f V.($DdA =k, f (La—1)da=v.G8D) =k,(Ilp—1) (3.21)
2 A
By substituting Equation 3.21 in Equation 3.20, it is found that:

V.qR = ] V.(8DdQ = kyanl, —k, | 1dQ=k,(46T*-G) (3.22)
4T

4T

The spectral absorption coefficient is denoted by k,. The terms

(40T*) and G represent the rate of energy resealing per unit area and the
total irradiance received from domain directions, respectively. o is the
Stefan-Boltzmann constant, which equals 5.67x 108 W /m?K. Equations
3.21 and 3.22 represent the Radiative Transfer Equation (RTE), which
determines the rate of spectral radiation in a particular medium.

There are two methods for solving the above-derived RTE: first, the
Pl-approximation method, in which the incident irradiance is calculated
using spherical harmonics. As a solution to the radiative transfer equation
(RTE), the Finite Volume Discrete Ordinates Method (fvDOM) is
implemented in the current computational model. This method divides the
irradiation field into a predetermined number of solid angles.
The intensity of irradiation (/i) would then be calculated for each solid
angle (£2i) in each direction. Finally, the net radiation G can be calculated

by numerically integrating the predicted irradiance intensities along the
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solid angle, as shown below (llbas, 2005):
G =j (Hd2 =Y I; i. AN
41T

K, can be determined by weighting the individual K, values for each

species i at each partial pressure, as shown below (Gamil et al., 2020):

MY _
k, = zi—l kpi*pi,pi = 27 P

3.4 Methods for Predicting Required Values

In this section, the procedure for the prediction and determination of
flame front propagation as well as the mole fraction for the reactant and
products are illustrated. After completing the required simulation process
for a particular fuel/air mixture under certain conditions, some
computational and post-processing steps are performed as described below.
3.4.1 Flame front propagation prediction

As mentioned previously, the solver which is used is supplied with a
model for predicting the energy as well as the temperature at each cell
across the computational domain. After getting the temperature contour for
a specific case, the temperature distribution is plotted over the
computational domain’s center line. Mjbel and Liberman (Liberman et al.,
2009; Mjbel et al., 2021), reported that the flame front propagation was
located at the point of peak temperature on the center line. This
methodology has shown good results and a high matching with the
experimental results of the current study, as will be presented in chapter

five later.
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3.4.2 Prediction of species mole fractions

As stated earlier, the XiFoam solver has its model for predicting the
transportation of species at each cell across the computational domain. The
mole fraction for the species is calculated through a post-calculation for the
regress variable b and progress variable ¢ according to the chemical
reaction balance. The regress variable b has been used to trace the reactants
while the progress variable ¢ has been used to trace the products.
3.5 Mesh Generation and Mesh Convergence Study

OpenFOAM code has its tool for mesh generation called
“blockMesh” where all the vertices that govern the domain are constructed
to create the domain mesh blocks and boundaries. All these details are
written as code in a journal file called “blockMeshDict”. However, in the
current study, the whole geometrical domain of the studied control volume
was constructed from structured mesh with hexa-blocks using the
abovementioned tool. Thus, a uniform structured mesh was generated using
different blocks as shown in Figure 3.1. there are different mesh sizes tested
to investigate the sensitivity of the calculated variables to the change in
mesh sizes. different mesh sizes were investigated so the value would not
be changed, or if the change is not significant when the mesh size increases.
Five mesh sizes are set in the simulations to perform the mesh convergence
study and approach the mesh independence, namely, 20000 cells (coarse
mesh), 25000 cells (medium mesh), 30000 cells (fine mesh), 36000 cells
(finer mesh size) and 64000 (more fine mesh size) are tested the list of
meshes is shown in Table 3.1. it can be said that the numerical domain
starts to be mesh-independent at the fine mesh size (64000 cells). Thus, all

numeric data and cases done in the presented study were investigated under
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fine mesh size cases.

Table 3.1: Meshing details

Mesh number | Mesh size | Number of nodes | Number of elements | Type of mesh
1 500x40x1 42168 20000 Structure grid
2 500x50x1 52208 25000 Structure grid
3 600x50x1 62608 30000 Structure grid
4 600x60x1 74648 36000 Structure grid
5 800x80x1 131528 64000 Structure grid

Figure 3.1: Combustor mesh generation

Figure 3.2 demonstrates the temperature distribution along the center
line above the flame tip position at the abovementioned five mesh sizes. All
are for the stoichiometric LPG/air mixture combination. It's worth
mentioning that the difference in temperature values between the different
mesh sizes appears in the figure to be greater than it is in reality since the
figure is zoomed to be able to notice the difference, otherwise, the
difference in the values is slight, especially between the fine and the very-
fine mesh. The figure also shows that the temperature distribution

approaches its mesh independency at the very-fine mesh size where the

S
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curve in the very-fine mesh size matches the curve in the fine mesh size
concluding that any further increase in the mesh would not affect the results

significantly. Accordingly, the fine mesh size has been chosen for all the
simulations of the present work.

3000
i —s—coarse mesh
Mesh dependent analysis z
—s—medium mesh
2500 fine mesh
‘BB ¢ very-fine mesh size
_ 2000 |1 |
¢
2 ¢
8 1500 |
@ ;
Q. -
g ;
-
1000 §
L
.
500 L ;
= .
0
0 0.2 0.4 0.6 0.8 1 1.2 i4
Distance, m

Figure 3.2: Temperature distributions along center line at different mesh sizes

3.6 Boundary Conditions and Initial conditions

There are different types of boundary conditions used in the current
computational model. Generally, the boundary conditions in the current
numerical simulation are divided into four categories; boundary conditions
involved in the turbulence model parameters, boundary conditions involved
in the species of the chemical reaction, boundary conditions related to the
energy transport parameters, and finally, the conditions involve the
momentum equation parameters. Figure 3.3 shows the physical domain,
whereas Figure 3.3 A, illustrates the domain pointer to it and the boundary
conditions corresponding to each region. These boundary conditions were

used for the solution of the problem through the discretization of the partial
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differential equations of the abovementioned model governing equations.
Figure 3.3 B show the regions of the physical domain. Table 3.2 shows all
these boundary conditions for each patch under each of the aforementioned

categories.

:—; = 0, wherei=P, U, K, epsilon, T, and b

aT
ax 0

ab
3 —
0)(0

ak oF
5_)(_0 and 5—){—0
+ P=total pressure

U=U from

n 5o " " ) ) 15 ' s 3 Energy equation

AY di 4 s
e 0, wherei=P, U, K, epsilon, T, and b

> X

Figure 3.3: The physical domain and its Boundary conditions: A) types of Boundary
conditions, B) regions of the domain

Table 3.2: Boundary conditions specifications for main properties under each
category of the gov. Eq.

Turbulence Model Parameters

Front and back Left Right Bottom Top
Symmetry | Symmetry Symmetry
€ Empty Plane Plane Symmetry plane plane
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Turbulence Model Parameters

Symmetry | Symmetr Symmetr

k Empty yPlane g yPlane ! Symmetry plane yplane ’

Symmetry | Symmetr Symmetr

nut Empty yPIane y yPIane y Symmetry plane yplane y

Momentum and Continuity Parameters

Symmetry | Symmetr Symmetr

U Empty yPlane g yPlane ’ Symmetry plane yplane ’

Symmetry | Symmetr Symmetr

p Empty yPlane ! yPlane ’ Symmetry plane yplane ’
Energy Equation Parameters

Symmetry | Symmetr Symmetr

Alphat Empty yPIane y yPIane y Symmetry plane yplane y

Symmetry | Symmetr Symmetr

T Empty yPlane ! yPlane ’ Symmetry plane yp|ane ’
Energy Equation Parameters

Symmetry | Symmetr Symmetr

b Empty yPlane ’ yPlane ’ Symmetry plane yplane Y

Where alphat is the turbulent thermal diffusivity and nut is the

turbulent kinematic viscosity.

The initial conditions are found in /O directory. Table 3.3 presents

the initial conditions. Since there is no ignition at time = 0, we have b=1

and Xi = 1 in the whole domain.

Table 3.3: Initial conditions

Variable Description Initial condition
alphat Turbulence thermal diffusivity [kg/m/s] InternalField uniform 0
b Regress variable (dimensionless) InternalField uniform 1
epsilon | The turbulence kinetic energy dissipation rate [m?/s3] | InternalField uniform 375
k The turbulence kinetic energy [m?/s?] InternalField uniform 1.5
mut The turbulence viscosity [kg/m/s] InternalField uniform 0
p Pressure [kg/m/s?] InternalField uniform 100000
Su Laminar flame speed [m/s] InternalField uniform 0.43
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Chapter Three
Variable Description Initial condition

T Temperature [K] InternalField uniform 300

T, Unburnt temperature [K] Internal Field uniform 300

U Velocity field [m/s] Internal Field uniform (0 0 0)

Xi The flame wrinking S, /S, (dimensionless) Internal Field uniform 1
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CHAPTER FOUR
EXPERIMENTAL SETUP

4.1 Introduction

This chapter describes an experimental setup developed to investigate
flame structure and propagation speed at Al-Furat Al-Awsat Technical
University, Technical Engineering College, Najaf. The setup includes a
combustion chamber, ignition unit, fuel injection and control unit, mixture
preparation unit, and flame imaging unit. The chapter explains each
component in detail, along with the test technique, calibration techniques,
and image processing approach used to determine flame velocity. The
chapter also discusses the possible causes of error in the experimental
configuration and emphasizes the significance of replicability in the
experiments.

4.2 The Experimental Apparatus’s General Description

The study of the flame structure and flame propagation speed needs
to be accurate because of the short period available for measurement, which
iIs not longer than a few milliseconds. A new experimental facility is
designed and constructed in Al-Furat Al-Awsat Technical University,
Technical Engineering College, Najaf. Mechanical engineering techniques
of power to measure the flame speed and flame structure of a partially
premixed complete setup of the rig consisting of the parts, as shown in
Figures 4.1 and 4.2.

All parts will be classified into units; each unit, including its role in
experimental tests, its devices, components, and their specifications, will be

detailed in sequence in the following sections of this chapter.
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1 | Air Compressor 9 | tube

2 | LPG fuel cylinder 10 | Ignitor Control Circuit

3 | Mixture Preparation Control Unit 11 | Stand for the camera

4 | Mixer 12 | two electrodes

S | Vacuum Pump 13 | Electrical control board unit.
6 | Digital Pressure. 14 | reverse flame check valve.

7 | pressure gage valve 15 | the Solenoid Valve

8 | Combustion chamber 16 | vacuum pressure gage

Figure 4.1: Photograph of the experimental apparatus used in the study
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Figure 4.2: Schematic sketch of the experimental rig
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4.3 Combustion Chamber Unit

The main unit of the experimental rig is the combustion chamber,
shown in Figure 4.3. This unit comprises the glass cylinder, the fuel
injection tube, the Teflon flange, the spark ignition combination, and the
brass swing check valve. Other parts related to measurements and safe
operation are linked to the combustion chamber and connected with it; these
parts are discussed and illustrated later.
4.3.1 The glass cylinder

The present work used a cylindrical combustion chamber that is heat-
resistant up to (1000 C), a Pyrex cylinder with a (71 mm) inner diameter, a
(76 mm) outer diameter, a (5 mm) wall thickness, and a (1500 mm). The
cylinder is installed horizontally and supported by two wood pieces fixed to

a metal table, as shown in Figure 4.3.

4.3.2 The Teflon flange

This flange is used to close one end of the Pyrex cylinder
(combustion chamber) and to install all other accessories (see Figure 4.4)
which are:

1) Fuel supply injection
2) Spark ignition (electrode tips)
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electrode electrode

Figure 4.4: The Teflon flange

4.3.3 Brass swing check valve

It is a one-way valve that works to close the combustion chamber
from the open side, as it helps to empty the contents of the combustion
chamber between tests using a vacuum pump, as it opens at the start of the

test, thus helping the flame to exit through it as shown in Figure 4.5.

Figure 4.5: Brass swing check valve

4.4 Ignition Circuit and Control Unit

An electrical circuit is built and used to provide the necessary power
to the two electrodes, facilitating the generation of a powerful spark that is
crucial for initiating the mixture. Furthermore, this circuit is accountable for

controlling the time and magnitude of the supplied electricity. The ignition
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system consists of a 220 V AC electrical circuit. Connect it to a dedicated
timer to control the ignition timing source that supplies power to a rotary
variable transformer, which generates the required voltage for ignition. The
output is coupled to an ignition burner transformer, which has a maximum
voltage of 15 kV. This transformer delivers high tension voltage to the two
electrodes, resulting in the generation of a forceful spark as needed.
Diminutive stainless-steel electrodes, with a diameter of 1.5 mm, were
inserted into the chamber to limit their influence on the spread of the flame.
A self-igniting coil was used to begin the discharge. A spark is generated
inside the combustion chamber by using two electrodes that are positioned
in direct opposition to each other and aligned in a linear configuration. To
intensify the electric field at the gap, the spark gap is adjusted to a
consistent distance of 1 mm and the tips of the electrodes are sharpened.

Consult Figures 4.6.

CC Window

A
N/

| Electrode Electrode |

10 kV

Ignition burner transformer Switch

Figure 4.6: Schematic diagram of an electronic circuit for the ignition unit
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4.5 Fuel Supply Control Unit

The Fuel Supply Control Unit (FSCU) is an essential component in
the fuel delivery system of various types of experimental devices. Its
primary function is to regulate and control the flow of fuel from the fuel
source to the combustion chamber, ensuring optimal performance and
efficiency. It consists of a gas injection unit and an electrical control unit.
4.5.1 Gas injection unit

A gas injection unit is a component used in a fuel supply control unit.
It is designed to introduce gas, often in the form of bubbles or fine bubbles.
Here's an explanation of how a typical gas injection unit works and its
components:
4.5.1.1 The manifold

The experimental setup has a meticulously built manifold system in
the combustion chamber, which facilitates the intake of fuel and oxidizer.
This system is provided with a range of valves that enable accurate control
and delivery of the substances. The configuration of the manifold is as
follows:

» The Ball valve, with a diameter of 1/4 inch, is linked to a vacuum
pump. Ball valves are renowned for their dependability and capacity
to provide a tight seal. The 1/4-inch specification denotes the
dimensions of the valve, signifying its capability to accommodate the
necessary flow rates for the experiment.

» The needle valve control (1/4 inch) is directly connected to the
combustion chamber and provides precise control over the intake of
gases into the chamber. The design of the needle valve is specifically

tailored for accurate control of fluid flow, a crucial need in
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combustion research.

The system has four solenoid valves, each functioning on 24 VV DC
power derived from a 220 VV AC source. Solenoid valves provide benefits in
automated systems owing to their rapid and dependable functioning. One of
these valves is linked to the air compressor, which provides air to the
combustion chamber. The remaining three are connected to the ILPG
(Liquefied Petroleum Gas) storage tanks, with one functioning as a backup.
The valves provide accurate and electronic regulation of the injection of air
and gaseous fuel into the system, which is crucial for attaining the intended

experimental conditions, see Figure 4.7.

Figure 4.7: The gas manifolds

4.5.1.2 Pressure regulator

Furthermore, apart from the pressure regulators already in place on
the LPG and AIR cylinders, an additional pressure regulator, seen in Figure
4.8, namely the Electric RA2000 model, has been put on the pipeline
responsible for transporting the fuel/air mixture from the mixer to the
burner tube. This regulator has a range of 0 to 10 bar. The purpose of this
pressure regulator is to regulate the pressure of the mixture prior to its
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passage through the rotameters. The pressure of the fuel/air combination
flowing through the burner is maintained at a constant value of 1 bar

throughout all experiments.

Black Values (bar)
Blue Values (MPa)

Figure 4.8: Pressure regulator of the mixture

4.5.1.3 Air compressor
A compressor (type DARI, 1.5 HP, 8 bar) supplies the air for the

combustion chamber at the requisite pressure, as shown in Figure 4.9.

Figure 4.9: Air compressor

69



Chapter Four Experimental Setup

4.5.1.4 Vacuum system

The contents of the combustion chamber were removed during
experiments using a vacuum pump at a constant rate of 0.3 m3/h. Its
purpose is to link the vacuum pump to the injection system of the
combustion chamber, therefore minimizing the number of connections and
potential regions of leakage. Following each test, the air compressor is used
to cleanse the combustion chamber of its combustion byproducts.
4.5.1.5 Electrical control board unit

The electrical board measures 40x30x15 c¢cm and contains the
components shown in Figure 4.10.

» The selector switch is responsible for providing electrical power to
the board.

» The vacuum selection switch is a mechanism used to activate the
vacuum compressor.

» The fuel selector switch consisted of two switches used to control the
solenoid valves for gaseous fuels, with one switch serving as a
backup.

» The fuel quantity regulation mechanism includes the management of
a timer, which in turn directs the functioning of the One-Way
electronic valve to regulate the flow of fuel into the combustion

chamber.
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Main Powe _,_ Mixed fuel control
{ 7@
i )

-

Vacuum compressor witch

4

Figure 4.10: Electrical control board unit

4.6 Mixture Preparing Unit

The mixture (LPG-AIr) preparation unit consists of the following
component.
4.6.1 Mixing tank

The mixer is an aluminum tank with a cylindrical form. The mixer
has dimensions of 550 mm in length, 120 mm in diameter, and 2 mm in
thickness, resulting in a total capacity of 6 L. It has a pressure resistance
above 12.5 bar. The mixing unit is equipped with three holes, each with a
diameter of 19.05 mm, as seen in the schematic picture (4.11). One is used
for creating a vacuum by applying pressure. The second aperture is used for
delivering air and LPG to the blending apparatus. The same aperture allows
the uniform amalgamation to enter the burner module. Every aperture is
equipped with ball valves measuring 19.05 mm in diameter. The valves are

undergoing a test where the internal pressure of the mixer is raised by about
71



Chapter Four Experimental Setup

8 bar to prevent any leakage. This is seen in Figure 4.11.

Pressure gage

LPG inlet

Mixture out to CC

Pressure gage

Vacuum

Figure 4.11: Schematic diagram of mixing tank

4.6.2 LPG fuel cylinder
The LPG fuel cylinder is a steel cylinder of weights 12.5 kg and

capacity of 26.2 L provided with a regulator to control the quantity and
pressure of the gas flow to the mixing tank
4.6.3 Pressure gauges

Two bourdon pressure gauges are used. The initial gauge is used to
quantify the vacuum pressure inside the mixer, with a measurement range
spanning from 0 to -1 bar. The second gauge is used to quantify the
pressure of the concoction arranged within the mixer as shown in Appendix
(B). The reading range extends from -1 to 4 bar, as seen in Figure 4.12 (a,
b).

Figure 4.12: Pressure Gauges, a) Total pressure gage, b) vacuum pressure gage
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4.6.4 Reverse flame check valve

The one-way Valve is a safety mechanism specifically intended to
inhibit the flow of gas in the opposite direction, so effectively preventing
the flame from reaching the fuel mixer. This mitigates the likelihood of an
explosion or fire, hence enhancing the operational safety of the system.
One-way valves are used in diverse systems. Ensuring their integrity is

crucial for their continued optimal functioning. It is seen in Figure 4.13.

e Check valve stops reverse flow of gases

e Flame barrier stops e In regulator type

flashbacks flashback arrestors
thermal shut off 1s
included to stop
hose burn from
reaching cylinders
and pipe lines

e Stainless inlet
screen helps keep
dust and dirt out

Figure 4.13: Schematic of reverse flame check valve

4.6.5 Solenoid valve

The solenoid valve is used to regulate the delivery of the LPG-air
mixture to the combustion chamber. It is linked to the timer in order to
regulate the supply of the mixture. The working pressure falls within the
range of 0 to 25 bar. Furthermore, it functions as a unidirectional valve that
obstructs the passage of gas in the opposite direction, thereby preventing
the flame from reaching the fuel mixer as shown in Appendix (B). This
serves to minimize the potential for explosion or fire. Figure 4.14 illustrate

this.
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Figure 4.14: The solenoid valve

4.7 Flame Imaging Unit
An optical system is used to visualize and record the flame and flame
propagation process with a high-speed camera. The flame imaging unit

comprises a high-speed camera, a camera stand, and a light source.

4.7.1 The high-speed camera
The flame spread and its immediate beginning were captured and
recorded using a high-resolution camera, namely the Huawei-P 40 pro,
Figure 4.15, which has the capability of ultra-slow-motion. The gadget is
equipped with a total of four cameras:
» The device is equipped with a 50-megapixel ultra-vision camera and a
40-megapixel ultra-wide cine-camera.
» The camera has a 12 MP optical super-sensing telephoto lens that
supports focusing mode.
» A camera that uses Time of Flight (TOF) technology.
The picture resolution is capable of accommodating a maximum of
8192x6144 pixels. The video resolution is capable of supporting super
slow-motion footage at 720 p with a frame rate of 7680 fps. It has the
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capability to decelerate movement by a factor of 256. The camera has been
mounted into a picture frame and is equipped with a Bluetooth remote
control for initiating or terminating the process of shooting photos or

videos.

Ultra Vision Leica Quad Camera
HUAWEI P40 Pro _

Figure 4.15: High-speed camera: Huawei-P 40 with 7860 FPS

4.7.2 Light source

A 12V DC neon lamp is positioned within a sealed enclosure, with a
single tiny aperture to concentrate the light onto the body of the combustion
chamber. It is used to gather the light and then disperse it towards the
camera. As a result, this light enhances the precision of flame photography.
The lab is in complete darkness while recording since all lights are turned
off.
4.8 Test Procedure

The mixing process relies on the Gibbs-Dalton Law, which calculates
the partial pressure of each component in the mixture to get the precise
equivalency ratio. The combination is prepared inside the dedicated mixing
tank. The partial pressure of hydrocarbon fuels is often low. Therefore,

using the mixer allows for the maximization of the partial pressure of the
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fuel, therefore facilitating control over the admission process. The absolute

pressure for each test is uniformly set at 5 bar, as per the specified

technique as shown in Appendix (A).

A.

1)

2)

3)

Mixture preparation processes

Flushing Process of Mixer: This technique is accomplished by
introducing air into the mixer for a duration of 3 to 5 minutes. The
operation is iterated thrice to guarantee thorough purging of the mixer
from any residual substances. The introduction of air is carried out
under controlled pressure to prevent undesired increase in
temperature.

Vacuum Process of Mixer: The vacuum procedure is initiated by
shutting all valves except for the vacuum pump valve and the vacuum
gauge valve. This allows the pump to effectively remove any residual
contents from the mixer until its pressure reaches roughly (-0.92 bar).
Mixing Process

The LPG fuel is transferred from the LPG cylinder to the mixer. The
partial pressure of the LPG fuel is directly proportional to its blend
concentration. The LPG is introduced into the mixing tank first by
opening the valve of the LPG cylinder and allowing the tank pressure
to reach a certain amount.

Air is introduced into the system from the compressor until the
pressure approaches atmospheric pressure. At this point, the valve on

the vacuum gauge is closed, and the total pressure gauge is opened.

Additional air is introduced to achieve a total absolute pressure of 5
bar.
The mixture is allowed to stand for 10 minutes to achieve thorough

homogenization.
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B. Combustion chamber preparation and combustion processes.

1) After each reading, thoroughly clean the Pyrex cylinder (the
combustion chamber) to remove any residue from the mixture. Allow
the cylinder to cool down to room temperature, then introduce air into
the cylinder and clean it using a cloth. Repeat this process multiple
times to ensure that no traces of the mixture remain. The ignition time
duration is set at 5 milliseconds.

2) The length of the fuel delivery is fixed at 10 seconds.

3) The uniform blend (LPG-air) is introduced into the combustion
chamber at a low pressure.

4) Both the ignition and camera recording triggers are simultaneously
activated.

5) Data is documented and images are captured.

6) Duplicated the same technique for subsequent readings.

4.9 Image Processing

The analysis of AVI files in this experiment is conducted by image
processing utilizing the ProAnalyst program (Version 1.5.7.0). During the
experiments, pictures are recorded at a high frame rate of 7680 frames per
second, resulting in a time gap of 0.1 milliseconds each frame. The flame's
position is established by analyzing the intensity of light, with the first
white pixel indicating the site of ignition. The X-axis is positioned parallel
to the tube's central axis, with the ignition electrode's tip serving as the
reference point. The line tracking capability of the ProAnalyst software is
used to accurately trace the motion of the illuminated leading edge of the
flame. In grayscale photographs, each pixel is given a value ranging from 0
(representing a fully white cell) to 256 (representing a fully black cell). A

pre-established threshold, such as 10, is used to classify the pixel values.
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Pixels with values below this threshold are given a binary value of 0, while
those with values above are allocated a binary value of 1, resulting in the
creation of a binary matrix. The procedure entails quantifying the pixel
count from the distal end of the tube to the leading edge of the flame. The
computation of the distance between the ignition point and the flame front
may be done by determining the total number of pixels that represent the
full length of the tube. The conversion from pixels to millimeters is
achieved by using a scale factor, calculated by dividing the true width of the
tube by its corresponding pixel count.

Consequently, a table is produced containing two primary columns:
one indicating the time that has passed since ignition, and the other
indicating the location of the flame front relative to the spark ignition. This
approach offers a comprehensive and accurate examination of the flame's

advancement across time.
4.10 Flame Speed Calculation

An in-depth examination of the flame pictures is required to calculate
the flame speed along the centerline of the tube. The data gathered in the
preceding section 4.9 is crucial for this procedure. The Absolute Flame
Speed (AFS) is determined using the following formula:

Xn - Xn—l

AFS, = (4.1)

tn - tn—l
Where X,, and X,,_, are the flame front locations at times t,and t,,_
respectively.
4.11 Inaccuracy Sources
Mjbel (Mjbel et al., 2021) has done his Master's thesis with the same
experimental setup. He calculated all relevant uncertainty regarding this rig
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in Appendix B of his thesis. The same setup has been used in this study.
Therefore. Mjbel (Mjbel et al., 2021) uncertainty calculations can still be
valid.

The main source of error is attached to the equivalence ratio
determination and mixture preparation. Based on (Mjbel et al., 2021) work,
the equivalence ratio uncertainty is about £ 0.06. This can cause an issue in
the differentiation of the results between equivalence ratios 1.0 and 1.1. The
primary source of uncertainty in this study relates to the determination of
the equivalence ratio and the preparation of the mixture. Additionally, the
reproducibility of the results, particularly in the context of tulip flame
formation, is somewhat uncertain. As a result, it becomes essential to repeat
each experiment multiple times, ideally around 30 iterations, to achieve a
reliable statistical analysis.

The issue of non-repeatability, which will be explored in greater
detail in Chapter 5, is primarily attributed to the chaotic nature of the flow
of the unburned mixture. This unpredictability is a key reason for the
necessity of numerical modeling of this phenomenon. Furthermore, there
are inherent uncertainties involved in processing the images recorded of the
flame to determine the flame front speed. To identify the position of the
flame front, a specific threshold of line intensity is used. This method
typically results in locating the flame front within an accuracy range of one

to two pixels, equivalent to about 3-6 mm.
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CHAPTER FIVE
RESULTS AND DISCUSSION

5.1 Introduction

Improving combustion processes requires a thorough understanding
of flame properties, such as temperature, velocity, and tulip flame
generation. These features are shaped, in large part, by critical variables
including time, pipe length, and fuel-to-air ratio. Time affects the rate at
which the combustion process and the flame front evolve, which, in turn,
affects the general behavior of the flame. The stability, form, and heat
transmission of the flame are all impacted by the length of the pipe. An
important mixture composition parameter, the fuel-to-air ratio, has a major
impact on combustion dynamics, affecting flame temperature, speed, and
the formation of structures such as tulip flames. Comprehending these
interplays is essential to maximize combustion efficiency, reduce
emissions, and guarantee system security.

Despite much investigation, the phenomenon of tulip flame formation
in LPG-air premixed tubes is still not entirely understood due to its
complicated structure. Numerous possible explanations are suggested by
experiments, analyses, and computational studies. These include the effects
of burning gases, viscosity, cooling, and vortex motion on pressure wave
interactions and flame instability. The objective of this study is to determine
the physical mechanisms behind the development of tulip flames by
investigating the effects of tube length and equivalent ratio on flame front
propagation, as well as the variables influencing the appearance of the tulip
phenomenon. Thoroughly contrasting experimental and numerical data will

shed light on these systems and advance our knowledge of and ability to
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regulate combustion processes.
5.2 Present Work Verification

Present work validation contours, visualization validation, and charts
are components of data analysis and quality assurance. They contribute to
the accuracy, dependability, and effectiveness of data analysis procedures
as well as data visualization, allowing for better decision-making and
understanding of complicated information.

5.2.1 Model validation

Validation of experimental work involves comparing the collected
data with results obtained from different models and previous
investigations. The ILPG-air deflagration process in a pipe was simulated
using various turbulence models, namely the Realizable k-&¢ model, k-¢
model, SST k-o model, and Launder Sharma k-¢ model. The simulation
results were compared with experimental data for flame speed with distance
represented in Figure 5.1. Among the turbulence models used, the k-
model demonstrated the closest agreement with the experimental results. In
the numerical simulation, the combustion reaction occurred promptly upon
ignition, while the experimental setup experienced a time delay due to
electric spark ignition. Despite observing faster flame propagation during
initial ignition in the simulation, the flame speed along the pipe axis
remained in line with the experimental data. The simulation employed an
adiabatic wall boundary condition, retaining all combustion heat within the
products. Although the experimental flame acceleration was relatively
delayed and the flame speed increased gradually, the maximum flame
propagation speed error was less than 10%. Thus, it is concluded that the

boundary condition had minimal impact on the overall flame propagation
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trend, and the k-& model proved to be an appropriate choice for simulating
this LPG-air deflagration process in the pipe.

Figure 5.2 presents the comparison between experimental peak
pressures and calculated pressures at each measuring point along the pipe.
Notably, the maximum peak pressure was observed at the measuring point
located at the end of the pipe. The simulation using the k-& model resulted
in slightly lower calculated pressures compared to the experimental data
this difference can be attributed to the absence of energy loss in the
simulated pipe. However, both the k-¢ model and the Launder Sharma k-¢
model significantly underestimated the peak pressures compared to the
experimental results. Given these findings, the study aims to validate the
suitability and accuracy of the Realizable k-¢ model for this particular
propane-air deflagration simulation in the pipe. Further investigations are
warranted to understand and improve the predictive capabilities of the

turbulence models and their application in similar scenarios.
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Figure 5.1: Flame speed distribution along the pipe axis of various models and
compared with experiential results
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Figure 5.2: Flame pressure distribution along the pipe axis of various models and
compared with experiential results

5.2.2 Contours and visualization validation

The present work demonstrates a high level of agreement with the
findings reported by Zakaria Movahedi (Movahedi, 2017), both in terms of
experimental and numerical results shown in Figure 5.3. The comparison of
the two publications reveals similar patterns and occurrences in several
aspects of the inquiry, including the location, velocity, and dynamics of
flame generation. The experimental results of this research demonstrate
comparable patterns and characteristics to those reported by Zakaria
Movahedi, indicating a strong level of consistency and dependability in the
experimental setups and data collection methods used. The observed
congruence in the experimental outcomes enhances the degree of assurance
about the accuracy of the present investigation. Furthermore, the
quantitative results obtained in the present study demonstrate a noteworthy
agreement with the numerical simulations carried out by Zakaria Movahedi.

Although there are some differences due to the absence of a wrinkle
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component in the laminar combustion model, both studies effectively
capture essential qualitative elements related to the development of the tulip
flame and the subsequent collapse of its edges. The consistent findings
found indicate that the numerical model used in this work is very suitable
for modeling and understanding the dynamics of the flame during these
specific phases. The alignment between the observed and calculated results
of the present inquiry and the study done by Zakaria Movahedi strengthens
the accuracy of the findings and reinforces the reliability of the used
methods and frameworks. The consistent findings in the data from both
investigations provide strong confirmation, confirming the quality and
dependability of the acquired information. This confirmation, in turn,
enhances the overall understanding of the propane-air explosion mechanism

and the tulip flame phenomena that take place within the pipe.

1 1 !“3

Zakarla Movahedi

Figure 5.3: The validation between experimental work and numerical simulation of
present and previous investigations
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Figure 5.4 provides a depiction that clarifies the complex dynamics
involved in the combustion process, particularly related to the processes
that control the spread of flames. An extraordinary occurrence in the
described scenario is the sudden appearance of a flame shaped like a tulip
exactly at the time of 0.04 seconds. The tulip flame has a distinct
morphology that is evocative of the floral structure of a tulip.

A precise and comprehensive illustration of the intricate mechanisms
involved in flame spread may be found in Figure 5.4. This sheds interesting
light on the dynamic processes that take place during the tulip flame's
development, particularly during the 0.0350 ms timeframe. And it complies
with the theoretical approach of Ashwin Hariharan (Hariharan & Wichman,

2014).

Ashwin Hariharan et al

0.0350 ma=

Figure 5.4: The validation between numerical present work and numerical
simulation of Ashwin Hariharan
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Figure 5.5 displays the contour of the adiabatic flame temperature
inside the combustion chamber. The observed phenomenon offers empirical
support for the propagation of the flame over the whole length of the
combustion chamber. Approximately 10 ms into the combustion process, it
has been observed that the flame will transform into a spherical shape.
Following the progress in the central canal (CC), it undergoes a
transformation into a digit-like structure after a duration of 15 ms. The
flame progresses through the combustion chamber (CC) and develops a
tulip-like shape at 45 ms. Subsequently, it undergoes a transformation from
a non-planar form to a flat configuration at 30 ms. The tulip configuration
undergoes progressive disintegration starting at 65 ms and persists until the
conclusion of the current cycle (CC) at 80 ms, at which point it completely
occupies the CC. The decline of the tulip configuration begins at 65 ms,the
trend obtained in the present work agrees with the flow-distraining gained
by(Kadem, 2021; Tecplot, 2013).

o0 D .
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Figure 5.5: Flame shape and progress
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5.2.3 Behavior validations

A graphic comparison of the flame front's distance from the spark
over time is shown in Figure 5.6. It compares the simulated results from the
current research with the findings of Zakaria. The graph illustrates the
relationship between time (measured in ms) on the x-axis and the distance
of the flame front from the spark (measured in m) on the y-axis. It
demonstrates the advancement of the flame front in a stoichiometric Fuel-
air combination inside a tube. Upon examination of the graph, it is evident
that two distinguishable lines depict the datasets from the current
investigation and the findings obtained by Zakaria. Both lines demonstrate
an initial, progressive expansion of the distance between the flame front and
the spark, showing the phase of flame propagation. Over time, the pace at
which the flame front distance increases become more unpredictable,
exhibiting peaks and troughs that indicate fluctuations in the velocity of the
flame front.

The initial stage demonstrates a strong concurrence between both sets
of findings, as the flame front advances at a comparable pace. Over time,
several inconsistencies between the two databases became apparent. These
disparities might be ascribed to discrepancies in experimental settings, the

accuracy of measurements, or the faithfulness of the numerical simulations.
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Figure 5.6: Flame front distance from spark for different time comparison

A thorough quantitative analysis that attempts to show a connection
between the numerical results and the empirical data is shown in Figure 5.7.
The collected data shows a correlation between the flame's location and
velocity during the first 32 ms, before the tulip flame is formed. This
indicates that the model accurately depicts the development of the tulip
flame. However, from the time the tulip flame zone occurred until
t = 54 ms, the numerical results consistently underestimated the actual
findings. The discrepancies seen between the computational and
experimental results may be attributed to the turbulence produced in the
unburned mixture as a result of the flame expansion. Turbulence
significantly impacts the dynamics of flame propagation, leading to
significant changes in both the velocity and behavior of the flame. In this
situation, it is possible that the turbulent flow caused by the flame's growth
might affect the spread of the flame beyond the area marked by the tulip

flame. Hence, this phenomenon may explain the discrepancies reported
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between the numerical predictions and actual findings. To improve the
accuracy of the numerical model and better represent the movement of
flames, it is essential to conduct more investigations and make necessary
adjustments to the model. By include a more detailed analysis of turbulence
in the simulation, it is possible to reduce these differences and improve the
model's ability to forecast the whole process of flame propagation. The
research done by Zakaria Movahedi (Movahedi, 2017) showed that the
geographical distribution and velocity of the flame during the first 30 ms,
before the tulip-shaped flame forms, had a high degree of agreement. This
implies that the model used in the experiment accurately depicts the
development of the tulip flame. However, after the tulip flame zone event
and continuing until ¢ = 50 ms, a noticeable inconsistency in the timing
references about the observed differences between the numerical and

experimental results becomes evident.

1.2 = Numerical

——Experimental

0.8

0.6

0.4 Tulip Flame

Flame front distance frome spark(m)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Time (ms)
Figure 5.7: Flame front distance from spark of numerical and experimental work
and compare with previous investigation
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5.3 Factors Effect on Flame Properties

Flame propagation can be influenced by two specific factors: tube
length and equivalency ratio (Xiao, 2016).

Tube Length: Flame propagation may be affected by the length of a
combustion tube or chamber. Before reaching the tube outlet, the flame
must travel a greater distance through longer tubes. This greater separation
may result in longer heat loss and dissipation times to the tube walls, which
could impede the spread of the flame. In contrast, shorter tube lengths may
facilitate the spread of flames faster because there is less space for heat
dissipation and less distance to go.

The equivalency ratio is a measurement of the ratio between the
composition of the actual fuel-to-air mixture and the stoichiometric ratio
needed for full combustion. It shows if the combination contains a lot of

fuel or not (Xiao et al., 2018).
5.3.1 The effect of equivalent ratio on flame front position and

velocity for 1.5 m length

The location and speed of the flame front in a 1.5 m long chamber of
combustion is influenced by the equivalency ratio, as shown graphically in
Figure 5.8. The graph illustrates the variation in flame tip distance from the
ignition point over time for three distinct equivalency ratios: lean (¢ =
0.8), stoichiometric (¢ = 1), and rich (¢ = 1.2) LPG-air mixtures. By
examining the graph, we may see three separate lines, each indicating a
different equivalency ratio

Initial Phase: The three lines all have a comparable slope, indicating
that at the beginning, the equivalency ratio has little influence on the speed

of the flame front. The flame fronts in all mixes spread uniformly away
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from the igniting source. Temporal evolution of the flame fronts reveals

discernible discrepancies in their actions, indicating a mid-phase variation.

The convergence of the red line (representing a rich mixture) and the black

line (representing a stoichiometric mixture) indicates that mixes with higher

richness (¢ = 1 and ¢ = 1.2) lead to a more consistent flame front location

as time progresses. The convergence may be attributed to the enhanced

accessibility of fuel, which facilitates continuous burning and has the

potential to result in more uniform flame propagation velocities.

1)

2)

The lean mixture diverges from the other two lines, as shown by the
blue line. The observed discrepancy suggests that leaner mixes (¢ =
0.8) exhibit distinct flame front propagation characteristics, perhaps
attributed to reduced fuel availability, resulting in slower flame speeds
and lower total energy release rates.

Late phase oscillations are seen in the later portion of the graph,
when all lines exhibit oscillatory activity. The magnitude of these
oscillations is particularly noticeable in the rich combination, shown
by the red line. The oscillations seen correspond to the physical
occurrence of the development and collapse of the tulip flame, with
the magnitude potentially being affected by the richness of the
mixture. Distance Disparities: Across the graph, the red line
constantly exhibits the greatest flame tip distances, followed by the
black line, and then the blue line. This trend indicates that the use of
more concentrated mixes leads to a more energetic spread of the flame

front.
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Figure 5.8: Flame tip distance with time for different equivalence ratio at L1.5 m

Presents Figure 5.9, a graphical representation of the flame tip
velocity as a function of time for various equivalence ratios (¢) for a tube
length of 1.5 m. Three lines are graphed, each representing a different
equivalence ratio: lean (¢ = 0.8), stoichiometric (¢ = 1), and rich (¢ =
1.2). The salient findings derived from Figure 5.9 are as follows:
Stoichiometric Mixture Behavior (a stoichiometric ratio ¢ = 1) The flame
tip velocity for the stoichiometric combination has a concentrated
distribution along the time axis, suggesting a reasonably steady velocity
with fewer and less severe changes. When the fuel-to-air ratio reaches the
stoichiometric point, the flame demonstrates a more predictable and
regulated spread. The behavior of a lean mixture (stoichiometric ratio of
¢ = 0.8) At first, the speed at which the flame point moves in the lean

mixture is lower than in the other mixes, as predicted because of the
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reduced amount of fuel present. After 0.04 ms, the variation in velocity
decreases, indicating that the lean mixture has a damping effect on the
velocity oscillations.

The decrease in variation after 4.4 ms suggests a more consistent
flame front velocity as the flame develops. The behavior of a fuel-air
mixture with a high concentration of fuel (known as a rich mixture) is
shown in a graph when the air-fuel ratio is 1.2. The velocity of the rich
combination exhibits the most pronounced oscillations, characterized by
elevated peaks and reduced troughs. The magnitude of these oscillations
suggests the dynamic character of the flame front in fuel-rich mixtures,
perhaps resulting from the increased energy content and consequently more
intense combustion processes. The velocity oscillations seen in all three
lines indicate the periodic nature of the tulip flame production and its
influence on the velocity of the flame tip. The fluctuations in both the
intensity and rate of these vibrations at various equivalency ratios
demonstrate the intricate nature of combustion dynamics and the
responsiveness of flame characteristics to variations in the fuel-air
combination.

Comparative Analysis: When comparing the three lines, the
stoichiometric mixture (¢ = 1) maintains a relatively stable and moderate
flame tip velocity, while the lean mixture (¢ = 0.8) demonstrates a
tendency towards lower velocities, and the rich mixture (¢ = 1.2) displays
higher velocities with notable fluctuations. The observations obtained from
Figure 5.9 are crucial for understanding the mechanics of flame
propagation, specifically how the equivalency ratio affects the speed and
steadiness of the flame front. This information is essential for enhancing

combustion processes, guaranteeing safety in industrial environments, and
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enhancing the efficiency of engines and other combustion equipment. The
picture emphasizes the intricate relationship between the concentration of
fuel and the kinetics of combustion, emphasizing the need for accurate

control over mixture ratios in real-world scenarios.
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Figure 5.9: Flame tip velocity with time for different equivalence ratio at L1.5 m

5.3.2 The effect of equivalent ratio on flame front position and

velocity for L2 m length

provide insight into how different equivalence ratios affect flame
front position and velocity, respectively, in a 2m-long combustion chamber,
as shown in Figures 5.10 and 5.11. For the fuel-lean mixture (¢ = 0.8), this
represents the lean mixture scenario. Here, the flame tip distance increases
at a slower rate than in the other mixtures. This suggests that the lack of
fuel relative to air slows down the combustion process, resulting in less
aggressive flame front propagation. While the stoichiometric mixture (¢ =
1) shows the behavior of the stoichiometric mixture, The distance of the
flame tip increases steadily and at a moderate rate, indicative of an optimal
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balance between fuel and air, leading to consistent combustion.

The fuel-rich mixture (¢ = 1.2) is illustrated in the rich mixture case,
where the flame tip distance increases most rapidly. The excess fuel results
in a more robust combustion process, causing the flame to travel faster and
further along the tube, as shown in Figure 5.10.

Flame Tip Velocity, Figure 5.11: In the lean mixture, the flame tip
velocity is generally lower and less variable compared to the other mixtures.
After a certain time, there's a notable decrease in velocity, reflecting the
struggle of the flame to maintain its propagation due to limited fuel
availability. The stoichiometric mixture, where the velocity initially rises to
a peak and then fluctuates around a central value, this behavior indicates a
balanced combustion dynamic, with neither excess fuel nor excess air. The
rich mixture shows high velocity with significant fluctuations. The peaks
and valleys in the velocity profile suggest an intense and somewhat unstable
combustion process, likely due to the ample fuel availability causing rapid
but uneven combustion.

It is found that the rich mixture has the highest flame front velocity,
followed by the stoichiometric mixture, and then the lean mixture,
consistent across both figures. This progression is aligned with the
expectation that more fuel leads to more vigorous combustion. The
stoichiometric mixture provides a balance between speed and control, as
indicated by the moderate and stable flame tip distance and velocity. In
contrast, the rich mixture, while fast, shows greater volatility, and the lean
mixture, though slower, demonstrates steadiness in propagation speed.
Figures 5.10 and 5.11 together illustrate the nuanced interplay between
mixture composition and combustion dynamics. The rich mixture's rapid

flame front progression and high velocity indicate a strong and potentially
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more aggressive combustion process, while the lean mixture shows
constraints on combustion due to limited fuel.

These figures underline the importance of the equivalence ratio in
determining the behavior of flames within a combustion chamber.
Understanding these dynamics is crucial for the design and operation of
combustion systems, ensuring optimal performance, efficiency, and safety.
The rich mixture's rapid progression might be beneficial in scenarios where
high energy release is desired, while the lean mixture's slower and more
controlled propagation might be advantageous situations where safety and

fuel efficiency are paramount.
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Figure 5.10: Flame tip distance with time for different equivalence ratio at L2 m
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Figure 5.11: Flame tip velocity with time for different equivalence ratio at L2 m

5.3.3 The comparison of various lengths for different

equivalent ratio

depicts the progression of flame tip distance over time for
stoichiometric mixtures (¢ = 1) within combustion chambers of two
different lengths Figure 5.12 provides a comparative analysis of how
chamber length influences flame propagation. The graph presents two lines:
the flame tip distance for a combustion chamber of length L2 m
corresponds to a chamber with a length of L1.5 m. Both lines track the
distance of the flame front from the ignition source over time, which
reflects the flame's propagation speed and pattern within the chamber.

Initial Flame Propagation (0 to ~ 0.02 ms): Both lengths start with a
similar trajectory, suggesting that the initial combustion behavior is
relatively unaffected by the chamber length. This could indicate that the
initial flame propagation is primarily driven by the stoichiometric mixture's

energy release, which is consistent regardless of chamber size. Mid-Phase
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Flame Propagation (~ 0.02 to ~ 0.035 ms): As time progresses, the behavior
begins to diverge. In the tube line (L2 m), the trend climbs at a slightly
steeper angle than in the L1.5 m lengths. This divergence suggests that the
flame in the longer chamber (L2 m) may be experiencing different
conditions that allow for a faster propagation rate during this phase. Late-
Phase Flame Propagation (~ 0.035 ms onwards): The blue line (L2)
continues to show a greater distance traveled compared to the yellow line
(L1.5) as time increases. The increased distance in the longer chamber
could be due to less heat loss to the walls, as the flame has more space to
develop and potentially a more sustained combustion process before wall
effects become significant.

Finally, Flame Behavior: Throughout the graph, the flame in the
longer chamber consistently maintains a lead-in tip distance over time,
suggesting a sustained advantage in propagation speed. This could be the
result of a combination of factors such as heat dissipation, flame structure
stability, and interaction with chamber walls, which are affected by
chamber length. Implications The graph illustrates that chamber length does
have a discernible impact on flame propagation in a stoichiometric mixture.
For applications where flame speed and control are important, such as in
engines or safety systems, the results from this graph could inform design
decisions regarding the optimal chamber length for desired combustion

characteristics.
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Figure 5.12: Flame tip distance with time at different length comparison for Phi = 1

Compares the flame tip distance over time for two combustion
chamber lengths (1.5 m and 2 m) using a fuel-rich equivalence ratio (Phi)
of 1.2. This ratio indicates a greater amount of fuel relative to the oxidizer
than what is needed for complete combustion, as shown in Figure 5.13.

The key observations from Figure 5.13 are: Initially, both length (2
m chamber) and length (1.5 m chamber) start with nearly overlapping
trajectories, suggesting that the initial influence of chamber length on the
flame propagation of a fuel-rich mixture is minimal. Mid-Phase
Divergence: As the flame progresses, the lines start to diverge slightly, with
the 2m chamber rising above the 1.5 m chamber. This divergence indicates
that a longer chamber allows for a slightly increased flame tip distance over
time. Concerning late-phase propagation, as we move toward the end of the
curve, this means that the flame in the longer chamber has a prolonged
advantage in tip distance, most likely due to the additional space allowing
for continued acceleration or less influence from wall cooling.
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As for the tulip flame appearance, the oscillatory nature of both lines
suggests the development of tulip flame structures at certain intervals, as
indicated by the periodic dips. The fact that these patterns appear in both
chamber lengths but with slight variations emphasizes the effect of chamber
length on the dynamics of tulip flame formation. The overall higher flame
tip distance in the 2 m chamber throughout the graph shows that the
chamber length plays a role in facilitating flame propagation. The longer
chamber provides a larger area for the combustion process, which can
support the stability and distinct shape of the tulip flame due to lessened
wall interference and prolonged energy release the comparison in Figure
5.13 reveals that while the initial flame front propagation is not
significantly affected by chamber length, as time goes on, the benefits of a
longer chamber become apparent, with a greater flame tip distance
observed. The behavior of the flame tip distance over time indicates that a
fuel-rich mixture in a longer chamber can sustain flame front propagation
more effectively than in a shorter one.

This finding is important for practical applications where the design
of combustion chambers needs to optimize flame propagation speed and
stability. The results suggest that a longer chamber could be beneficial in
systems where more sustained combustion is desired, such as in power
generation or propulsion systems where the complete combustion of a fuel-
rich mixture is critical for performance. Figure 5.13 contributes to the
understanding of how combustion chamber length influences flame
propagation, especially for fuel-rich mixtures. The longer chamber length
allows for a more pronounced flame tip distance over time, highlighting the

importance of chamber design in optimizing combustion processes.
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Figure 5.13: Flame tip distance with time at deferent length comparison for
Phi=1.2

Figure 5.14 presents a comparative analysis of the flame tip distance
over time within two different lengths of combustion chambers, 1.5 m, and
2 m, with a lean equivalence ratio of 0.8. This lean condition indicates that
there is less fuel relative to the air than is needed for complete combustion.
Initial Flame Behavior (0 to ~ 0.02 ms): The graph starts with the two lines,
for the 2 m chamber and the 1.5 m chamber, closely aligned. This indicates
that during the early phase of flame propagation, the length of the
combustion chamber does not have a significant impact on the distance the
flame tip travels.

Mid-phase flame propagation (~ 0.02 to ~ 0.04 ms): As the flame
develops, the line, representing the longer chamber length, starts to show a
greater flame tip distance. This suggests that the flame in the longer
chamber has more space to accelerate and propagate, even under lean
conditions. Late-Phase Flame Propagation (~ 0.04 ms onwards): The

distinction between the chamber lengths becomes more pronounced, with
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the 2 m chamber consistently exhibiting a larger flame tip distance. This
could be due to reduced heat losses in the longer chamber, allowing the
flame to maintain its speed over a greater distance. The periodic dips in
both lines could indicate the presence of tulip flame phenomena, which are
characterized by a temporary reduction in flame tip speed followed by
acceleration. The dips appear to be less pronounced in the longer chamber,
potentially due to the larger space dampening the effects of flame
instabilities.

The lean condition of Phi=0.8 typically results in slower flame
propagation due to less available fuel. However, the data shows that even
under lean conditions, the flame in the longer chamber can maintain a
higher propagation speed over time compared to the shorter chamber.
Figure 5.14 demonstrates that in a lean combustion environment, the length
of the combustion chamber has a notable influence on flame tip distance,
with longer chambers facilitating greater flame propagation. This
understanding is critical for optimizing combustion chamber design in
applications where space constraints and fuel conditions vary. It also
underscores the adaptability of flame behavior to chamber dimensions, even
when the fuel-to-air ratio is less than stoichiometric, which is important for
the efficient design of combustion systems, particularly in lean-burn

engines.
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Phi=0.8

5.4 Tulip Formation Behavior

Tulip flame formation behavior is a phenomenon that occurs when a
flame propagates in a tube, forming a tulip-like structure. This can happen
due to the interaction of the flame with the flow field and the rarefaction
waves in the tube. The mechanism of tulip flame formation depends on the
type of ignition source, the tube geometry, and the fuel mixture
(Aghaabbasi, 2021; Akkerman & Law, 2013; Bychkov & Liberman, 2000;
Dunn-Rankin & Sawyer, 1998).
5.4.1 Tulip flame formation of 1.5 m for various Phi

Comparing the flame tip distance (in m) and flame tip velocity (in m
per second) over time (in ms) for a stoichiometric mixture (¢ = 1) ina 1.5-
m-long combustion chamber presents a dual-axis plot as shown in Figure
5.15. Initial Flame Propagation (0 to t1): The flame tip distance, shown,
increases steadily over time, reflecting a consistent flame front

advancement. The corresponding velocity indicated remains positive,
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suggesting a steady increase in speed. This period is marked by a smooth
acceleration as the flame establishes itself.

Acceleration and Deceleration Phases (t1 to t2): At time t1, there is a
noticeable change in the flame tip velocity. shows an initial peak and
subsequent drop, which corresponds to a rapid acceleration followed by a
deceleration of the flame tip. The distance continues to increase, but the rate
of change varies, indicating the dynamic behavior of the flame front.
Oscillatory Behavior (t2 to t4): post-t2, the velocity line exhibits oscillatory
behavior with significant peaks and troughs. These fluctuations in velocity
correspond with the complex dynamics of flame propagation and are
potentially indicative of the tulip flame phenomenon, where periodic
accelerations and decelerations occur due to changes in combustion
chamber pressure and flame shape. As for Tulip Flame Formation Intervals
The dashed vertical lines (t1, t2, t3, and t4) likely represent key moments in
the flame's life cycle, possibly aligning with the formation and collapse of
tulip flames. Each interval between these lines represents a cycle of the
tulip flame's development, where the flame front's velocity increases and
then decreases, only to increase again in the next cycle.

Notably, the flame tip velocity drops below zero multiple times,
indicating that the flame tip is momentarily moving backward relative to the
combustion chamber, a characteristic feature of tulip flame behavior where
the flame front retreats before advancing again. Figure 5.15 effectively
illustrates the complex and dynamic relationship between flame tip distance
and velocity in a combustion process with a stoichiometric mixture. The
oscillatory nature of the flame tip velocity highlights the non-linear
behavior of flame propagation, especially in the presence of phenomena

such as tulip flames. This information is essential for understanding
104



Chapter Five Results and Discussion

combustion dynamics and for designing combustion chambers that can
accommodate such complex behaviors for improved safety and efficiency
in practical applications.

Provides a Figure 5.16 chronological sequence of images depicting
the propagation of a flame within a 1.5-meter-long combustion chamber
with a stoichiometric fuel-to-air ratio (Phi = 1). Each frame represents a
snapshot at a specific point in time, measured in ms, showing the evolution
of the flame shape as it advances through the chamber. Early Flame
Development (0.0162 ms — 0.0253 ms): The initial frames exhibit the
flame front as it begins to propagate from the ignition source. The flame is
characterized by a smooth front that progressively elongates within the
chamber. Mid-Phase Development (0.0296 ms — 0.0358 ms): As the flame
travels further, we see the development of instabilities leading to the
formation of a curved front. This is indicative of the flame experiencing
variations in speed and pressure as it interacts with the chamber walls and
the surrounding gases.

Tulip Flame Formation (0.0381 ms — 0.0405 ms): A distinct tulip
flame shape emerges in the subsequent frames. This pattern is recognized
by the indentation in the flame front, which resembles the shape of a tulip.
This phase is critical as it demonstrates the complex behavior of flame
dynamics in confined spaces. Flame Propagation and Oscillation (0.0425
ms — 0.0441 ms): The final frames show the flame as it continues to
propagate while the tulip shape becomes more pronounced and then begins
to oscillate. The oscillation of the tulip flame is a result of the complex
interplay between combustion kinetics, fluid dynamics, and the geometry of
the combustion chamber. Figure 5.16 captures the dynamic and transient

nature of flame propagation under stoichiometric conditions within a 1.5-m
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combustion chamber. The visual progression provides valuable insights into
the stages of flame development and the characteristic formation of the tulip
flame, which is a significant phenomenon in combustion science. This

understanding is crucial for improving combustion efficiency, reducing

emissions, and ensuring safety in industrial applications.

Results and Discussion
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Figure 5.15: Correlation of flame tip distance and velocity over timeina 1.5 m CC

with a stoichiometric mixture (Phi = 1)
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Figure 5.16: Sequential visualization of flame propagation in a 1.5 m combustion

chamber at stoichiometric conditions (phi = 1)
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Juxtaposes Figure 5.17 shows the flame tip distance and velocity over
time for a fuel-rich mixture (Phi = 1.2) in a 1.5-meter combustion
chamber. The plot illustrates the non-linear behavior of the flame front as it
propagates through the chamber, captured by two distinct yet interrelated
variables: the distance of the flame tip from the ignition source and its
velocity. As for InitialPhase: (up to t1), The flame tip distance increases
steadily as the flame accelerates after ignition, while the velocity shows a
gradual increase followed by a sharp peak, indicating rapid acceleration.
Flame Tip Velocity Fluctuations (t1 to t4): Post t1, the velocity experiences
significant fluctuations, marked by sharp increases and decreases, reflecting
the complex interplay between combustion kinetics and chamber dynamics,
particularly in a fuel-rich environment.

The vertical dashed lines (t1 to t4) potentially correspond to the
characteristic stages of tulip flame formation, where the flame tip velocity
reverses as the flame front momentarily retreats before advancing again.
Notably, the flame tip velocity drops below zero several times, indicative of
the tulip flame phenomenon where the flame briefly moves backward due
to pressure waves and vortex formation within the chamber.

Provides a series of snapshots showing the evolution of the flame
shape in a 1.5-meter-long combustion chamber with a fuel-rich mixture.
Each image captures the flame at different times, illustrating how the flame
front changes throughout propagation. As shown in Figure 5.18, Early
Flame Tulip Shape (0.0165 ms — 0.0255 ms): Initially, the flame appears as
a smooth curve extending from the ignition point, indicative of the initial
propagation phase. Development of Instabilities (0.0300 ms — 0.0359 ms):
As time progresses, the flame front begins to exhibit instabilities,

developing into more complex shapes, which are likely precursors to the
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tulip flame phenomenon.

Formation of the Tulip Flame (0.0384 ms — 0.0409 ms): The
characteristic indentation of the tulip flame becomes visible, with the flame
front taking on a shape reminiscent of a tulip flower. Oscillation and Flame
Front Advance (0.0431 ms — 0.0457 ms): In the final frames, the tulip
flame shape oscillates and advances, suggesting the dynamic nature of the
combustion process within the chamber. Figures 5.17 and 5.18 together
offer a comprehensive view of the flame dynamics within a fuel-rich
environment in a 1.5-m combustion chamber. Figure 5.17 highlights the
quantitative aspects of flame tip behavior over time, while Figure 5.18
provides qualitative visual evidence of the corresponding flame shapes. The
figures underscore the complexity of flame propagation in fuel-rich
conditions, where the interplay between fuel concentration, chamber
geometry, and combustion dynamics leads to the formation and oscillation
of tulip flames. These insights are valuable for the design and optimization

of combustion systems in industrial applications.
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Figure 5.17: Dynamics of flame tip velocity and distance in a 1.5 m combustion
chamber with fuel-rich mixture (Phi = 1.2)
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Figure 5.18: Temporal evolution of flame shapes in a 1.5 m combustion chamber at
fuel-rich conditions (Phi = 1.2)
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The relationship between flame tip distance and velocity over time in
a lean combustion environment (Phi = 0.8) within a 1.5-meter-long
chamber. The graph reveals the intricate dynamics of the flame as it
progresses through the combustion chamber, as illustrated in Figure 5.19

Initial flame front Propagation (up to t1): Both the flame tip distance
(in blue) and velocity (in red) increase initially, indicating a typical
acceleration phase after ignition. The flame velocity then experiences a
drop, which corresponds to a point of inflection in the distance curve.
Periodic Fluctuations (t1 to t4): After the initial phase, the flame tip velocity
undergoes periodic fluctuations, showing a complex pattern of acceleration
and deceleration. These fluctuations are characteristic of the flame's
interaction with the chamber's geometry and the flow dynamics within a
lean mixture.

The oscillatory velocity pattern suggests the possible formation of
tulip flames, where the flame front inverts and then progresses forward
again. The vertical dashed lines (t1 to t4) may indicate the key moments in
the tulip flame life cycle. Velocity Reversals: The negative velocities
indicate instances where the flame front actually moves backward, a
behavior typical of the tulip flame oscillation phenomenon within confined
spaces. Figure 5.20 offers a sequence of visual snapshots capturing the
evolution of the flame front within a 1.5-m combustion chamber under lean
conditions (Phi = 0.8).

Early Flame Tulip Shape (0.0200 ms — 0.0336 ms): The images
show the flame front's initial smooth progression as it begins to elongate
and interact with the chamber walls. Development of Instabilities (0.0360
ms — 0.0423 ms): As the flame develops, instabilities become apparent,

leading to the formation of a curved flame front that suggests the onset of
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tulip flame formation Tulip Flame Formation (0.0447 ms — 0.0500 ms):
The characteristic ‘'tulip’ shape becomes evident, with an indentation
forming at the flame front, indicating the complex dynamics of a lean
combustion process within a confined space.

Advanced Flame Front Propagation (0.0510 ms — 0.0567 ms): In the
later stages, the flame continues to propagate while exhibiting the tulip
shape, oscillating as it interacts with the chamber's geometry and the lean
mixture. Figures 5.19 and 5.20 together provide a comprehensive picture of
the flame behavior in a lean mixture within a 1.5-m chamber. The
quantitative analysis of flame tip distance and velocity in Figure 5.19 is
visually corroborated by the qualitative representation of flame shapes in
Figure 5.20. These figures contribute valuable information for
understanding the challenges of optimizing combustion efficiency and

stability in lean-burn engines and other industrial applications.
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Figure 5.19: Flame tip distance and velocity trends in a lean combustion
environment (Phi = 0.8) in a 1.5 m chamber
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Figure 5.20: Chronological flame shape evolution at lean conditions (Phi = 0.8) in
a 1.5 m chamber
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5.4.2 Tulip formation behavior of 2 m for various Phi

A thorough analysis of the influence of equivalence ratio (phi) on
flame dynamics in a 2 m combustion chamber is presented in Figures 5.21-
5.26.

Flame Dynamics in Stoichiometric Conditions (Phi = 1) The
stoichiometric mixture, with an equivalence ratio of 1, exhibits a balanced
fuel-to-air ratio, providing optimal conditions for flame propagation. In a 2
m chamber, the flame tip distance increases steadily, indicating a consistent
flame front advancement. The velocity profile at stoichiometric conditions
shows periodic accelerations and decelerations, which are likely associated
with the formation of tulip flames or other flame instabilities due to the
interactions between the flame front, combustion products, and fresh
mixture. A visual chronology of the flame front (not shown here) would
depict a smooth initial progression followed by the formation of instabilities
as the flame interacts with the chamber geometry, leading to complex
behaviors such as vortex shedding and pressure wave interactions.

Flame Behavior in Fuel-Rich Conditions (Phi = 1.2): A fuel-rich
mixture (Phi = 1.2) in the same 2 m chamber length typically results in
more pronounced fluctuations in flame tip velocity. This is due to the
excess fuel present in the mixture, which can cause more intense
combustion events and potentially lead to a more volatile flame front. The
distance traveled by the flame tip in a rich mixture is greater, reflecting the
increased energy release from the excess fuel. This can result in higher peak
velocities and more significant velocity dips as the flame front accelerates
and decelerates rapidly. The visual sequence of the flame front under rich

conditions would show more dramatic changes in shape and size due to the
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more dynamic and energetic combustion process.

Flame Characteristics in Lean Conditions (Phi = 0.8) In contrast, a
lean mixture (Phi = 0.8) tends to demonstrate less aggressive flame
behavior. The flame tip distance increases more gradually, and the velocity
profile is less extreme compared to richer mixtures. Lean mixtures ina2 m
chamber might lead to more stable but slower flame propagation as there is
less fuel available to sustain high combustion rates. This can result in a
flame that is less prone to the formation of large-scale instabilities and tulip
flames. The visual progression of the flame would likely show a more
restrained development, with fewer and less intense morphological changes

over time, as the limited fuel availability dampens the combustion intensity.
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Figure 5.21: Flame tip distance and velocity fluctuations in a stoichiometric mixture
in a2 m chamber, phi =1
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Figure 5.22: Visual chronology of flame front evolution in a stoichiometric mixture
in a 2 m chamber, phi =1
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Figure 5.23: Flame tip distance and velocity in a fuel-rich mixtureina2 m
chamber, phi = 1.2
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Figure 5.24: Flame shape progression in a fuel-rich mixture in a 2 m chamber,
phi=1.2
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Figure 5.25: Flame tip kinetics in a lean mixture in a 2 m chamber, phi = 0.8
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Figure 5.26: Temporal evolution of flame forms in a lean mixture in a 2 m chamber,

phi=0.8

5.4.3 Tulip formation behavior of 1.3 m for various Phi

This sequence of images (Figure 5.27) illustrates the progression of a

flame front in a 1.3-meter combustion chamber with a stoichiometric

mixture (Phi = 1). The series shows how the flame front evolves, starting
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with a smooth curve and progressively transitioning into a more complex
shape. This change in shape may signify the initial stages of a tulip flame
formation, a common phenomenon in combustion chambers of this size.

The images in Figure 5.28 display the evolution of the flame in a 1.3-
m chamber with a fuel-rich mixture (Phi = 1.2). Compared to the
stoichiometric mixture, the flame in a rich mixture tends to show more
pronounced development stages due to the excess fuel, which can lead to
different combustion characteristics. The visual progression would reveal
how the additional fuel influences flame shape, potentially leading to larger
tulip formations and more dynamic behavior.

In Figure 5.29, the progression of a flame front in a lean mixture
(Phi = 0.8) within a 1.3-meter chamber is likely captured. In lean
conditions, the flame front tends to propagate more slowly due to less
available fuel, which could result in less dramatic changes in the flame
shape over time. The images would show a gradual and steady flame front
advancement, which may not exhibit the pronounced tulip flame shapes
seen in stoichiometric or rich mixtures.

Figures (5.27 to 5.29) provide a visual understanding of how
different equivalence ratios affect the flame front progression and shape in a
1.3-meter combustion chamber. In stoichiometric conditions, the flame
progression is smooth and transitions into moderate complexity. For fuel-
rich mixtures, the flame front exhibits more significant changes, reflecting
the higher energy released from the excess fuel. In lean conditions, the
flame advances more steadily, with less dramatic morphological evolution.
These observations are key for designing combustion systems, as they
highlight the necessity of tailoring chamber dimensions and operating

conditions to the fuel-air mixture to optimize performance and stability.
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Figure 5.27: Flame front progression in a stoichiometric mixture (Phi = 1) ina
1.3 m combustion chamber
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Figure 5.28: Flame development in a fuel-rich mixture (Phi =1.2)inal3m
chamber
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Figure 5.29: Lean combustion flame behavior (Phi = 0.8) in a 1.3 m chamber

5.5 Tulip Formation Contours of Various Lengths for

Equivalence Ratio 1.4 (Extra Results)

The frames illustrate the rapid progression and morphological
changes of the flame, highlighting the intense and vigorous nature of
combustion under these conditions. The flame appears to transition quickly
through the stages of growth, likely due to the abundant fuel supply that
facilitates an accelerated combustion process. As it appears in Figure 5.30.

In a longer 2-meter chamber, the flame behavior at Phi = 1.4 is
visualized through sequential snapshots. The additional space allows the
flame to unfold and exhibit pronounced characteristics of rich combustion,
such as increased size and potentially more complex behaviors. The
elongated chamber might also contribute to visible differences in flame
structure compared to the 1.5-m chamber due to variations in flow
dynamics and flame-wall interactions. As it appears in Figure 5.31.

The images for a 1.3-meter chamber at Phi = 1.4 likely show a more
constrained flame development due to the shorter distance for flame travel.
The early frames may show similar initiation and growth phases as the

larger chambers, but subsequent frames could reveal how the limited space
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affects the flame's ability to develop fully and the possible early onset of
stabilizing effects due to the chamber walls. as shown in Figure 5.32.
Across different chamber lengths (1.3 m, 1.5 m, and 2 m), a highly
fuel-rich mixture (Phi = 1.4) induces robust flame front propagation, as
evidenced by the visual data. The variation in chamber length alters the
flame's characteristics, with the longer chamber potentially allowing for
more extensive flame development and the shorter chamber leading to a
more rapid stabilization of the flame front. These distinctions are crucial for
the design and safety considerations of combustion systems, especially
when operating in fuel-rich conditions that can influence flame stability,
efficiency, and the risk of unwanted combustion phenomena like backdrafts

or flash backs.
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Figure 5.31: Flame dynamics at excessively rich conditions (Phi = 1.4)ina2m
chamber
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Figure 5.32: Combustion phenomena with excessive fuel (Phi = 1.4)inal3m
chamber

5.6 Experimental Work Visualization

Experimental research is essential for expanding our knowledge of
the variety of research and for laying the groundwork for problem-solving
and decision-making based on outcomes.

Repetition for enhanced reliability: To ensure the reliability and

accuracy of the experimental data, each setup underwent a minimum of five
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repeats for each reading. This repetition allowed for the verification of
consistency across all experimental runs. Such rigorous testing protocols
were crucial in establishing the reliability of the findings and ensuring that
the results were representative and reproducible.

An observational overview of experimental results: The
experiments yielded intriguing preliminary results. Distinct patterns in
flame speed and structure were observed, which varied with changes in the
equivalence ratio and pressure settings. These variations offered insights
into the combustion efficiency of different fuel-air mixtures. Notably, under
certain conditions, there was a transition observed from laminar to turbulent
flame propagation. Additionally, significant pressure fluctuations were
recorded within the combustion chamber, underscoring the dynamic nature
of the combustion process. These observations are invaluable in enhancing
the understanding of combustion behavior, particularly in the context of
partially premixed LPG and air mixtures, and hold significant implications
for optimizing combustion processes in industrial applications.

5.6.1 The effect of equivalent ratio on flame propagation

The effect of an equivalent ratio on flame propagation is an important
topic in combustion science and engineering. The equivalent ratio is the
ratio of the actual fuel-air ratio to the stoichiometric fuel-air ratio for a
given fuel mixture. It indicates how rich or lean the mixture is and affects
the ignition, stability, speed, and structure of the flame (Amaludin et al.,
2022; Yao et al., 2020).

likely presents Figure 5.33, a side-by-side comparison of numerical
simulation and experimental visualization of flame propagation at the early
stages in a stoichiometric mixture. The top row might show experimental

captures, while the bottom row probably represents numerical simulations.
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The visual similarity between the two rows suggests that the numerical
model captures key aspects of the flame behavior observed experimentally,
such as flame shape and propagation rate.

The comparison might focus on a fuel-rich mixture. The top images,
presumably from experiments, and the bottom images from numerical
simulations demonstrate the changes in flame morphology due to excess
fuel. The correspondence between the numerical results and the
experimental data would indicate the effectiveness of the simulation in
capturing the richer flame dynamics, which typically involve more complex
and vigorous burning. as shown in Figure 5.34.

Figure 5.35 contrasts the flame behavior in a lean mixture, with the
potential top row displaying experimental results and the bottom row
showing numerical simulations. The lean mixture's slower propagation and
less pronounced flame development compared to richer mixtures would be
evident in both sets of images. A close match between the two would
validate the numerical model's accuracy in representing the subtler
characteristics of lean flame propagation.

Across Figures 5.33 to 5.35, there is a comparison between numerical
simulations and experimental visualizations of flame propagation for
different equivalence ratios. The consistent agreement between the
simulated and experimental images across various mixture conditions
underscores the robustness of the numerical model. This level of correlation
is significant for validating computational fluid dynamics (CFD) models
used in predicting and optimizing combustion processes in practical
applications, ranging from internal combustion engines to industrial

furnaces.
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Figure 5.33: Comparative analysis of early flame propagation in a stoichiometric
mixture (Phi = 1)
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Figure 5.34: Numerical and experimental visualization correlation for fuel-rich
flame propagation (Phi = 1.2)
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Figure 5.35: Lean combustion flame dynamics (Phi = 0. 8) between simulations
and experiments
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5.6.2 The dynamic visualization of flame propagation

The dynamic visualization of flame propagation is a technique that
allows us to observe and analyze the shape, speed, and structure of flames
as they propagate in different environments. It can help us understand the
factors that affect flame behavior, such as the fuel type, the mixture ratio,
the ignition source, and the turbulence (Chengeng & Mikhail, 2023; Clanet
& Searby, 1996; Issayev et al., 2022; Liberman et al., 2022).

The comparison between the numerical findings and the experimental
data, as shown in. The data demonstrates a strong correlation between the
position and velocity of the flame in the first 32 ms, prior to the creation of
the tulip flame. This suggests that the model accurately represents the
progression of the tulip flame. Nevertheless, from the tulip flame zone
onwards until t = 54 ms, the computational findings show a significant
underestimation of the actual data. The observed disparities between the
numerical and experimental outcomes may be ascribed to turbulence
generated in the unburned mixture by the increasing flame. Turbulence has
a substantial impact on the dynamics of flame propagation, causing
fluctuations in both the speed and behavior of the flame. The turbulence
caused by the spreading flame might affect the flame's movement beyond
the tulip flame area, resulting in the discrepancies reported between the
computer forecasts and experimental observations. Additional research and
revisions of the numerical model are required in order to enhance its
accuracy and effectively represent the features of flame propagation. To
improve the accuracy of the model in predicting the complete flame
propagation process, it would be beneficial to include a more extensive

analysis of turbulence in the simulation as shown in Figure 5.36.
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Figure 5.36: High-speed camera images in the present study for flame propagation

5.6.3 Tulip formation of experimental visualization

Figure 5.37 clearly depicts the observed variations in the flame
dynamics when exposed to a somewhat fuel-rich mixture. The flame's
velocity exhibits non-uniformity and periodic variations, like a "leap frog"
motion. The film shows that after the start, the combustion reaction
produces a flame that initially takes on a spherical shape. This flame then
goes through various stages that involve the development and movement of
the flame, as explained earlier. The complex characteristics of this process
underscore the need of studying the spread of flames in enclosed spaces,
such as tubes. The statement emphasizes the need to perform extensive
study in order to fully understand the intricacies of flame dynamics in these
specific conditions (Illacanchi et al., 2023; Movahedi, 2017).
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Figure 5.37: Changes of absolute flame speed along the tube center-line versus
flame front distance from spark
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The k-¢ model accurately predicted the flame speed with less than a

10% maximum inaccuracy. Other turbulence models, such as the Launder

Sharma k — & model, underestimate flame speed. The k-¢ model beat the

other models for peak pressures, with an average inaccuracy of 11.9%, due

to the absence of energy loss in the simulated pipe. The qualitative

comparison of tulip flame creation revealed acceptable agreement between

experimental and numerical results, supporting the usefulness of the

turbulent flame model in capturing the main elements of the tulip flame

phenomenon.

1)

2)

3)

The study concluded that the k — € model is suitable and accurate for
simulating the combustion process of Iragi liquefied petroleum gas in
pipes, especially in capturing the flame speed and the dynamics of
tulip flame formation. However, further investigations and model
refinements are warranted to address the discrepancies in tulip flame
predictions and better understand the impact of turbulence on flame
propagation dynamics.

Longer pipes occasionally exhibit higher velocity values than shorter
ones, suggesting localized acceleration of the gas flow due to
cumulative energy dissipation.

Although vertical velocity components have low or no variation for
shortened periods of time, vertical velocity has more significant
variations, indicating the presence of turbulent flow phenomena like

vortices within the pipe.
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4)

5)

6)

Temperature variations occur with different pipe lengths, indicating
the influence of pipe geometry and heat transfer on flame behavior.
The temperature distribution reveals different phases of combustion,
including the ignition and combustion initiation phases and flame
propagation.

Longer pipe lengths generally result in higher burning velocities due
to increased residence time and more complete combustion. a
progressive combustion process with a more vigorous combustion
reaction as time progresses, the burning velocity is non-linear, with a
more pronounced rise observed at later time intervals.

At earlier time intervals, the reaction amount is consistently high,
indicating sustained combustion efficiency. However, at later time

intervals, it starts to decrease, suggesting less efficient combustion.

6.2 Recommendations

1)

2)

3)

Confined Combustion Systems: Investigate flame propagation
behavior in confined spaces, like ducts, tubes, or channel rooms
closed from both sides, which are commonly encountered in industrial
applications. Understand the impact of confinement on flame
structure, propagation speed, and tulip generation to optimize
combustion efficiency and safety.

Influence of Varying Parameters: Investigate the influence of varying
parameters, such as the effect of initial conditions (temperature,
pressure), on flame propagation and tulip generation. Understand how
these factors affect flame behavior in real-world scenarios and under
different operating conditions.

Combustion Instabilities: Study the role of flame propagation
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4)

5)

6)

mechanisms in the occurrence of combustion instabilities, such as
flame flashback and flame lift-off. Investigate how these phenomena
influence tulip flame formation and development.

Investigate the flame propagation and tulip flame formation behaviors
of alternative fuels. This research is crucial as the world transitions
towards cleaner energy sources, and understanding the combustion
characteristics of these fuels is essential for their practical application.
Focus on practical applications, such as internal combustion engines,
gas turbines, and industrial furnaces. Investigate how flame
propagation mechanisms and tulip generation affect the performance
and efficiency of these systems, aiming to optimize their operation.
Flame Stability: Study flame stability in different fuel-to-air ratio
regimes and investigate the impact of flow conditions, turbulence,
flame interactions, and tulip flame formation on the stability of

combustion processes
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APPENDICES
Appendix A

e Calculation of LPG Average Chemical Formula
Liquefied petroleum gas (LPG) is a composite of several
hydrocarbons, including Ethane, Propane, Butane, and Pentane. The LPG
utilized in this study is obtained from the Al-Qadisiya gas industry in Iraq.
The volumetric chemical analysis of the LPG is provided in Appendix B

and is summarized in Table A.1.

Table A1

Analysis by Quantity | 0.50 | 55.45 | 41.18 | 2.87

Since the LPG is a mixture of many hydrocarbons an average
chemical formula is needed for the chemical reaction equation. This

formula is obtained as follows:

C, = ZXi ; (4.1)

Where i is Component number, X; is Mole fraction for component i,
C; is Number of carbon atoms for component i and C,, is Average number

of carbon atoms in LPG.

m
X=n+-— (A.2)
4
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Where H,, is Average number of hydrogen atoms in LPG, H; iS Number of
hydrogen atoms for component i, C,, H,,, 1S the average chemical formula of LPG.

Therefore, the average chemical formula of LPG is found to be
C3.358H 8.68 with an average molecular weight of (MWLPG = 48.976)
which is used in this research.
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Mixture Preparation and Combustion Equations

Inside the combustion chamber, certain quantities of air and fuel are

injected, following the appropriate equivalency ratio. This is the location

where the chemical reaction takes place, and the ensuing combustion

byproducts are then expelled into the exhaust system. The total number of

atoms in each element remains constant throughout the combustion process;

however, the atoms undergo reorganization, resulting in the formation of

groups with unique chemical properties. The chemical reaction equation

serves as a concise depiction of the combustion process, including the
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reactants and products involved, along with their respective amounts. Both
sides of the equation must demonstrate coherence, with an equivalent
number of atoms for each element involved.

The oxygen necessary for combustion is usually obtained from the
surrounding air, which highlights the need of accurate and consistent
volumetric air measurement. When doing combustion calculations, it is
conventional to assume that air is composed of 21% oxygen (0,) and 79%
nitrogen (N,) in terms of volume. The present research includes the

following combustion equations of importance:

X
Z a;CoiH, i + (5) (0, + 3.73N,)

- e,005, +e,H,0 +e3C0 + e,N, + x,0, (A.4)

Where @ is Equivalence ratio, e; No. of moles. of CO, in products,

e, 1S No. of moles of H,0 in products, e; is No. of moles of CO in
X
1)
reactants and x; is No. of moles of 0, in products.

products, e, is No. of moles of N, in products, = IS No. of moles of 0, in

The overall equivalence ratio for the dual fuel is calculated using the
equation Sher and Hacohen (Sher and Hacohen, 1989):
(F
_ /air)ac

- (F/air)St

(A.5)
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e Stoichiometric combustion
The ideal combustion process where fuel is burned completely is
known as stoichiometric combustion where all the carbon (C) is burnt to
(CO,) and all the hydrogen (H) is burnt to (H,0). The stoichiometric

combustion for LPG gives:

e; = z a;n; (A.5a)
e, = 2 aim; (A.5b)
2
63 ES 0 (A SC)
X
e, =3.76= (A.5d)
1)
x =e; +0.5¢e, (A.5e)
X1 == 0 (A. Sf)

¢ Rich combustion

In a situation with a rich mixture, the amount of air present is
insufficient to achieve full combustion of the fuel, since it falls short of the
stoichiometric requirement. This scenario indicates a deficiency of oxygen
to completely oxidize the available fuel. Generally, it is often believed that
the hydrogen (H,) in the fuel undergoes a complete reaction with the
oxygen that is present. Nevertheless, the residual oxygen is inadequate to
fully oxidize all the carbon (C) present in the fuel into carbon dioxide
(CO,). Consequently, only a fraction of the carbon undergoes oxidation,

resulting in the production of carbon monoxide (CO), in addition to carbon
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e1=26—zai(nl+
e Zaiml
? 2
83=26—82—2€1

376x
e, =3.76—
! )
x = e, +0.5¢,

X1=0

e Lean combustion
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(A.6a)

(A.6b)

(A.60)

(A.6d)

(A.6e)

(A.6f)

A lean mixture means there is an excess of available air. This excess

air passes the process without participating in combustion. However,

although it does not react chemically, it affects the combustion process

because it lowers temperatures due to its ability to absorb energy. Desmond

(Desmond & Turan, 2015). The equation for the combustion of a weak

mixture is;

2 aim
e, = 2
83 == 0

(A.7a)

(A.7b)

(A.7¢)
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ey = 3.76= (4.7d)
0)
x = e, +0.5¢, (A.7e)
1
X4 =x(6—1) (A.7f)

For each case of the equivalence ratio, it is needed to estimate the
mole and mass analyses for both reactants and products, where the mole

fraction (X) and mass fraction (Y) are as follows:

No.of moles of species (i)

_ A.8
Total No.of moles of mixture (4.8)

V- No.of moles of species (i) X molcular weight of species (i) A9
B total Mass of mixture (4.9)

By setting the equivalent ratio, Equation A.10 is used to calculate the

total number of moles of air required, as shown in Table A.2.

Table A.2
Equivalent
Ratio Actual Total moles for
F . )
Mole of fuel ( /air)ac St(_)lchlometr_lc (air/fuel) reactants nT
¢ =—=22" | (air/fuel) ratio i
(F/air)St ratio
1 0.6 15.486 9.2916 10.2916
1 0.8 15.486 12.3886 13.3886
1 1 15.486 15.486 16.486
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Equivalent
Ratio Actual Total moles for
F . )
Mole of fuel ( /air)a" Stoichiometric (air/fuel) reactants nT
¢ = =22~ | (air/fuel) ratio ti

(F/air)St ratio

1 1.2 15.486 18.5832 19.5832

1 14 15.486 21.6804 22.6804

Knowing the mixer volume (6 L) and required total pressure and
initial temperature, the actual total number of moles of reactants in the

mixer is calculated using the equation of state:
pv = nRoT (A.10)
Therefore, from Equation A.10, we get:

6x10° X 6 X 1073 S ooiasie]
= e = U.
n 83143 x 298 " mote

The actual mole of each reactant in the mixture is calculated using
the Equation A.11 and the results are shown in Table A.3.

ni

(M) mixer = (

_t) X Ngctual mole mixer (A' 11)
Nt/ 1 mote fuel

In the present work, the equivalent ratio is varied through the range
(0.6-1.4) with an increment (0.2) for LPG fuel with air. Dalton's law of
partial. pressures indicates that the ratio of the partial. pressures of the fuel

and air is equal to their molar ratio:

Pi = xi X PT (A.12)
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ooni
Xl =—

=— (A.13)

Where Pi is partial pressure of component, PT is total pressure of
mixer (6 bar), xi is Mole fraction for component, nT is total mole in the
mixer (0.01453 moles) and ni is Number of moles for component (air and
LPG).

The partial pressures of LPG and air for all tests of blends with (6

bar) total mixture pressure in the mixer is shown in Table A.4.

Table A.4: The actual mole reactants of each type of fuel in the mixer

Equivalent No. of
Ratio total
Mole of (F/ . Yac thlgilf ggélo)f moles | No. of moles | No. of moles
fuel | @ = % air reactant for for air for LPG

"/ qir)st mixture

in mixer
1 0.6 9.2916 | 10.2916 | 0.000969 | 0.000591512 | 0.000013487
1 0.8 12.3886 | 13.3886 | 0.000969 | 0.00058714 | 0.00001785
1 1 15.486 | 16.486 | 0.000969 | 0.000582849 | 0.000022150
1 1.2 18.5832 | 19.5832 | 0.000969 | 0.000578612 | 0.000026387
1 14 21.6804 | 22.6804 | 0.000969 | 0.00057443 | 0.00003056

Table A.5: The partial pressure of reactants of each mixture in the mixer

Moles of fuel
LPG ¢ | Pnix (mbar) | P pc(mbar) | P,;.(mbar)
1-K
1 0.6 6000 130.44 5869.6
1 0.8 6000 172.67 5827.3
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Moles of fuel
LPG ¢ | Pnix (mbar) | P pc(mbar) | P,;.(mbar)
1-K
1 1 6000 214.3 5785.7
1 1.2 6000 255.33 5744.7
1 1.4 6000 295.79 5704.2
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Appendix B
Calibration

Calibration is the process of comparing a device with unknown
accuracy to a device with a known, accurate standard to eliminate any
variation in the device being checked. Calibration is important to ensure the
reliability and accuracy of measurements and to reduce errors.

e Pressure gauge calibration

The calibration operation for this device is made in performed in the

University of Babylon Laboratory using a U-tube manometer for calibrating

the pressure gauge in the mixing chamber, as seen in Figure B.1.

y = 0.8863x +0.0897
25 R?=0.9773

Pgage(bar)

o 05 1 15 2 25 3
Pmanometre(bar)

Figure B.1
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e Camera calibration
The calibration operation for this device is made by the same

company that manufactured the device.
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Solenoid valve

Model
. Nc&Dc Sv

Port size: 1/4"”, 1/8"

m General specifications

2/2 way, normally closed direct control solenoid valve

The shokouh solenoied valve are produced in 2 basic models
1- Line solenoied valve: a normally closed one-way, directing valve.
It is suitable for use as shut-off or as interrupter valve

2- On pump solenoied valve: this type is suitable for mounting on
the oil burner pumps and can shut-off oil flow through the pumps.

m Fluid type
Air & water

Orifice size: 1.5 ..2.5 mm
Pressure range: 0 to 26 bar

m Technical specifications
Materials & Ratings

Body material Brass
Seal material vitton
Maximum fluid temp 100°c
Maximum ambient temp 55°
Burst pressure 90 bar

Fluids: pressurized air, water, liquid fuels and steam

Gasoline & light fuels
Nutral gases
Steam

<zZ2TWwn

m Coil materials & electrical specifications

Coil cover polyamide
Energizing duty (ED) 100%
Enameled wire insulation class E (120°)
Insulation protection IP 65

Pressure range (bar

hoHoul
Model NC & DC svm

Figure B.4

Coil code Nominal voltage (v
AlM V ac
A2M 110V ac
D1M 24V dc
D2M 12V dc

m Ordering information:
Ordering code= valve code+fluid code+ coil code

® Nc & Dc Sv Dimensions (mm)

Dimension double stag Sv

i
8 [T1 M I
4
7 I 1 P ‘7'05 =l
e ol =
=% ]
—a— g
-—36.2— Lpg!

Nominal power (w
10

10
8
8

i)
]

Dimension Sv 1/8

814

Volt-ampere (va
14

Voltage tolerance
%

13 15%
8 10%
8 10%
m Description <« PRI
i — e

-18~

sholouh

n 876012

Dimension solenoied valve 1/4

shokiouh —
T P oG « 005

Figure B.5
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e Manuals ProAnalyst program (Version 1.5.7.0)

TS

-~

ProAnalyst

All Xcitex products are licensed and designed for use with a license
key. The terms of your license restrict unauthorized use, duplication,
or distribution of this product.

Xcitex Inc. reserves all worldwide copyright, trade-mark, patent and
other intellectual property rights. ProAnalyst is a registered trademark
of Xdtex Inc

For more information on your license rights, or for support with this
product, visit https/Awww.xcitex.com.

¥citex )

Figure B.6
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Appendix C
Publications
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Received: 5 October 2023 The present study focuses on the examination of the combustion behavior of Iraqi LPG-air
Revised: 13 November 2023 mixtures, flame propagation, and the tulip flame phenomenon in tubes. A new
Accepted: 5 December 2023 experimental facility was designed and constructed, featuring a complete setup comprising
Available online: 31 December 2023 a combustion chamber unit, ignition unit, fuel injection and control unit, mixture

preparation unit, and flame imaging unit. The combustion process was initiated through
ignition by an electric spark, and both experimental measurements and numerical
simulations were conducted using various turbulence models, including the realizable k-&
model, the k-& model, and the Launder Sharma k- model. The study aimed to compare
and validate the numerical results with empirical observations, specifically focusing on
flame propagation velocity, peak pressures, and tulip flame formation. The investigation
revealed that the k-¢ model exhibited the closest agreement with experimental findings,

accurately capturing flame propagation dynamics and tulip flame formation. However,
diserenancies were noted in the nnmerical simnlationg attributed to the ahcence of a

Keywords:
combustion behavior, flame propagation,
ILPG-air, tulip flame, turbulence models
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