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ABSTRACT

SADEQ, ABDELLATIF, MOHAMMAD, Doctorate: June: 2022, Doctorate of
Philosophy in Mechanical Engineering

Title: Experimental Measurements and Transient 3D Simulations of Turbulent

Premixed Flames of Gas-to-Liquids (GTL) Fuel in a Fan-Stirred Combustion Bomb

Supervisor of Dissertation: Ahmad, Khalaf, Sleiti.

Co-Supervisor of Dissertation: Samer, Fikry, Ahmed.

The rapid fluctuation in oil prices and the increased demand for alternative
fuels to replace conventional fuels are challenging contemporary issues. One such
alternative fuel that has gained significant interest recently is the Gas-to-Liquids
(GTL) fuel, which is in the stage of replacing conventional diesel. However, detailed
combustion characteristic investigations are required before using this alternative fuel
broadly in engines. Therefore, the present dissertation is dedicated to experimentally
investigate GTL (and its 50/50 by volume blend with diesel) turbulent flame speeds
(St) under a wide range of thermodynamics and turbulence operating conditions using
a cylindrical fan-stirred combustion bomb.

Turbulent premixed GTL flame is centrally ignited in an 81.7L cylindrical
combustion bomb under atmospheric pressure at an initial temperature of 463K near
Homogeneous and Isotropic Turbulence (HIT) conditions. The experiments are
conducted under a wide range of equivalence ratios (@) between 0.7 to 1.3 and

turbulence intensities (u’) that vary between 0.5m/s and 3.0m/s at an integral length



scale, Li=20mm. The turbulent flame speed of the outwardly propagating GTL flame
is measured using a pressure transducer, and the flame propagation is visualized by
high-speed imaging. To extend and verify the experimental findings, Zimont
Turbulent Flame Speed Closure (Zimont TFC) numerical model is adapted and
implemented into ANSY'S Fluent through a Reynolds Averaged Navier-Stokes
(RANS) approach to study the influence of turbulence on GTL premixed combustion.

The results showed that: (i) rich diesel and lean GTL fuels are characterized
by faster flame development and pressure rise rate (dp/dt) and thus, higher turbulent
flame speeds; (ii) at the same elapsed time, turbulent Reynolds numbers (Rert) and
Damkohler numbers (Da) are higher for stoichiometric GTL fuel compared to diesel
and 50/50 diesel-GTL blend, which indicates that the flame propagates towards the
vessel’s wall at a faster rate, and the chemistry has dominated turbulence in a shorter
time, and (iii) at low turbulence intensity level (u"=0.5m/s), the flame morphology is
defined by a wrinkled flamelet regime in Borghi diagram. However, at moderate and
high turbulence levels (u'=1.5m/s and u =3.0m/s, respectively), the corrugated

flamelets regime defines the flame structure.
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CHAPTER 1. INTRODUCTION

The rapid fluctuations in oil prices and the increasing awareness about the
harmful effect of greenhouse gases have directed the effort of researchers to find
alternative energy resources that can substitute fossil fuels. Several research efforts
have been taken in past decades to develop alternative fuels that can improve engine
performance and minimize pollution emissions while remaining economical [1]-[4].
Gas to Liquids (GTL) fuel is one alternative fuel that has gained much interest,
especially in Qatar, Russia, and the United States, in recent years due to its many
advantages [5]. One of these advantages is the clean-burning nature of GTL that
enhances the combustion properties compared to crude-oil-based diesel. Therefore,
this fuel can reduce exhaust emissions to meet the local and international
environmental regulations (The Paris Agreement, [6]). Moreover, GTL fuel is free of
undesirable components such as metals, aromatics, and sulfur, making it less harmful
to the environment with no toxicity. Furthermore, it is safer for storage and handling
than diesel fuel and does not have an unpleasant smell [7]. According to Shell
Company, GTL fuel can reduce Nitric Oxides (NOx) emission by 25% and particulate
matters (PM) emission by about 38% in comparison to diesel fuel [8]. Another
research has also confirmed this conclusion [9], which has further demonstrated that
GTL fuel produces lower in-cylinder peak pressure and less Brake Specific Fuel
Consumption (BSFC). Due to these favorable GTL specifications and advantages,

systematic research needs to be conducted on the optimum combustion characteristics



of GTL fuel at different operating conditions to determine its suitability for use in
internal combustion engines. Detailed investigations for GTL combustion
characteristics have not been performed yet, and it is essentially required before using
this alternative fuel widely in engines.

Remarkable progress has been reported in appropriately investigating laminar flame
speed (Si) under various operating conditions for a variety of fuels and fuel blends,
including GTL fuel [10]. Sy is a combustible mixture’s property that is entirely
dependent on the initial pressure (pi), temperature (T;) and the mixture

equivalence ratio (@). In contrast to Sy, turbulent flame speeds (St) cannot be precisely
measured and consistently unified for all test rig configurations [11]. Flame speed
influences knocking incidences in spark ignition (SI) engines and affects Ignition
Delay (ID) time in diesel engines. In addition, both laminar and turbulent flame speeds
must be studied to design more efficient engines and model predictive computational
modelling techniques [12].

One of the experimental configurations that has been widely used to investigate the
relationship between flame propagation and turbulent eddies is the fan-stirred
combustion bomb [9], [13]. With a broad range of turbulence intensity levels () that
can be obtained and precisely controlled, these vessels conveniently investigate the
rates of flame propagation under different turbulent conditions. When compared to a
burner-type configuration, this feature is highly desirable because the latter demands
an additional increment in axial flow velocities to raise the turbulence intensity level
[14]. When the flow rate is high, stabilizing techniques such as recirculation zones,

pilot flames, or the bluff body must be utilized to prevent flashback. Nonetheless, the



design of fan-stirred vessels is cost-effective and does not allow for the flexible use of
laser-based planar measurements [15].

Axis-symmetric mixing fans installed on the vessel's internal surface create
homogeneous and isotropic turbulence inside the vessel. This arrangement may be
used in various turbulence and thermodynamic conditions, including high
temperatures, pressures, equivalence ratios, and turbulence intensities, which are
relative to industrial applications [16]. The turbulent burning velocity and the overall
wrinkling rate of the flame surface are significantly dependent on the existing
turbulence features, such as the turbulent length scale (L) and the turbulence intensity
(u"). When compared to the integral length scale, the initial flame kernel size is much
smaller. As a result, during the early stages of flame development after ignition, it is
not exposed to the whole spectrum of turbulence and remains laminar. As the flame
grows, the surface of the flame is wrinkled by larger energy-containing eddies
resulting in more energy and mass transfer and a thickening in the flame surface.
Consequently, deep characterization of the turbulent flow is considered a prerequisite
to understanding and analyzing the flame-turbulence interaction within this setup [9].
Although many researchers have experimentally used this setup to study the turbulent
flow field, for example [11], [15], [17]-[23] , the velocities of the flow can only be
measured in a two- dimensional plane with limited resolutions and ranges, so that the
spatial and temporal fluctuations of small-scale motions cannot be properly captured

[24]. Hence, well verified and validated 3D numerical simulations can bridge this gap.

Several combustion models found in the literature are used primarily for modelling

reactive flow behavior. One of these widely-used computational models for studying



premixed turbulent combustion at high Reynolds numbers (Rer) is the Zimont
Turbulent Flame Speed Closure (TFC) model available in ANSYS Fluent and
implemented using the pressure-based solver algorithm [25], [26]. The combustion
process is defined in this model by a single transport equation (C- equation) for the
reaction progress variable (C); turbulent closure for the progress variable's source
term is determined by a model parameter utilized for turbulent flame speed
computation. The turbulent flow field primarily results in wrinkling, thickening, and
straining of the flame front, resulting in a closed-form expression of the turbulent
flame speed that includes a critical gradient of the laminar flame thickness and speed,
fluctuation intensity, and the local turbulent length scales. This method of closure is
elegant and effective. It only requires one additional transport equation compared to
non-reacting flows, and it excludes any costly chemical source term assessment or
integration over probability density functions [27].

The past studies have investigated the turbulent flame speeds of several hydrocarbon
gaseous fuels such as hydrogen, natural gas and different alkanes [14], [31], [32].
However, none of them has considered the investigation of turbulent flame speeds of
heavy hydrocarbon liquid fuels such as diesel and GTL. Liquid fuels are
characterized by a higher energy density compared to gaseous fuels, safer for storage
and transportation, and are more economical for use [33]. Natural gas is converted
into liquids through the Fisher-Tropsch process, starting from the partial oxidation of
natural gas to form synthetic gas, then using a catalyst to convert the gas into liquids,
and eventually, isomerization (cutting the molecules chains into shorter lengths) that

produces GTL fuel in the final stage [8]. The clean-burning nature of GTL can



enhance the combustion properties compared to crude-oil-based diesel to increase the
engine performance and lower the exhaust emissions. Moreover, GTL fuel is free of
undesirable components such as metals, aromatics, and sulfur, in addition of being
safer for storage and handling with no toxicity [8], [11], [18]. Therefore, the present
dissertation aims to conduct a fundamental study of turbulent flame speeds of GTL
fuel using the fan-stirred combustion bomb under different turbulence intensities
(0.5m/s < u” < 3.0m/s) and equivalence ratios (0.7 < @ < 1.3). In this context, the

significance of the dissertation outcomes can be addressed in the following points:

(i) The determination of the optimum operating conditions of GTL fuel assesses
its suitability for replacing conventional diesel fuel as an alternative fuel.

(if) The outcomes of this dissertation can benefit researches who are working in
the field of premixed turbulent combustion and willing to conduct studies
about chemical kinetics mechanisms, flame ignition mechanisms, ignition
delay time, and flame extinction and diffusion.

(iii) Oil and gas industries, chemical refinements and renewable energy sectors
can benefit from the dissertation outcomes by establishing well-planned
production strategies to widen the use of GTL fuel in Qatar, and around the
world.

(iv) Due to a lack of fundamental thermochemical, physical, and kinetic data for
fuel components, studying flame speed is critical for predicting engine

performance and emission rates.



(v) Bridge the gap for more comprehensive researches about similar topics,
however, implementing other measurement techniques and numerical
simulation models.

In order to verify and extend the experimental findings, Zimont Turbulent Flame
Speed Closure (Zimont TFC) numerical model is adapted and implemented into
ANSYS Fluent through a Reynolds Averaged Navier-Stokes (RANS) approach to
study the influence of turbulence on GTL premixed combustion. This can assist in

bridging the missing research gap in the literature by:

(vi) Investigating the existence of HIT condition in the combustion bomb by
conducting a mean turbulent kinetic energy balance study.

(vii) Studying the premixed turbulent combustion of the three tested fuels at a
broad range of turbulence intensities (), equivalence ratios (@), Reynolds

numbers (Re ) and Damkohler numbers (Da), which have not been studied
before.
The main objectives of the present study are:

1) Experimentally investigate the turbulent flame speeds (St) of GTL fuel (and
its 50/50 blend with diesel) over a wide range of turbulence intensities

(0.5m/s < u” < 3.0m/s) and equivalence ratios (0.7 < @ < 1.3).

2) Use high-speed imaging to visually track the stoichiometric GTL flame

propagation through its different growth stages.

3) Verify and extend the experimental findings by using Zimont TFC numerical

model to study the influence of turbulence on GTL premixed combustion.



This dissertation is divided into seven chapters as follows. Chapter 1 introduces and
addresses the present work's objectives, motivations, challenges, and experimental
conditions. Chapter 2 provides a brief background about the various definitions and
parameters that are commonly encountered when studying premixed turbulent
flames. Chapter 3 overviews literatures pertaining to turbulent flame speed
measurements, modelling, and visualization under different operating conditions. In
Chapter 4, a detailed description of the test rig, measurement devices, fuel blends,
and experimental procedures is provided, while chapter 5 describes the numerical
simulation approach followed for turbulent flame speeds (St) computation. In Chapter
6, the experimental and numerical results are presented and discussed. Finally,
Chapter 7 summarizes the main findings and outlines the suggested recommendations
for future work improvements. At the end of the dissertation in the appendices, the
laminar and turbulent flame speeds results are summarized in tables and attached. In
addition, the calibration certificates of the measuring devices and instruments can be

viewed.



CHAPTER 2. BACKGROUND

This chapter aims to provide a brief background about the different concepts
and definitions commonly encountered when studying premixed turbulent flames

such as laminar flames, turbulent flame brush, reaction progress variable, and others.

2.1 Laminar Flames

Laminar Premixed Flame (LPF) is a localized, self-sustaining combustion zone that
moves at subsonic velocity. The laminar flame is localized because it only occupies a
finite region in the space separating burned combustion products and unburned
reactant species. To fully understand the concepts behind premixed flames, prior
knowledge of chemical kinetics, mass, and heat transfer, in addition to
thermodynamics, is required [34]. Studying the fundamentals of laminar premixed
flames is essential for understanding turbulent premixed flames. Moreover, studying
LPF is also necessary to track flame ignition behavior and extinction. Finally, the
measurement of LPF is highly requested to develop the fundamentals of chemical

kinetics mechanisms.

A laminar flame can be used as a reference frame to characterize the velocity of
unburned reactants because it freely propagates (S°; ,,). The superscript “L” indicates
for laminar, and “u” stands for an unburned mixture. In addition, the superscript “o0”
stands for a non-stretched flame. Gases that leave the flame are burned gases moving
with a velocity S°; ,, where “b” indicates the burned status of gases. Typically, a

flame front can be represented in Figure 1 [35].



Flame

Unburned Gases Burned Gases
= = 0
Sf,u Pressure = P, Pressure = P, sy
Density = p, Density = py
Temperature =T, Temperature =T,

Figure 1. Flame sheet separating burned and unburned gases [35]

As the flame is traveling subsonically in the space, the pressures P, and B, have to be
equal. In addition, the flame surface area remains the same (A=constant). However,
the flame density p decreases from p,, to p, due to combustion [36]. As a result,

unburned and burned flame speeds can be related using the continuity equation [14]:

SOL,uA Pu = SOL,b A py €Y
SOL,b p
o= =0 ()
Lu Pp

where p,, and p;,, represent the unburned and burned species densities, respectively.
The ratio between the two densities is represented by o .

One of the common experimental configurations used to track laminar flame
propagation rates is the spherical/cylindrical combustion bomb. A spherical chamber
or a closed cylinder with a central spark-ignition source is used in this experimental

configuration [18]. As combustion begins, the flame propagates spherically with a



constant pressure wave, followed by a high and sudden increment in the pressure
(approximated at around ten times the magnitude of initial pressure). To
investigate flame propagation rates, the flame radius evolution can be optically
tracked. In addition, a thermodynamic model can also be used to trace dynamic

pressure variation across the combustion zone to track flame propagation rates [37].

In flame bombs, two types of velocities can be identified. The speed at which the
flame front propagates into an unburned mixture is the first type and known as
engulfment (entrainment) velocity or displacement speed. It is typically used to
determine the consumption rate of unburned gases [19]. The other type is called the
laminar burning velocity [14]. The rate of burned gas production can be calculated
using a dynamic pressure transducer to track the pressure variation in the combustion
bomb by multiplying the laminar burning velocity by the burned-gas density.
Engulfment velocity is particularly interesting for engine designers who investigate

the traveled distance by the flame after ignition.

On the other hand, laminar burning velocity has some safety applications, such as
estimating the pressure increment after combustion. In addition, it is essential to
notice that these two types of velocities are equal to planar flames. The laminar flame
thickness (8, is defined as [38]:

T,_ T,

5 = ——=
N Z.

(3)

The temperatures of the burned and unburned gases are T, and T, , respectively. In

addition, |V'T|,,q, represents the largest temperature gradient that exists within the
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flame. A laminar premixed flame is typically subdivided into three distinct zones: (i)
the preheat zone, where no reaction occurs (only convection and diffusion);(ii) the
reaction zone, where the majority of the heat is released due to the combustion of
fuel; and (iii) the oxidation layer, where slow rates of oxidation occur for the
formation of products (conversion of Carbon monoxide, CO to Carbon dioxide CO),

as shown in Figure 2 [38].

preheat  reaction cecidation preheat reaction  oxidation
Zone £ome layer wOIE #OTIE layer
1 L x
8 L osf
= = |
o -
= C [
L @ 06 :
E E _
=) = |
o] il ]
M Y ;
| o :
£ 2 |
o =} ;
S S 02 i
N
0 _—
0 0.z 0.4 0E 0.8 1
[T'Tu]""{Tb'Tu}
a) physical space b) temperature space

Figure 2. Representation of n-heptane/air flame profiles in physical and temperature
spaces at atmospheric pressure (@=0.9, T,, =298 K). wy is the chemical consumption
rate, Yz is the fuel mass fraction, and w is the heat release rate. Each quantity is

normalized by its maximum value within the flame [38]
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Some studies have investigated S; using Schlieren Imaging [39], [40], while others

have used optical techniques for measuring S; [41], [42]. Furthermore, some

numerical models have employed pressure data for establishing an equation that can

be used to find S;. One unique equation that is commonly used to find S; is that one

proposed by Lewis and VVon Elbe [11]. This equation has proved its success when

used to find S; for Jojoba Methyl Ester (JME) , and it is written as the following

[11]:
L N,
= (@) 6 G)
where,
(6;_?) :(3(peR— pi)) ((ppe pl)l
=R (ife_—zzi)) (g)

bi Tu (pe - p)
SUEOIOF=
b [ p/ \T;) (pe — o)
®)- @~
T; Di
where,
p;, p and p, are the initial, peak, and equilibrium pressure, respectively

Y. 1S the specific heat ratio of unburned reactants

R is the radius of the cylindrical combustion bomb (R =20cm)

(4)

(5)

(6)

(7)

(8)
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2.2 Turbulent Flame Brush (6¢)

The laminar flame front (leading edge) is a thin wave, a high-temperature zone that
propagates at laminar flame speed into a flammable mixture. ¢ is considerably
thicker than a laminar flame front [29]. The thickness level in the flame front
increases as the level of turbulence intensity becomes higher. The combustion zone,

where unburned and burned gases exist on the boundaries, is known as a turbulent

flame brush [37]. There are two categories in the formation of turbulent flame brush:

(a) growing or developing flame brush, (b) fully developed turbulent flame brush

[11]. Category (a) involves fan-stirred combustion bombs, V-flames, and Bunsen

burners. In contrast, stagnation flows, low-swirl flames, and twin-counter flow flames

fall under category (b). The classification of different flame types is shown in Figure

3 [11].

13
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Figure 3. Developing flame brush: (a) Bunsen burner setup, (b) V-flames

configuration, (c) fan-stirred combustion bomb. The configurations characterized by a
fully developed turbulent flame brush are: (d) twin-counter flow setup(e) stagnation

flow configuration (f) low-swirl burner [11]

As the flame propagates away from the holder, the Bunsen flame boundary layer
changes spatially and becomes stable only at the rim of the burner. The conical V-
flame results when a rod is placed at the middle of the burner outlet, which becomes
stable behind the rod through recirculation zones. In these two configurations, the
flame brush thickness expands axially away from the outlet of the burner. For
spherically expanding flame, the brush thickness develops gradually with time
(temporally) as the flame propagates outwardly in the combustion bomb [38]. This

development of flame thickness is attributed to the random advection that turbulent
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eddies cause on the surface of the flame brush. Taylor’s law can explain such type of
flame brush for turbulent diffusion, where this law governs the mixing layer growth

as the following [39]:

1
1 , (@)
5, = V2m L, {Zt’ [1 - (1—et )]} (9)
where,
L
Ly = % (10)
(1 + Z—u,)
Lo
T = " (11)
t
t' = — (12)
Tr

&, represents the turbulent flame brush thickness, Ly the integral length scale, u™ the
turbulence intensity, and t is time. In addition to the previous cases, a statistically
stable flame that remains stationary with space and time can be achieved. The mean
thickness of the flame brush is found to become constant after ignition incidence for
low-swirl flames, twin-counter flows, and stagnation flames [40]. Nevertheless, those
types of flames are governed by a different brush-growth principle. As the flow
becomes farther from the burner outlet, the mean flow starts to decelerate. For
instance, for the stagnation flame case, the velocity field can be modeled by the
following, u, = a,r /2 and u,, = U — a;x for the radial velocity and axial velocity,
respectively [11]; (where r and x are the distances away from the outlet of the burner,
U is the spatially mean velocity, and a; is the acceleration). The surface of the flame

is advected by turbulent eddies, however the strong mean flow (strain rate) acts
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against it as the flow propagates more from the burner rim. As a result, the flame

brush becomes fully developed after the instant of initial- ignition transient [38].

The same principle applied for stagnation flames can be passed to low-swirl flames
and twin-counter flow flames described by their divergence in mean flow (They
decelerate as they move away from the outlet of the burner). This class of premixed
flames is considered convenient for studying fully developed turbulent flame brushes.
However, actual flames in the industry (gas turbines and IC engines) are developing

naturally, and they consume some time to become fully developed (~t; S, %) [15].

2.3 Reaction Progress Variable

A scalar known as the reaction progress variable {c) is used to identify each
isosurface inside the turbulent flame brush. The percentage of combustion completion
determined at each isosurface is represented by this variable. [41]. It can be defined
using the normalized density, temperatures, or other species fractions (Ex. oxygen or
fuel mass fraction). (c) value ranges between 0 to indicate an unburned gas to 1,

which indicates that the gas is completely burned within the flame brush.

It's worth noting that the chemical enthalpy falls as the fuel mass fraction decreases.

Furthermore, as the temperature rises, the sensible enthalpy values increases [11]:

=T_Tu=p__pu
Tp-Ty  Po-Pu

(c) (13)

where T and p represent the mean temperature and density of the gases insides the

turbulent flame brush up to one specific surface.
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For all distinct turbulent flame geometries, the value of {(c) can be estimated. When
using a Bunsen burner configuration, (c) is found to steadily increase from 0 to 1 as
moving away from the flame chemiluminescence, with (c)=0.5 coincides with the
highest turbulent intensity (u’). Different flame reaction zones can be identified and
binarized as either unburned or burned gas utilizing laser-sheet imaging (such as OH-
PLIF technique). The average of those values can be obtained by assembling multiple

images at each pixel to find the mean value of {(c) [42].

The surface of the flame that corresponds to a specific (c) value is represented by
pixels that are positioned at a surface of (c)=constant. Several (c) contours are
recognized at horizontal isosurfaces assigned in an axial direction for twin-counter
flow, low-swirl burners, and stagnation flows [43]. Because the {(c) =constant varies
over different flame surfaces within the flame brush, turbulent flame speeds (S; ) vary
as well. S; depends extensively on the surface at which it is measured. In a VV-flame
setup, for example, (c) gradually increases away from the burner hole, resulting in

varied values for S, [11].

The values of (c) in fan-stirred combustion bombs are determined by optical
diagnosis techniques. Other techniques such as indirect methods (pressure-trace) and
Schlieren imaging can also be used. According to Bradley et al. [15], the value of {c)
identified by the two methods was different at the mean flam surface. The Schlieren
tip correlates statistically with a propagating flame surface of roughly {(c)=0.1, and
this study has also found that the flame surface with (c) = 0.6 also coincides with the

same radii using the dynamic pressure trace.
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2.4 Definition Dependency of Turbulent Propagation Rates

The displacement speed (St,c) and the global consumption speed (Ur,) are two
commonly used definitions for turbulent burning rates in the literature [15]. Ut is
calculated by dividing the ratio of mass burning rate to mean area of the flame surface
by the product of unburned gas density and flame surface area (Ut,). In contrast,
displacement speeds (St.c) (known as engulfment or entrainment speeds) are the
difference between the unburned gas velocity and the observed wave speed when it is
normal to the surface of the flame. The global consumption speed (Ur) is assessed at
(c) = 0.5 in the middle of the flame brush, but the displacement speed (St.) is
estimated at (c) = 0.05—-0.1 at the flame front. When the net rate of formation
(consumption) of products (reactants) is required, Ut is investigated. St, on the
other hand, is used to determine the speed of the flame front (for example, within an
engine) [11]. As a result, these two speeds cannot be directly compared. Within each

category, however, flame speeds can be compared for various flame geometries.

A simple example of the difference between the two definitions is a growing flame
brush for a planar flame. Within the flame brush, various (c) isosurfaces are observed,
each with a different surface area (A) and moving at a different speed. For burner
premixed flames which are stabilized at the holder of the flame, the difference in
speeds for the surfaces defined with (c) approaches zero ({c) —0) and (c) approaches
one ({(c) —1) is proportional to U %, and ddi: for spherical flames (where T is the

isosurface temperature, x is the axial distance away from the flame holder, and U is

the mean flow velocity) [44]. The displacement speed (St,) of each isosurface can
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then be used to identify it. As a result, in the planar turbulent flame example, it is not
feasible to define a single displacement speed because each isosurface has a different
speed. However, Ut is the same at each isosurface (single value) and can be
calculated by dividing the total burning rate by the product of unburned gas density

and the flame surface area [11].

In practical applications, flames are curved and developing. Hence, it is not feasible
to determine a single value for the displacement speed due to the curved topology of
the flame. Moreover, the global consumption speed also depends on the isosurface
used for estimating it, as the area of each isosurface is different in this case due to
flame curvature [44]. Different flame geometries result in different global
consumption speeds and displacement speeds. In the case of using Bunsen burner
flames, the flow typically diverges, which decreases Ut ¢ below Stc. However, in fan-
stirred bombs or low-swirl burners, the flow is convergent, which decreases St

below Ur [15].

2.5 Turbulence in Combustion

Turbulence is an essential phenomenon that is almost encountered in all practical
flows in engineering applications. Thus, it is necessary to acquire adequate
knowledge about turbulence concepts and how it affects combustion as turbulence
alters the dynamics of the flame and its structure. Both the laminar and turbulent
flows are common in being viscous fluid flows. The streamlines in the laminar flow
slide past each other smoothly and orderly, mixing results due to molecular diffusion

[45]. On the other hand, turbulent flows occur at high Reynolds numbers (Ret) when
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the inertial forces overcome the viscous forces, which cause the laminar flow to
become chaotic and unstable. The fluid motion becomes unsteady and three-

dimensional, causing rapid pressure and velocity fluctuations [45].

Turbulent flows are unsteady and random. Eddies move randomly within the fluid
layers, and the fluid velocity fields change significantly in both time and position
[46], [47]. Consequently, this makes the turbulent flow analysis difficult, and
statistical techniques must be followed to find a solution [48]. Diffusivity is one of
the intrinsic properties of turbulence. In this process, rapid mixing causes mass, heat,

and momentum transfer to be enhanced as mixing takes place at high rates [49].

Eddies are used in the discussion of turbulence physics to visualize a turbulent flow
across a spectrum of scales. An eddy is defined as a localized swirling motion with a
characteristic dimension that provides a local turbulence scale [49]. Although the
smallest eddy size is minimal, it is still larger than the scale of the molecules [50].
Eddies of various sizes overlap in the turbulence domain, and larger eddies carry out

smaller eddies; as discussed in Section 2.7.

Turbulence follows a cascade mechanism that transfers kinetic energy from larger to
smaller eddies. The large eddies are of L size, and they break down into smaller
eddies and become unstable in the flow. Due to the effect of molecular viscosity, the
Kinetic energy transmitted to the smaller eddies is eventually dissipated as heat [50].
The dissipation of kinetic energy, denoted by &, is a basic feature for studying the

behavior of turbulent flows. The Kinetic energy dissipation rate (&), is commonly
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estimated by the rate of energy transfer from larger eddies to smaller ones, as follows
[11]:

u'’

£~ — (14)
lt

where ¢ is the dissipation rate, and [, the integral length scale. Unlike large eddies,
which are directional and anisotropic, small-scale eddies move with a universal
isotropic form as proposed by Kolmogorov [11]. The motion of small-scale eddies
(Kolmogorov scale) can be uniquely described using a velocity (u,) and dissipation
(). Time (z,), length (), and velocity (u,) scales can be obtained for small eddies

using dimensional analysis such that [11]:

n= () (15)
N3

Ty = <V;> (16)

u, = (ve)t/* (17)

where v represents the kinematic viscosity.

The behavior of turbulence is complex, and Reynolds proposed a statistical method to
analyze this behavior involving averaging [49]. The averaged equations are known as
Reynolds averaged equations, and they are commonly used for unsteady flows. In this
form of averaging, each term is expressed as a sum of an averaged value and a
fluctuation about the mean. Thus, the instantaneous velocity can be written as the

following [11]:
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u; (i, t) = u; (o, t) +u;' (x,t) (18)

where u; (x, t) is the mean velocity, and u;'(x, t) is the fluctuating part. Ensemble

averaging for the case of the mean velocity can be calculated as [11]:

w (5, 0) = lim & u, (30 (19)
where u; ,, is the value of u; at the nth repetition out of N independent realizations.
Using this averaging in the conservation of mass (continuity) equation and
momentum (excluding the body forces) arises the following equations (noting that the

density is considered to be constant herein) [49]:

e Conservation of mass

au_l—O 20
e Conservation of momentum
ou; 0 [ dp J
—_ —_ " U Ty’ Y= — — 4+ — (T.: 21
pat+paxj(”‘”f+“‘“J) axi+axj(”) (21)

where p, p, T; ; represent the fluid density, the pressure (normal stress), and viscous
stresses, respectively. The unclosed terms u;, u; appear in the equation due to

averaging, and they are known as the Reynolds stress tensors.

Four variables are unknowns for a typical three-dimensional flow: the pressure and
the three velocity components [51]. When modelling turbulence statistically, the
number of unknowns is raised to ten as there are six Reynolds stress components,
which are also unknown. Consequently, these equations are considered anonymous.

There should be some suitable models for estimating the unknown Reynolds stresses
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to find a solution for these equations. The simplest one is the Eddy Viscosity Model
(EVM) introduced by Boussinesq [52], and it is based upon turbulence viscosity
approximation. Based on this assumption, the Reynolds stresses are proportional to

the mean strain rate and are written as [52]:

T ow; Ju; 2 ou\ 2 _~

where p, represents the eddy viscosity, 1:1:] are the Reynold stresses, §;; is the mean

strain rate, and  is the turbulence kinetic energy, which is expressed as [52]:

a7
ul ul

k=2

(23)
The eddy viscosity is a product of a velocity scale and a mixing length and represents
the ratio of the Reynold stresses (turbulent quantities) to mean shear (mean flow
quantities). In addition, it is essential to note that p: depends on the geometry of the
flow and the turbulent eddies that exist in the flow, and it is not a fluid property.
Several methods are suitable for defining the eddy viscosity, and different models can
characterize it. Some of these models are the zero, one, and two equations models

[49], which will be discussed in Section 3.3.

2.6 Dimensionless Numbers for Turbulent Combustion

An arbitrary size for a given eddy [ (n <[ < L) in the inertial subrange of a turbulent
spectrum can be related to its corresponding velocity u'(l) as [11]:

u'()®
l

= ¢ (24)
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where 7 is the Kolmogorov length scale, Ly the integral length scale, ¢ is turbulence

dissipation rate

The turnover time (t;) of this eddy is expressed as [11]:

l 12
Tl = _u’(l) = & 3 13 (25)

A laminar flame propagates into eddies of different sizes within a turbulent flow
domain. The characteristic chemical time scale defined as [11]:

)

= — 26
Tc S?,u (26)

where,

SP..: the unstretched, unburned laminar flame speed

o= S%: Zeldovich flame thickness and v the kinematic viscosity
Lu

Damkohler number (Da)
A ratio between the characteristic eddy timescale (z) and chemical time scale (z.).

It is commonly used with the integral length scale (the largest eddy) [11]:
-1
_Ir_ (¥ L_T)
Da = T, <SL> (6 27)

Karlovitz number (ka)

Relates the laminar flame thickness (&) to the Kolmogorov turbulent scale (n) [11]:

1

3 =
= () ()
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Turbulent Reynolds number (Rer)

Based on the integral length scale (L), the turbulent Reynolds number is defined as

[11]:

Rep = “LT _ (;l—L) (g—j) — (Da ka)? (29)

Lewis number (Le)

It is a dimensionless number that relates the species thermal diffusivity («) to their

mass diffusivity (D) [11]:

Le

Ol R

(30)

Markstein number (Ma)

Characterizes the effect of the propagating flame's local heat release on the topology

and curvature of the flame surface [48]:

Ma = — (31)

where,

L: Markstein length

&,,: the characteristic laminar flame thickness
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2.7 Energy Cascade

Within a turbulent flow, most of the turbulent kinetic energy (k) is carried out by

eddies of the order of the integral length scale L, such that [49]:

1 T~ N
k = 5 (wu,) (32)
For a homogeneous and isotropic turbulent field, k becomes [49]:

3u,”

where i indicates for the x, y, or z direction.

Eddies of large sizes tend to break up into smaller eddies continuously, and therefore
eddies of different sizes exist within a turbulent flow. Energy is transferred from
larger to smaller eddies until viscous forces become dominant and the smallest eddies
are dissipated. To compensate for the kinetic energy losses and maintain the turbulent
flow, an external energy source is required. In the absence of an external energy
source, the turbulent flow is characterized by a decreasing trend in turbulent kinetic
energy. The energy cascade, depicted in Figure 4, describes the energy transfer from
large-scale eddies to smaller ones [49]. The region between the integral (largest) and
the Kolmogorov (smallest) length scales is known as the inertial subrange, and it is

characterized by a constant energy transfer rate of a slope -5/3 [49].
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Figure 4. Schematic diagram for energy cascade [49]

2.8 Turbulent Combustion Regime (Borghi) Diagram

According to Damkohler, the propagation of turbulent flames can be divided into two
distinct regimes: (i) small-scale and (ii) large-scale turbulence [53]. The interaction
between the turbulent flow field and the wrinkled flame front in the latter phase is
entirely kinematics and is independent of length scales. Damkohler obtained an
expression that quantifies the ratio between the turbulent and laminar burning

velocity in terms of laminar flame speed (S;) and turbulence intensity (u') by
equating the flame front’s turbulent flame speed with the unburned gas mass flux (%)

of a wrinkled flame surface moving at Sp [53]:

e For large-scale turbulence

ST_ u,nln
5—(1+C(S—L) )Y (34)
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e For small-scale turbulence

1 1
2 2

S D u L
T (_T> = (_ _T> (35)
S, D S, 0

where n and C are constants =1

In small-scale regimes, this ratio is dependent on the proportion between
turbulence and molecular diffusivity. Turbulent eddies alter the unburned reactants
and the reaction zone structure in this case. Regardless of the turbulent regime, Sy is

always greater than S; [50].

Different phases of turbulent combustion regimes have been observed and classified
into the Borghi diagram since classical Damkohler theories (Figure 5) [11]. Reynolds
(Ret), Damkohler (Da) and Karlovitz (Ka) numbers are used to establish several
boundaries in the Borghi diagram that represents a log-log plot of the normalized
turbulence intensity («'/ S.) and the turbulence integral length scale normalized by

the laminar flame thickness (Lt / §).

Laminar flame propagation can be viewed in the zone below Rer =1 in this diagram.
Furthermore, a weak turbulent sub-regime is bounded in the zone where 1 < Rer
<100, where the classical Kolmogorov-scaling is not followed. Rer >>1 characterizes
the majority of the turbulent combustion regimes discussed here. Chemical timescales
dominate the turbulent time scale in a well-stirred reactor combustion regime,

corresponding to Da< 1 [11].
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Figure 5. Classical Borghi diagram [11]

The flamelet mode exists when ka is less than one, and Da is more than one. In this
regime, turbulent eddies have no effect on the laminar flame structure that comprises
the preheat and reaction phases. The flame front continues to propagate until the
imposed turbulent field wrinkles the laminar flamelets. In this mode, the laminar
flame thickness exceeds the size of the smallest eddy within the turbulent field. Two
competing processes determine the turbulent burning rate: 1.) flame front self-
propagation destructs the flame surface area, and I1.) wrinkling of the flame surface
by turbulent eddies, with the latter dominating the former [54]. The wrinkled

mode and the corrugated flamelet combustion regime (weak and moderate turbulence

levels, respectively) can be classified into the flamelet regime, with the u/S =1
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borderline separating these two regimes. The Klimov-Williams limit (Ka =1) line
marks the transition between the flamelet and the distributed reaction zone regime

(Da>1andka>1).

Borghi's combustion regimes diagram was later modified by Peter [52] based on the
Ka to include thin-reaction zones (where 1< Ka <100: when Ka=100, Ka;= 1, where
Kas= 0% *Ka; § =0.1 (9 is the thickness of the laminar flame) of several hydrocarbon
flames. The smallest eddy in this situation is smaller in size than the preheat zone,
allowing it to penetrate it and transfer heat and mass (radical transport). The thickness
of the reaction zone, on the other hand, is unaffected as its size is less than the size of
the smallest eddy within the turbulence field. In the zone where Ka >100, thickened
flames or broken-reaction zones appear, in which turbulent eddies penetrate both the
preheat and reaction zones, completely disrupting the laminar flame structure. Due to
a considerable quantity of heat loss, the temperature in the preheat zone continues to
drop in the broken reaction zone, followed by a loss of radicals and, eventually, flame

extinction [11].

Furthermore, time scales and mixing lengths can be calculated to aid in the
understanding of flame-turbulence interactions in the thin reaction zone and
corrugated flamelet regimes. The flame and turbulent eddies interact in a pure
kinematic form in the corrugated flamelet regime. As a result, the velocity of the local
laminar flame (S.) must be equal to the velocity of the eddy that will wrinkle its
advancing front for ka < 1 and Rer >> 1. As a result, the Gibson length scale (L) is

introduced, with the following definition [11]:
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L= — (36)

where ¢ represents turbulence dissipation rate

Eddies smaller than Ls cannot wrinkle the advancing flame front because this action
is only restricted to eddies of size Lg, whilst the flame front is wrinkled by eddies
larger than Lg. The boundary between the corrugated and wrinkled regimes is formed
by Le = Lt when the macro-turbulent intensity level equals S.. This situation is
referred to as the lower cut-off scale for the scalar energy spectrum function.
Kolmogorov and Gibson's scales are similar when Kolmogorov velocity equals S

(Obukhov-Corrsin scale) [11], [52].

31



CHAPTER 3. LITERATURE REVIEW

One of the experimental configurations used for studying premixed turbulent
combustion is the fan-stirred combustion bomb. These vessels allow investigating the
rates of flame propagation under turbulent operating conditions, where a wide range
of turbulence intensity levels (z') can be obtained and controlled conveniently. This
literature review is divided into three sections. In Section 3.1, the effect of varying the
fan speed and geometry is discussed first. After that, the different turbulent flame
speed measurement techniques are described. Finally, the effect of varying the fuel
type on the combustion characteristics is handled in the last subsection. Section 3.2
overviews literatures pertaining to using diesel and gasoline optical engines for flame
visualization and diagnosing the combustion characteristics. In Section 3.3, the three
commonly used approaches for modelling premixed turbulent combustion are
described, and the different numerical models used in the simulation of premixed

turbulent combustion through a RANS approach are discussed.

3.1 Fan-stirred Combustion Bomb

The first use of fan-stirred vessels to measure turbulent flame speed St (in literature,
both St and St symbols are used for turbulent flame speed) is referred to Semenov
[55]. Later, many researchers have considered the fan-stirred vessels to conduct their
experiments. In the spherical combustion vessel, the flame initiates at the vessel's
center, and it propagates radially outward in all directions with uniform turbulence.

Three of the most often used ways to diagnose the flame propagation rate include
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laser tomography, Schlieren imaging, and pressure trace measurements. [56]. With
the use of this configuration, several advantages can be offered in comparison with
the burner type, where the intensity level has to be achieved with a high mean
velocity, in addition to some difficulties in stabilizing high laminar flame speeds S at
the top of the burner surface [57]. The use of fan-stirred vessels overcomes all of
these disadvantages, which are correlated with the system. It allows for the
measurement of flame speeds in near homogeneous and isotropic turbulence (HIT)

conditions using high values of u'.

On the other hand, the spherical combustion chamber suffers from some deficiencies
as it is extremely challenging to develop them, and it is prohibitive to build them
besides being very expensive. Furthermore, the absence of a well-defined surface that
can be used as a reference for the measured burning velocity complicates the
investigation of the time-varying flame propagation [58], [59]. Nevertheless, some
previous studies claimed that these difficulties could be counteracted by making
appropriate assumptions [60], [61]. For premixed turbulent combustion, the two
major parameters used to characterize such flow fields are: (i) the integral length scale
(Lt) and (ii) the level of turbulence intensity (u'). The largest eddy within the flow is
defined as the integral length scale, whereas turbulence intensity is utilized to
characterize the intensity of turbulence. The following subsections discuss the
correlation between the fan speed and geometry with the turbulent flame speed. In
addition, a particular focus is given for the discussion of using different turbulent

flame speed measurement techniques to track the flame propagation and investigate
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the flame speed. Finally, the effect of using various fuel types on the combustion

characteristics is handled in the last subsection.

3.1.1 Fan Speed and Design Variation
a) Fan Speed

There is a clear contribution to the variation of turbulence intensity ' on the
turbulence flame speed St. In the beginning, St starts to increase with " until it
reaches a maximum level; after that, it drops down until the flame quenching occurs.
When the turbulence intensity level »' is lower than Sp (' < Sp), the flame wrinkling
that results from turbulence is dominated by flame propagation. This regime is not
considered relevant to any industrial system. On the other hand, at higher turbulent
intensity levels (' > Sp), there is a significant increment in the flame speed due to
the enhanced mass and heat transfer rates that result in the turbulent diffusion. Most
of the apparatus used to study the turbulent flame speed in the combustion vessels
emphasizes a uniform distribution of velocity fields in the vessel's center. However,
two studies have revoked these two observations [62], [63] and indicated that a non-
linear distribution of velocity fields exists in the spherical combustion bomb. The
observation of these anomalies can refer to some specificities of the measurement
setup; Nonetheless, maintaining HIT conditions within a spherical combustion

bomb with a radius that equals the maximum size of the spherical flame is critical.

Birouk et al. [63] have studied the effect of fan speed variation on »’ and Lt under
HIT conditions. They have observed a gradual increase in ' when increasing the fan

speed and turbulent kinetic energy (k) from 0.1 to 1.45 m?/s?. The Probability
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Density Function (PDF) of the instantaneous velocity had a zero skewness (a
measure of the symmetry of the probability distribution for a random variable about
its mean) and a kurtosis (a measure of whether the data are light-tailed or heavy-
tailed to a normal distribution) of value three at all fan speeds, which further
confirms that HIT conditions have been successfully achieved inside the chamber. In
addition, the isotropy and homogeneity ratios have been computed and found to be
within £5% of the ideal value required to maintain a perfect HIT condition.
Integrating the longitudinal spatial correlation coefficient curve yielded the integral
length scale (which was determined to be 8.6 mm), and contrary to turbulence
intensity, Lt was found to be constant across all fan speeds. In a similar Plexiglas
enclosure and under HIT conditions, eight continuous-wave pulsed jet actuation-
controlled mechanisms have replaced the fans by Hwang and Eaton [64]. The fans
were precisely controlled to achieve the desired isotropy and homogeneity. A spatial
map inside an area of 1600 mm? in the middle of the chamber was generated. It was
found that the isotropy ratio varies between 0.88 and 1.24, and the homogeneity
ratio had a fluctuation of £10% of their spatially averaged value. The turbulent
kinetic energy dissipation rate has been estimated using a large eddy simulation
(LES) technique. Thus, other turbulence parameters such as Kolmogorov, Euler, and
Taylor scales could be evaluated [65]. Due to errors in assessing the velocity
derivatives, significant variance in earlier turbulence statistical data was recorded. In
addition, it was observed that the integral length scale, however, remains the same

and spatially distributed in the space at all fan speeds.
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b) Fan Geometry

The pitch angle of the impeller was varied by Kwon et al. [66] from 45 degrees
(fixed earlier to 30degrees by Fansler and Groff [67]). They found a 50% reduction
in Lt while keeping the turbulence intensity level (u’) the same in both cases. It was
determined that the impeller geometry influences the magnitude of turbulent eddies,
affecting the Lt scale; nevertheless, HIT criteria were not met due to impeller
misalignment. The misalignment of the impeller inside the combustion vessel was
verified and fixed in a later study [59], resulting in a mean flow reduction from 0.3—
0.6u’ to 0.1u’, which is considered a negligible mean flow. Leisenheimer and Leukel
[60] employed two different vessels radiuses (r= 25cm and r= 65cm, where r is the
vessel radius). They concluded that Lt is mainly determined by the vessel's
dimensions rather than the impeller's shape. Shy et al. [68] proposed placing a
perforated plate ahead of the fans to prevent big vortices from forming in the flow
and promote rapid mixing. In a wind tunnel, Liu [69] evaluated the effect of such
plates on the downstream turbulent field flow. It was deduced that the orifice size
and the solidity ratio (the ratio between the area fractions of the plate's solid parts)

can be changed independently to vary both Lt and u'.

In another study [11], four high-speed central-symmetric fans were installed inside
a spherical combustion bomb. Three different fan designs with a radial shape instead
of an axial one were used to find the optimum impeller design to generate isotropic
and homogeneous turbulence inside the combustion bomb [11]. It was noticed that

there is no remarkable variation in the intensity level when using different impeller
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designs, and the velocity probability density function for the three models was found
to follow a Gaussian profile. The homogeneity of the flow field was found to be
slightly dependent on the geometry of the impeller. However, the isotropy was
observed to be insensitive to the fan geometry. As the number of blades increases
(six blades instead of four), a higher deviation is observed from the isotropic
turbulence. As was discussed by Kwon et al. [66], the variation in blade pitch angle
affects the integral length scale. However, this variation in Lt can occur while

maintaining the near HIT conditions within the combustion vessel.

3.1.2 Measurement Techniques

Different techniques can be used to measure the laminar or turbulent flame speeds of
the spherically propagating flame in fan-stirred combustion bombs. These techniques
vary in their setup, resolution, cost, and accuracy. In addition, each method proposes
some assumptions for measuring flame speed, and different advantages and
drawbacks are associated with the use of each of them. The three commonly used
techniques for measuring laminar or turbulent flame speed are Schlieren imaging,
pressure trace, and optical techniques. In this dissertation, the turbulent flame speed
of the outwardly propagating GTL flame is measured using a pressure transducer,
and the flame propagation is visualized by high-speed imaging. The present
subsection aims to discuss and describe the features of these commonly used flame

speed measurement techniques.
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a) Schlieren Imaging

Schlieren imaging is one of the most common techniques used for S measurement
and can conduct premixed turbulent combustion studies. In the laminar flame case, the
flame starts to propagate outwardly after ignition in the radial direction.
Consequently, the flame can be assumed to propagate in one direction. Despite being
considered an integrated line of sight measurement technique, Schlieren imaging can
be applied for configurations of such geometry. In the turbulent case, flame wrinkling
results in a high anisotropy even in a well-controlled HIT environment, such as in the
spherical combustion chamber. Thus, the propagation speed in the axial (out-of-
plane) and the radial (in-plane) directions is not the same for any planar kernel.
Nonetheless, Bradley et al. [58] demonstrated that based on the flame surface area
found within the Schlieren silhouette; the average radius corresponds to a progress
variable (c)= 0.1 (where {c) is an isotherm that indicates for the percentage of
combustion completion determined at the surface). Different configurations of the
Schlieren setup can be used depending on various factors such as the available space,
the experimental setup, and the objective behind the imaging technique [70].
However, most past research has considered using Z-type Schlieren setup [11], [47],
[71]. This setup typically consists of two aluminized mirrors of spherical shape, a
high-speed camera, a sharp blade knife-edge, and a single Light-Emitting Diode
(LED) spotlight. The LED light beam is typically emitted from the light source and
directed into the first mirror in the same line as the LED source in this configuration.
The reflected beam then flows through the spherical chamber and onto the second

spherical mirror, where it converges at the second mirror focal point until it reaches
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the knife edge, where the dark background light white is cut off, and the remainder of
the light continues to the high-speed camera. The schematic diagram for the Z-type

Schlieren system is shown in Figure 6.

LED Light Source

Spherical Mirror

Spherical Mirror

# High Speed Camera

Figure 6. Schematic diagram for Z-type Schlieren setup [50]

Knife Edge

b) Pressure Trace

The second most widely used diagnostic technique for flame speed measurement is
the use of dynamic pressure trace of high frequency [50]. This technique is low-cost
and does not require any optical ports to view flame propagation.

For a specific period, the pressure inside the constant-volume vessel remains
constant. The unburned gases are then compressed isentropically before the flame
ignites, causing a pressure increment. On the other hand, the significant pressure rise
does not occur until the flame has developed spherically to a relatively large

diameter. Although this system has its benefits, some drawbacks are associated with
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its use [58]. Due to the confinement effects of the chamber, it is difficult to maintain
the spherical shape at large flame radii. Second, at high radii, the consistency of
turbulent conditions can no longer be maintained (close to the fans). Third, the
isentropic compression of the unburned gas results in a significant increment in the
temperature and pressure; thus, flame speeds are not captured at the initial unburned
premixed conditions.

Moreover, flame visualization is not available when using this technique, making it
an unattractive measurement technique. This technique was employed by Samim [10]
to measure GTL laminar flame speeds in a cylindrical combustion bomb, which has
been designed at Qatar University. Although the vessel was designed for high-speed
imaging through the quartz glass, only a normal video camera that captures 60
frames per second was used.

Using Lewis and VVon Elbe correlation, the pressure data from the pressure sensor
was utilized to calculate the laminar flame speed [10]. Using a cylindrical
combustion bomb and pressure transducer signals, the proposed model was also
employed in another comparable study to compare the flame speed of Jojoba methyl
ester with diesel fuel [71]. In addition, this technique has been employed by Ruelas
et al. [72] to investigate S, for natural gas/hydrogen fuel blends and by Bradley et
al. [15] to measure the turbulent burning velocity of ethanol-air at elevated

pressures.
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c) Laser Tomography

The instantaneous flame surfaces can also be determined using 2D planar, single-
sheet laser imaging to measure burning velocity [73], [74]. Nevertheless, there are
many drawbacks associated with their use [11], [75]. There is still uncertainty about
the assumption that turbulent flames have similar in-plane and out-of-plane
propagation rates, and this subject is still open to debate. Additionally, huge eddies
disperse the spark that originates in the vessel's center, causing a kernel dislocation
away from the laser-sheet observation path. Subsequently, the location of the kernel
relative to the laser sheet path cannot be identified accurately. Schlieren photography
is more preferred than laser-sheet techniques because they almost give the same
accuracy for flame propagation rates and are less expensive and require less

equipment [74].

One of the standard techniques used in laser tomography to measure particles'
velocity inside the combustion vessel is the Laser Doppler Velocimetry (LDV). In
this technique, two laser beams are directed and focused on one point according to
the desired velocity magnitude [76]. The two laser beams share the same
wavelength, and their intersection creates a volume of interference called the probe
volume [50]. This technique was employed by References [77]-[79] to compare the
particle image velocimetry (PIV) measurements with those of LDV in a spherical
combustion vessel, where the interrogation area in the LDV system is expanded into

a 3D volume. Figure 7 shows a schematic diagram for the LDV setup.
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Figure 7. Schematic diagram for the LDV setup [77]

3.1.3 Fuel Type

As the fuel characteristics (reactivity, diffusivity, and exothermicity) play a
significant role in determining the fuel-air combustion characteristics [78], it is of
high importance to study the effect of using different types of fuels on the flame
propagation rates. Several experiments were conducted in literature utilizing the
spherical/cylindrical combustion bomb to match this demand. In this context, the
role of this subsection comes to look at the most recent researches that have
investigated the effect of different fuel properties on the mixture combustion

characteristics.
a) Alkanes (C1-Cs)

Ravi [11] studied turbulent flame displacement speeds (St,0.1) of alkanes,
specifically methane (Cs), ethane (C>), and propane (Cs), across a wide range of
equivalence ratios (0.7 < @ <1.3). Dimensionless Lewis number, Le (non-
dimensional number that represents the ratio of thermal to species mass diffusivity),

was found to significantly affect the displacement speeds for the mixtures



characterized by Le <1 compared to those with Le >1 at the same equivalence ratio.

When methane (C. alkane) was used in lean conditions, it was characterized by a
faster turbulent flame speed than ethane (C- alkane) or propane (Cs alkane). On the
other hand, rich methane had a slower turbulent flame speed than rich ethane and
propane. As a result, it was concluded that for mixtures with Le <1, the flamelet
surface area and the local burning rate increase the displacement speeds. Figure 8

depicts the change in turbulent flame speed for methane and ethane against the

effective turbulence intensity (uy,).
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Figure 8. Flame speeds versus effective turbulence intensity (u;,) for: (a) methane-air
mixture, (b) ethane-air mixture. The individual curves for each condition are the

spline averages of three repeats. The estimated average scattering in flame speed is 10
centimeters per second. [11]

b) Natural Gas and Natural Gas—Hydrogen Blends

Turbulent displacement speed for a Natural Gas (NG;) surrogate (NG: 1.25% n-
CsHi2 + 2.5% CsHio + 5% CsHs + 10% C2Hs + 81.25% CHa) has been investigated
by Ravi [11] at @ = 0.7. St,0.1 for the three alkanes and NG, were compared using the

same combustion vessel, and the results are shown in Figure 9.
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Figure 9. Alkanes and NG: displacement speeds at @ = 0.7 [11]

When @ = 0.7, the displacement speeds for methane were the highest, followed by
ethane and propane. NG2 has a very close trend to CH4 at this condition, as NG is
predominantly methane. On the other hand, rich methane is characterized by lower
displacement speeds than rich ethane and propane.

These trends can be explained by the Lewis number's (Le) effect on turbulent flame
displacement speed. The local burning velocity reduces (enhances) when Le > 1 (Le
< 1) due to an increase (reduction) heat release in positively curved flamelets [80].
Because the flame leading edge's mean curvature and mean strain rate are both
positive, the propensity of finding positively strained and curved flamelets (convex
into the direction of unburned gases) becomes higher within a reacting premixed

turbulent flow [79]. In this situation, turbulent eddies cause the laminar flamelets to
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stretch considerably, resulting in a significant difference between the unstretched
flame speed and the local burning rate. Following that, for mixtures with Le < 1, an
enhanced local burning rate causes the flamelet surface area, and thus the
displacement speeds to increase. These effects explain why rich ethane and propane
(or lean methane), which have Le < 1, have faster flame propagation rates. Other
studies have previously documented similar observations [63], [81].

For gas-turbine combustor designers, blending hydrocarbon fuels with hydrogen is
essential. This is because ultra-lean conditions allow for increased laminar flame
speeds than the lean-flammability limit found in hydrocarbons. Due to the increased
flame propagation rates, the propensity to flashback or auto-ignite increases as the
fraction of hydrocarbons in the mixture increases. The primary mechanism for
increasing laminar flame speed, which is essentially a kinematic effect, is the increase
of the hydrogen radical’s concentration in the combustible mixture. Ravi [11]
investigated unstretched laminar flame speeds (S, ,) and turbulent displacement
speeds (St0.1) for two different compositions (25% to 75% and 50% to 50% (by
volume) blends of H2 and NG) at various equivalence ratios (@) and hydrogen levels.
It was observed that a large hydrogen concentration (50% Hy) caused a slight variation
in laminar flame speeds between CH4 and NG». Moreover, the addition of hydrogen
has increased the turbulent flame displacement speed (Sto.1) remarkably for both

fuels, and it was following the same trend as the laminar flame speeds.
¢) Isooctane

Brequigny et al. [75] have experimentally investigated turbulent flame speeds for
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isooctane—air mixture. Figure 10 [75] illustrates the corrected turbulent flame speed as
a function of the corrected equivalent radius. As can be noticed, the flame speed
increases gradually while the flame radius increases, and this can be referred to the
wrinkling ratio. The increase in turbulence intensity causes a rise in wrinkling and, thus,
the turbulent flame speed. Typically, the increase in wrinkling ratio is provoked by a
decrease in small, turbulent scales, as was shown by Galmiche et al. [76] on the same

combustion vessel.
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Figure 10. Corrected flame speed as a function of flame radius for different turbulent

intensities obtained from the corrected Schlieren data: P = 0.1 MPa, T =423 K, and &
=1.0 [75]
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d) Biogas

Turbulent flame speeds for three different biogas surrogates have been experimentally
investigated by Ayache [50]. It was observed that when adding more CHj into the
mixture, the peak value shifts from the nearly lean equivalence ratio side to the
stoichiometric value (Figure 11). In addition, it can be noticed that all the curves are
“bell-shaped” where the maximum burning velocity occurs at a certain equivalence
ratio and diminishes at the higher and lower ones [50]. The slowest burning velocity
among all the surrogate’s mixtures was observed when using the 50% CH4 biogas
flame, with a peak burning velocity of 27.5 cm/s at @ = 0.9. The addition of more CH4
to the mixture has caused the peak to shift slightly toward the stoichiometric
equivalence ratio, where the peak was noticed at 39 cm/s at @ = 0.98 for 70% CHa.
For the mixture (70% CHs and 30% COg), the rich and lean turbulent flame speeds

were faster than those of 60% and 50% by 5 cm/s.
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Figure 11. The turbulent burning velocity for three different biogas compositions at
u'=0.5m/s [50]

e) Diesel

Laminar flame speeds for diesel fuel have been investigated by Samim [10] using a
cylindrical bomb test rig that has been designed at Qatar University. It was observed
that the flame speed is slightly low at lean conditions (@ = 0.7-0.9), which further
increases and peaks near stoichiometric conditions (& = 1.0-1.1). When the mixture
becomes rich (@ =1.2—1.3), the flame speed starts to decrease slightly below the
maximum laminar flame speed (S = 83 cm/s), as indicated in Figure 12. At low

equivalence ratios, the excessive air causes flame quenching, and the flame becomes
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unstable. As a result, the laminar flame speed is found to be low. On the other hand,
using an excessive amount of fuel in the air-fuel mixture causes the combustion to

be incomplete, which causes the flames speed to decrease.
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Figure 12. Laminar flame speeds of diesel fuel at different equivalence ratios [10]

f) Gas-to-Liquids (GTL) Fuel Blends

Samim has investigated the laminar flame speeds of GTL, diesel, and 50/50 diesel-
GTL fuel blends over a wide range of equivalence ratios [10], as shown in Figure

13.
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Figure 13. Conventional diesel, GTL, and 50-50 blend (laminar flame speed, S versus
@) [10]

The highest laminar flame speed was observed around stoichiometry (@ =1.0)
using GTL fuel, which could be attributed to its highest calorific value. The flame
speed of GTL is slightly lower than pure diesel at rich operating conditions. As a result,
it can be deduced that GTL fuel can replace diesel fuel in applications where the
operating conditions are close to stoichiometry, resulting in a faster laminar flame

speed.

The 50/50 blend starts with the lowest laminar flame speed at the low equivalence
ratios (@ = 0.7-0.9) and maintains this behavior until it equalizes the readings of
conventional diesel at @ = 1.0. When @ = 1.1, the flame speed for the 50/50 blend is
only higher than the conventional diesel by 2—-3 cm/s. After that, Sy starts to

decrease lower than other fuels. Away from the stoichiometric condition, it can be
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observed that the 50/50 blend has lower flame speeds than both pure fuels.

However, at near stoichiometric conditions, the readings for the 50/50 blend are very
close to those of diesel fuel, which indicates that this blend can replace diesel fuel in
the industry to reduce exhaust emissions and keeps the environment cleaner. For the
three tested fuels, the readings for the laminar flame speed at the lean conditions
(e.g., excess air) are observed to be low due to flame quenching. On the other hand,
excessive fuel use at rich conditions causes the combustion to be incomplete,

resulting in a lower flame speed.
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Discussions

Laminar flame speed S. defines the propagation velocity of the flame front into a
premixed unburned gas mixture. It was clearly noticed that using different types of
fuels results in a remarkable variation in the flame speed (e.g., GTL has a higher S_
than diesel fuel at a broad range of equivalence ratios). In addition, it was observed
that the laminar flame speed reaches its maximum value near stoichiometric
conditions for hydrocarbon fuels such as diesel, GTL, and 50/50 diesel-GTL fuel
blend. Furthermore, the laminar flame speed depends on other factors such as the
temperature and pressure inside the combustion vessel.

Turbulence causes flame propagation to be promoted, causing the flame speed to be
considerably higher than the laminar one. The impact of turbulence intensity on the
flame speed depends on the stoichiometry and the fuel type. The effect of using
different types of fuels is often explained by the impact of molecular and thermal
diffusivity for the fuel on the evolution of corrugated flamelets, which can be
interpreted by Lewis number, Le (a ratio between thermal diffusivity and molecular
diffusivity). For example, it has been noticed how methane and natural gas are
characterized by a higher turbulent flame speed than ethane and propane when
running at lean conditions (Figure 9). However, rich methane had a lower
displacement speed than ethane and propane. Also, it was observed how the
mixtures of higher hydrogen content are characterized by a higher turbulent flame
speed. This can be referred to the lower Le number of hydrogen when compared
with other hydrocarbons. Moreover, it was noticed how the increase in turbulence

intensity causes the flame speed to be augmented due to the rise in the wrinkling
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ratio, which results in more turbulence within the mixture (Figure 10).

In an internal combustion engine, the flame speed is one of the fuel properties which
determines its ability to be combusted without detonation. Subsequently, a high-
flame speed combustion process should reflect in higher engine efficiencies and
lower emissions due to the enhanced flame diffusivity and stability, which can thus
result in a more complete combustion. The speed at which premixed flames
propagate is a fundamental parameter used in several practical applications, such as
combustion engines and gas turbines, to validate relevant kinetic mechanisms, which
characterize the fuel's combustion behavior [73], [74].

An accurate description of the combustion phenomena is highly requested to assess
the engine performance using a particular fuel type. Besides, this can positively
assist in the development of advanced engine concepts for alternative fuels and
petroleum-derived. Diesel, gasoline, and jet fuels are composed of several chemical
compounds, and thus, making detailed predictions and modelling of fuels
combustion characteristics is complex. In addition, the lack of fundamental
thermochemical, physical, and kinetic data for the fuel compounds makes the study

of flame speed very essential to predict engine performance and emission rates [50].
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Summary

Table 1 summarizes literature studies of vessel shape and geometry, measurement

techniques, fan details, turbulent characterization techniques, and fuel type.

Table 1. Summary of Literature Survey on Spherical and Cylindrical Combustion

Bombs
Ref. Fansler Kwon et Leisenhei Weibetal. Bradl- Ravi
et al. al. [66] -mer et [62] eyetal. [11]
[67] al. [61] [58]
Cuboid
Vess- . N with a . .
ol (?yllnd- Cylindric- Spherical  spherical Spheri- pyllndr-
rical al . cal ical
Shape cavity at
center
ID Vessel
26 26 1(V1): D 11.8 38 30.5
(cm) 5o
IL Vessel
(cm) 26 26 2(Vo): D= 118 38 35.6
130
No.
Optic- 5 2+2 laser 5 4 3 5
al ports
Ports
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Ref. Fansler Kwonet Leisenhei Weibetal. Bradl- Ravi
et al. al. [66] -mer et [62] eyetal. [11]
[67] al. [61] [58]
Port Not
Size 9.2 9.2; 10mm : 10 15 12.7
provided
(cm)
_ Schlieren Schlie-  Schlier-
Schlier- ) ren en
Meas. imaging & . . ) i
en Pressure Pressure imagin-  imaging
Tech- . . Laser
. Imagin- trace trace g& &
niques tomogra-
g h Pressu-  Pressure
phy re trace  trace
No. of Vi1:2,4,8;
Fans 4 4 Va: 4 8 4 4
Fan
i . oE. Not
Diam- 125 135 Vios s provid- 7.6
eter V2:42
ed
(cm)
Fan Not
Blades 8 provided 6 8 3
Pitch
Not
Angle 4o 30 Not 225 provid- 20
(Deg- provided
ed
rees)
Fan Not Not
Width 2.3 . 0.6 provid- 3.8
provided
(cm) ed
Turb. fli\:((; hole
Char. LDV LDV p b LDV/PIV LDV PIV
Tech probe &
' HWA
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Ref. Fansler Kwon et Leisenhei Weibetal. Bradl- Ravi

et al. al. [66] -mer et [62] eyetal. [11]
[67] al. [61] [58]
Max Vi 1.54
u' 2 m/s; ~3.7 12 35
(m/s) V2:2.4 m/s
25mm

Longt w/u’; 12.5;

- 40mm  19.15mm VB9
o . +1lmm
itudin  using and 3D V'241 3.9 20 50
-alLt 3D Gaussian 2
. . 2mm
(mm)  Gaussi- u’ profile
anu’
Alkanes
(C1-Ca)
Methane- £ ianol- ﬁatural
Not Hydrogen Not Air & Air & a5 &
Fuel provid-  +Air+Nit- : Propane-air g
provided Propa- Natural
ed rogen & .
Hydrogen ne-Air gas-
Hydrog-
en
blends

As apparent from Table 1, the vessel geometry among these studies is different in
terms of the Internal Length (IL) and the Internal Diameter (ID), and the
measurement techniques used for investigating the turbulent flame speed are not the
same. The most three common techniques are Schlieren imaging, the pressure trace
and the optical techniques such as the LDV and P1V. Also, it can be figured out that

the number, the geometry of fans and the number of fan’s blades are also other
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factors that are different among these studies. Due to that, it is expected that the
turbulence intensity (u’) and the turbulence integral length scales (L:) are found to be
affected and different. Finally, it can be noticed in the last row that the flame speed
and combustion characteristics of several hydrocarbon fuels have been the topic of
these different studies such as hydrogen, natural gas and several alkanes.

The major findings of this literature survey are:

(1) The turbulent flame speed was noticed to increase roughly linearly with the
turbulence intensity up to a certain level, and then passes through a bending
region and finally exposed to quenching at very high intensities.

(2) The integral length scale (L:), was noticed to be affected by the vessel
geometry and the pitch angle of the fan blades rather than the level of
turbulence intensity.

(3) The effect of varying the fan blades shape on u™ was investigated by Ravi
[14], and it was found that there is no remarkable variation in u” when using
different blades shapes.

(4) The magnitude of the turbulent flame speed depends mainly on the physico-
chemical and combustion properties of the air-fuel mixture and on the level
of turbulence intensity.

The missing research gap in the literature that this dissertation is targeting is the
investigation of the premixed turbulent combustion of heavy hydrocarbon liquid fuels
such as diesel and GTL (and their 50/50 blend), which are characterized by different

physico-chemical and combustion properties compared to those in the literature.
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3.2 Optical Engine

Thermodynamics Single Cylinder Engines (TSCE) in Research and Development
applications provides a versatile environment for testing engine operation's primary
process and modules. Optical Single Cylinder Engines (OSCE) have less
sophisticated diagnostic instrumentation than Multi-Cylinder Engines (MCE), and the
simpler mechanical structure allows for more freedom in applying refined diagnostic
access [82]. Figure 14 shows a schematic diagram for the major components of the

single-cylinder optical engine [83].

balancer shafts

Figure 14. The complete assembly of an OSCE [83]
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The extended crankcase design is employed to access the combustion chamber from
the bottom side using a 45-degree mirror. Besides, it allows for separating the base
engine’s lube oil from the “dry” zone of the combustion chamber [83]. In general,
optical engines are known to have high flexibility in their operation due to the
separation of many peripheral modules like the coolant pumps, heat exchangers, fuel
supply systems in addition to the lube oil from the engine[83]. Optical pistons,
consisting of the piston rod, base piston, and piston crown, are occupied with a flat
window entry [84]. The piston crown is designed to vary according to GDI
applications [85]. In addition, the gasket rings are installed on the piston crown’s
lower end and slide on the liner part of the metal only. As a result, the compression
ratio of the engine is substantially reduced [86]. Piston rings are located in the lower
position rather than the normal position in OSCE. Using this low ring position and
0.5mm clearance between the cylinder and linear reduces the compression ratio of

about two units [87].

Thus, it is clear how OSCE can highly enhance many features in engine combustion
and emission, and its contribution to other research and development applications is
essential. Complex thermodynamics, optical, or emission diagnostic techniques may
be used in OSCE measurement instrumentation. The efficient use of these complex
systems can be simplified by the proper usage of the diagnostic methods and with the

adaption of different modular arrangements in that platform.
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3.2.1 Diesel Optical Engine

Diesel engines that are widely used as power generators, mechanical engines, or
mobile drives find extensive use in construction equipment, automobiles,
locomotives, and countless industrial applications. Their realm involves almost all
industries and can be observed daily at several applications [88]. Due to this
importance, many research types are continuously developing to study their
performance characteristics and lower emission rates. One of the most reliable
research tools to match this demand is Optical Single Cylinder Engine (OSCE),
which has different visualization and measurement capabilities. This subsection aims
to lay a literature review on the most recent research utilizing diesel optical engines to
conduct experimental studies in different aspects (ignition delay time, in-cylinder

pressure, heat release rate, and flame luminosity).

a) Ignition Delay Time

Ahmad et al. [86] studied the combustion characteristics of diesel-methane Dual Fuel
(DF), more specifically, the Ignition Delay Time (IDT) and the combustion duration
(CD) as a function of methane equivalence ratio (¢cH4). It was found that the increasing
impact of the inhibiting methane on the ignition of pilot diesel causes IDT to increase
as CHas increases [89], [90]. In the same principle, the Combustion Duration (CD)
increases when ¢crHa increases in the mixture. However, when ¢cns = 0.85, the CD
begins to drop, which can be explained by the presence of local fuel-rich zones in the
advanced (second and third) combustion stages. Due to pilot diesel-rich zones, the

combustion chamber is expanded, causing the premixed methane-air combination to
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begin burning fast at the end of the second stage and during the high-intensity third
stage. Cheng et al. [89] evaluated the Cycle-to-Cycle Variation (CCVs) using an
optically accessible heavy-duty diesel engine fuelled with methane (primary fuel) and
diesel (pilot fuel). It was observed that decreasing Acha in the fuel mixture results in a
monotonic decrease in the global intensity. The addition of CH4 has an increasingly
high effect on high and low-temperature reactions in the CHs-diesel-air mixture,

resulting in more luminous soot formation and a longer Ignition Delay Time (IDT).

b) In-cylinder Pressure

Lee et al. [90] investigated the effect of varying the injection timing on the in-
cylinder pressure rise using a diesel optical single-cylinder engine. In addition, a
comparison between the experimental and simulation results was conducted. It was
found that the maximum in-cylinder pressure decreases more when the injection
timing is retarded, and the simulation results have approved well the same. Cheng et
al. [89] evaluated the cylinder pressure as a function of Acn4 using an optically
accessible heavy-duty diesel engine fuelled with methane (primary fuel) and diesel
(pilot fuel). It was observed that CH4 plays as an inhibiting factor for combustion in
the mixture. As a result, adding more CH4 into the mixture causes the peak pressure
to be higher. In addition, Li et al. [91] have used OSCE to measure the cylinder’s
mechanical deformation of a diesel optical single-cylinder engine at two different
intake pressures (1.1 and 2.7 bar) that correspond to two different Top Dead Centre
(TDC) cylinder pressures (31 and 80 bar), respectively. It was deduced that as the in-

cylinder pressure rises, the mechanical deformation becomes more significant [92].
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c) Heat Release Rate

Dual-fuel combustion, according to Ahmad et al. [86], is a complex process to
analyze. The chemical and physical features of pilot-fuel sprays and the concentration
of each gas in the premixed mixture all influence the combustion process. Pilot diesel
is injected during the compression stroke near TDC in diesel-methane DF
combustion, providing sufficient energy for the premixed mixture to ignite. As a
result, heat is released with complex chemical and physical interactions. According to
several studies, the DF combustion process varies depending on combustion modes
and phases, necessitating more research [92], [93]. Heat Release Rate (HRR) profiles
were observed to have multiple peaks (M-shaped), varying in magnitude depending
on the amount of CHa in the fuel mixture. HRR profiles such as those are observed in
many studies [94], [95]. Cheng et al. [89] have evaluated the HRR as a function of
JcHa using an optically accessible heavy-duty diesel engine fuel with methane
(primary fuel) and diesel (pilot fuel). The inhibiting effect for the addition of CH4 was
clearly observed in HRR. This can be referred to the weak flammability of the air-
CHg mixture for the ultra-lean CH4 condition. There is an unstable combustion and a

slow flame speed, which results in a lower HRR.

d) Flame Natural Luminosity

Lee et al. [90] used the visualization kit between cylinder head and blocks to perform
visualization experiments. It was found that the flame luminosity increases more
when the injection timing is advanced. Figure 15 illustrates the variation of flame

luminosity (NL) as a function of the crank angle at five different injection timing
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(including the baseline case). In addition, Flame NL images were captured by Ahmad

et al. [86] and others [95], [96] using OSCE.

CAD
(aTDC deg.)
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Figure 15. Flame luminosity as a function of injection timing sweep for five different
cases [90]
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Summary

A summary of studies using diesel optical engines is provided in Table 2 for the

reader's convenience.

Table 2. Summary of Literature Survey on Diesel Optical Engine

Reference Ahmadetal., Chengetal., Leeetal, Lietal.
2019 [86] 2019 [89] 2019 2018
[90] [91]
Fuel Diesel Diesel / Diesel / Air Diesel
/methane methane / EGR Air
. . 0.57,0.63, 0.50, 0.56,
Equivalence Ratio 0.72. 0.85 0.625 - 1.0
Engine
Temperature (K) 353 298, 318,328 - 323
Engine Speed 1400 1400 1500 1200
(rpm)
Compression 13.5:1 17.9:1 16.0:1 13.7:1
Ratio
Intake Air 1.1,15, 1.9,
Pressure (bar) 10 11 i 22,27
IMEP (bar) 9to 10 10 6 -
Swirl Ratio 2.7 2.7 2.4 -
Bowditch- Bowditch- Bowditch-  Bowditch-
. . . designed designed
Optical Access designed designed . .
. . optical optical
optical access  optical access
access access
Pressure Sensor Kistler type Kistler type Kistler type Kistler
Type 6125C 6125C 6125C 4603B10
Photron Photron
Camera Type Fastcam APX-  Fastcam ig?t;%g )P(hzotron SA-
RS 250K APX-RS) ’
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Reference Ahmadetal., Chengetal., Leeetal, Lietal.

2019 [86] 2019 [89] 2019 2018
[90] [91]

Frame rate (fps) 9000 9000 100 21000
Natural Heat release Heat Heat release
luminosity rate release rate  rate
Ignition delay In-cylinder Ignition In-cylinder

Main time pressure Delay Time pressure
Combustion Global Combustio  In-cylinder

Measurements . ) . )
duration intensity n duration  volume
Heat release Pressure- In-cylinder Zilzt?gcemen
rate based COV pressure t P

CADat Injection 356 ATDC ~ -15ATDC 2224

J ATDC
CAD at Exhaust 150 ATDC - 126 ATDC -
No. of Averaged 150 150 i 50

Cycles

It can be deduced from this summary in Table 2 that diesel optical engines are used as
advanced research tools in the field of premixed turbulent combustion and they have
different visualization and measurement capabilities. They have less sophisticated
diagnostic instrumentation than Multi-Cylinder Engines (MCE), and the simpler
mechanical structure allows for more freedom in applying refined diagnostic access
[86]. The operating conditions can be varied conveniently to match the actual
operating conditions in terms of engine temperature, engine speed and the intake air
pressure. Also, they are equipped with advanced visualization technique. The

standard Bowditch-designed optical access is used with the Photron Fastcam for high-
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speed imaging and flame visualizing through its different growth stages. The main
measurements that can be obtained from these advanced setups are: flame natural

luminosity, ignition delay time, combustion duration, the heat release rate, the global

intensity and the in-cylinder pressure.
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3.2.2 Gasoline Optical Engine

Gasoline optical engines behave as a representative tool in researching and
developing new concepts for combustion in spark ignition (SI) engines. This is due to
their capabilities in applying quantitative and qualitative diagnostic techniques, which
can be used to study combustion and emissions, mixing, and in-cylinder flow
characteristics [97]. Such experimental measurements are essential for validating the
computational model; however, they can also be processed to provide detailed
information about the physical processes inside the cylinders. Subsequently, they help
develop new combustion strategies as the Gasoline Direct Injection (GDI) engines
[98]. In this context, the role of this section comes to give a glance at the past
researches, which have utilized gasoline optical single-cylinder engine as a research

tool to perform combustion studies.

a) In-cylinder Pressure

Boggio et al. [99] used an accessible optical single-cylinder spark-ignition engine to
carry out measurements that show the effect of adding low levels of hydrogen to
methane (5%, 10%, 20% volumetric basis) on the in-cylinder pressure under lean-
burn and stoichiometric conditions. Thermodynamic results illustrated an increase in
the maximum in-cylinder pressure as more hydrogen is added to methane fuel. This
effect becomes more evident while operating the engine in the leanest condition.
Donadio et al. [96] have also studied the combustion characteristics using
thermodynamic (heat release) depicted from in-cylinder pressure measurements.

Three different fuels were used in the optically accessible single-cylinder gasoline
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engine: pure gasoline (G100), pure ethanol (E100), and 50% ethanol/gasoline blend
(B50). As expected, the use of pure ethanol has resulted in the highest maximum in-
cylinder pressure at both operating conditions, while the lowest belongs to pure
gasoline. In addition, it was observed that the time at which the peak in-cylinder
pressure is reached is in advance for pure ethanol when compared with other tested
fuels. Consequently, it can be deduced that faster combustion than other fuels
characterize ethanol. In addition, Martinez et al. [97] investigated the combustion
characteristics of gasoline fuel at five different air-fuel ratios utilizing an optically

accessible Direct Injection Spark Ignition (DISI) single-cylinder engine.

b) Flame Propagation Rate

Yang et al. [98] designed two tumble deflectors with two different Tumble Ratios
(TR=1.5 and 2.2) using computational fluid dynamics and computer-aided design.
Afterward, they were 3D printed and then installed on the optical engine intake ports,
and then the firing tests were performed. The tumble deflectors were used to direct
the flow into the intake ports so that changing the deflector thickness causes a
variation in the level of the tumble. The use of the first (TR=1.5) and second
(TR=2.2) tumble deflectors has resulted in a 13.9% and 34.5% increment in the flame
propagation rate. This can be interpreted by the increase in TKE, which facilitates the
mass-heat transfer between the unburned and burned zones, which results in a shorter
combustion duration and an earlier heat release. Besides, a delayed and less

appearance of yellow flame was originated, which indicates a reduced soot formation.
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Boggio et al. [99] also investigated the flame growth speed and flame development
for ethanol and gasoline. It was observed that ethanol fuel is characterized by a faster
combustion when compared to gasoline. Moreover, the flame growth speed was
obtained for both fuels by deriving the interpolating curves, which further confirmed

the rapid development of ethanol flame upon ignition.

¢) Indicated Mean Effective Pressure

Chen et al. [100] investigated the effect of using different spark plug types and spark
ignition energy on the optical engine Indicated Mean Effective Pressure (IMEP) that
operates with natural gas. The highest IMEP was observed at a specific crank angle
for each spark plug configuration. The single-claw spark plug achieves its maximum
IMEP of 5.87 bar at a spark timing of 20 °CA, whereas the multi-claw spark plug
achieves its maximum IMEP (IMEP = 6.32) at a spark timing of -14 °CA. Therefore,
it is suggested that when the engine is run under 50 mJ ignition energy, the engine's
thermal efficiency can be enhanced by using a multi-claw spark plug since it
improves combustion stability and thus optimizes the combustion phase. Yang et al.
[98] also considered the effect of using the three different tumble deflectors on the
optical engine IMEP from 100 consecutive cycles. It was noticed that the average
IMPE of TR = 0.5 was about 2.59 bar, and with the use of the tumble deflectors, it
increased to 2.81 bar and 3.02 for the TR=1.5 and TR=2.2 deflectors, respectively.
This can be referred to the increased TKE and flow velocity found in the same work.
Besides, this can also be explained by the faster flame propagation using the tumble

deflectors. Martinez al. [97] found that as the air-fuel ratio was augmented, the IMEP
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decreased as the amount of fuel injected was reduced compared to the stoichiometric

case

d) UHC & NOx Emission

Boggio et al. [99] have considered the analysis of exhaust gases, namely, UHC and
NOx, as they provide valuable information about combustion chemistry. UHC
emissions are reduced when more hydrogen is added to the blend at the same air-to-
fuel ratio, as reported in another study [101]. The can be explained by the reduction
in the volume composition of methane in the air-fuel mixture. The highest value for
NOx was reported when operating with the stoichiometric combustion condition,
which could be referred to the thermal effect of gases [102]. When operating with

lean mixtures, two competing factors (low-burned gas temperature and high

concentration of oxygen) possess different weights, considering that temperature has

a more dominating effect resulting in less NOx formation. NOx concentration was

reduced by 95% when operating at the leanest case, and this value is very close to the

efficiency of a three-way catalytic converter [103]. Thus, it is highly emphasized to

run the engine with a lean operation to reduce emissions and increase efficiency while

paying attention to the use of catalytic converter in reducing HC and CO when

operating at this condition [101].
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Summary

A summary of studies using gasoline optical engines is provided in Table 3 for the

reader's convenience.

Table 3. Summary of Literature Survey on Gasoline Optical Engine

Reference Boggioetal., Yangetal, Chenetal., Martinezal,
2018 [99] 2019 [98] 2019 [100] 2017 [97]
Methane /
Fuel Hydrogen Gasoline Methane Gasoline
blends
Equivalence 1,0.77,0.71,
Ratio 1.0,0.71 1.0,0.71 1.0 0.67. 0.625
Engine
Temperature 330-335 298 368 330-335
(K)
Engine Speed g 1200 800 1000
(rpm)
Compression 11:1 13:1 10:1
Ratio
Bowditch- ~ oowditch- Bowditch- g ey
. . designed designed )
Optical Access designed . . designed
. optical optical .
optical access optical access
access access
Pressure eréggjzre Kistler type  Kistler type
Sensor Type P 6125C 6125C
transducer
High-speed _ Optronis
Camera Type  PCO Dimax S1 color NAC ;hotron SA CamRecord
CMOS 5000
Framerate g0 : 5000 5000
(fps)
CAD at Spark  -14 ATDC 15 BTDC -18 ATDC 10,15,20,25,30

BTDC
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Reference Boggioetal., Yangetal, Chenetal., Martinezal,
2018 [99] 2019 [98] 2019 [100] 2017 [97]

No. of

Averaged 200 100 150 200

Cycles
In-cylinder Tumble In-cylinder Fuel .

: conversion
pressure ratio pressure .
efficiency
UHC, CO,and | Urbulent  Mass In-cylinder
. Kinetic fraction
NOx emission pressure
. energy burned

Main
Flame

Measurements : . : Flame Heat release
propagation Swirl ratio devel
rate evelopment rate
Maximum Indicated Indicated Indicated

mean mean :
flame . . mean effective
. effective effective
penetration pressure
pressure pressure

Gasoline optical engines behave as a representative tool in researching and
developing new concepts for combustion in spark ignition (SI) engines. This is due to
their capabilities in applying quantitative and qualitative diagnostic techniques, which
can be used to study combustion and emissions, mixing, and in-cylinder flow
characteristics [101], as shown in Table 3. They feature less sophisticated diagnostic
equipment than Multi-Cylinder Engines (MCE), and their mechanical construction
provides for more flexibility in applying refined diagnostic access [86]. In terms of
engine temperature, engine speed, equivalence ratio, and intake air pressure, the
operating conditions can be easily changed to fit the actual operating conditions. They

are also equipped with cutting-edge visualization techniques. The high-speed imaging
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at a fast rate of about 5000fps allows for advanced flame visualization through its
different growth stages. Flame propagation rates, maximum flame penetration,
turbulent kinetic energy, tumble and swirl ratios, fuel conversion efficiency, the heat
release rate, in-cylinder pressure, IMEP and different engines emission rates are the

main measurements that may be derived from these advanced setups.
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3.3 Modelling of Premixed Turbulent Combustion

This section describes the three commonly used approaches for modelling premixed
turbulent combustion: Direct Numerical Simulation (DNS), Reynolds-averaged
Navier-Stokes (RANS), and Large Eddy Simulations (LES) approach. This is
followed by an introduction to the different numerical models used in the simulation
of premixed turbulent combustion based on several past studies. Finally, a summary
of these numerical models is presented, which aims to compare the features and

drawbacks associated with the use of each of them.

3.3.1 Computational Modelling Approaches

Numerical solutions for turbulent premixed combustion applications can be achieved
through one of these three computational approaches: Direct Numerical Simulation
(DNS), Large Eddy Simulations (LES), and Reynolds-averaged Navier-Stokes
(RANS) approach. These three approaches can describe the reaction flow behavior by
providing a solution for the continuity (Equation 37), momentum (Equation 38), and
reactive scalar (Equation 39) equations [49], which are rather difficult to be achieved

analytically.

e Continuity Equation

dp  0(puy)
5+ ox =0 (37)
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e Momentum Equation

d(puy) N d(pwy) _9(pry) p
at axi B axj axi

+ pfi (38)

where,
p is the normal stress or pressure

7;; are the viscous stresses

f; are the external body forces

e Reactive Scalar Equation

a (pQu;) @ a :
(pQ)+ (pQu;) (paa—f)+ s, (39)

at ax;  0x;
Equation 39 is used to properly characterize a chemical reactive flow, in addition to
the continuity and momentum equations. It is used to describe the transport of an
arbitrary scalar Q (mass fraction or reaction progress variable in premixed
combustion), and it is typically written in this form. The scalar temporal variations
and convective transport are described by the two LHS terms, while the two terms
can describe the molecular diffusion of the scalar Q on the RHS, where « is the

diffusivity and S'Q is a source term describing the destruction or production of the

scalar Q [104].

The flow characteristics and geometry, the required accuracy, the purpose of
simulation, and the computational power are all factors that justify the selection of a
suitable approach. In DNS, all the turbulent scales are determined explicitly, and the

simulation captures their effect on the combustion process. However, DNS is
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computationally very expensive and thus can only be applied to flows under low to
moderate Ret of simple geometries. On the other hand, the use of RANS is
computationally very cheap and thus found to be used in many industrial applications
[105]. The RANS approach provides a solution for the flow's mean quantities (Favre
or Reynolds averaged quantities). As a result, the averaged equations require a
closure model, such as a turbulence model to close the turbulent stress terms and a
turbulent combustion model to close the heat release rate [106]. The LES approach
explicitly calculates turbulence large eddy scale sizes, whereas the small eddy scale
sizes are modeled using a sub-grid closure. LES instantaneous balance equations are
filtered to obtain the balance equations. This approach is computationally more

expensive than RANS [107].

1) Direct Numerical Simulation (DNS)

DNS approach is claimed to describe the turbulent flow behavior accurately and
completely, as it resolves the whole range of turbulence time and length scales from
the largest to smallest Kolmogorov scale. Therefore, this eliminates the need for
modelling [108]. DNS is used to validate the predicted outcomes obtained from
RANS or LES approaches when the experimental results are obtained. However,
studying a turbulent flow in practical systems requires a large amount of resources
and computational time. To reduce the numerical errors that stem from the estimation
of the model governing equations, schemes of high order discretization are demanded
for use. In addition, the identification of a suitable boundary layer requires

considerable attention. Despite the rapid increase and development in computational
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techniques, the DNS approach can only be applied to flows under low to moderate

Rer of simple geometries [49].

I1) Reynolds Averaged Navier-Stokes (RANS)

RANS approach is the most widely used modelling technique in industrial
applications. In contrast to DNS, all the turbulent scales of the energy spectrum are
modeled. However, the grid size is significantly larger than the ones found in the
DNS approach, thus providing cheaper and faster numerical results [105]. Unlike
DNS, only average flow fields are obtained as a solution. All the flow variables are
decomposed into mean and fluctuating components in the governing equations, using
the Reynolds decomposition method, and the time averaging is applied to each term
over a sufficiently long time interval At = t, — t;. Time averaging for any flow

variable q is expressed as [49]:

1 o
7=l g | 400 =740 (40)

The averaging methods have to be reformulated as ensemble averages for transient
cases to consider mean quantities' dependence on time. Applying the Reynolds-
averaging method (expressed in Equation 40) to a reactive flow leads to variation in
the density. Thus the correlations of velocity fluctuations and density are formed,
requiring additional modelling [104]. To avoid these complications, Favre-averaging
(density-weighted averaging) is applied to each flow property q in the reactive flow

[49]:
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Pq

F;q(t)= i+q'®; ¢ =0 §=¢ (41)

d=

Substituting Equation 41 into mass, momentum, species, and energy equations yields

the so-called Favre-averaged Navier Stokes equations as follows [49]:

Mass Equation

0p  A(pu) _

7t o =0 (42)

Momentum Equation

d(pu)  O(PEL) (T, —puw) 0P —
ot t ok, T ox  ox Pl (43)

j i

Species Equation

0% 0T _ _ ojf A0

ot o, ox ox @K (44)
e Energy Equation
o(pR) 9wk _Dp d(pwh) Tow . =
ot T ox Dt ax | W TPWhTC 45

where u\lﬂ] represents the unknown Reynold stresses, Y;, mass fraction of species, wy,
the rate of chemical reaction, h the enthalpy, 7;; the viscous stresses, f* the external
body forces and Q is the heat release rate. Two major consequences arise from this
averaging process. First, the fine flow details are eliminated, and second, new terms
in the time-averaged equations appear, which do not present in the initial time-

dependent governing equations. One such example is the appearance of the additional
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term u\lﬂ] in the momentum equation (Equation 43), and these represent Reynolds
stresses or turbulent stresses. These stresses and other unknown terms that appear in
the time-averaged governing equations can be approximated through a method known
as the closure problem. These turbulent stresses can be closed by introducing the eddy
viscosity concept proposed by Boussinesq [52] or by solving the turbulent stresses
transport equation. The latter method allows solving more unknown terms in the
closure problem and is thus considered numerically more demanding. The zero, one,
and two-equation models are all based on the Boussinesq approximation method,
which offers the modelling of turbulent eddy viscosity. Prandtl's mixing length
hypothesis [109] is the foundation for the zero-equation model. Fluid density,
characteristic turbulent velocity, and a length scale known as the mixing length are
used to characterize eddy viscosity. In the one-equation model, an additional transport
equation for turbulent Kinetic energy is solved. In contrast, the two-equation model
provides a solution for combining either k and ¢, or k and w. The turbulence energy
and scales are determined using the variables k and ¢ (turbulence dissipation) or k and
o (specific dissipation). The two-equation model is the most commonly used among
these three models types. The k - ¢ and SST k — w turbulence models are the two most

used equations [49].

The k — ¢ model characterizes the properties of the turbulent flow by solving

additionally two transport equations for k and e. Different formulations are available
for this model, such as the ones proposed by Chou [110] and Launder and Sharma

[111]. The latter formulation is commonly referred to as the standard k - £ model and
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is the most widely used formulation [111]. It has shown satisfactory performance in
many industrial relevant applications, particularly for thin shear layer flows
accompanied by small pressure gradients. In addition, it has demonstrated its success
in problems where there is a dominance of Reynolds shear stresses, such as in
confined flows. Moreover, the model has shown moderate agreement in flows of free

turbulence such as in free jet flows, wake, or mixing layers.

Nevertheless, the standard k - ¢ model suffers from some drawbacks. First, it does not
show good performance in low Rer flows, adverse pressure gradient flows, and high
spatial gradients flows. Second, unsatisfactory performance in regions of large
strains, recirculation, or stress anisotropy. The k — «w model eliminates most of the
problems mentioned above, accompanied by the k£ — ¢ model, as it is suitable for use
in near-wall regions, excluding the need to use any wall-damping functions in
applications of low Rer [112]. The k£ — @ model, on the other hand, has one critical
limitation: its performance is dependent on the parameters of free-stream turbulence.
As a result, the SST k — @ model, a hybrid model that combines the best features of
the k — w and k£ — & models, was developed. The standard k — & model is active in free
turbulence zones far away from the walls when using the SST k — @ model, whereas
the k — w model is initiated in near-wall regions when using the SST k — w model.

[113].
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I11) Large Eddy Simulation (LES)

An intermediate numerical approach between DNS and RANS is the Large Eddy
Simulation (LES) approach. In this method, eddies of larger sizes are resolved
directly and filtered out. In contrast, smaller eddies, which are universal and nearly
isotropic with sizes less than the filter width, are modeled [104]. This makes a critical
difference between RANS and LES, such that not all the whole turbulent structures
are modeled. Unlike the time-averaging technique followed in the RANS approach,
LES applies a spatial filtering procedure to separate the small eddies from the larger
ones. Due to that, the information related to the filtered-out turbulence structures or
smaller eddies is lost [114]. This and the interaction effect between larger resolved
eddies and the unresolved turbulent structures produces stresses known as Subgrid
Scale Stresses (SGS), which require modelling by a subgrid-scale model. In the case
of reactive flows, the modelling of SGS becomes more complicated as the chemical
reaction is characterized by a propagating surface that is much thinner than the width
of a typical filter. Therefore, the turbulence-chemistry interactions need considerable

attention and should be modeled entirely [115].

The spatial filtering process in LES is applied through a filter function F (¥ — x*) as
the following [49]:
1@ = | a3 & (46)

In the three-dimensional computations, the spatial filters that are commonly used are
[49]:
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e Box filter or top-hat

1 . A .
F(f)=F<xl-)={ p =g 1=123 (47)
0, otherwise
e Gaussian filter
6 32 6 2 2 2
F@=Fa) = (=) ew|-g o +23 +xd)] (48)

Where A is the filter width, and x;, x,, x5 are the spatial coordinates of a particular
location x. The filter is defined in functions such that their integral through the whole

spatial domain is equal to 1[49]:

-]- f f F(xl, xz, x3)dx1 dedx3 = 1 (4’9)

In the case of reactive flows, a Favre density-weighted filtering process can be

applied such that [49]:

paG = | palF)FG -3 & (50)

For an anisotropic field, the filter width size is calculated as: A= (AxlezAx3)1/3 .
The LES spatial filtering procedures are applied in the LES-filtered equations of
mass, momentum, energy, and species. For further discussion about LES governing
equations and the modelling of turbulent stresses in the LES approach, the reader is

directed to the following Reference [49].
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3.3.2 Premixed Combustion Models

A combustion model is used to close the source terms in the governing equations,
which relate the enthalpies and species and predict the overall heat release rate. This
subsection is dedicated to discussing the different numerical closure models, which

have been used previously in various studies through a RANS approach.

1) Arrhenius Rate

This model assumes that chemistry only plays a major role in identifying the
combustion reaction rate. Therefore, it is considered to be the simplest model. The
reaction rate in this model is represented in terms of mean quantities. The rate
constant k in the Arrhenius equation depends on the temperature and the activation

energy. For a certain reaction [105]:

Fuel (F) + Oxidiser (0) - Products (P) (51)

The reaction rate is given as [49]:

w = —kpYrY¥y (52)

k, = AT ex (_—E“) (53)
r = AT PRy

where,

Eais the chemical reaction activation energy
K is the reaction rate constant

At is a pre-exponential factor

Yr and Y, are the fuel and the oxidizer mass fractions, respectively.
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The effect of turbulence is completely neglected in this approach, and it is assumed
that only chemistry plays a major role. Based on that, the heat release rate is

formulated as [105]:

-~ —mb _Ea
w=—AspT" YpY, exp (ﬁ) (54)

This model is considered inaccurate; because the rate of reaction non-linearly
depends on the temperature and due to large fluctuations in the temperature within the
turbulent flame. In addition, this model can be applicable only at low values of
Damkohler numbers (Da), where the reactants mix rapidly but burn slowly. Arrhenius
model has been implemented using a DNS approach [116] and using an LES
approach [117] using a new reaction rate source term. It was found that the Arrhenius
model’s computational results have been enhanced over a wide range of density ratios
and activation energies when using this surrogate source. This model has also studied
turbulence in air pollution dispersion using an LES approach [118]. Nevertheless, its
application is still considered to be inadequate in the field of premixed combustion,

and significant errors of high magnitudes may arise [109][110].

1) Eddy Break-up (EBU)
This model has been introduced by Spalding [119], and it is applicable for the cases

of fast reactions (Da >> 1) and high turbulent Reynolds number (Ret). Contrary to the
Arrhenius model, the eddy brake-up model assumes that the rate of reaction is
controlled solely by turbulent mixing. Based on that, the effect of chemical kinetics

rates is neglected, and the rate of heat release is given as [105]:
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c1-120) (55)

g1
Il

Cepu
TEBU

where,
Tggy = K/ ¢ is the turbulent time scale
Cesu is the model constant

¢ is the mean reaction progress variable

Due to the simple formulation of the EBU model, its application is found in several
commercial codes. However, its expression has some evident shortcomings due to the
assumption that the reaction rate explicitly depends on the turbulent mixing and
ignores the effect of the chemistry on the reaction. In addition, the reaction rate in this
model is over predicted in zones of high strain rates (¢ / k is large). Moreover, Cegu is
considered one of the model drawbacks because it depends on several parameters and
thus needs to be adjusted in each test run [120]. Said and Borghi [121] have proposed
slight modifications for Cegu to incorporate the effect of chemistry on the reaction.
Fureby [122] coupled the Arrhenius law with the EBU model to limit the mean
reaction rate using the effect of chemistry. Yaxin et al. [123] have also simulated the
high air temperature in combustion using a modified EBU model, while

Dhuchakallaya [124] has studies diesel spray auto-ignition using a PDF-EBU model.

I11) Eddy Dissipation Concept (EDC)
This model has been proposed by Magnussen and Hjertager [125], and it is applied to

a wide range of non-premixed and premixed combustion problems that are

characterized by a faster chemical reaction rate compared to mixing within a finite
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structure [126]. Unlike the EBU model, the reaction rate is limited by the amount of
energy that can sustain the combustion (presented as the amount of the mixture’s
products) or the fractions of deficient species, usually the fuel or oxidizer. The

formulation of the model is given as:

e (T
w = Bip E min F!E!BZ (56)
where,

B1 and B, are the model constants

@ is the equivalence ratio

This model has been applied in many industrial applications. Its success can be
referred to incorporating detailed chemical mechanisms at an affordable
computational cost compared to other models. However, there are some limitations
found in the EDC model. These limitations can be explained by the absence of
detailed chemical kinetics mechanisms, which are necessary to establish a strong
coupling between chemistry and turbulence, especially for the cases of weak turbulent
reacting flows [127]. In addition, recent modelling research has found the EDC
model's limitations when applied to the simulation of Moderate and Intense Low-
oxygen Dilution (MILD) systems in non-premixed combustion applications, where
the temperature levels have been significantly overestimated [128]. Subsequently, in
many studies [128]-[130], the constant coefficients have been modified to enhance

the prediction of the dilution effect on the reaction rate and temperature.
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V) G-Equation Modelling

The G-equation model uses a scalar field variable G that has completely an arbitrary
definition. The variable G is used to represent an arbitrary flame isosurface that is
fixed at a certain value Go, such that G(x,t)= Go, where Go represents the spatial
location that corresponds to the flame surface [104]. The application of the G-
equation model with RANS approach in practical and industrial combustion systems
demands the use of Favre decomposition, such that G = G + G .The averaged G-

equation is expressed as [105]:

_a(é)+ s 20 _ p D, |VG|V vG + p S.|VG| 57
P ot TP Moy = P ) P (37)
where,
p S|V G| represents the mean reaction rate o

S is the turbulent flame speed, which is closed by a correlation proposed by Peters
[116]

D, is the turbulent diffusivity

The G-equation modelling has been implemented through a RANS approach [131]. In
addition, this model has been intensively implemented through an LES approach

[132]-[134].

V) Flame Surface Density (FSD)

FSD expresses algebraically the amount of flame surface area that lies within a unit
volume X of the turbulent flame brush. In case the assumption of flamelet holds, then

the structure of the flame keeps quasi-laminar, and the propagation speed of the flame
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is locally similar to the unstretched laminar flame speed S7. Therefore, the reaction

rate @ is given as [104] :

@ = pg 2 S, (58)
where,
Pr IS the reactants mean density

I, is a factor that accounts for the curvature effects on local burning velocity [135]

I, and S are quantities that depend on the thermochemistry of the problem, and the
main challenge arise from the determination of X. This issue could be resolved
experimentally using a flame imaging technique that has counted the number of
points that an instantaneous flame surface cuts a two-dimensional image contour.
This process could be used on a vast number of captured images [136]. It was found

that the number of crossings through a unit length (7, ) can be expressed as:

__gc(1—-0)

v, - (59)

y

where,

g: is a constant

L, the crossing flame’s integral length scale

The mass flow of the crossing flame is geometrically rectified using a crossing angle

6 to produce the mean reaction rate per crossing:

__ pstho )
|cos 6]
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Hence, the mean turbulent reaction rate is obtained from the product of the mean
reaction and the mean number of crossings per unit length. Under the assumption of
an isotropy field, the mean turbulent reaction rate per unit volume is obtained as:

gc(l—2¢)
0 Z;Icos 0|

(61)

@ = PSPl
The comparison of Equation 58 with Equation 61 indicates that 2 can be expressed

as:

“(1—¢
2: M
Ly|cos 0|

(62)
The quantities |cos 8] and g have been determined empirically through the
experiment [137], whereas Z;, is modeled with respect to the integral length scale
[136]. Also, it is worthnote that the G-equation model requires the specification of St
to obtain the mean reaction rate, however, in the FSD model, St emerges as one of the
computational results [138]. Models based on Equation 61 have been extensively
employed in RANS and have proved to be effective in a variety of applications [138],

[139]. In addition, FSD modelling has been extensively used in several premixed

turbulent combustion studies through an LES approach [49], [139], [140].

V1) Zimont Model

Zimont Turbulent Flame Closure (TFC) model was developed in 1979, and it can be
implemented through a RANS or LES approach [27]. It implements a pressure-based
solver technique and is largely used to analyze reactive flow behavior and study
turbulent combustion of the premixed charge at high Rer [25], [141]. The combustion

process is defined in this model by a single transport equation (C-equation) for the
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progress variable C; turbulent closure for the progress variable's source term is

determined by a model parameter utilized for turbulent flame speed computation.

The progress variable (C) is revealed to be a statistically significant parameter in
premixed turbulent combustion. It is calculated using scaling principles and
theoretical considerations, considering local turbulent conditions and the combustible
mixture's physicochemical parameters. The turbulent flow field is primarily
responsible for wrinkling, thickening, and straining the flame front, resulting in a
closed-form expression of the turbulent flame speed that includes a critical gradient of
the laminar flame thickness and speed, fluctuation intensity, and the local turbulent
length scales. This closure method is elegant and efficient, as it only requires one
additional transport equation compared to the non-reacting flow case and avoids any
costly chemical source term assessment or integration over probability density

functions [27].

Zimont TFC model was tested in a finite-volume-based fluid dynamics code and then
validated against data from a large-scale gas turbine burner stand [26]. The
computational results compared well to the experimental ones, and it has been noticed
that this model is computationally more efficient when compared to other numerical
models such as Flame Surface Density (FSD) model or Sub-Grid Scalar Flux (SGSF)
model [26]. These features make this model particularly appealing and well-suited to
applications involving large three-dimensional, complex geometries. [142]. Besides,
the Zimont TFC model has been validated for use in different configurations, e.g.,

stationary flames [143], highly turbulent confined bluff-body flame [144], Bunsen

91



flame [145], turbulent V-flames [146], statistically spherical expanding flames in a
fan-stirred vessel [147]-[149] and swirling premixed turbulent flames [150], [151].
Some of these cases have been implemented using Large Eddy Simulation (LES)
approach [115], [151]-[153], while others have been performed using Reynolds
Average Navier-Stokes (RANS) approach [154], [155]. Furthermore, the model has
been used with different fuels e.g., propane/butane [156], methane [157], [158], and

hydrogen [159], [160].

According to Zimont [26], this model behaves effectively when any of the following
physical mechanisms exist, (i) a gradual increase in the average propagating flame
thickness, which can be interpreted by the turbulent diffusion’s law [161], (ii) flame
distortion by large scale vortices and broadening of local reaction zones by the effect
of small-scale eddies, (iii) preferential diffusion of oxidizer or fuel into curved local
reaction zones. Zimont model and its governing equations will be discussed in more

details in Chapter 5.

VI1) Other Models

The modelling of premixed turbulent combustion has been dominated by numerical
models widely based on the flamelets phenomenology. The applicability of these
models can be highly supported through the Borghi diagram, and their effectiveness
is abundantly essential. Nonetheless, it is evident that the flamelet structure cannot be
used under all conditions. When turbulence intensities near extinction or conditions

near the flammability limit are high, the balance between reaction and diffusion is

92



weakened, making it difficult to determine a representative structure for the flame

[104].

Therefore, in these situations, more generalized modelling is recommended. The
transported Probability Density Function (PDF) model does not require any
assumptions about the flame structure, and it has proved its success in different non-
premixed combustion applications [162], [163]. In addition to that, PDF transport
modelling was found to give convincing results in applications of premixed flames
[164], [165]. The benefit of this model is its generality, which is especially useful in
conditions where the direct effect of chemistry is significant. However, it has a high
computing cost. The modelling of mixing phases in the presence of significant scalar
gradients has certain technical challenges, typically encountered in premixed

turbulent combustion applications.

The Conditional Moment Closure is another model that has proven successful in non-
premixed combustion (CMC). The variables fluctuate slightly around the mixture
fraction conditional mean. CMC modelling can theoretically be expanded to handle
premixed flames by using the CMC conditioning variable's reaction progress variable
[166]. Additionally, utilizing a marker field variable can be recommended. However,
whether this would provide any benefit over the conventional G-equation model
remains to be investigated. The Conditional Source Term Estimation (CSTE) model
[167], which is connected to CMC and can provide more realistic approaches to

modelling the effect of chemistry in premixed flames, is one potential theme.
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In general, turbulent premixed flames at intensities well below extinction can be
approximated without explicitly accounting for the chemical reaction rate. Chemical
information is encoded in variables like laminar flame burning velocity and strain
rates. Because thorough chemistry simulations are computationally expensive,
treating chemical effects separately from turbulent flame calculations is desirable. A
number of alternative approaches can be used to store and precompute chemistry in
encapsulated form. The simplest option is to create a premixed flamelet library, which
can store the laminar burning velocity as a function of reactant temperature, pressure,
and mixture’s equivalence ratio. Other independent variables can be incorporated,

such as mean curvature and strain rate [104].

Using laminar burning velocity correlations generated from either one-dimensional
computer runs or experiments [168], it is possible to reduce the high computational
cost of finding data in tables. A more advanced strategy would be to apply notions
from Intrinsic Low Dimensional Manifolds (ILDM) [169], which can robustly
account for the flamelet's molecular transport effects. Flamelet Prolongation of ILDM
(FP1) [170] or Flamelet Generate Manifolds (FGM) [171] are examples of
methodologies that allow for the influence of chemical detail at an acceptable level
with a low computational cost and away from the restrictions of the widely used

flamelet concept (al least within the calculations of turbulent flame speeds).
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Summary

A summary of different RANS numerical models is provided in Table 4. The features

and drawbacks of each model are listed, in addition to the studies that have previously

used each model.

Table 4. A Summary of Different RANS Numerical Models Used for Premixed

Turbulent Combustion

S.N.  Numerical Features Drawbacks Previous
Model Studies
1 Arrhenius Very simple 1) The effect of [172]
Rate (the simplest turbulence is
model) completely
neglected.
2) Inaccurate
3) Applicable only
to flows of low Da
2 Eddy Break- 1) Simple 1) Chemical [121]
up (EBU) formulation Kinetics rates are
2) Applicable neglected

for the cases of
fast reactions
(Da>> 1) and
high turbulent
Reynolds
number (Rer)

2) The reaction rate
is over predicted in
zones of high strain
rates

3) The model
constant needs to be
adjusted at each test
run
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S.N.  Numerical Features Drawbacks Previous
Model Studies
3 Eddy Applicable for 1) Requires detailed [127]
Dissipation premixed and chemical kinetics
Concept non-premixed mechanisms to
(EDC) combustion establish a strong
applications coupling between
chemistry and
turbulence
2) Some limitations
when applied to the
simulation of
Moderate and
Intense Low-
oxygen Dilution
(MILD) systems
4 G-Equation Decouples the Limitations of [131]
turbulent flow  modelling the non-
from the linear heat release
chemistry by generated by
transporting a sophisticated
scalar field flames and flame-
pinching
5 Flame 1) Accounts for 1) In the near-wall ~ [138], [139]
Surface flame curvature  region, the flow
Density and stretch behavior in terms of
(FSD) effects molecular diffusion

2) Unlike the G-
equation model,
the flame
propagation is
represented in
terms of
physical
quantities such
as the progress
variable

and reaction rate
are over-predicted.
2) The modelling of
mixing phases in
the presence of
significant scalar
gradients has
certain technical
challenges
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S.N.  Numerical Features Drawbacks Previous
Model Studies
6 Zimont 1) The 1) Has to be used [154], [155],
Model combustion with pressure-based [173], [174]
process is solver
described by a  2) Limitations for
single transport  the large scale
equation for a applications due to
progress the assumption of
variable, C mean flame brush
2) Phenomena  thickness in this
like wrinkling, model
thickening, and
straining of the
flame front by
the turbulent
flow field are
considered
3) Exclude any
costly
evaluation of
the chemical
source terms or
integration over
probability
density
functions
7 Transported  1)Does not 1) High [164], [165],
PDF require any computational cost  [175]

assumptions
about the flame
structure

2) Capability
for
generalization
3) Applicable
for premixed
and non-
premixed
flames

2) Some technical

issues associated

with the modelling
of mixing phases in
the presence of high

scalar gradients
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S.N. Numerical Features Drawbacks Previous

Model Studies
8 Conditional 1) accounts for  Becomes less [166]
Moment the interaction efficient in
Closure between applications that
(CMC) chemistry and involve
scalar recirculating flows
dissipation and variable density
while

decoupling the
bulk flow from
the mixing

2) CSTE model
may provide
more realistic
approaches to
model the effect
of chemistry in
premixed
flames.

In order to verify and extend the experimental findings, a suitable numerical model
should be selected to well interpret the physical phenomena of the present problem.
Therefore, this literature survey has been performed to match this purpose and a
summary of the features and limitations of each numerical model are presented in
Table 4. Typically, there should be a strong coupling between turbulence and
chemistry, and phenomena such as flame wrinkling and thickening by turbulent
eddies should be well interpreted by the used model. It was found that some
numerical models such as the Arrhenius rate, EBU, and EDC have severe limitations
due to the complete ignorance or the weak coupling between chemistry and

turbulence. Those are not recommended for use, where significant errors were
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produced from their use [125], [131], [176]. Other models such as G-equation, FSD,
transported PDF, and CMC have strong coupling between turbulence and chemistry,
however, they become inefficient under some physical constraints near the vessel
walls, or when then there exists a wake region in the turbulence domain. Moreover,
they over-predict the heat release rate when flame grows in an irregular or
sophisticated manner [135], [143], [170], [180]. Out of those models, Zimont model
was found to be the most widely used for applications such as the one in present
study. This model behaves effectively when any of the following physical
mechanisms exist [29], (i) a gradual increase in the average propagating flame
thickness, which can be interpreted by the turbulent diffusion’s law [165], (ii) flame
distortion by large scale vortices and broadening of local reaction zones by the effect
of small-scale eddies, (iii) preferential diffusion of oxidizer or fuel into curved local
reaction zones. Due to that, this model has been selected to bridge the missing

research gap in the literature through the following:

(i) Investigating the existence of HIT condition in the combustion bomb by
conducting a mean turbulent kinetic energy balance study.

(i)  Studying the premixed turbulent combustion of the three tested fuels at a
broad range of turbulence intensities (u ), equivalence ratios (@), Reynolds

numbers (Re ) and Damkohler numbers (Da), which have not been studied

before.
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CHAPTER 4. EXPERIMENTAL METHODOLOGY

In this dissertation, the spherical propagation flame's laminar and turbulent flame
speeds are measured using the pressure trace in a fan-stirred combustion bomb. Four
mixing fans are installed inside the combustion bomb to attain the required level of
turbulence in near Homogeneous and Isotropic Turbulence (HIT) conditions. The
enhanced flame combustion bomb features and the various systems and measurement
devices used in the test rig are detailed in Section 4.1. Section 4.2 presents all the
measurement devices' specifications and features and explains the methodology
followed to install them on the combustion bomb. This is followed by a discussion of
the different experimental tests used to confirm the readiness of the test rig in Section
4.3. Section 4.4 explains the procedures for characterizing the turbulent flow field in
the combustion bomb and measuring the various turbulent length and time scales. The
chemical and physical parameters of the three studied fuels are provided in Section
4.5, while Section 4.6 discusses the experimental methodology used to conduct the
flame speed experiments. Finally, the systematic uncertainties (bias) calculations that
result from the measurement of the turbulent flame speeds (St) are previewed in

Section 4.7.
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4.1 Combustion Bomb Experimental Setup

Turbulent flame speeds (St) of diesel, GTL, and 50/50 diesel-GTL fuel blend are
measured using a constant-volume, high-pressure, cylindrical fan-stirred combustion
bomb under near HIT conditions at 463K only under atmospheric pressure due to the
strict regulations and the highly challengeable manufacturing of high-pressure
combustion bombs. The experiments are conducted at a wide range of equivalence
ratios (@) from 0.7 to 1.3, and turbulence intensities (u’) that vary between 0.5m/s
and 3.0m/s at an integral length scale, L=20mm. The test rig includes the main key
features found in several experimental setups. Figure 16 shows a schematic layout for

the test rig, and Figure 17 shows the final test rig setup.
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Fuel Filter

Fuel Pump
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Fluke Data (’, High Speed
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Vacuum Pump Air Compressor
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Figure 16. Schematic diagram for the experimental test rig
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Figure 17. The actual test rig setup

A cylindrical combustion bomb is used in the proposed test rig that is made of steel
and has the following dimensions: internal diameter = 400mm, thickness= 5mm, and
length= 650 mm. As a safety precaution, a protective cage was placed around the test
rig to ensure the operation of the experiments with the minimum hazard possibility,
and the dimmer switches and knobs were controlled from a long distance away from

the bomb.

The bomb is equipped with four internal electric heating coils, each with a heating

capacity of 2.1 KW, and can reach a maximum temperature of 255°C in around 40
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minutes. Ceramic sheet layers are wrapped around the combustion bomb body for
insulation, significantly accelerating the temperature rise. Three k-type thermocouples
wires are used to monitor the temperature variations inside the bomb, which have a
measurement accuracy of 1.5°C. In addition, the bomb is equipped with four axis-
symmetric stirrer fans, two 150 mm-diameter collinear optical quartz glass windows,
three ports, a pressure transducer (model 35XHTC), a gas detector (oxygen sensor), a
computer-based Arduino controlled circuit for fuel injection, in addition to two
stainless steel electrodes to generate the combustion spark. Besides, the test rig
includes a vacuum system, an air supply system, and a Data Acquisition (DAQ)
system connected to a digital storage oscilloscope and the pressure transducer. The air
compressor is used to charge the combustion bomb with a calculated amount of air,
and the vacuum pump is used to discharge the bomb of any residual gases when the
experiment is completed. The equivalence ratio of the air-fuel mixture can be
confirmed through a wall-mounted OC-FO08 fixed gas detector that senses the
percentage volume of oxygen in the combustion bomb (0-30.0%0-vol) before the
ignition phase. The fuel is injected with a pre-specified volume flow rate to match the
desired equivalence ratio. For this purpose, a computer-based Arduino controlled
circuit sends a signal to the fuel pump to starts the fuel injection. The volume of fuel
injected versus time can be shown in Figure 34 in subsection 4.3.5, while the Arduino
code and circuit diagram designed by Fritzing software can be viewed in Appendix A.

A schematic diagram of the entire fuel injection system is shown in Figure 18.

103



Solenoid Valve

>
¥ W
A ‘:'&“ l'f' .Aly

! Fuel Filter
Fuel Tank Fuel Pump

g Fuel Injection

Arduino Circuit

PR
SeZmmes-

Figure 18. Schematic diagram of the entire fuel injection system

To ensure adequate air-fuel mixing and a homogeneous charge inside the combustion
bomb, four electrically operated eight-bladed steel fans are used. The fans are turned
off for around 2-5 minutes when measuring laminar flame speeds to obtain the
equilibrium state. However, in the turbulent flame speeds measurement, a dimmer
switch is used to generate the desired turbulence intensity (u'=0.5m/s -3.0m/s) within
the combustion bomb. Each fan has eight blades bent at a 60° angle to generate
different turbulence intensities and ensure the proper air-fuel mixing. Figure 19

illustrates the shape and number of blades of the used fan.
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Figure 19. Geometry and design of the mixing fan

Once these steps are accomplished, the fuel-air mixture is ignited using central

electrodes connected to the spark ignition coil circuit. An automobile ignition coil, a

capacitor, and an AC mains-connected dimmer switch constitute the ignition system,

as shown in Figure 20.
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Figure 20. Schematic diagram for the ignition system
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The ignition coil's positive terminal is connected to a 440V, 3.5F capacitor on one
side, while the negative terminal is connected to neutral in this setup. The capacitor
is used to store the electrical energy supplied from the 240V AC mains and feeds the
ignition coil, while a 500W dimmer switch is used in this circuit to control the
amount of current the passes through the capacitor up to the ignition coil. High
tension cables are connected to the two stainless steel electrodes, separated with a
distance of 2mm. Figure 21 shows the ignition coil and the capacitor after being

installed on the combustion bomb.

Ignition Coil
——

Figure 21. The ignition coil and the capacitor mounted on the test rig
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This circuit produces a spark with a voltage of around 20kV and a current of about
200mA, which is sufficient to ignite the air-fuel mixture under any condition. Figure

22 shows the spark produced by this arrangement.

Figure 22. The spark produced between the two electrodes

The pressure transducer is used to detect the pressure rise signal once the mixture is
ignited, which can be used to measure the flame speed using a suitable correlation
from the literature [15]. It has a measurement range from O to 1000 bars and can work
at high temperatures experiments up to 300°C, with an accuracy of £0.05% Full Scale
(£0.05% FS). One side of the pressure transducer is bolted on the combustion bomb
body, while the other side is connected to a GW-Instek oscilloscope (Model GDS-

3152) that has a sampling rate of 150 MHz and a deep memory of 25K points
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recording length, in addition to its ability to save screenshots of the pressure
waveforms. The reader is directed to Reference [10] for more details about the steps

followed for designing the test rig and the associated fabrication processes.

4.2 Measurement Devices

This section presents all the measuring devices' specifications and features and

explains the methodology followed for installing them on the combustion bomb.

4.2.1 The Pressure Transducer

Two pressure transducers were used in this dissertation. The first is a pressure sensor
from PCB Piezotronics (Model 116B03), which has a pressure measurement range of
0 to 7 bars and an operating temperature range of 0 to 343°C. It has a pressure output
response of 10pC/psi converted to a voltage reading using an inline PCB
Pierzotronics charge converter (Model 422E35). Therefore, the final conversion
factor gained by the transducer is 6.238 mV/psi. This pressure transducer was used
only for generating the pressure-voltage calibration chart for the hotwire anemometer
and perform the cold and hot leak tests, as discussed in Section 4.3. The calibration
certificate of this pressure transducer is attached in Appendix B. The second pressure
transducer used in the flame speeds experiments is the 35XHTC piezo resistive high
temperature and pressure transmitter, suited for use in environments such as the
present work. The pressure that acts on the flush diaphragm transfers through an oil-
filled capillary to the silicon measurement cell. A cooling spiral function is embedded

on the capillary, allowing the media temperature to reach 300°C. The remote
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electronics temperature is designed to work on media of less than 120°C. It uses the
digital polynomial compensation mathematical function through PROG30 software to
achieve an accuracy of about 0.5%FS [176]. The use of the KELLER software
PROG30 and READ30 along with the K-102 cable and GW-Instek digital storage
oscilloscope (Model GDS-3152) allows for the pressure to be displayed and the units
to be converted. Figure 23(a, b) show the 35XHTC pressure transducer and a

schematic diagram for its different dimensions, respectively [176].

(a)
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Figure 23. (a) the pressure transducer (model 35XHTC), (b) schematic diagram for

the pressure transducer dimensions

A local company in Qatar has calibrated the pressure transducer to generate the
pressure-current calibration charts. These charts can be found on the calibration
certificate received from the company, as attached in Appendix B. After calibrating
the sensor; a proper mounting position had to be decided on the combustion bomb’s
body. The bomb's middle circumference was determined to be the best location for
installation. The pressure pickups are received in this manner from the closest place
to the spark origin. As a result, G1/2 internal threads were marked by drilling a hole
through the bomb's body to install a custom adaptor fitting made at Qatar University's

mechanical workshop, as shown in Figure 24.
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Figure 24. The pressure transducer mounted on the combustion bomb

The adaptor was connected to the pressure transducer from one side, while the other
side was bolted to the body of the combustion bomb, in which pipe thread Teflon tape
was wrapped around it to ensure its proper sealing. The major specifications of the

used pressure transducer are listed in Table 5 [176].
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Table 5. The Major Specifications of the Pressure Transducer

Feature Range

Pressure (bar) 0-1000

Accuracy (%FS) +0.05

Total Error Band (%FS) 0.5 @ 20...300 °C
Temperature (°C) 0-300

Interfaces RS485,4...20mA, 0...10 V
Resolution (%FS) 0.002 %FS

Output Rate (Hz) 100

Linearity (%FS) 0.05

Electrical Connection Binder-Plug 723 (5 pole)
Weight (g) 300

GW-Instek Oscilloscope

The GW-Instek oscilloscope (Model GDS-3152) has been selected for use in this
dissertation. It has a sampling rate of 150 MHz and can save screenshots for the
waveforms and sampling data on an Excel spreadsheet CSV format for further
analysis. At each test condition, 25000 sampling points are provided, which is
suitable for dealing with different turbulence statistics, and ensuring the existence of a
homogeneous and isotropic field through the combustion bomb, along with the use of
a hotwire anemometer (discussed in Section 4.4). Figure 25 shows the GW-Instek

oscilloscope (Model GDS-3152) used in this dissertation.
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Figure 25. GW-Instek oscilloscope (Model GDS-3152)

The main features of this model are as follows [177]:

150MHz sampling rate

Two Channels, with an independent memory for each
Large 8-inches 800x600 display

Visual Persistence Oscilloscope (VPO) Technology
Split-screen function

3 Built-in standard impedances (509,75Q,1MQ)
Optional power analysis software

Deep memory of 25K points recording length

64MB internal flash memory

On-screen help
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4.2.2 Thermocouple Temperature Sensor

In this dissertation, three k-type thermocouple wires were used for measuring the
temperature variation during the experiment. They were mounted on the combustion
bomb’s body at the right, left, and central circumference locations (as close to the
spark) to ensure uniform temperature distribution throughout the bomb. The proper
calibration process of the thermocouple temperature sensor is explained in subsection
4.3.3. The features of the k-type thermocouple were satisfactory for use in this

dissertation, and they are as follows [10]:

o Temperature measurement range from -270°C up to 1260°C
e The melting point is 1400°C
e Accuracy of £1.5°C

« Easy connection to the data acquisition unit

Data Acquisition Unit

The three thermocouple wires were connected to the Fluke 2625A hydra data
acquisition unit to monitor the temperature variation throughout the combustion
bomb. Figure 26(a, b) shows the Fluke 2625A data logger and illustrates the

connection of the thermocouple wires to the device.

114



(b)

Figure 26. (a) the Fluke hydra 2625A data logger, (b) the connection of the
thermocouple wires to the data logger
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This data logger was selected for use in this dissertation due to the following

favorable features [10]:

e 21 measurement channels

e Multi-function display

o Channel monitoring and scanning

« Ability to accept different thermocouple types

« Measurement input range and function (voltage, resistance, frequency,
current, and temperature)

e RS-232 computer interface setup

e Non-volatile memory

o Storage of 2047 scans obtained from 21 different channels (total number of

scans is 42,987)

4.2.3 Hotwire Anemometer

Constant Temperature Anemometry (CTA), also called thermal anemometry, is a
widely used tool in industry and education to measure turbulence fluctuations in 1D,
2D, or 3D liquid or gas flows. This can be achieved by using a hot-film probe or a
hotwire exposed to the flow. Mainly, CTA is suitable for measuring the flow’s rapid
fluctuations (high turbulence) and studying the microstructure of the flow. The small
flow eddies are resolved down to the order of a tenth of millimeters. In this
dissertation, the mini CTA hotwire anemometer (model 54T42) [178] is used to

measure the turbulence statistics and intensities and check for the existence of a
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homogenous and isotropic field throughout the combustion bomb. Based on that, the
different turbulence length and time scales are estimated. In addition, the mini CTA
hotwires measurements are essential to obtain the energy spectrum function. This
provides a clear indicator of flow energy transfer from larger to smaller eddies. The
mini CTA hotwire is exposed to the flow from one side and connected to a digital
storage oscilloscope from another side. The measurements are obtained in voltage and
converted to velocity readings. Therefore, it is essential to generate a voltage-velocity
calibration chart before using this hotwire probe in any turbulence field
measurements [178]. The calibration process has been appropriately performed
through a sequence of steps, as explained in subsection 4.3.6. Figure 27 shows the

mini CTA hotwire anemometer (model 54T42) used in this dissertation.

N

Figure 27. The mini CTA hotwire anemometer (model 54T42) [178]
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As shown in Figure 27, CTA probes typically have tungsten wire sensors of 1mm
length and 5pum diameter. The working principle behind these thin probes is based on
the flow’s cooling effect on a heated body, in which the CTA measures the velocity at
a certain point over a continuous time series. Subsequently, these measurements can
be converted into amplitudes and time-domain statistics. Examples are turbulence
intensity, mean velocity, two-point velocity correlation, high order moments, and
energy spectrum. The mini CTA hotwire anemometer used in this dissertation is

characterized by the following features [178]:

e  Measures air velocity up to 100m/s

o Bandwidth of 10kHz for hotwire probes in air

o Easy to use software, with an extensive database and graphical display in
one platform

e Long cable of length up to 20m

o  Multi-directional velocity measurements

o Various calibration systems with high accuracy

« Suitable for industrial, educational, and scientific applications

4.2.4 Gas Detector

The gas detector device is commonly used in safety applications to sense the amount
or percentage volume of a specific harmful gas within the space. It can produce a
sound of alarm in cases of leakage or when the amount of harmful gas exceeds a

certain limit. Such applications can be found in petroleum refineries and stations,
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boiler rooms, chemical plants, mining, and others. This project uses a wall-mounted
OC-F08 fixed gas detector to sense the percentage volume of oxygen in the
combustion bomb (0-30.0%02vol) before the ignition phase to determine the
equivalence ratio at each test condition. The OC-F08 gas detector has been
successfully calibrated before starting using it in experiments, and the calibration
certificate can be found in Appendix B. Figure 28 shows the wall-mounted OC-

FO8 gas detector used in this dissertation.
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Figure 28. The OC-FO08 gas detector
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This model of gas detectors has been selected for use in this dissertation due to

several demanded features, as follows [179]:

. Stable signal, good repeatability, quick response, and high precision

. LED screen that displays the gas type and concentration, unit and
instrument status etc.

. Protection function and alarm to prevent any high gas concentration
leakage or attack

. Display gas concentration in %vol, ppm, %LEL, or mg/m?3

. Infrared remote control operation

. Provided with data logger and data restore

. Suitable for work in combustion applications

. Resolution of 0.1% LEL, a precision of <t3%F. S, and a repeatability of
<£1%

. The response time is less than 20s

. Senses oxygen concertation in the desirable range (19.5% to 20.2%)

. It can be used to sense the concentration of many other gases (CH4, C3Hg,

H>, NHs, CO», etc.).
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4.3 Test Rig Characterization and Calibration Processes

The various experimental tests needed to prove the readiness of the test rig for
conducting the laminar and turbulent flame speed experiments and taking the required
measurements are discussed in this section. In addition, it discusses the different
calibration tests for the measurement devices and the equivalence ratio calculations.
The section starts with discussing the cold and hot leak tests in subsections 4.3.1 and
4.3.2, respectively. After that, the calibration process of the thermocouple k-type wire
is described in subsection 4.3.3. Based on that, the maximum temperature test is
performed, and the results are illustrated in subsection 4.3.4. The steps followed for
equivalence ratio calculations are presented in subsection 4.3.5, and finally, the
calibration tests of the pressure sensor and the hotwire anemometer are discussed in

subsections 4.3.6 and 4.3.7, respectively.

4.3.1 Cold Leak Test

The pressure leak test determines the weak spots within a particular object and
improves the design components. In addition, this test can improve the quality of
sealing and identify the weak spots of a pressure component. A cold leak test has
been conducted by charging the combustion bomb with air up to 1.5 bars to check if a
pressure drop is caused by an unintended hole or crack. The time it takes for the
pressure to return to its starting point (one bar) has been measured. The drop in the
pressure with time could be tracked by transforming the voltage readings obtained

from the digital oscilloscope into pressure readings and plotting a trend line for the
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pressure drop with time. During the test, it was figured out that there was an air

leakage around some spots of the rotating shafts. Thus, Lithium high-resistant

temperature grease was used to block the leakage spots. After that, the cold leak test

was repeated following the same procedure, and the two trend lines (before and after

sealing) were compared, as shown in Figure 29.

Pressure (bar)

Before Sealing

After Sealing

||||||||||||||||||||||||||||||||||||||||||||||||||

Time (min)

Figure 29. Cold leak test in the combustion bomb before and after shaft’s sealing

The required time for the pressure to return to its initial value has increased by 50%,

which indicates that the quality of sealing has been remarkably improved.
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4.3.2 Hot Leak Test

The second leak test used for investigating any source of leakage when operating the
heating coils at elevated temperatures is the hot leak test. Increasing the air
temperature will cause the air to expand and build pressure inside the combustion
bomb. Since this is a constant volume bomb, the number of air moles inside the bomb
should remain constant. Therefore, this test calculates the number of air moles at
three different temperatures (298K, 393K, and 453K). The pressure sensor is used to
check the pressure at each corresponding temperature, and the number of air moles is

calculated using the ideal gas equation of state:

PV =RT (63)
where R=8.314 m®. Pa/mol. K is the ideal gas constant, and V=0.082m? is the internal

volume of the combustion bomb. Table 6 summarizes the results of the hot leak test.

Table 6. Summary of Hot Leak Test

Parameter Reading 1 Reading 2 Reading 3
Temperature (K) 298 393 453
Pressure (Pa) 77500 102013 117453
Moles of Air 4 39 4.29 4.28

(mol)
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It can be deduced from these results that the combustion bomb is almost perfectly
sealed, especially after performing the shafts sealing using Lithium high-resistant
temperature grease and fill the small leaking holes with silicone rubber paste.

Therefore, the experimental readings can be obtained with high confidence under

these circumstances.

4.3.3 Calibration of Thermocouple

The proper operation of the k-type thermocouple receives high importance because it
will be used to conduct the maximum temperature test (explained in subsection 4.3.4)
and used during the experiment to monitor the temperature rise at different locations
in the bomb. Therefore, it should be appropriately calibrated. For this purpose, a
precision heat gun was used to heat the thermocouple wire tip. The temperature
readings obtained from the temperature indicator of the heat gun were compared with
those of the Fluke 2625A hydra data acquisition unit connected to the thermocouple
wire. It was found that both devices' readings match each other up to a temperature

equals 550°C.

4.3.4 Maximum Temperature Test

The following important feature that has to be investigated after the proper calibration
of thermocouples is the maximum temperature that can be reached within a specific
time duration. In addition, this test aims to check for the proper operation of the
heating coils. Four circular heating coils, three k-type thermocouple wires, and a

display module comprise the test rig's heating system. Before starting the
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experiment, three k-type thermocouple wires were connected to the combustion
bomb's right, center, and left sides. Figures 30, 31 show the locations of the three

thermocouples relative to the combustion vessel.

Figure 30. The front side of the combustion bomb showing the location of the right

and left thermocouple wires
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Figure 31. The rear side of the combustion bomb showing the location of the center

thermocouple

After that, the four heating coils were switched on, and the readings of the three
thermocouples were presented in the display module. Figure 32 shows the
temperature increase with time as depicted by the three thermocouples sensors while

heating the combustion bomb.
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Temperature (°C)

Time (min)

| ——Right Thermocouple Center Thermocouple —— Left Thermocouple

Figure 32. Temperature increase with time when heating the bomb

It can be noticed that there is an apparent variation in the readings of the center
thermocouple compared to the right and left ones. This can be referred to the location
at which the center thermocouple is placed. It is located in the middle of the bomb,
farther from the heating coils than the right and left thermocouples. Therefore, it
becomes less affected by radiation generated by the heating coils. To ensure a
uniform heat distribution in the combustion bomb, the fans are allowed to operate for
around two minutes after reaching the required ignition temperature. Subsequently,
the air-fuel mixture becomes homogeneous in all the vessel’s domains. After reaching
the desired temperature for auto-igniting the diesel (around 205°C), the heaters were
switched off, and the bomb was allowed to cool down. The three thermocouple

sensors tracked the gradual decrease in temperature with time, as shown in Figure 33.
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Figure 33. Temperature drop versus time when the bomb cools down
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4.3.5 Equivalence Ratio (@) Calibration

The equivalence ratio (@) is used to describe the state of the air-fuel mixture,
indicating whether it is rich (@ >1), stoichiometric (@ =1), or lean (@ <1). In this
dissertation, the effect of equivalence ratio variation on turbulent flame speeds must
be investigated. As a result, the equivalence ratio at which the experiment is
conducted must be determined. The following steps are implemented for calculating

the equivalence ratio for all the tested fuels.

Step 1: Calculation of the stoichiometric equivalence ratio, (A/F) swic from the

balanced chemical reaction for one mole of diesel fuel:

Step 2: Calculation of the air mass and the number of moles in the combustion bomb

before injecting the fuel:

Mair = Vbomb+ Pair (65)
Myir

— 66

nalT MMair ( )

where, mair is the mass of air, Voomp is the bomb’s internal volume, pair i the air

density, nair is the number of air moles, and MM.air is the molar mass of air

Step 3: Calculation of the fuel mass injected in the combustion bomb:
Meyer = Vfuel* Pruel (67)
where, mrel represents the mass of fuel injected, Viwel the volume of fuel injected and

Pruer 1S the fuel density.

129



It should be noticed that the fuel is injected into the bomb using a computer-based
Arduino circuit and a solenoid valve. The relation between the volume of injected

fuel and elapsed time is shown in Figure 34.

W finel {i'ﬂl 2

Time (5)

Figure 34. The volume of fuel injected versus time

Step 4: Using the gas analyzer to detect the oxygen percentage in the combustion

bomb after injecting the fuel.

Step 5: Calculation of the actual mass and volume of air in the combustion bomb after

fuel injection based on the gas analyzer reading:

79
Myir actual = No2+« (MMOZ + (ﬁ) * MMNZ) (68)
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Vair actual = Mgir actual/ Pair (69)

Step 6: Calculation of the actual volume and mass of fuel in the combustion bomb:
Vfuel actual = Vbomb - Vair actual (70)

mfuelactual = Vfuel actual * pfuel (71)

Step 7: Calculation of the actual air to fuel ratio and then the equivalence ratio:

(é) — Mair actual (72)
F actual mfuel actual
(7)
D= F stoic (73)
(7)
F actual

The mixture is in stoichiometric condition if the value of @ is 1.0. If this value is less

(more) than 1.0, the air-fuel mixture is lean (rich).

Following the above steps for the equivalence ratio calculations, an MS Excel
calculator has been used to determine the equivalence ratio values at different initial

conditions automatically. These calculations are summarized in Table 7.
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Table 7. Summary for the Equivalence Ratio Calculations -Diesel

Moles Viuel Miuel
Mair Mfuel
02% O2 Injeced Evaporaed (A/F)a @
(9) Injected (g)
(mol) (mL) (9)
202 0.72 98.2 6.0 5.0 4.6 21.3 0.7
201 071 97.7 7.0 5.8 53 18.6 0.8
199 0.70 96.8 8.0 6.6 5.9 16.5 0.9
198 0.70 96.3 9.0 7.5 6.5 14.9 1.0
19.7 0.70 95.8 10.0 8.3 7.1 13.5 1.1
196 0.69 95.3 11.0 9.1 1.7 12.4 1.2
195  0.69 94.8 12.0 10.0 8.4 11.3 1.3

Table 7 shows that a specific fuel volume must be injected to achieve the desired
equivalence ratio. It's also worth noting that the amount of fuel evaporated is less than
the amount of fuel injected. This can be explained by a few diesel droplets becoming
trapped near the bomb's crevices or condensed in the fuel injection line. The same
steps have been followed to calculate the equivalence ratio of GTL fuel and the 50/50

diesel-GTL blend, and the results of these calculations can be found in Appendix C.

4.3.6 Hotwire Anemometer Calibration

The hotwire anemometer is used in fluid mechanics and turbulence studies as a
research tool to measure the velocity magnitude in different orthogonal directions. It
works on the principle of heat loss of the wire that is placed in a fluid stream.
Initially, the wire is heated by an electrical current, and it starts losing this heat to the

fluid, which causes the temperature of the wire to reduce [178]. In this operation, the
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wire resistance is used to indicate the fluid flow rate based on the amount of heat loss.
In this work, the hotwire anemometer is used as a tool to study the initial turbulence
conditions and conduct the two-point velocity correlation test. Based on these
measurements, the mean velocity, the RMS intensities, homogeneity, and isotropy
can be analyzed in the combustion bomb. In addition, the different turbulence length
and time scales can be determined, and the energy density at different wave numbers
can be identified. Before using the hotwire anemometer, a calibration chart must be
generated to transform the hotwire readings in voltage to velocity readings in meter
per second. To perform this calibration, an air compressor, an air rotameter, and a
digital oscilloscope are required to be connected along with the hotwire anemometer.
Figure 35 shows a schematic layout for the hotwire calibration process, and Figure 36

shows the actual items used in the calibration process setup.

Cylindrical Pipe
L=42c¢cm, D=2.8cm

Hotwire

Rotameter

Compressor

Figure 35. Schematic diagram for hotwire calibration process
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Figure 36. The actual hotwire calibration setup

The following steps are applied:

Step 1: Connecting an air compressor to a rotameter, which can measure the air

volume flow rate

Step 2: Connecting the hotwire anemometer to the digital storage oscilloscope
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Step 3: Operating the air compressor and using the rotameter’s entry valve to control

the air volume flow rate

Step 4: At each volume flow rate, the hotwire anemometer is placed at 12 different
points. The voltage fluctuations at each point are obtained over 25000 readings and
averaged. Figure 37 shows the orthogonal coordinates of the measured points in the
velocity profile. The hotwire probe can be located at the desired orthogonal
coordinate using the pasted ruler shown in Figure 36 for horizontal dislocation, and
the white marked dots for vertical dislocation (e.g., the dots are equally distant with a

length of 0.35cm).

Orthogonal Coordinates of the
Measured Points in Centimeters:
0: (0,0)

1: (0.35,0)

2:(0.70,0)

3:(1.05,0)

4: (-0.35,0)

5:(-0.70,0)

6: (-1.05,0)

7:(0,0.35)

8: (0,0.70)

9: (0,1.05)

10: (0,-0.35)

11: (0,-0.70)

12: (0,-1.05)

Figure 37. Orthogonal coordinates of the measured points in the fully-developed

turbulent velocity profile
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Step 5: At each volume flow rate, Reynolds number (Re) is calculated to indicate the

type of the flow in the circular pipe (e.g., laminar or turbulent):

Pvp
U

Re = (74)

where, p is the density of air at 20 °C =1.204kg/m?, v is the flow average velocity, D
is the pipe diameter =0.028m, and y is the air dynamic viscosity at 20 °C = 0.000018

N.s/mz.

Step 6: The cases of turbulent flows are considered (Re > 2300), and the following
correlations are used to calculate the velocity at the desired locations for the fully

developed turbulent flow (Lpipe / Dpipe =15) [185]:

1/n

_ r
7(r) = Var |1 -] (75)
n=—1.7+ 1.8log Reyqy (76)
Repax = pvm—axD (77)
U
__Q
== 78
= (78)
7 2n?

(79)

Vmax - n+1)2n+1)

where, r indicates for radius of the pipe, R is the full radius of the pipe=0.014m,
v (r) is the mean velocity at any radius, v,,4, is the maximum flow velocity, Re,, .,

is Reynolds number based on the maximum flow velocity, Q is the volume flow rate,
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A_ is the cross-sectional area of the pipe, n is the power-law exponent that depends

on Reynolds number value. Table 8 shows a summary of these calculations.

Table 8. Velocity calculations at the desired orthogonal coordinates

vat vat v at

Q 17 Umax
Re n r=0.35cm r=0.70cm r =1.05cm

(m3/h)  (m/s) (m/s)

(m/s) (m/s) (m/s)
3.0 1.35 2370 492 1.80 1.69 1.56 1.35
4.0 1.81 3159 514 237 2.24 2.07 1.81
5.0 2.26 3949 532 293 278 2.58 2.26
6.0 2.71 4739 546 350 3.32 3.08 2.71
7.0 3.20 5529 558 4.06 3.86 3.59 3.17
8.0 3.61 6319 5.68 462 4.39 4.09 3.62
9.0 4.06 7109 578 518 4.93 4.59 4.07
10.0 4,51 7899 586 574 546 5.10 4.53

Step 7: At each volume flow rate, the values for the voltage and velocity are averaged
over the 12 points to plot velocity-voltage calibration chart shown in Figure 38. The

average voltage readings at each point can be shown in Appendix D.
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Figure 38. Hotwire anemometer’s calibration chart

4.4 Turbulence Statistics

This section explains in detail the steps followed for characterizing the turbulent flow
field in the combustion bomb before the experiments, and it is organized as follows.
Subsection 4.4.1 presents the turbulence intensities obtained in the middle of the
combustion bomb at each fan's rotational speed. The existence of a HIT condition is
verified by finding the homogeneity and isotropy ratios, as discussed in subsection
4.4.2. After that, two-point velocity correlation (4.4.3) and the turbulence kinetic
energy and dissipation rates (4.4.4) are used to estimate the different turbulence
length and time scale in subsection 4.4.5. Finally, the energy transfer between the

different size eddies is analyzed in subsection 4.4.6.
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4.4.1 Mean Flow and RMS Intensities

The four axis-symmetric fans were operated at different rotational speeds

(7000RPM < @ < 21000RPM). To obtain the instantaneous velocity vectors, ux, and
Uy, the hotwire anemometer sensor was placed in the center of the combustion bomb.
The instantaneous velocities were then ensemble-averaged over 25000 observations
to estimate the mean velocity in x and y directions, U, and L_Iy. The velocity
fluctuations, u’, and u’,, were calculated by subtracting the mean velocities from the
instantaneous ones, yielding the values of RMS intensities in the two orthogonal
directions (x and y). In addition, high-order standardized moments such as third-order
moment-skewness (Sk) and fourth-order moment kurtosis (K) were calculated to
ensure that the velocity field is following a Gaussian profile in both directions. Table
9 summarizes the mean flow (U) and RMS velocities (u'; ) in the two orthogonal
directions, along with the skewness (Sk) and kurtosis (K) at each rotational speed ()

and turbulence intensity (u°).
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Table 9. Mean, RMS, and Higher-Order Moments (Skewness and Kurtosis)

1) u(mfs) i U (m/s) w; (m/s) Sk K
(RPM)

X 0.02 0.36 0.19 3.70
7000 0.50

y 0.01 0.33 0.15 3.50

X 0.02 0.66 0.17 3.60
9800 1.00

y 0.01 0.63 0.15 3.50

X 0.02 0.86 0.18 3.70
11600 1.50

y 0.01 0.82 0.17 3.60

X 0.03 1.06 0.19 3.90
14400 2.00

y 0.02 1.02 0.17 3.70

X 0.03 1.27 0.20 3.70
17200 2.50

y 0.02 1.21 0.18 3.60

X 0.04 1.46 0.21 3.50
21000 3.00

y 0.03 1.42 0.19 3.50

As evident, the mean flow velocity is negligible at all conditions (e.g., U < 0.1u’),

which indicates that the flow is uniform in the combustion bomb. Small U values can

be attributable to a modest variation in motor speeds or a minor misalignment of the

fans. Regardless, the mean flow value is considered negligible compared to

turbulence intensity. Furthermore, increasing the motors RPM leads to an increase in

the intensity level. These findings are congruent with what has been reported in the

literature.
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The skewness factors are close to zero, indicating that the velocity field is not biased.
As evidenced by the kurtosis factors, the velocity PDF profiles were rather peaked up.
These peaks are typical in fan-stirred bombs and are caused by a lack of auxiliary
devices such as perforated plates that can be placed in front of the impellers.
According to the vortex breakdown principle, these plates can help introduce
intermediate scales. With an increase in the intensity level, Abdel Gayed et al. [180]
demonstrated that the velocity PDFs acquire a near-Gaussian form. The range of
velocity scale is broadened at high-intensity levels, and employing the perforated

plate causes a relaxation in the peaks.

In addition, the satisfaction of HIT condition in the center of the combustion bomb
has been confirmed by studying the velocity fluctuations throughout the vessel
domain by placing the hotwire probe at different vessel radiuses (2cm, 6¢cm, 10cm
and 14cm from the center point). A hollow cylindrical socket has been inserted into a
custom hole that exists in the outer surface of the bomb (also used for mounting the
pressure transducer during the experiments). The hotwire anemometer has been
placed inside the cylindrical socket, and the spark electrodes were used to ensure that
the hotwire probe exists at the center point of the bomb, which could be further
proved visually through the quartz glass windows. The hotwire was then fixed, and
the spark electrodes were removed. After that, the electric motors were operated at
the maximum rotational speed to ensure the existence of HIT condition at the center
of the vessel up to the maximum operating turbulence level. At each vessel radius,

25000 readings were imported from the digital storage oscilloscope to represent the
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velocity fluctuations at that point. The hotwire anemometer could be placed at
different radiuses by moving it inwardly and outwardly using the marking dimensions
drawn on its surface. Figure 39 shows the velocity fluctuations at different vessel

radiuses.
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Figure 39: Velocity fluctuations at different vessel radiuses and u"=3.0m/s

It can be observed from the velocity fluctuations in Figure 39 how turbulence is
characterized by its chaotic and random nature. In addition, the velocity magnitudes
near the center of the combustion bomb (r < 6cm) have almost remained constant and
they are fluctuating within a narrow range when compared with those at r=10cm and

r=14cm (i.e., turbulent eddies are anisotropic at these regions), which indicates that
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the turbulent flow field is satisfying HIT condition at this zone, and the turbulent
kinetic energy has reached its minimum value at this region [55]. The turbulent
kinetic energy that is produced from the fan’s region starts to be gradually converted
into a thermal internal energy by the effect of eddy viscosity until it becomes
completely dissipated into heat at the smallest level of turbulent eddies (e.g.:
Kolmogorov length scale) which are universal and isotropic [14]. Also, it is worth

noting that these observations match the principles of the energy cascade theorem.

4.4.2 Homogeneity and Isotropy Ratios

The homogeneity ratio (H) is used to measure the uniformity of the turbulent flow
field, and it demonstrates that the flow is unaffected by a dislocation in the coordinate
system. This ratio is calculated by multiplying the local RMS velocity by the spatially

mean RMS velocity in the same direction, as follows:

H= Ui rms (x, y)/ U1 rms (x, y) (75)

The isotropy ratio (1) demonstrates that the flow field is statistically invariant to a
coordinate system rotation or reflection. This ratio can be calculated by dividing the

local RMS values in two directions as the following:

I = U1 rms (X, y)/ U2 rms (X, _'V) (76)

For perfectly homogenous and isotropic turbulence, these ratios are equal to one.
Thus, the HIT field can be characterized by a single root mean square (RMS)

intensity value that encompasses all of the velocity components and considers their
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spatial variability. In a turbulent flame speed experiment, the concept of RMS
intensity is physically transformed to a perturbation in the flame ball surface by the
action of external disturbances that acts equally and uniformly in all directions. The
PDFs for homogeneity and isotropy ratios were computed to check for the existence
of HIT condition in the combustion bomb, as shown in Figures 40 and 41,

respectively.
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Figure 40. PDF for homogeneity ratio
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Figure 41. PDF for isotropy ratio

Figures 40 and 41 reveal that the majority of the captured points (> 95%) are close to
unity and fall within a particular narrow range (0.9 to 1.1) for both the homogeneity
and isotropy ratio. Therefore, this indicates the existence of HIT condition in the

combustion bomb.

4.4.3 Two-Point Velocity Correlations

Following Hwang and Eaton’s technique [64], two-point velocity correlations are
derived using fluctuating fields in two orthogonal directions. For this purpose, the
hotwire anemometer is used to conduct high-frequency measurements and is deployed

at various separation distances. The longitudinal correlation coefficients are defined as,

Fii(r) =Wy (o y)uy (x+1,9))/ U1,RMS 2 (77)

Fyr(r) = (u' (x,)u’y (x,y + 1))/ Uz RMS 2 (78)
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And the lateral correlation coefficients are defined as,

G11(r) = (uy (v, Y)u'y 6,y + 1))/ U rms 2 (79)

G (1) = (U (0, ))u'y (x +7,Y)) Uz rus 2 (80)
where r is the separation distance, and () indicates a spatial and ensemble average.
The longitudinal and lateral correlation coefficients in isotropic turbulence are related

by:

G(r)=F(r) +% 6Fa£r)

(81)

The longitudinal and lateral correlation coefficients are plotted, as shown in Figure
42. The calculated lateral coefficients are also shown in Figure 42, which are used for

investigating the existence of isotropic fields.
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Figure 42. Longitudinal and lateral correlation coefficients

The estimated lateral correlation coefficient closely matches the measured one, as
shown in Figure 42. As a result, isotropic turbulence fields are present. In addition,
the longitudinal coefficients F11 and F2 have almost identical values at different
separation distances, which implies that the turbulence field is also characterized to
be homogeneous. This conclusion can also be further approved by looking at the
negligible difference between the lateral correlation coefficients G11 and Ga».
Integrating the longitudinal correlation curve yields the integral length scale. This
calculation has returned L¢= 19.8mm, equivalent to the value found in most
turbulence studies conducted in fan-stirred combustion bombs [11], [15], [47], [68].
Furthermore, the Taylor microscale (1) was estimated by calculating the radius at

which an osculating parabola intersects the x-axis, which has yielded A =3.62mm.
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4.4.4 Turbulence Kinetic Energy, g° and Dissipation Rate, £

Estimating the turbulent kinetic energy (g?) and dissipation rate (¢) at the respective
operating turbulence intensities is required before determining the various turbulence
length and time scales. Turbulent kinetic energy is characterized by measured root
mean square (RMS) velocity fluctuations and is correlated with eddies in the flow.
Typically, it is used as a measure for the turbulence intensity level and is estimated
as:

%,RMS (x,y) + u%,RMS x,y)
2

u
q*(x,y) = Ui ris (6, V) Ui pus(x,y) = 3 (82)

The in-plane turbulence intensity is assumed to be equal to the out-of-plane
turbulence intensity in Equation 82. The dissipation rate is calculated using the

ensemble-averaged of the square of the strain rate tensor (6;; ):

— > <6 5 ) _ (aui aui n aui 6ui> 83

where v is the kinematic viscosity

Table 10 illustrates the estimated turbulent kinetic energy and the rate of kinetic

energy dissipation at each turbulence intensity (u’).
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Table 10. Turbulence Operating Conditions

u(m/s) q? (m?/s?) £(m?/s%)
0.50 0.36 2.28
1.00 1.55 18.70
1.50 3.25 62.10
2.00 6.15 148.70
2.50 9.50 289.80
3.00 13.20 492.40

4.4.5 Turbulence Length and Time Scales

The various turbulence length and time scales can be estimated using the spatial
averages for each quantity after computing turbulence kinetic energy and dissipation
rates. Equations 84 and 85 are used to calculate the integral length scale (L) and

Eulerian time macroscale (ze), respectively [11]:

= (T o
q?/2
Ty = (q g/ ) (85)

Equations 86 and 87 are used to compute the Taylor microscale (1) and its

corresponding Reynolds number (Re;), respectively [11]:

R
<5vq2) (86)

&

A

R
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Re, = ’1(‘?21—3)”2 (87)

where v=15.51x10°m?/s is the air kinematic viscosity at 298K and latm.
The Kolmogorov length (i), time (z), and velocity (u,) scales are estimated using

Equations 88, 89, and 90, respectively [11]:

1
v3\4
ne <—) (88)

&
T = (g)E (89)
Uy = (v (90)

Table 11 summarizes the spatial averages of the above length and time scales

Table 11. Estimated Turbulence Length and Time Scales

Quantity Estimated Value
Integral Length Scale, Lt 20.00mm
Eulerian time macroscale, e 40.00ms

Taylor microscale, A 3.64mm

Taylor Reynolds number, Re; 220.00
Kolmogorov length, # 0.13mm
Kolmogorov time, 0.47ms
Kolmogorov velocity, u, 0.22m/s
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The integral length scale (Lt) and the Taylor microscale (1) were also obtained using a
two-point velocity correlation in subsection 4.4.3, and they were found to be 19.8mm
and 3.62mm, respectively. This slight discrepancy can be attributed to the assumption
that the in-plane and out-of-plane turbulence intensities are the same when computing
the turbulent kinetic energy (g%) using Equation 82. Regardless, the difference
between the two values is marginal, and the values listed in Table 11 will be used in

the following sections.

4.4.6 Energy Spectrum

Turbulence's kinetic energy (k) is spread among eddies of different sizes. The
magnitude of energy contained within a particular wavenumber range (ka, kg) is

expressed as [11],

kp
k(kA»kB):_L E(k)dk 91)
A

where, ka is the lower bound of the wavenumber range, kg is the upper bound of the

wavenumber range, and E (k) is the energy spectrum function.

The inertial subrange's of the energy spectrum function has a universal form,

according to Kolmogorov's second hypothesis, which is written as [11],

E(k) = Ce?/3k=5/3 (92)
where C is the Kolmogorov universal constant and equals 1.5 according to

experimental data [11]. Figure 43 shows a plot of the internal subrange of the energy

spectrum function (normalized by the Kolmogorov length scale) versus k, (e.9., k, is
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a non-dimensional wavenumber calculated as the product of # by 2n/wavelength) at

Re; = 220.
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Figure 43. The inertial subrange of the normalized energy spectrum function versus
k, at Re; = 220
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4.5 Tested Fuel Blends

This study will test the following fuels: conventional diesel, GTL, and a 50/50 diesel-

GTL blend. Laminar flame speeds of 50/50 fuel blend have been investigated before

by Samim [179], and therefore, this dissertation aims to expand the investigation scope

by conducting a fundamental study of turbulent flame speeds of this fuel under different

turbulence intensities (0.5m/s <u’ < 3.0m/s) and equivalence ratios (0.7 < ® < 1.3) to

determine its optimum operating conditions. Table 12 lists the chemical and physical

properties of the tested fuels.

Table 12. Properties of Conventional Diesel, GTL and 50-50 Blend [10]

Properties Diesel GTL 50-50 Blend
H/C Ratio 2.125 2.1-2.15 2.1-2.125
Approx. Formula Ci6Ha4 Ci6H34 Ci6H34
Density at 15°C (kg/m®) 830 770 792

Boiling Range (°C) 190-360 160-360 165-360
Flash Point (°C) 55 77 71

Cetane No. 55 75 64

Calorific Value (MJ/kg)  42.9 49.3 46.2

Diesel fuel is mixed with GTL on a 50-50 volumetric basis. The properties of this fuel

blend were determined by specialized chemists in the laboratory at Qatar University.
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4.6 Experimental Procedure for Flame Speed Measurement

The following experimental procedure gave the successful ignition for the

measurement of turbulent flame speed (St) at each run:

e A vacuum pump was used for flushing the bomb of exhaust gases while
keeping the exhaust port open.
o All the ports were closed, and the heaters were switched on.
e The bomb was allowed to attain a temperature of 220°C and then held there
for 15 minutes.
e The interior temperature of the bomb was allowed to cool to the desired initial
temperature of 190°C
¢ Fuel was injected into the bomb at a pre-specified volume to reach the desired
equivalence ratio using the Arduino controlled circuit and the fuel injector (@=

0.7 to 1.3).

e The electric fans were switched on, and the dimmer switch was used to control
the speed of the rotating shafts to generate the desired turbulence intensity
(u™=0.5m/s to 3.0m/s). This step is also necessary to ensure the proper mixing

of air-fuel mixture throughout the combustion bomb before ignition.

e At this time, the oxygen percentage inside the bomb was noted down using the
gas detector. Based on that, the equivalence ratio of the experiment was

determined.
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e The protective cage was closed before igniting the mixture, and no fuel bottles
or flammable materials were kept near the combustion bomb.

o Finally, the mixture was ignited with the assistance of a remote-controlled spark
ignition coil circuit.

e The pressure transducer connected to the oscilloscope and DAQ detected the
pressure rise signal after igniting the mixture.

e A Kk-type thermocouple sensor and the Fluke hydra 2625A data logger were
used to record the temperature rise.

e The bomb's exhaust port was opened, and the exhaust gases were discharged by
flushing the bomb using the vacuum pump

e The test rig is now ready for the next test run after flushing

For the laminar flame speed (Si) measurement, the electric fans were switched on for
only 30seconds after fuel injection, and then they were switched off. In this
dissertation, Sy is calculated using the Lewis and VVon Elbe correlation in Equations
(4-8) [10, 182], from the pressure versus time record, while the turbulent flame

speed (St) is calculated using the following expressions [15]:

e Radius for Equal Masses, 7,

1

r =R {1 _ (P_o)(ﬁ) IMIF (93)

p Pr — Do
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e Turbulent Flame Speed () at 7,

R (p_o)(%) dp
S, = p dt . (94)

3 (Pr = po) {1 - (%")(E) % }

where,
1, IS the spherical flame radius within which reside all the burned gases inside and

outside reside all the unburned gases

i, by arethe initial, and final pressure in explosion, respectively
p is the instantaneous pressure

¥, 1S the specific heat ratio of unburned reactants

R is the radius of the cylindrical combustion bomb (R =20cm)

dp . :
E is the pressure rise rate

According to References [15], [47], it is essential to determine S, at a radius where
the flame has left the ignition region and it is subjected to a small portion of the
turbulence domain. Therefore, in this dissertation S; is calculated at r;, at the instant
that p = 0.5p, at all conditions. The results of laminar flame speed measurements for
validation are presented in subsection 6.1.1, while the results of the turbulent flame

speed experiments are presented and discussed in subsection 6.1.5.
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4.7 Measurement Uncertainties

This section aims to find the systematic uncertainty (bias) that results from measuring
the turbulent flame speeds (St). The systematic uncertainty (Bst) is defined as the error
associated with the use of measuring devices and components (e.g., thermocouple,
transducer, hotwire, gas detector, etc.), which cannot be statistically estimated [50].

The systematic uncertainty (Bst) can be determined using the following formula [50]:

n

b= |3 (2020

i=1

where Biis the element bias uncertainty associated with each component in the

experiment (e.g., thermocouple, transducer, etc.), xiis any variable that y depends on

(e.g., temperature, pressure, equivalence ratio, turbulence intensity, etc.), % is the

sensitivity of y to the variation of any of these variables (P, 7, @, u"). Table 13
provides the elemental bias uncertainty (Bi) associated with using each measurement

device in this experiment and the source of error generation [50].
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Table 13. The Elemental Bias Uncertainty (Bi) of Each Measurement Device

Device Source of Error Bias (Bi)
Pressure Transducer Combined non-linearity, +0.5%
repeatability, and
hysteresis [Pa]
Thermocouple k-type Accuracy [°C] +1.5°C
Hotwire Anemometer Combined non-linearity, +1.0%
repeatability and
hysteresis [m/s]
Gas Detector Accuracy [02%] +3%
Fans Vibrational Loses in Fan  £1.0%

Speed [RPM]

Bi of the pressure transducer, thermocouple k-type, the hotwire anemometer, and the

gas detector has been obtained from their technical data sheets and calibration

certificates. For the fans, a +1.0% discrepancy has been determined. Afterward,

Equations 94 and 95 were used to determine the uncertainty in the measurement of

turbulent flame speeds (St) at @=1.0, respectively, in which MATLAB has been used

for differentiation using the function “diff” and then finding the values of B at each

turbulence intensity, u'. Table 14 shows the error calculation of S;for GTL fuel at

@=1.0 and u =0.5m/s up to 3.0m/s. In addition, the measurement uncertainties have

been also calculated at @=0.7 and @=1.3 and they can be viewed in Appendix E.
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Table 14. The Error Calculations in St Measurement for GTL fuel at ¢=1.0, and

u'=0.5m/s up to u'=3.0m/s

u (m/s) St(cm/s) Bst (cm/s) Error %
0.50 93.79 1.15 1.23
1.00 122.68 1.86 1.52
1.50 183.75 3.12 1.70
2.00 255.66 4.96 1.94
2.50 353.67 8.10 2.29
3.00 465.87 11.74 2.52
Mean Error % 1.87
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CHAPTER 5. NUMERICAL SIMULATION APPROACH

In this chapter, a description of the physical significance of the Zimont TFC
model, which will be used to study premixed turbulent combustion of diesel, GTL,
and the 50/50 diesel-GTL blend, is discussed in subsection 5.1. The model’s
governing equations are presented in subsection 5.2. The experimental data used for
model validation and obtaining the simulation results are displayed in subsection 5.3.
The numerical grid details and the complete description of the meshing process are
handled in subsection 5.4. The numerical schemes, boundary conditions, physical
constraints, and solution initialization are presented in subsection 5.5. Finally, the

results of model validation are discussed in subsection 5.6.

5.1 Model Description

By calculating the Favre averaged equation for the mean reaction progress variable C,
Zimont [25] introduced a model to solve turbulent premixed flames. The formulation
of this model is based on a theoretical analysis that the turbulent flame moves with a
constant propagation velocity dependent on the mixture's physicochemical properties
and the turbulence effects in the propagation flame front [27]. In this model,
combustion occurs in a thin and strongly wrinkled flame sheet that separates the
reactants and the products. Thus, this model considers the division of the reacting
flow field into regions of unburned and burned species, separated by the thin flame
sheet that is propagating with speed called the turbulent flame speed (St). Also, in this

model, an averaged flame front is tracked out instead of the exact one. Upon
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averaging, a region with an instantaneous realization of the flame can be found, and it
will be surrounding the mean flame front. The width of this region is known as the
turbulent flame brush thickness (Jt). According to turbulent diffusion law [25], this
model assumes an increasing thickness of the flame brush and a constant combustion
velocity. Flames following these behaviors are known as Intermediate Steady
Propagation (ISP) flames. This further confirms the suitability of the Zimont TFC
model to handle the current ISP flames as it is valid for Rer >> 1, Da >> 1, and u” >>

S, where S; is the laminar flame speed.

5.2 Governing Equations

The flame front propagation is modeled by solving the density-weighted mean

reaction progress variable's (C) transport equation [25]:

9
2 (pC) + V. (piC) = V. (ﬂ vc>+ pS, (96)
at S

where p is the fuel density, C the mean reaction progress variable, Sct turbulent

Schmidt number, £« is turbulent viscosity, and Scis the reaction progress source term.

The reaction progress variable is defined as the normalized sum of the species

product’s:

ny,
C= ——=—"1_ 97
Y ©7)

where n represent the number of product species, Yithe mass fraction of product

species i, and Yi, eq the equilibrium mass fraction of product species i.
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As per this definition, C=1 when the mixture is burned and C=0 when the mixture is
unburned. At all flow inlets, the value of C is utilized as a boundary condition. C=0

(unburned) or C=1 (burned) are specified in solution initialization.
The mean reaction rate in Equation (96) is modeled as:

pSc = pu St [VC| (98)
where p,, is the unburned mixture density, and St is the turbulent flame speed

The laminar flame speed influences the turbulent flame speed normal to the flame
surface, and the flame front is wrinkled and stretched by larger eddies. The Zimont

turbulent flame speed closure computes Staccording to the following equation:

0.5 0.25 (TP
Se = AW)%758,°°a025L, "% = Au (T—) (99)
c

where A is a model constant, u” the Root Mean Square (RMS) velocity (m/s), Si the

laminar flame speed (m/s), a = p% is the thermal diffusivity (m?%/s), L; is the
14

turbulence integral length scale (m), 7, = i—t is the turbulence time scale (s), and Tc =

o . . .
571 the chemical time scale (5).
l

The turbulent kinetic energy, k, is computed as:

k=2=u? (100)
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The turbulence integral length scale, L: is computed from

w)?

Lt:CD <

(101)

where ¢ is the turbulence dissipation rate, and Cp is a model constant.

According to this model, the equilibrium small-scale eddies act on the laminar flame,
resulting in a turbulent flame speed formula completely defined by large-scale
turbulent eddies. The default values of 0.52 for A and 0.37 for Cp are appropriate for

most premixed flames [182], [183].

The thin reaction zone combustion regime occurs when the Kolmogorov scales (e.g.,
the smallest turbulent eddies in the flow) are smaller than the laminar flame thickness
and penetrate the flame zone. The Karlovitz number, Ka, can be used to quantify this

regime and is defined as:

ka=—= —L (102)

where t; is the characteristic flame time scale, t,, is the Kolmogorov (smallest)
turbulence time scale, v, = (ve)?25 is the Kolmogorov velocity, and v is the

Kinematic viscosity.

Finally, it should be mentioned that this model is only applicable for the cases where
the width of the flame brush expands with time, which is encountered in most
industrial systems. Flames that propagate for an extended time reach a constant flame

width, which contradicts the physical principles found in this model.
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5.3 Experimental Data for Validation

In this dissertation, two cylindrical fan-stirred combustion vessels are modeled. The
first one is the Texas A&M vessel, which is used for model validation by comparing
the numerically computed methane-air turbulent flame speeds with the experimental
ones [11]. The other one is the Qatar University vessel, which is used for studying the
premixed turbulent combustion of the three liquid fuel blends (diesel, GTL, 50/50
diesel-GTL blend). This vessel was designed at Qatar University in 2012, and it was
used for obtaining the laminar flame speeds for the three liquid fuel blends in 2016
[10]. Therefore, it is modeled in this dissertation to compute the turbulent flame
speeds for the three liquid fuels at different turbulent intensities and equivalence
ratios. For simplicity, the name “QU vessel” is used to indicate the use of Qatar
University combustion vessel. Table 15 summarizes the geometrical specifications

and operating conditions for the two vessels.

164



Table 15. Geometrical Specifications and Operating Conditions for Texas A&M and
QU Vessel

Vessel Name Texas A&M Vessel [11] QU Vessel [10]
Geometrical Specifications

Vessel Shape Cylindrical Cylindrical
Internal Diameter (ID in cm) 30.5 40.0
Internal Length (IL in cm) 35.6 65.0

No. of Fans 4 4

No. of Blades of Each Fan 3 8

Fans Outer Diameter (OD incm) 7.62 8.00

Pitch Angle (Degrees) 20 60
Operating Conditions

Initial Temperature (T, in K) 298 463

Initial Pressure (Po in atm) 1 1
Equivalence Ratio (@) 0.7-1.3 0.7-1.3
Turbulence Intensity (u” inm/s)  0.85-1.30 0.50-3.00
Integral Length Scale (Ltin mm) 27 20

Diesel, GTL, 50/50

Fuel Methane diesel-GTL blend

5.4 Numerical Grid Details

The geometrical domain of the problem consists of a cylindrical; steel vessel with a
diameter of 40cm and a volume of 81.7L. Two optical glass windows are installed on
the vessel’s outer shell for tracking the flame propagation using Schlieren
photography. Four fans are installed on the vessel’s inner wall, located at the vessel’s
central circumference with an equal distance from each other. The fan’s axes are
oriented collinearly with the central point of the vessel, aiming to generate HIT flow
field inside the vessel. The axial distance between one fan and the opposite one is

30cm. Each fan has an outer diameter of 8cm and consists of eight blades of 3.5cm in
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length each and a pitch angle of 60°. The complete description of the test rig can be

found in Reference[10].

The computational domain covers the whole vessel’s internal volume approximated
by a cylinder with four fans mounted on the vessel’s wall. The combustion vessel
model was designed using SOLIDWORKS 2020 and then exported to ANSYS Fluent
17.0 to generate the mesh. Figure 44(a, b) shows the model’s geometry with basic

dimensions and describes its main components.

(@)
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Figure 44. (a) QU vessel’s SOLIDWORK model with basic geometrical dimensions,

(b) schematic diagram that shows the component of QU vessel model

Tetrahedral, quasi-equidistant elements are used to build the computational domain,
using an adaptive size function, where each element has a size of 2mm. The
computational mesh domain was built using 7.8 million cells in total. Figure 45
shows the meshed geometry and a cross-section view for the mesh at the central

circumference of the combustion vessel.
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Cross-Section View

Figure 45. Perspective view of numerical grids on the combustion vessel surface
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The grid size is determined based on a grid detailed independence study, discussed in
subsection 5.6. Table 16 summarizes the mesh details used throughout this numerical

study.

Table 16. Mesh Details and Statistics

Parameter Type (or Value)
Size function Adaptive
Relevance center Fine

Smoothing Medium

Span Angle Center Fine

Element Size (mm) 2.00

Minimum Edge Length (mm) 0.59

Inflation Option Smooth Transition
Nodes 1422642
Elements 7844078
Average Element Quality 0.84

Average Skewness 0.22

Orthogonal Quality 0.86
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5.5 Numerical Model Settings, Discretization and Initialization

In this dissertation, Zimont TFC model was selected to investigate the flame
propagation and obtain turbulent flame speeds for the three liquid fuel blends (diesel,
GTL, 50/50 diesel-GTL blend) at different equivalence ratios (4=0.7 to 1.3) and
turbulence intensities (u'= 0.5m/s to 3.0m/s). The second-order upwind has been
selected as the discretization scheme; to ensure the convergence of the solution with a

high accuracy and with an insensitivity to grid size variation.

Unlike the segregated pressure base algorithm, the coupled algorithm simultaneously
solves a system of continuity and momentum equations; subsequently, this results in a
faster solution convergence while consuming a larger memory size. As this study
comprises a large number of results, this algorithm has been selected for use.
According to the literature review, many studies have considered running the
turbulent flame speed experiment using an integral length scale, Lt = 20mm [11],

[15], [47], [68], [184]. Therefore, this value is used in the solution initialization to

obtain the turbulence dissipation rate in Equation (101).

k - & has been selected as the viscous model to estimate the Reynolds stresses and the
conversion of turbulent kinetic energy into thermal internal energy by the effect of
eddy viscosity. This model has shown satisfactory performance in many industrial
relevant applications, particularly for thin shear layer flows accompanied by small
pressure gradients [55]. In addition, it has demonstrated its success in problems where
there is a dominance of Reynolds shear stresses, such as in confined flows [114].

Moreover, the model has shown moderate agreement in flows of free turbulence such

170



as in free jet flows, wake, or mixing layers [115]. Therefore, it has been selected for
use rather than the £ — w model, which does not perform well in regions of free-
stream turbulence (e.g.: at the center of combustion bomb) and does not show a
satisfactory performance in applications of high Rer[117]. In addition, k — & model
has been used for conducting a mean turbulent Kinetic energy balance study in
subsection 6.2.1, and it has well demonstrated the gradual dissipation of turbulent
kinetic energy from the fan’s region up to the center of the bomb, and therefore,

matching the principles of the energy cascade theorem.

Moreover, it should be noticed that a value of C=0 must be used in the solution
initialization to indicate the unburned mixture before the ignition. A spark plug with a
40mJ energy is placed in the center of the combustion vessel, where the flame kernel
initiates and starts to propagate spherically in all directions. Table 17 lists the details
of the used numerical models and spark plug, and Table 18 lists all the information

used in the settings of the solution initialization.
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Table 17. Numerical Model Settings of the Spark Plug

Parameter

Type (or Value)

Processor Option
Solver Type
Velocity Formulation
Time

Discretization
Species Model
Flame Speed Model

Viscous Model

Premixed Charge

Equivalence Ratio (&)
Spark Location

Spark Energy (mJ)
Spark Duration (s)

Spark’s Transition Radius
(mm)

Serial

Pressure-Based

Absolute

Transient

2" Order Upwind

Premixed Combustion Model
Zimont Model

K-epsilon, Realizable with Enhanced Wall
Treatment

Diesel, GTL, 50/50 Diesel-GTL Blend
(Methane Used for Validation Case)

0.7t01.3

At the Center of the Vessel
40

0.0001

0.5
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Table 18. Solution Initialization

Parameter Type (or Value)
Solution Scheme Coupled
Solution Initialization Standard

Initial Pressure (atm) 1

Initial Temperature (K) 463

Integral Length Scale, Lt (mm) 20

Reaction Progress Variable, C at
t=0s

Time Step Size (s)
Number of Time Steps

Maximum lIterations/Time Step

Zero (at All Zones)

0.00025
120
25
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5.6 Model Validation

The case of cylindrical combustion vessels is considered to demonstrate the validity
of using the Zimont TFC model to predict turbulent flame propagation. In this
validation, turbulent flame speeds are computed for a fully premixed methane-air
mixture and compared to the experimental ones found in the work of Ravi [11]. The
numerical scheme followed to perform the Computational Fluid Dynamics (CFD)
calculations is described in subsection 5.6.1. After that, the validation results are

presented in subsection 5.6.2 by conducting a grid independence study.

5.6.1 CFD Solution Method

Turbulent flame speeds experiments performed for methane-air mixture using Texas
A&M vessel [11] are used to compare with CFD results. The experiment's
geometrical specifications and operating conditions are listed in Table 15, and the
solver details were listed in Table 17 in Section 5.5. Tetrahedral, quasi-equidistant
elements have been used to mesh the computational domain, using an adaptive size
function, where each element has a size of 2mm. A total number of 2.8 million cells
were used to build up the computational mesh domain. Burned and unburned density,
thermal conductivity, specific heat, molecular weight, viscosity, and laminar flame
speeds have been formulated as constants in ANSY'S Fluent. The Laminar flame
speed readings at the corresponding equivalence ratios have been extracted from the
same experimental work [11]. A spark plug with a 40mJ energy is placed in the center

of the combustion vessel to ensure the ignition of the flammable mixture, where the
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flame kernel initiates and starts to propagate spherically in all directions [185]. The

experiment was conducted under atmospheric pressure at an initial temperature of

298K. Turbulent kinetic energies and turbulent dissipation rates at the corresponding

turbulence intensities were obtained using Equations (100) and (101), respectively.

Table 19 summarizes all the test points used in this validation case.

Table 19. Turbulence Initial Conditions for the Validation Case

Turbulence Intensity,

Turbulent Kinetic Energy, k Turbulence

u’ (m?/s?) Dissipation Rate, £
(mfs) (m?/s3)

0.85 1.08 8.42

0.90 1.22 9.99

1.00 1.50 13.70

1.10 1.82 18.24

1.20 2.16 23.68

1.30 2.54 30.11
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5.6.2 Validation Results

The methodology followed to validate the model and present the results comprises a

grid independence study, a time-step independence study and finally, the correct grid

and time step sizes were used to conduct the full-validation study. For this case, three

structured grids of different mesh sizes, each with tetrahedral cells, were used to

perform the mesh sensitivity study in the proposed geometry. Table 20 summarizes

all the details of Grid I, 11, and III.

Table 20. Grids Used to Perform the Mesh Sensitivity Study for the Validation Case.

Grid Element No# No# u (m/s)
No. Size Elements Nodes

(mm) 085 090 100 110 120 1.30

St (cm/s)

I 3.00 1136343 213452 436 528 589 66.0 79.0 108.0
% & 3.9 101 65 45 18 04
1 2.00 2793222 518912 422 512 580 656 789 1079
% & 04 6.7 4.9 3.7 20 0.3
11 1.00 17702581 3164221 42.1 511 578 655 788 107.8
% & 02 66 45 36 20 03
Experimental [14] 420 48.0 553 63.2 805 107.6
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Turbulent flame speed results at different turbulence intensities are shown in Figures
46(a-c). The results indicate that Grid | gives mesh independence only at high
turbulence intensities (u” > 1.0 m/s). However, at lower turbulence intensities, Grid |
fails to capture the precise value of the turbulence flame speed. On the other hand,
Grid 11 is sufficient to give a grid-independent solution at all turbulence intensities
with an average relative error percentage of 3%. According to Zimont's turbulent
diffusion theory [161], the flame brush thickness becomes thinner at low u” levels.
Consequently, more flame grid points are required to resolve the flame. As u’
increases, the thickness of the flame brush becomes thicker; thus, the flame can be
resolved using the same grid size. As Grid Il provides a grid-independent solution, it

can be further used to conduct a time-step independence analysis.

Three different time step sizes have been used to demonstrate a time-step independent
solution (At=2.5*%10-4 s, 1.5*10-4 s, and 5.0*10-5 s). As seen from the plot in Figure
46(b), the results are independent of all the used time step sizes, which indicates that
the use of a time-step At=2.5%10-4 s is fine enough for achieving a converged and
stable solution. Based on this conclusion, a grid size of 2mm and a time step of

At=2.5*%10-4 s will be used in the coming full validation.

The study of the flame ignition region located at the vessel's center, which is
identified by the small transition radius (rmax), is an important parameter when
performing premixed turbulent combustion calculations. This can be interpreted by
the large augmentation of the flame speed at high values of rmax. Subsequently,

calculations with various sizes of rmax were carried out to confirm if the computed
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results were responsive to fluctuations in the transition radius size. Turbulent flame
speeds at three different values of rmax were computed, as shown in Figure 46(c). It
can be clearly noticed that the results are independent of all the used transition radius

sizes, which indicates that the use of rmax=0.5mm is fine enough to reach a converged

solution.
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Figure 46. (a) grid independence results for the validation case, (b) time-step

independence results for the validation case, (c) final geometry validation results

using different ignition region sizes
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CHAPTER 6. RESULTS AND DISCUSSIONS

This chapter presents the experimental (Section 6.1) and CFD (Section 6.2)
results of turbulent flame studies conducted on the three investigated liquid fuel
blends (diesel, pure GTL, 50/50 diesel-GTL blend), and compare between them in

Section 6.3.

6.1 Experimental Results

The experimental results are presented in four categories after discussing laminar
flames speed (S)) results used for validation in subsection 6.1.1. These four categories
are presented in the corresponding subsection as follows: (6.1.2) flame propagation
visualization, (6.1.3) pressure-time diagram, (6.1.4) maximum pressure rise rate

(dp/dt), and (6.1.5) turbulent flame speeds (St) results.

6.1.1 Laminar Flames Speed (S) Results and Validation

Laminar flame speeds (Si) experiments were conducted following the experimental
procedures explained in Section 4.6. Sy was calculated from the pressure versus time
records using the correlation of Lewis and VVon Elbe in Equations (4-8) [180]. After
that, the results were compared with those of Samim [5] at the same operating
conditions. At each condition, the measurement has been repeated three times to
ensure the repeatability of the results. In addition, the mean value (M), the standard
deviation (o), and the Standard Error of Mean (SEM) were calculated and tabulated in

Appendix F to study the dispersion of points around the mean. Figure 47 shows the
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present work Sy measurements, compared with those of Samim [5] using the same

combustion bomb.

S0
20 -
7 70 -
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Figure 47. Laminar flame speed results used for validation

It can be observed that the values of laminar flame speeds for the present work are
almost matching those obtained by Samim [5]. The relative error percentage for all the
values is less than 3.0%, which indicates that the results obtained from this test rig are
highly reliable and precise. This point could be emphasized by further looking at the
statistics obtained by the repeatability test in Appendix F, in which the maximum
percentage of SEM was 0.53% (at @=0.8). The slight variations between the readings

of the two works can be attributed to a set of different factors. The number of crevices
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and the amount of air leakage between the two experiments employ as major factors in
this interpretation. In addition, some measuring devices such as the oxygen sensor and
the pressure transducer have been renewed, and those have different measurement
uncertainties compared to those used by Samim [5]. Moreover, each experiment has
used a unique fuel injection method, affecting the precision of the desired equivalence

ratio.

6.1.2 Flame Propagation Visualization

Although the present study relies on pressure signals to measure the turbulent flame
speeds of the three tested fuels (diesel, GTL, 50/50 diesel-GTL blend), it is also
feasible to use high-speed imaging to visually track the flame propagation through
different growth stages. Therefore, the steel cover has been replaced by an optical
quartz glass window for flame visualization. The present work used a video camera
that captures 1000 frames per second to track the premixed GTL-air flame
development between zero to 50ms at Ti= 190°C, @=1.0, and u'=3.0m/s, as shown in

Figure 48.
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t=10ms

t=15ms
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t=45ms {=50ms

Figure 48. Representative images for GTL-air premixed flame propagation from t=0
to t=50ms at T; =190°C, @=1.0 and u'=3.0m/s

Figure 48 shows a sequence of eleven images, each captured at a specific instant with
a time step of 5ms separating each two consecutive images. Those images could
represent the entire combustion process starting from flame kernel initiation at t=0,
then passing through the full development of the flame brush at t=25ms, and finally
producing the combustion exhaust gases (t=30ms to t=45ms) and ending with the
complete decay at t=50ms. After the spark generation at t=0, the GTL-air premixed
flame was characterized by a dark brown color at image sequence number 2, which
has evenly spread towards the combustion bomb surface. The dark brown premixed
flame starts to become brighter (image sequence number 3) gradually and is
distinguished with an orange color (image sequence number 4) as the concentration of
oxygen increases in the visualized field by the effect of turbulence generated by the
four mixing fans [90]. At t=20ms (image sequence number 5), the brightness of the

flame's natural luminosity increases, and the flame is characterized by a light orange
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color with multiple distributed yellow spots. The brightness of the flame is identified
by the flame temperature and soot incandescence [86]. Therefore, at t=25ms (image
sequence number 6), the majority of the bright regions have been occupied by the
high-temperature diffusion flame, with the appearance of soot clouds in multiple
spots, characterized by stronger radiation compared to those in image sequence
number 5. The emergence of more soot clouds in image sequence number 6 causes
the premixed flame to appear in a brighter color, and it is also used to indicate the
completeness of combustion. At this instant (t=25ms), the combustion peak pressure
and temperature are reached, which causes the heat release rate to be the highest [86].
This observation can be emphasized by looking at the pressure-time combustion wave
in Figure 49 in subsection 6.1.3. After the end of combustion (image sequence
numbers 7 to 10), the oxygen and fuel volume fractions are completely consumed,
and the exhaust gases such as CO2, NOy, and others are produced, which are
evacuated from the bomb using a vacuum pump before starting the following
experiment. After each set of experiments, the internal surface of the bomb, the fans,
the fuel injector, and the heaters are all flushed with compressed air, cleaned with
pure water, and then polished with a degreaser to remove any dispersed fuel
contaminants at these surfaces. In addition, the optical window is cleaned with
suitable detergent to maintain it transparent for high-quality flame imaging and
visualization. Subsequently, this ensures the successful ignition and operation at the

desired equivalence ratio.
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6.1.3 Pressure-Time Diagram

Figure 49 shows the pressure-time combustion wave for stoichiometric diesel, GTL,

and 50/50 diesel-GTL blend at u™=3.0m/s.

==Diesel
—GTL
50-50 Blend

0 5 10 15 20 25 30 35 40 45 50
t (ms)

Figure 49. Comparison of the pressure-time combustion waves for stoichiometric
diesel, GTL, and 50/50 diesel-GTL blend at u'=3.0m/s

The investigation of the combustion characteristics of the tested fuel relies to a large
extent on the analysis of this chart type, which also represents the actual scenario of
the diesel auto-ignition phenomenon that takes place in real automotive diesel

engines. Generally, a lower peak pressure indicates better air-fuel mixing due to less

burned fuel in the premixed phase combustion process [9]. As observed, the pressure
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at the ignition instant is almost around eight times the initial pressure, and higher
values of around ten to twelve times were noticed in cases of lower turbulence
intensities (u'< 3.0m/s). This observation emphasizes the role that the turbulence
level plays in accelerating the process of air-fuel mixing, which results in lower peak
pressure, and thus a higher turbulent flame speed. The same conclusion has been
derived in the work of References [9], [15]. Another observation from Figure 49 is
the very short ignition duration down to the order of a tenth of milliseconds, where a
short delay in the fuel-air mixing causes the ignition to be delayed (ignition delay),
causing more heat to be released and more particulate matters, Nitrogen oxides
(NOxy), and soot to be formulated in the exhaust products. In this context, the
combustion properties of the fuel used can contribute to a significant increase in
lowering the combustion peak pressure, which can thus enhance the engine
performance and lower the exhaust emissions. Fuel properties such as density,
kinematic viscosity, hydrocarbons and oxygen content, cetane number and energy
content are all factors that influence the combustion peak pressure, and the maximum
pressure rise rate. Although the three tested fuels have the same hydrocarbons content
(H/C ratio), however GTL fuel is characterized by a lower kinematic viscosity and
density compared to diesel and 50/50 diesel-GTL blend, therefore enhancing the fuel
atomization process, and accelerating the flame propagation throughout the unburned
mixture (e.g.: higher turbulent flame speed) [186]. The use of GTL fuel and the 50/50
blend has decreased the combustion peak pressure by 8.9% and 4.9%, respectively

compared to diesel at stoichiometry. Other factors that can also affect the magnitude
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of peak pressure are the fuel cetane number, the spark energy, the equivalence ratio,

and the turbulence intensity level.

6.1.4 Maximum Pressure Rise Rate (dp/dt)

The relation between the maximum pressure rise rate and turbulence intensity for the

three tested fuels at varying equivalence ratios is shown in Figure 50(a-c).
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Figure 50. The maximum pressure rise rate (dp/dt) versus turbulence intensity (u’)
for the three fuels at: (a) @=0.7, (b) @ =1.0, (c) ®=1.3
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Values for dp/dt were obtained from the pressure transducer measurements by central
differencing seven closely spaced time intervals. Typically, a higher dp/dt indicates
that the flame propagates faster through the unburned mixture, and the combustion is
more efficient. In addition, it is a direct indication of the ignition delay for the
injected fuel, such that the ignition becomes faster when dp/dt becomes higher. It can
be observed from Figures 50(a-c) that the values of dp/dt increase with uat all
equivalence ratios, which emphasizes the role that the turbulence plays in enhancing
the air-fuel mixing process during the premixed phase through better evaporation,
penetration, and atomization of the mixture. This conclusion can be further proved
by referring to the work of Reference [9]. In Figures 50(a, b), dp/dt values were
higher for GTL fuel than other fuels. This can be interpreted by referring to the
properties of the selected fuels. Since GTL fuel is characterized by the lowest
kinematic viscosity and the highest cetane number, this has caused dp/dt to be higher
and the flame propagation to be faster. At these two conditions, the use of GTL fuel
and the 50/50 blend has increased dp/dt by around 6.3% and 3.0%, respectively,
compared to diesel fuel. In contrast, at @=1.3 in Figure 50(c), diesel fuel was
characterized by the highest values of dp/dt compared to other fuels. The effect of
Lewis number (Le) on flame leading edge propagation can interpret this trend [11]. At
rich operating conditions, Le < 1.0 for diesel fuel, and Le > 1.0 for GTL and the 50/50
diesel-GTL blend. As a result, the flame's mean strain rate and mean curvature at the
flame front are positive, increasing flamelet surface area and accelerating flame
propagation through the unburned air-fuel mixture. Therefore, the diesel-air mixture

is burned faster than other selected mixtures, which causes dp/dt to be higher and the
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ignition delay to be shorter. In addition, it can be noticed from Figures 50(a-c) that
the 50/50 diesel-GTL blend exhibits an intermediate behavior between GTL and

diesel fuels at all the equivalence ratios.

6.1.5 Turbulent Flame Speeds (St)-Experimental

Turbulent flame speeds of the three liquid fuel blends were experimentally
investigated at different equivalence ratios (8=0.7 to 1.3) and turbulence intensities
(u=0.5m/s to 3.0 m/s), and the results are presented in tables in Appendix G and

plotted in Figure 51(a-c).
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Figure 51. Turbulent flame speeds versus equivalence ratios at different turbulence
intensities and Ti = 463K for: (a) diesel, (b) GTL, (c) 50/50 diesel-GTL blend
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It can be clearly noticed that all the curves are “bell-shaped” where the laminar or
turbulent flame speed peaks at near-stoichiometric condition (&=1.1) and falls when
the mixture becomes leaner or richer. Furthermore, at all equivalence ratios, the steep
increment in turbulence intensity augments turbulent flame speeds to higher values.
Figure 52(a-c) shows the effect of varying the equivalence ratio on the turbulent
flame speeds of the three hydrocarbon fuels at three different turbulence intensity

levels (u'=0.5m/s, u'=1.5m/s, and u"=3.0m/s).
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Figure 52. Turbulent flame speeds versus equivalence ratios for the three fuels at Ti =

463K and: (a) u'=0.5m/s, (b) u'=1.5m/s, (c) u'=3.0m/s
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As observed, increasing the turbulence intensity level causes a remarkable increase in
the turbulent flame speeds for all the fuels. S; increases roughly linearly with u’/S
(low turbulence region), then levels off (bending region), and finally decreases again
as it approaches the quenching limit [187]. Also, it can be observed from Figures
49(a-c) that the turbulent flame speeds of lean GTL fuel are higher than lean diesel
and lean 50/50 diesel-GTL blend, while diesel being the lowest. In contrast, rich
diesel is characterized by a higher turbulent flame speed when compared to rich GTL
and rich 50/50 diesel-GTL blends. The effect of Le on turbulent flame speeds is used
to interpret these trends. Le defines the ratio between the combustible mixture’s
thermal and mass diffusivity [11]. Non-unity Lewis number can have a negative or
positive impact on the rate of local burning. The local burning velocity

reduces (enhances) when Le > 1 (Le < 1) due to an increase (reduction) heat release in
the positively curved flamelets [188]. When Le < 1, the mean curvature and mean
strain rate become positive at the flame front. Subsequently, the propensity of finding
positively stretched, curved flamelets (convex to the direction of unburned gas)
becomes higher for premixed turbulent reacting flow. Turbulent eddies stretch the
laminar flametlets, causing a significant variation in the local burning rate. As a
result, for mixtures characterized by Le < 1, an increase in the flamelet surface area

and the local burning rate cause turbulent flame speeds to increase [11].

These impacts interpret the higher St values for lean GTL (or rich diesel), which are
characterized by Le < 1. Similar trends have also been documented by [62], [189].

The use of GTL fuel and the 50/50 blend at u™=0.5m/s (u'=1.5m/s and u =3.0m/s) has
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increased turbulent flame speeds by around 3.6% (5.3% and 2.8%) and 1.9% (2.8%
and 1.4%), respectively compared to diesel fuel at equivalence ratios that are less than

1.1 (@< 1.1).

6.2 CFD Results

In this section, CFD results of turbulent flame studies conducted on the three
investigated liquid fuel blends (diesel, pure GTL, 50/50 diesel-GTL blend) using
Zimont model and implemented in RANS approach are presented in four categories;
(6.2.1) mean turbulent kinetic energy balance, (6.2.2) flame radius evolution, (6.2.3)
turbulent flame speeds (St) and (6.2.4) dimensionless numbers for turbulent
combustion. The mixture properties and the laminar flame parameters were estimated
using GASEQ [190] and PREMIX calculations from CHEMKIN-PRO [191]. Mixture
properties such as burned and unburned density, thermal conductivity, specific heat,
molecular weight, viscosity, and laminar flame speeds have been formulated as
constants in ANSYS Fluent. Table 21 lists the major flame parameters related to this
study. In addition, it should be mentioned that the results of this study have been

smoothed and filtered out, allowing the important patterns to stand out.
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Table 21. Properties of the Flames Studied in the Present Work

Fuel Diesel GTL 50/50 Blend
Property ®=0.7
Laminar Flame Speed, Si (cm/s) 42.88 55.88 50.43
Laminar Flame Thickness, d;(cm)  0.047 0.042 0.043
Density Ratio, o 0.232 0.226 0.229
Reynolds Number, Re 480.2 519.0 513.2
Lewis number, Le 1.204 0.988 1.096
®=1.0
Laminar Flame Speed, Sj (cm/s) 80.24 85.49 81.55
Laminar Flame Thickness, di(cm)  0.034 0.033 0.033
Density Ratio, o 0.194 0.186 0.190
Reynolds Number, Re 5714 528.0 534.5
Lewis number, Le 1.039 0.985 1.012
®=1.3
Laminar Flame Speed, S; (cm/s) 78.78 82.17 79.04
Laminar Flame Thickness, di(cm)  0.027 0.030 0.029
Density Ratio, o 0.201 0.210 0.206
Reynolds Number, Re 406.9 392.5 398.4
Lewis number, Le 0.947 1.138 1.042

The simulation has been conducted under atmospheric pressure at an initial

temperature of 463K. Turbulence intensities were varied by changing the fan’s

speeds. Turbulent kinetic energies and turbulent dissipation rates at the corresponding

turbulence intensities were obtained using Equations (100) and (101), respectively.

Table 22 lists all the turbulence initial conditions used in the present numerical study.
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Table 22. Turbulence Initial Conditions used in CFD Simulation

Turbulence Turbulent Kinetic Turbulence Dissipation
Intensity, u’(m/s) Energy, k (m?/s?) Rate, £ (m?/s®)

0.50 0.38 2.31

1.00 1.50 18.50

1.50 3.38 62.40

2.00 6.00 148.00

2.50 9.38 289.10

3.00 13.50 499.50

6.2.1 Mean Turbulent Kinetic Energy Balance

The objective of studying the mean turbulent kinetic energy balance; is to show how
the turbulence generated in the fan’s region is transferred to the vessel's center.
Turbulence is characterized by its dissipative nature, in which the flow’s turbulent
kinetic energy is converted into internal energy due to eddy viscosity, which is also
explained by the energy cascade theorem [192]. The mean turbulent Kinetic energy is
a relevant quantity used to characterize the turbulence inside the vessel in terms of
dissipation, production, and transport. In addition, studying this quantity ensures the
existence of HIT condition in the center of the vessel. Besides, analyzing the attitude
of this quantity before ignition assists in selecting a suitable flame radius at which the
computational results will be obtained [193]. The mean turbulent kinetic energy and
turbulent eddy viscosity are plotted against the vessel’s radius (r) at u'=3.0m/s and

@=1.0, as shown in Figure 53. The mean turbulent kinetic energy balance has been
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conducted at u'=3.0m/s rather than other turbulence intensities to ensure the existence

of HIT condition at the center of the vessel up to the maximum operating turbulence

level.
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Figure 53. Mean turbulent kinetic energy and turbulent eddy viscosity throughout the

combustion vessel up to r =12cm, at u'=3.0m/s and ®=1.0

It can be clearly noticed that both quantities reach their maximum value near the
mixing fans (e.g., at higher turbulence intensities) and start to gradually decrease until
reaching their minimum value at the center point of the vessel. Also, it can be
observed that the value of these quantities remains almost constant up to a vessel

radius of around 5¢cm, which indicates that the turbulent flow field is homogeneous
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(e.g., the flow is unaffected by a dislocation in the coordinate system). In addition, the
CFD turbulent kinetic energy contour indicates that the flow field is isotropic
(invariant to coordinate system reflections or rotation). The x and y velocity
magnitudes were found to be similar in the central region of the vessel, as shown in
the CFD velocity contour, which further confirms the isotropy of the turbulent flow
field. Furthermore, it can be observed from the plot in Figure 53 that the turbulent
eddy viscosity is close to zero at the vessel’s central region, which indicates that the
turbulence is uniform at the area of kernel development. Therefore, satisfying the HIT
condition in the center of the vessel with a mean velocity (U= zero < 0.1u'=1.35m/s),
which confirms that turbulence is not convicted. However, it diffuses towards the
vessel center from the fan’s region [194]. According to Reference [50], it is important
to determine the turbulent flame speeds at a flame radius (reference point) where the
flame has left the ignition region and is only affected by a small portion of the
turbulent velocity field. Consequently, the turbulent flame speeds are computed in
this dissertation at a flame radius equal to 6¢cm. In addition, it should be noticed that a
full CFD domain is used for showing the simulation contours rather than a slice of it,
to ensure that the outwardly propagating flame has grown evenly and uniformly in all

the directions.

6.2.2 Flame Radius Evolution

A sequence of frames for the flame radius evolution of stoichiometric GTL-air

mixture at latm and u'=3.0m/s is presented in Figure 54.
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Figure 54. Flame radius evolution for stoichiometric GTL-air mixture at latm, Ti =
463K and u'=3.0m/s

The developing kernel is exposed to an increasing spectrum of turbulence velocity
scales as the flame grows and approaches the fans region, thus the propagation rate
increases. Before ignition, the turbulence was homogeneous and isotropic with an
intensity level of u'=3.0m/s and a reaction progress C=0 in all the vessel’s domains.
Just after ignition, the surface of the flame is relatively smooth (except of some
distortions caused by the sparks), and it is “laminar-like” [19]. As the flame develops,
the surface of the flame becomes progressively wrinkled, on which the flame surface
area, the flame thickness, and the burning rate all increase. For the laminar cases (t <

25ms), the flame radius develops linearly with time (e.g., flame acceleration is zero).
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However, for turbulent cases (t > 25ms), the radius grows rapidly and non-linearly
with time. In addition, the flame brush is thickening as the flame develops, while
having islands of burned gases inside it (C=1 in CFD color bar) and islands of
unburned gases outside it (C=0 in CFD color bar) [105]. As a result, spherically
expanding flame vessels are utilized to measure turbulent flame speeds throughout a
broad range of turbulence intensity levels by referring to the flame radius evolution
history. According to the Zimont TFC model [25], the mean flame front is assumed as
a circle whose center is at the centroid of the flame. Similar trends for the flames
radius evolutions were obtained at other equivalence ratios. However, the propagation
speeds were slightly different. Figure 55(a-c) compare the flame radius evolution for

diesel, GTL, 50/50 diesel-GTL blend at ©=0.7, 1.0 and 1.3, respectively.
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Figure 55. Flame radius evolution for diesel, GTL, 50/50 diesel-GTL blend at: (a)

®=0.7, (b) =10, (c) P=1.3
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It can be clearly noticed from Figure 55(a-c) that the flame radius evolution for the
lean mixtures (©=0.7) is the slowest. In contrast, the fastest radius evolution is

depicted at the stoichiometric condition for all the fuels. According to Reference [11],

the unburned to burned density ratio (o = ’;—“) has a monotonic behavior with the
b

equivalence ratio, where the minimum value occurs at stoichiometric (©=1.0)
condition for all tested fuels. Furthermore, when compared to fuel-rich conditions, the
density ratio for lean mixtures is higher. The local burning rate for stretched flamelets
(the portion of stretched laminar flame through the turbulent flow field) is
substantially increased as ¢ decreases, resulting in a faster flame radius evolution (and
hence a higher burning velocity). As observed in Figure 55(a), lean GTL fuel is
characterized by the fastest flame radius development due to its lowest density ratio
(0 = 0.226 for GTL, 0.229 for 50/50 diesel-GTL blend, 0.232 for diesel). However,
for the fuel-rich case (#=1.3) in Figure 55(c), diesel is characterized by the fastest
flame development due to its lowest density ratio (¢ = 0.201 for diesel, 0.206 for
50/50 diesel-GTL blend, and 0.210 for GTL). In all three cases, it can be noticed that
the 50/50 diesel-GTL blend exhibits an intermediate behavior between diesel and
GTL fuels. In addition, it should be noticed how the behavior of the flame starts to
change from linear (laminar) to non-linear (turbulent) as the flame radius exceeds

5cm.

6.2.3 Turbulent Flame Speeds (Si)-CFD

Turbulent flame speeds of the three liquid fuel blends were computed at different

equivalence ratios (4=0.7 to 1.3) and turbulence intensities (u'=0.5m/s to 3.0 m/s) as
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shown in Figure 56(a-c). In addition, the laminar flame speeds were computed using
the CFD solver using a laminar flame mode, and the numerical results were plotted
versus the experimental ones [10]. The raw, filtered, and preprocessed data associated
with the premixed turbulent combustion of the three fuels were imported from
ANSYS Fluent and then listed on filtered tables for ease of accessibility. A full
description of these datasets can be found in Reference [195], and MS Excel datasets
can be accessed through the following Mendeley data link repository:

http://dx.doi.org/10.17632/ts2jd8zc9r.3
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Figure 56. Turbulent flame speeds versus equivalence ratios at different turbulence
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It can be clearly noticed that the laminar flame speeds readings computed by CFD
solver are remarkably close to the experimental ones, where the relative error
percentage was found to be less than 4% at all the equivalence ratios. Third order least
square fits were used to plot the turbulent flame speeds curves through each set of
numerical data with a maximum standard deviation of +1.1 cm/s. As noticed, the
laminar or turbulent flame speed peaks at near-stoichiometric conditions (#=1.1) and
diminishes as the mixture becomes leaner or richer. Furthermore, at all equivalence
ratios, the steady increase in turbulence intensity results in an increase in turbulent
flame speeds. Figure 57(a-c) show the effect of changing the equivalence ratio on the
turbulent flame speeds of the three hydrocarbon fuels at three different turbulence

intensity levels (u'=0.5m/s, u'=1.5m/s, and u'=3.0m/s).
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Figure 57. Turbulent flame speeds versus equivalence ratio for the three fuels at: (a)

u'=0.5m/s, (b) u'=1.5m/s, (c) u'=3.0m/s
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It is prevalent that higher levels of turbulence intensities result in a remarkable
increase in turbulent flame speeds for all the tested fuels. In general, St increases
proportionally with u’/S; in the low turbulence zone, then plateaus (bending region),
and eventually falls as it approaches the quenching limit [187]. Figures 57(a-c) also
show that lean GTL fuel has higher turbulent flame speeds than lean diesel and lean
50/50 diesel-GTL blend, with diesel having the lowest. Rich diesel, on the other
hand, has a faster turbulent flame speed than rich GTL and rich 50/50 diesel-GTL
blends. The effect of Lewis number (Le) on turbulent flame propagation can be used
to interpret these trends. The ratio of a mixture's thermal diffusivity to its mass
diffusivity is defined by the Lewis number [20]. Non-unity Lewis number can have a
negative or positive impact on the rate of local burning. Because of the reduced
(increased) heat loss in the positively curved segments when Le <1 (Le >1), the local
burning rate is enhanced (reduced) [188]. At the flame front leading edge, with Le
<1, the mean curvature and mean strain rate both become positive. As a result, for
premixed turbulent reacting flow, the probability of identifying positively curved,
stretched flamelets (convex towards the direction of unburnt gas) increases. When
turbulent eddies stretch laminar flametlets, the local burning rate differs significantly
from the unstretched laminar flame speed. As a result, for mixtures with Le <1, an
increase in the flamelet surface area, as well as an increase in the local burning rate,
augments turbulent flame speeds [19]. These effects account for the increased
turbulent flame speeds observed in lean GTL (or rich diesel) characterized by Le

<1 (values for Le are listed in Table 21. Similar patterns have been observed by

References [70], [71]. The use of GTL fuel and the 50/50 blend at u™=0.5m/s
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(u'=1.5m/s and u"=3.0m/s) has increased turbulent flame speeds by around 3.8%
(5.3% and 2.4%) and 2.1% (2.2% and 1.3%), respectively compared to diesel fuel at

equivalence ratios less than 1.1 (@ < 1.1).

6.2.4 Dimensionless Numbers for Turbulent Combustion

Reynolds number (Rer) is an important dimensionless quantity used in fluid
mechanics to define the ratio between inertial and viscous forces. Thus, a higher
value of Rer indicates a higher level of turbulence [196]. On the other hand,
Damkohler number (Da) is used in premixed turbulent combustion to define the ratio
between the characteristic eddy time scale and chemical time scale [197]. Typically,
St is proportional to Rer, and it is inversely proportional to Da. Figure 58 shows the
relation between the normalized turbulent flame speeds, turbulent Reynolds
numbers, and Damkohler numbers throughout the vessel radius (0 < r < 12cm) for

stoichiometric GTL fuel at u™=3.0m/s, and t=30ms.

210



120 350000

110 300000

250000

100

L 200000

= g 7
90 | =
= M~ 7
150000
80
1 Q0000
70 50000
1.0
[—pa —ReT —susl
60 0 0.0
0 1 2 3 4 5 6 7 8 9 10 11 12
r(cm)

Figure 58. The relation between the normalized turbulent flame speeds, turbulent
Reynolds number, and Damkohler number throughout the vessel radius (0 < r < 12cm)

for stoichiometric GTL at u'=3.0m/s and t=30ms

It can be observed from Figure 58 that Ret peaks at the center of the vessel. This
region is characterized by the lowest turbulent eddy viscosity and turbulent kinetic
energy (as was indicated in Figure 53), which increases gradually until reaching its
maximum value near the mixing fans. Subsequently, the peak value of Reris found at
the center of the vessel. S¢/S; is proportional to Rer, and this correlation is supported
by the definition of this non-dimensional number, which states that Rer is
proportional to u'/S. Furthermore, the results are consistent with the kinematic
restriction that turbulent flame speeds should equal laminar flame speeds (i.e.,
St/Si—1), as u'—0 (which implies, Rer—0) [72]. Da >1 throughout the flame radius

indicates that the chemistry has dominated the turbulence at all regions with different
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reaction rates, and the flame is propagating towards the vessel’s wall. S¢/S; is inversely
proportional to Da, which is consistent with this dimensionless definition, which
states that Da is inversely proportional to u’/S;. Furthermore, the data support the
kinematic constraint that turbulent flame speeds should equal laminar flame speeds
(i.e., S¥Si—1), as u'—0 (which implies, Da—0) [72]. St/Si has been plotted as a

function of Rerand Da for the three fuels at t=30ms, as illustrated in Figure 59(a, b).

10

S¢Sy
(o}

——Diesel
—GTL

——50-50 Blend

10 30 50 70 90 110 130 (x10°)

212



10
9 a
g - —Diesel
7 - —GTL
w 0T ——50-50 Blend
H—l—b
w5
4 A
3 _
2 i
]. - L s i s L 1 L ! I ! ! L ! | ! L
25 3.0 3.5 4.0 45 5.0
Da
(b)

Figure 59. a) S¢/Si versus Rer, b) Si/Si versus Da for the three fuels at u'=3.0m/s,
@=1.0 and t=30ms

At the same elapsed time (t=30ms), Rerand Da are greater for GTL fuel than diesel
and 50/50 diesel-GTL blend. This indicates that the flame is propagating towards the
vessel’s wall faster in the case of using GTL fuel instead of other fuels. In addition,
the flame radius evolution is quicker, and the chemistry has dominated turbulence in a
shorter time for GTL fuel than other fuels. These observations emphasize the
conclusions reached in Figure 55 and Figure 57, which have revealed that
stoichiometric GTL fuel is characterized by a faster flame radius development and a

higher turbulent flame speed, respectively.
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6.3 Comparison between Experimental and CFD Results

This section compares between the experimental and CFD results in two categories:
(6.3.1) turbulent flame speeds (St) results, (6.3.2) flame morphology in Borghi

diagram.

6.3.1 Turbulent Flame Speeds (Si)-Comparison

Figure 60 compares the experimental turbulent flame speeds measurements and those
numerically computed by Zimont TFC model for GTL fuel at three different

turbulence intensities.
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Figure 60. Comparison of experimental and numerical GTL turbulent flame speeds
results at three consecutive turbulent intensities (u'=1.5m/s, u'=2.0m/s and
u'=2.5m/s)

It can be noticed that CFD results have almost perfectly predicted turbulent flame
speeds (St) at u'=2.0m/s, where the absolute error (£a) percentage was found to be
around 0.65%. However, the CFD model has slightly over-predicted Stat u'=1.5m/s
(ea= 4.1%), and under-predicted St at u'=2.5m/s (¢a= 5.6%). The turbulent flame

brush that expands by the increasing flame wrinkling and local strain rates contains
different isosurfaces. Each is characterized by a reaction progress value (C) that

varies spatially and temporally as the spherical flame propagates outwardly. For St to
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be properly compared between different methods, all the measurements (and
computations) have to be obtained at the same isosurface [15]. In this work, St results
were numerically computed at a flame radius that equals 6cm (ri=6cm). At this
location, St values were found to become more stable as the flame has left the ignition
region and is slightly affected by the turbulence domain [50]. In addition, it was
found that after 30ms of flame propagation at rs =6.0cm, the value of C ranges
between 0.46 at u'=1.5m/s and 0.55 at u'=2.5m/s. However, the correlation used for
obtaining S; experimentally (Equation 94) has constrained that C=0.50 at the
measurement location (radius of equal masses, rm), which was calculated at the
instant that p = 0.5p . The values of S; at u=2.0m/s were closely matching in Figure
60, where r; =6.0cm, and C ~0.50. However, in the other two cases (U =1.5m/s and
u'=2.5m/s), the flame radius (rr) and the reaction progress variable (C) were not
coincident. Hence S; values were not well-predicted by the Zimont TFC model. In
addition, it can be observed from the error bars in Figure 60 that the standard error
becomes higher as the turbulence intensity level increases. This can be referred to the
higher measurement uncertainty depicted at increased u” levels due to vibrational
losses in fan's speeds, as was indicated to in Table 14. These findings suggest that
CFD modelling of S; can be used to predict well the experimental measurements only
within the domains where the experimental correlation and the used numerical model

are not bounded by their constraints.
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6.3.2 Borghi Diagram

Borghi diagram is used in premixed turbulent combustion to indicate the typical

structure of the flame surface [54]. The flame morphologies for stoichiometric GTL

fuel are determined experimentally and by CFD at three different turbulence

intensities, u'=0.5m/s, u'=1.5m/s, and u'=3.0m/s, as shown in Figure 61.
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Figure 61. Determination of stoichiometric GTL fuel combustion regime on Borghi

diagram at three different turbulence intensities, u'=0.5m/s, u'=1.5m/s, and

u'=3.0m/s, as obtained from experiment “x” and CFD solver “0”
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At @=1.0 and u'=0.5m/s, the turbulence intensity is low, i.e., u’/S; < 1, which leads to
a wrinkled flamelet regime. Therefore, the reaction is confined by a highly wrinkled,
thin interface separating burned products from unburned reactants. Commonly, this
structure is referred to as flamelets, which is assumed to have a local structure similar

to that of a stretched laminar flame.

The turbulence intensity is larger than the laminar flame speed in the other two cases
(u'=1.5m/s and u'=3.0m/s), i.e., u’/S; > 1, and the flame structure is described by the
corrugated flamelets regime. The significance of laminar flamelet instabilities is
reduced, and turbulence influences combustion, primarily by increasing the flamelet
surface area [105], [198]. In addition, it can be noticed that the flame morphology

determined on the Borghi diagram using CFD results closely matches with the

experimental measurements with an absolute error percentage (&a) of around 4.9%.
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CHAPTER 7. CONCLUSIONS, RECOMMENDATIONS, AND
FUTURE WORK

Turbulent flame speeds of GTL fuel (and its 50/50 blend with diesel) were
investigated and compared with diesel fuel under a wide range of turbulence
intensities (0.5m/s < u'< 3.0m/s), and equivalence ratios (0.7<@®<1.3) under
atmospheric pressure at an initial temperature of 463K. The experiments were
conducted in an 81.7L fan-stirred cylindrical combustion bomb that operates under
near HIT conditions, with a negligible mean flow (<10% u’) and an integral length
scale, Li=20mm. The homogeneity and isotropy of the turbulence flow field were
verified experimentally using the hotwire anemometer, and the turbulent kinetic
energy balance was numerically studied using the Zimont TFC model. Four axis-
symmetric fans were used to vary the turbulence intensity (u’). A computer-based
Arduino-controlled circuit was used to control the fuel injection amount (e.g., the
equivalence ratio). The turbulent flame speeds of the outwardly propagating GTL
flame were measured using a 35XHTC piezo resistive pressure transducer, and the
flame propagation was visually tracked using high-speed imaging. The experimental
findings were verified and broadened using the Zimont TFC numerical model, which
was adapted and implemented into ANSYS Fluent through a Reynolds Averaged
Navier-Stokes (RANS) approach to study the influence of turbulence on GTL
premixed combustion. The main findings and observations of the present study were

as follows:
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(i)

(i)

(iii)

(iv)

The turbulent kinetic energy and eddy viscosity reach their maximum value
near the mixing fans (e.g., at higher turbulence intensities) and start to
gradually decrease until reaching their minimum value at the center point of
the vessel, where it was found that x and y velocities remain almost constant
and identical up to a vessel radius equals to 5¢cm. Subsequently, this

observation indicates the existence of HIT at the center of the bomb.

The use of stoichiometric GTL fuel and 50/50 diesel-GTL blend has decreased
the combustion peak pressure by 8.9% and 4.9%, respectively, compared to
diesel fuel. This can be attributed to the lower density and kinematic viscosity
of GTL fuel (and the 50/50 blend) compared to pure diesel, which enhances
the air-fuel mixture atomization, and thus the combustion efficiency.
Rich diesel and lean GTL fuels were characterized by a faster flame radius
evolution, a higher pressure rise rate (dp/dt), and, thus, higher turbulent flame
speeds. In addition, Lewis number (Le) of those fuels is less than unity, which
enhances the flame-turbulence interaction.
The use of GTL fuel and the 50/50 blend at u™=0.5m/s (u'=1.5m/s and
u'=3.0m/s) has increased turbulent flame speeds by around 3.6% (5.3% and
2.8%) and 1.9% (2.8% and 1.4%), respectively compared to diesel fuel at

equivalence ratios less than 1.1 (& < 1.1).
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(v) At the same elapsed time, turbulent Reynolds numbers (Ret) and Damkohler
numbers (Da) were found to be greater for stoichiometric GTL fuel compared
to diesel fuel and 50/50 diesel-GTL blend, which indicates that the flame
propagates towards the vessel’s wall at a faster rate, and the chemistry has
dominated turbulence in a shorter time.

(vi) At a low turbulence intensity level (u'=0.5m/s), the flame morphology is
defined by a wrinkled flamelet regime in the Borghi diagram. However, at
moderate and higher turbulence levels (u'=1.5m/s and u'=3.0m/s,
respectively), the corrugated flamelets regime defines the flame structure.

(vii) The CFD results were found to be in excellent agreement with the

experimental measurements at u'=2.0m/s, where the absolute error

percentage () was found to be around 0.65%. However, the CFD model has

slightly over-predicted St at u'=1.5m/s (€a= 4.1%), and under-predicted S; at

u'=2.5m/s (¢a= 5.6%). Therefore, it was concluded that CFD modelling of S

can be used to predict well the experimental measurements only within the
domains where the experimental correlation and the used numerical model

are not bounded by their constraints

Further improvements in this work's experimental apparatus and methodologies are
encouraging and are highly recommended for a more comprehensive database.
Although the application of some of these recommendations is a little bit costly, the

study of turbulent flame speed and combustion characteristics of GTL fuel is highly
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demanded in different fields, in addition to validating various numerical codes. Some

of the suggested recommendations for future work are summarized as follows:

(i)

(i)

Although the pressure leakage from the cylindrical bomb was relatively
meager, reducing this leakage through the improvement of sealing can lead to
less uncertainty in the amount of fuel injected into the bomb and improve the

accuracy of the desired equivalence ratio.

Despite the existence of a near homogeneous and isotropic turbulence in the
center of the cylindrical bomb, the alignment of the symmetrically opposed
fans needs some improvement to encounter vibrational stresses at high fan's

rotational speeds.

(iii) The temperature rise rate inside the bomb was slightly slow. Therefore, it is

suggested to use heating coils of higher heating capacities to accelerate the

temperature rise in the future.

(iv) Although the temperature variations inside the bomb were monitored using

v)

thermocouple wires fixed at three different locations, the infrared thermal
imaging camera serves as a more advanced technique for achieving a more
uniform air-fuel mixture inside the bomb before ignition.

In this dissertation, a homogeneous and isotropic field in the center of the bomb
was verified experimentally using the hotwire anemometer. However, the
Particle Image Velocimetry (PIV) technique is more practical for displaying

the uniform spatial map of the velocity field inside the bomb.
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(vi) Itis highly recommended to investigate that the turbulent flame speeds of the
tested fuels at varying initial temperatures and pressures. However, this should
only be conducted after properly inspecting the test rig for safe operation.

(vii) The results and outcomes of this work can be further verified and improved
using other flame speed measurement techniques such as Schlieren Imaging
and other optical measurement techniques. In addition, it is intended to extend
the scope of this study in the future by using OH-Chemiluminescence and
OSCE as an advanced flame visualization tools. Apart from the experimental
work, the implementation of the Zimont TFC model using an LES approach
can serve as a good basis for validating different numerical codes against
experimental results.

(viii) In the future, diesel and GTL fuels can be blended at different volumetric
compositions rather than the tested 50/50 diesel-GTL blend. Subsequently, this
will enhance the understanding of the effect of blending these two fuels at
different compositions. In addition, other biofuels such as corn oil and jojoba
oil can be blended to varying compositions with diesel and GTL fuels, and the
combustion characteristics of these new fuel blends can be compared with pure

diesel.
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APPENDIX A: ARDUINO CODE AND FRITZING CIRCUIT DIAGRAM

Arduino Code

1

2

3 int pumpPin = 18;
4

5 void setup()

v {

7 pinMode (pumpPin, OUTPUT);
8 }

9

1@ void loop()

11 {

12 digitalWrite(pumpPin,HIGH);
13 delay(leee);

14 digitalWrite(pumpPin,LOW);
15 delay(1ee@);

16 }

// pump connected to digital pin

// sets the digital pin as output

// sets the Pump pin on
// waits for a second

// sets the pump pin off
// waits for a second

1@

Fritzing Circuit Diagram

254



APPENDIX B: CALIBRATION CERTIFICATES

PCB Piezotronics Pressure Transucer

CALIBRATION CERTIFICATE
Model: ]
Sectul & L Oete: 7302015
Oescription: Preasire Sensor By: Enc Kachermeyer, Cal Tech
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.t
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1 NET raceabity Swough PCEH contol @ CA 1206

4 This certcate May nok be reproduced, excnpt in Rl wihout wrizen apgroval fom PCE Pezoronics. Ing

“n SPCB PIFZ0TRONICS ———

TALBUATON T #1301 Tl TS G001 Fan: TVESI400AT Bmals asiasBpch com
426 Waldes Avarion, Depow WY 14043
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~ Calibration Certificate ~

Mode! Number: 422635 Customer:
Serlal Number: 43787
Description: Charge Coaverter PO.
Manufacturer: PcB Method :  Comparison Method (AT-119-2)
Calibration Data
Tempersire: 72 *F (2°C) Humidity:  $7%

lnput Parameters :

Frequency 100 Hz Source Capocitsnce 99379 oF
Test Results:
Gaine 0990 wmVAC Bias Volage: 1399  VDC
Condition of Unit
As Found: na
As Left: New unil, in tolerance
Notes

1, Thiis inverting charge smplifice has & fxed gaie, e aod foedbock resissnce.

2, Calibvasion is N.LS.T, traceuble theough PFCH control number QC-214

3, This centificste shall nat be reproduced, exeepd in floll, withawt writien appreval from FCB Plezowonics, loc.

4, Culibestion Is performed im compliance with 150 9001, 1SO 10012-1, ANSUNCSL Z540.3 and 1SO 17023

iM inty (9% confidence kevel with a coversge Bactor of 2) for the sensitivity reading s +4 02 %
6. Sec Masafacturer”s Spect llestion Sheet for 2 detaibed listing of pesformance specificutions

Techniclun: Mark Moorhouse Date: £/9/2015

Due Date:

LIL) SPCB PIEZOTRONICS”

CALIBRATION CERT #1852 01 3025 Walden Avere
Depew, New York  1404)
page 1 of 4 TEL ER8-£44.001) FAX TI6435 1486 mm ILEI2 3506725001 |
- ———
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35XHTC Pressure Transducer

~ RetumedCondiion : INTOLERANCE
~ CalibrationDate  : 12~Jan-2021
~ Calibration Interval  : 12 MONTHS

e 2
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OC-F08

3

Product Code: 0C102101112967838 Number: 1
s
. Test environment
Ambient temperature: _ 25 'C Ambient humidity: 60 %RH
=. Test basis
Factory determined technical conditions
PY. Test method and data
Gas detection | 02 Standard gas 02
. smd"_d. 8 | JoxvoL : — ,?e.'f_“on- i VoL . e :
| concentration ¥ concentration (00 - T
concentration FideE concentration 2] e
| First level ) Secondary
19 5%VOL 23%VOL
| alarm alarm
| response time Detection
L A .”7( time 1 e

d name plate on the surface of instrument shell and parts shall
ondition without defects such as spalling and scar, and the
; >
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Calibration Chart

Substance

Oxygen (O2)

Enerac 700 Gas Analyzer (%O2vol) 215 210 205 200 195

OC-F08 Gas Detector (%02 vol) 215 210 205 200 195

OC-F08 Gas Detector (%0, vol)

N
=
Ul

N
[y

20.5

N
o

195

19

19.5 20 20.5 21 21.5 22
Enerac 700 Gas Analyzer (%0, vol)
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APPENDIX C: EQUIVALENCE RATIO CALCULATIONS

GTL

Moles ) Vuel Mtuel Mfuel

W) alr - ue

0:2% O @ Injeced Injected (q) Evaporaed (A/F)a @

(mol) (mL) (@)
20.2 0.72 98.2 6.0 4.6 4.5 21.8 0.7
20.1 0.71 97.7 7.0 5.4 5.2 18.8 0.8
19.9 0.70 96.8 8.0 6.2 5.9 16.5 0.9
19.8 0.70 96.3 9.0 6.9 6.4 14.9 1.0
19.7 0.70 95.8 10.0 1.7 7.1 135 11
19.6 0.69 95.3 11.0 8.5 7.5 12.4 1.2
19.5 0.69 94.8 12.0 9.2 1.7 11.3 1.3
50/50 Diesel-GTL Blend

Moles Mai Viuel Mtuel Miuel
0:% O & Injeced | ¢ Evaporaed (A/F)a @

(9) Injected (g)

(mol) (mL) Q)
20.2 0.72 98.2 6.0 4.8 4.6 21.6 0.7
20.1 0.71 97.7 7.0 5.5 53 18.6 0.8
19.9 0.70 96.8 8.0 6.3 5.9 16.4 0.9
19.8 0.70 96.3 9.0 7.1 6.5 14.9 1.0
19.7 0.70 95.8 10.0 7.9 7.1 135 11
19.6 0.69 95.3 11.0 8.7 7.6 12.5 1.2
19.5 0.69 94.8 12.0 9.5 8.1 11.8 13
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APPENDIX D: HOTWIRE ANEMOMETER CALIBRATION

Orthogonal Coordinates of the
Measured Points in Centimeters:

0: (0,0)
1: (0.35,0)
2: (0.70,0)
3: (1.05,0)
4: (-0.35,0)
5: (-0.70,0)
6: (-1.05,0)
7: (0,0.35)
8: (0,0.70)
9: (0,1.05)
10: (0,-0.35)
11: (0,-0.70)
12: (0,-1.05)

Average Voltage Readings (in Volts) at Each Point

° 1 2 3 4 5 6 7 8 9 10 11 12
m3/h

3.00 154 | 152 | 149 | 154 | 152 | 149 | 154 | 152 | 149 | 154 | 152 | 1.49
4.00 161 | 159 | 156 | 161 |159 | 156 | 161 |159 | 156 | 161 |1.59 | 1.56
5.00 166 |164 | 161 | 166 |164 | 161 | 166 |1.64 | 161 | 166 |1.64 | 161
6.00 171 | 169 | 166 | 171 |169 | 166 | 171 |1.69 | 166 | 1.71 | 1.69 | 1.66
7.00 177 | 174 | 166 | 1.77 | 1.74 | 166 | 1.77 | 1.74 | 1.66 | 1.77 | 1.74 | 1.66
8.00 183 179 | 174 | 183 (179 | 174 | 183 |1.79 | 174 | 183 |1.79 | 1.74
9.00 191 (186 |1.79 | 191 |186 |1.79 | 191 |1.86 |1.79 | 191 |1.86 |1.79
1000 {201 194 |185|201|194|185|201|194|185|201 194|185
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APPENDIX E: MEASUREMENTS UNCERTAINITIES

®=0.7

u (m/s) St (cm/s) Bst (cm/s) Error %
0.50 70.98 0.65 0.92
1.00 103.16 1.28 1.24
1.50 149.03 2.00 1.34
2.00 202.31 3.07 1.52
2.50 295.90 5.67 1.92
3.00 389.57 8.21 2.11
Mean Error % 151
®=1.3

u (m/s) St(cm/s) Bst (cm/s) Error %
0.50 94.12 1.19 1.26
1.00 126.71 1.99 1.57
1.50 190.48 3.31 1.74
2.00 264.26 5.29 2.00
2.50 351.02 7.93 2.26
3.00 461.72 11.45 2.48
Mean Error % 1.89
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APPENDIX F: LAMINAR FLAME SPEED RESULTS

®=0.7
T nm TUT siems) S e

1 0.457 1.356 8.243 1.065 47.78 49.20 0.86
2 0.456 1.355 8.226 1.066 47.67 49.20 0.89
3 0.457 1.356 8.243 1.066 47.80 49.20 0.74
M 0.457 1.356 8.237 1.066 47.75 49.20 0.83

0=0.07cm/s SEM=0.04%
®=0.8
dri/dt _ _ Si (cm/s)
(mis) ri (m) ro(m)  Tu/Ti Si (cm/s) [10] € (%)

1 0.618 1.577 10.015 1.065 58.44 59.81 1.05
2 0.616 1.575 9.994 1.066 58.32 59.81 0.85
3 0.616 1.575 9.994 1.066 58.50 59.81 0.85
M 0.617 1.576 10.001  1.066 58.42 59.81 0.91
0=0.09cm/s SEM=0.53%
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®=0.9

dri/dt

Si (cm/s)

(m/s) ri (m) rb(m)  TuTi Si (cm/s) [10] € (%)
1 0.682 1.656 10.553  1.065 65.12 67.12 1.45
2 0.681 1.655 10.545 1.066 65.03 67.12 1.48
3 0.681 1.655 10.545 1.066 65.71 67.12 1.48
M 0.681 1.655 10.548 1.066 65.29 67.12 1.47
0=0.37cm/s SEM=10.21%
®=1.0

dri/dt _ _ Si (cm/s) o

(mis) ri (m) ro(m)  Tu/Ti Si (cm/s) [10] € (%)
1 0.760 1.749 11.129 1.065 72.04 73.58 0.63
2 0.764 1.742 11.100 1.066 72.31 73.58 0.99
3 0.763 1.742 11.100 1.066 72.21 73.58 0.86
M 0.763 1.745 11.110 1.066 72.19 73.58 0.82
0=0.14cm/s SEM=0.08%
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®=1.1

dri/dt

Si (cm/s)

(m/s) ri (m) ro(m) TuJTi Si (cm/s) [10] € (%)
1 0843 1.842 11.638 1.065 82.21 83.19 0.03
2 0841 1.840 11.627 1.066 82.09 83.19 0.12
3 0.843 1.842 11.638 1.066 82.01 83.19 0.15
M 0.842 1.841 11.634 1.066 82.10 83.19 0.10
0=0.10cm/s SEM=0.06%
®=1.2

dri/dt _ _ Si (cm/s) o

(m/s) ri (m) ro(m) TuJTi Si (cm/s) [10] € (%)
1 0.835 1.834 11.594 1.065 80.03 81.63 0.85
2 0.833 1.832 11.583 1.066 80.10 81.63 0.70
3 0.833 1.832 11.583 1.066 80.15 81.63 0.70
M 0.834 1.832 11.587 1.066 80.09 81.63 0.75
0=0.06cm/s SEM=0.04%
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®=1.3

dri/dt

Si (cm/s)

(m/s) ri (m) ro(m) TuJTi Si (cm/s) [10] € (%)
1 0.814 1.810 11.469  1.065 79.44 80.52 0.78
2 0.818 1.814 11.492 1.066 79.34 80.52 0.12
3 0.820 1.817 11.504 1.066 79.64 80.52 0.16
M 0.817 1814 11.488 1.066 79.47 80.52 0.35
0=0.15cm/s SEM=0.09%
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APPENDIX G: TURBULENT FLAME SPEED RESULTS

(a) Diesel
®=0.7
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.60 7.09 6.62 6.20 5.63 5.09
St(cm/s)  70.98 103.16 149.03 202.31 280.22 375.73
®=0.8
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 751 7.05 6.56 6.15 5.58 5.05
St(cm/s)  79.18 108.90 160.32 218.91 299.64 401.44
®=10.9
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.44 7.00 6.51 6.09 5.53 5.01
St(cm/s)  87.07 116.23 171.67 237.21 322.10 424.15
®=1.0
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.38 6.96 6.46 6.03 5.49 4.97
St(cm/s)  93.79 122.68 183.75 255.66 340.79 449,74
o=1.1
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.36 6.92 6.42 5.99 5.45 4,93
St(cm/s)  95.65 128.84 194.04 271.60 361.91 478.78
®=1.2
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm(cm)  7.37 6.93 6.42 6.00 5.45 4.94
St(cm/s)  94.90 127.76 192.84 267.88 359.12 470.09
®=1.3
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.38 6.93 6.43 6.01 5.46 4,95

St(cm/s)  94.12 126.71 190.48 264.26 353.67 465.87
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(b) GTL

D=0.7
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s U'=2.5m/s u'=3.0m/s
rm (cm) 7.60 7.09 6.62 6.20 5.59 5.07
St(cm/s)  70.98 103.16 149.03 202.31 295.90 389.57
®=(0.8
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s U'=2.5m/s u'=3.0m/s
rm (cm) 751 7.05 6.56 6.15 5.56 5.03
St(cm/s)  79.18 108.90 160.32 218.91 309.43 414.10
®=0.9
u'=0.5m/s u'=1.0m/s u'=15m/s u'=2.0m/s U'=2.5m/s u'=3.0m/s
rm (cm) 7.44 7.00 6.51 6.09 5.52 4.99
St(cm/s)  87.07 116.23 171.67 237.21 326.57 434.73
®=1.0
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s U'=2.5m/s u'=3.0m/s
rm (cm) 7.38 6.96 6.46 6.03 5.46 4.95
St(cm/s)  93.79 122.68 183.75 255.66 353.67 465.87
d=1.1
u'=0.5m/s u'=1.0m/s u'=15m/s u'=2.0m/s U'=2.5m/s u'=3.0m/s
rm (cm) 7.36 6.92 6.42 5.99 5.43 4,92
St(cm/s)  95.65 128.84 194.04 271.60 370.55 483.26
d=1.2
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s U'=2.5m/s u'=3.0m/s
rm (cm) 7.37 6.93 6.42 6.00 5.46 4.95
St(cm/s)  94.90 127.76 192.84 267.88 356.37 465.87
D=1.3
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.38 6.93 6.43 6.01 5.47 4.95
St(cm/s) 94.12 126.71 190.48 264.26 351.02 461.72
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(c) 50/50 Diesel-GTL Blend

®=0.7
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm(cm)  7.60 7.09 6.62 6.20 5.59 >.08
St(cm/s)  70.98 103.16 149.03 202.31 295.90 381.14
®=0.8
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.51 7.05 6.56 6.15 .56 .04
St(cm/s)  79.18 108.90 160.32 218.91 309.43  407.67
®=10.9
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm(cm)  7.44 7.00 6.51 6.09 5.52 5.00
St (cm/s)  87.07 116.23 171.67 237.21 326.57  429.37
®=1.0
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.38 6.96 6.46 6.03 0.46 4.96
St(cm/s)  93.79 122.68 183.75 255.66 353.67  457.65
®=1.1
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.36 6.92 6.42 5.99 5.43 4.92
St(cm/s)  95.65 128.84 194.04 271.60 370.55 481.01
®=1.2
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.37 6.93 6.42 6.00 5.46 4.94
St(cm/s)  94.90 127.76 192.84 267.88 356.37  467.97
®=1.3
u'=0.5m/s u'=1.0m/s u'=1.5m/s u'=2.0m/s u'=2.5m/s u'=3.0m/s
rm (cm) 7.38 6.93 6.43 6.01 S.47 4.95
St(cm/s)  94.12 126.71 190.48 264.26 351.02 463.78
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