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This work aims to conduct turbulent flame studies of GTL fuel and 50/50 diesel-GTLblend and compare them to
diesel under a wide range of equivalence ratio (0.7 < ® < 1.3) and turbulence intensities (0.5 m/s < u’ < 3.0 m/
s). For this purpose, Zimont Turbulent Flame Speed Closure (Zimont TFC) model is adapted and implemented
into ANSYS Fluent to study the influence of turbulence on premixed combustion. The model is verified against
the experimental results of the turbulent flame speeds for methane-air mixture using a cylindrical fan-stirred
combustion vessel. Results show that (i) rich diesel and lean GTL fuels are characterized by a faster flame
development and higher turbulent flame speeds; (ii) at the same elapsed time, Ret and Da are found to be greater
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'=0.5 m/s), the flame morphology is defined by a wrinkled
flamelet regime in Borghi diagram. However, at moderate and higher turbulence levels (u'=1.5 m/s and u'=3.0
m/s, respectively), the flame structure is defined by the corrugated flamelets regime. Furthermore, the turbu-
lence homogeneity and isotropy have been investigated throughout the combustion vessel by conducting a study

for the turbulent kinetic energy balance.

1. Introduction

The continuous fluctuation in oil prices and the increasing demand
for clean fuels that can replace conventional fuels is a contemporary
challenging issue. In addition, the increasing awareness about the
harmful effect of greenhouse gases has directed the effort of researchers
to find alternative energy resources that can substitute fossil fuels. In the
past few decades, several research studies have been conducted to find
alternative fuels that can enhance the engine performance and reduce
the pollutant emissions at affordable prices [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 the recent years due to its many
advantages [5]. One of these advantages is the clean burning nature of
GTL that enhances the combustion properties when compared to crude-
oil based diesel. Therefore, this fuel can reduce the exhaust emissions to
meet the local and the international environmental regulations (The
Paris Agreement, [6]). Moreover, GTL fuel is free of undesirable com-
ponents such as metals, aromatics, and sulfur, which makes it less
harmful to the environment with no toxicity. Furthermore, it is safer for
storage and handling compared to diesel fuel and it does not have an
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unpleasant smell [7]. According to Shell Company, GTL fuel can reduce
Nitric Oxides emission by 25% and particulate matters emission by
about 38% in comparison to diesel fuel [8]. This conclusion has been
also confirmed by another research [9], which has further demonstrated
that GTL fuel produces lower in-cylinder pressure and less brake specific
fuel consumption. Due to these favorable GTL specifications and ad-
vantages, a systematic research needs to be conducted on the optimum
combustion characteristics of GTL fuel at different operating conditions,
and to determine its suitability for use in internal combustion engines.
Detailed investigations for GTL combustion characteristics has not been
performed yet, and it is essentially required before the start of using this
alternative fuel widely in engines.

One of the experimental configurations that is extensively used to
study the interaction between the flame propagation and turbulent
eddies is the fan-stirred combustion vessel [9,10]. The homogeneous
and isotropic turbulence can be generated inside the vessel using
axisymmetric mixing fans mounted on the vessel’s internal surface. This
setup can be used at different thermodynamic conditions such as
elevated temperatures, pressures, equivalence ratio and turbulence in-
tensities, which are of vital significance for industrial applications
[11,12]. The overall wrinkling rate of the flame surface and the
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Nomenclature

Symbols

C Reaction Progress Variable

Cp Specific Heat at Constant Pressure, kJ/kg.K
Da Damkohler Number

K Thermal Conductivity, W/m.k

Ka Karlovitz Number

k Turbulent Kinetic Energy, m?/s?

Le Lewis number

L Integral Length Scale, m

n Number of Product Species

P, Initial Pressure, atm

Rer Turbulent Reynolds Number

r Vessel Radius, m

o3 Flame Radius, m

I'max Transition Radius, m

Sc Reaction Progress Source Term, kg/m.s
Set Turbulent Schmidt Number

Si Laminar Flame Speed, m/s

St Turbulent Flame Speed, m/s

T, Initial Temperature, K

ty Kolmogorov Turbulence Time Scale, s
f Characteristic Flame Time Scale, s
UMean Velocity, m/s

u’ Turbulence Intensity, m/s

VvC Progress Variable Gradient

Y; Mass Fraction of Product Species, i

Yi, eq Equilibrium Mass Fraction of Product Species, i
Greek letters

o Thermal Diffusivity, m?/s

A Filter Size, m

At Time Step Size, s

8 Laminar Flame Thickness, m

8¢ Turbulent Flame Brush Thickness, m
€ Turbulence Dissipation Rate, m?/s®
u Dynamic Viscosity, N.s/m?

Db Burned Mixture Density, kg/m?

Pu Unburned Mixture Density, kg/m>
) Flame Surface Density, m

c Density Ratio

Te Chemical Time Scale, s

T Turbulence Time Scale, s

v Kinematic viscosity, m?%/s

vy Kolmogorov velocity, m/s

(0] Equivalence Ratio

Abbreviations

CFD Computational Fluid Dynamics
FSD Flame Surface Density

GTL Gas to Liquids

HIT Homogeneous and Isotropic Turbulence
ID Internal Diameter

IL Internal Length

ISP Intermediate Steady Propagation
LES Large Eddy Simulation

oD Outer Diameter

RANS Reynolds Average Navier-Stokes
RMS Root Mean Square

SGSF Sub-Grid Scalar Flux

TFC Turbulent Flame Speed Closure

turbulent burning velocity are highly dependent on the existing turbu-
lence characteristics, such as the turbulent length scale, L; and the tur-
bulence intensity, u'. The initial flame kernel is small when compared to
the integral length scale, and therefore it is not exposed to the full
spectrum of turbulence during the early stage of flame development
after ignition and it 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, a deep characterization of the turbulent flow is consid-
ered as a prerequisite to understand and analyze the flame-turbulence
interaction within this setup. Although many researchers have experi-
mentally used this setup to study the turbulent flow field, for example
[13-22], 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 [23]. Hence, well verified and validated 3-D numer-
ical simulations can bridge this gap.

There are several combustion models found in the literature, which
are used primarily for modelling reactive flow behavior. One of these
widely-used computational models for studying premixed turbulent
combustion at high Reynolds numbers is the Zimont Turbulent Flame
Speed Closure (TFC) model available in ANSYS Fluent, and implemented
using the pressure-based solver algorithm [24,25]. In this model, the
combustion process is described by a single transport equation (C-
equation) for a progress variable C; turbulent closure for the progress
variable’s source term that depends on a model parameter used for
turbulent flame speed computation. Particularly, phenomena like
wrinkling, thickening, and straining of the flame front by the turbulent
flow field are considered, resulting in a closed form expression of the
turbulent flame speed, which involves critical gradient of the laminar

flame thickness and speed, fluctuation intensity and the local turbulent
length scale. This closure approach is very elegant and efficient, as it
requires only one more transport equation compared to non-reacting
flow case, in addition to excluding any costly evaluation of the chemi-
cal source terms or integration over probability density functions [26].

The TFC model has been implemented in a finite-volume-based fluid
dynamics code and then validated against experimental data obtained
from a large-scale gas turbine burner stand [25]. 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 [25]. The FSD model should satisfy
the realizability requirement that the flame surface density (£) must be
always equal to or larger than the progress variable gradient (VC),
however this criterion is not satisfied at all flow conditions. Moreover,
this model requires that the modelled local flame thickness has a size in
the order of the filer size (A) to resolve the shape of the turbulent brush
profile, i.e. a minimum number of computational grid points is numer-
ically required within the modelled flame thickness, which raises the
computational cost of the problem [27] . On the other hand, the use of
SGSF model is found to have anisotropy and numerical instabilities
when predicting the kinetic energy and scalar variance for wall bounded
flows [28]. The use of Zimont model overcomes these difficulties, which
makes it extremely interesting and suitable for applications of large
three-dimensional, complicated geometries [29]. Besides, the Zimont
TFC model has been validated for use in different configurations e.g.,
stationary flames [30], highly turbulent confined bluff-body flame [31],
Bunsen flame [32] , turbulent V-flames [33], statistically spherical
expanding flames in a fan-stirred vessel [34,35]and swirling premixed
turbulent flames [36,37]. Some of these cases have been implemented
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Table 1
Properties of diesel, GTL and 50/50 diesel-GTL blend [9]

Properties Diesel GTL 50/50 Diesel-GTL
Blend

H/C Ratio 2.125 2.1-2.15 2.138

Approx. Formula Ci16Hag Ci6Hag Ci6H3g

Density at 15 °C (Kg/m?) 866 760 813

Flash Point (°C) 55 77 66

Cetane No. 55 70 62.5

Calorific Value (MJ/kg) 44.3 47.3 45.8

Viscosity at 40 °C (mm?/s) 5.2 2.0 3.6

Distillation Temperature 190-200 190 195

°0)

using Large Eddy Simulation (LES) approach [38-41], while other have
been performed using Reynolds Average Navier-Stokes (RANS)
approach [42-44]. Furthermore, the model has been used with different
fuels e.g., propane/butane [45], methane [46-48], and hydrogen [49].

Zimont TFC model was developed in 1979, and it can be imple-
mented through a RANS or LES approach as mentioned above [50]. In
order to effectively account for the turbulent viscosity, turbulence
dissipation rate, vorticity and the chaotic behavior in the turbulent flow
field, a realizable k- € model is used in this research study to obtain the
numerical solution along with an enhanced wall treatment [51]. Ac-
cording to Zimont [25], 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 [52], (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. All these mechanisms exist in the research problem
at hand and hence in the present research study, the numerical solutions
are obtained using Zimont TFC model for predicting the flame propa-
gation, however without considering any interaction between the flame
and the vessel’s wall, because the flame-turbulence interaction is
analyzed up to a vessel radius equals to 12 cm.

To summarize, this model has been selected for use rather than other
numerical models due to the following reasons, (i) this model has been
validated for various cases using several configurations and different
types of fuels, therefore it can be used with a high reliability, (ii) the
physical mechanisms encountered in this computational study can be
effectively analyzed and resolved using Zimont TFC model, and (iii) this
research aims to investigate turbulent flame speeds at high Reynolds
numbers and Damkohler numbers, and as such, Zimont TFC model is
suitable for use at these conditions.

The main objective of the current research is to perform detailed
turbulent flame studies on pure GTL, 50/50 diesel-GTL blend, and
compare them to pure diesel using Zimont TFC numerical model. The
main knowledge gaps in open literature that the present study is tar-
geting include: (i) investigating the existence of a homogenous and
isotropic turbulent flow field throughout the combustion vessel by
implementing a validated and verified numerical scheme, (ii) charac-
terizing and analyzing the turbulent flame speeds for the three fuels at a
broad range of turbulence intensities, equivalence ratio, Reynolds
numbers and Damkohler numbers that are not studied before.

This study is presented in five major sections. In to the introduction
section above, section 2 presents the experimental data used for Zimont
TFC model validation, and for studying the premixed turbulent com-
bustion of the investigated fuels including the geometrical specifications
and operating conditions. Section 3 introduces the numerical simulation
approach and section 4 presents the results of model validation. The
results of this study are presented and discussed in section 5.
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Table 2
Geometrical specifications and operating conditions for Texas A&M and QU
vessel.

Vessel Name Texas A&M Vessel QU Vessel [53]

[20]
Geometrical Specifications
Vessel Shape Cylindrical Cylindrical
Internal Diameter (ID in 30.5 40.0
cm)
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 7.62 8.00
in cm)
Pitch Angle (Degrees) 20 60
Operating Conditions
Initial Temperature (T, in 298 463
K)
Initial Pressure (P, in atm) 1 1
Equivalence Ratio (®) 0.7-1.3 0.7-1.3
Turbulence Intensity (u'in ~ 0.85-1.30 0.50-3.00
m/s)
Integral Length Scale (Lyin 27 20
mm)
Fuel Methane Diesel, GTL, 50/50 diesel-

GTL blend

2. Experimental data for validation

In this research study, two cylindrical fan-stirred combustion vessels
are modelled. The first one is the Texas A&M vessel, which is used for
model validation through the comparison of the numerically computed
methane-air turbulent flame speeds with the experimental ones [20].
The other one is 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). Table 1 lists the chemical and physical
properties for diesel, GTL and 50/50 diesel-GTL blend [9]. This vessel
has been designed at Qatar University in 2012, and it has been used for
obtaining the laminar flame speeds for the three liquid fuel blends in
2016 [53]. Therefore, it is modelled in this study to compute the tur-
bulent flame speeds for the three liquid fuels at different turbulent in-
tensities and equivalence ratio. For simplicity, the name “QU vessel” is
used in this research to indicate for the use of Qatar University com-
bustion vessel. Table 2 summarizes the geometrical specifications and
operating conditions for the two vessels.

3. Numerical simulation approach

In this section, the physical significance of Zimont TFC model is
described in subsection 3.1, and the model’s governing equations are
presented in subsection 3.2. The numerical grid details and the complete
description of the meshing process are handled in subsection 3.3.
Finally, the numerical schemes, boundary conditions, physical con-
straints and the solution initialization are presented in subsection 3.4.

3.1. Model description

Zimont [24] proposed a model to solve the turbulent premixed
flames by solving Favre averaged equation for the mean reaction prog-
ress variable C. The development of this model is based on a theoretical
study that the turbulent flame moves with a steady propagation velocity
that depends on the mixture’s physico-chemical properties and on the
surrounding turbulence effect [26]. In this model, combustion takes
place in a thin and strongly wrinkled flame sheet that separates the re-
actants and the products. Thus, this model considers the division of the
reacting flow field into regions of unburnt and burnt species, separated
by the thin flame sheet that is propagating with a speed called the tur-
bulent flame speed, S;. Also, in this model, an averaged flame front is
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(a)
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Fuel-Air Mixture

(b)

Fig. 1. (a) QU vessel’s SOLIDWORK model with basic geometrical dimensions, (b) Schematic diagram that shows the component of QU vessel model.

tracked out instead of the exact one. Upon averaging, a region with an
instantaneous realization of the flame might be found, and it will be
surrounding the mean flame front. The region’s width is known as the
turbulent flame brush thickness &; . According to turbulent diffusion law
[24], 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 Zimont TFC model to handle the current ISP
flames as it is valid for Rer > 1, Da > 1 and u > §; where §; is the
laminar flame speed.

3.2. Governing equations

The flame front propagation is modelled by solving the transport
equation of the density-weighted mean reaction progress variable, C
[24,53,55]:

9
=~ (pC)+V.(pVC) = v.(?vc) +pS.(1)
ct

where p is the fuel density, C is the mean reaction progress variable, S is
the turbulent Schmidt number, i is the turbulent viscosity, and S, is the
reaction progress source term.

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

==l

Zi:l Yieg
where n is the number of product species, Y; is the mass fraction of
product species i, and Yj, ¢q is the equilibrium mass fraction of product
species i.

According to this definition, C = 1 when the mixture is burned and C
= 0 when the mixture is unburned. The value of C is used as a boundary
condition at all flow inlets. It is either specified as C = 0 (unburned) or C
=1 (burned).

The mean reaction rate in equation (1) is modelled as:

pS. = p,SIVCI(3)

where p, is the unburnt mixture density, and S; is the turbulent flame
speed.

The turbulent flame speed normal to the flame surface is influenced
by the laminar flame speed, and the flame front is wrinkled and
stretched by larger eddies. The Zimont turbulent flame speed closure
computes S; according the following equation:

025
S, = AW)*7S 3 0BL0% = Ay (2) (4)

¢

where A is a model constant, u’ is the RMS (root mean square) velocity
(m/s),S; is the laminar flame speed (m/s),a = Eis the thermal diffusivity

(mz/s),Lt is the turbulence integral length scale (m),t¢ — le' is the turbu-
lence time scale (s), and . — ;LZ is the chemical time scale (s)
1

The turbulent kinetic energy, k is computed from

3
k= Eu’Z(S)

The turbulence integral length scale, Ly, is computed from

o w)
Lo=Cr— (6)

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

This model assumes that the equilibrium small-scale eddies acts on
the laminar flame and results in a turbulent flame speed formula that is
completely defined by large-scale turbulent eddies. It is recommended to
use the default value of 0.52 for A and the value of 0.37 for Cp, which are
suitable for most premixed flames [55].

The model becomes specifically applicable when the Kolmogorov
scales (e.g., the smallest turbulent eddies in the flow) are smaller than
the laminar flame thickness and can penetrate the flame zone, which is
known as the thin reaction zone combustion regime. This regime can be
quantified using the Karlovitz number, Ka, which is defined as,

2
_h_ v

ka=—=
t, S?

()

where t; is the characteristic flame time scale, t, is the Kolmogorov
(smallest) turbulence time scale, v, — (ve)®? 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.

3.3. Numerical grid details

The geometrical domain of the problem consists of a cylindrical; steel
vessel with a diameter of 40 cm 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
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{b)

Fig. 2. (a) Meshed geometry, (b) Cross-section view for the mesh at the central
circumference of the combustion vessel.

vessel’s inner wall, which are located at the vessel’s central circumfer-
ence with an equal distance from each other. The fan’s axes are oriented
collinearly with the central point of the vessel, aiming to generate a
homogeneous and isotropic turbulence flow field inside the vessel. The
axial distance between one fan and the opposite one is 30 cm. Each fan
has an outer diameter of 8 cm and consists of eight blades of 3.5 cm
length each, and a pitch angle of 60°. The complete description of the
test rig can be found in Ref.[53].

The computational domain covers the whole vessel’s internal volume
that is approximated by a cylinder with four fans mounted on the ves-
sel’s wall. The combustion vessel model was designed using SOLID-
WORKS 2020 and then exported to ANSYS Fluent 17.0 to generate the
mesh [54]. Fig. 1(a) shows the model’s geometry with basic dimensions,
and Fig. 1(b) describes its main components.

Tetrahedral, quasi-equidistant elements are used to build the
computational domain, using an adaptive size function, where each
element has a size of 2 mm. A total number of 7.8 million cells were used
to build up the computational mesh domain. Fig. 2(a) shows the meshed
geometry, and Fig. 2(b) illustrates a cross-section view for the mesh at
the central circumference of the combustion vessel.

The grid size is determined based on a grid detailed independence
study, which is discussed in the subsequent sections. The numerical cells
were ensured to be equally spaced by specifying the size function to be
adaptive. The relevance Center (or resolution), which defines the middle
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Table 3

Mesh details and statistics.
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 1,422,642
Elements 7,844,078
Average Element Quality 0.84
Average Skewness 0.22
Orthogonal Quality 0.86

Table 4
Numerical model settings of the spark plug.

Processor Option Serial

Solver Type Pressure-Based

Velocity Formulation Absolute

Time Transient

Discretization 2nd 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)
Equivalence Ratio (Q) 0.7 to 1.3
Spark Location At the Center of the Vessel
Spark Energy (mJ) 40
Spark Duration (s) 0.0001
Spark’s Transition Radius 0.5
(mm)

Species Model
Flame Speed Model
Viscous Model
Premixed Charge

point of the “Relevance” slider control was set to be fine for achieving a
more stable solution. The smoothing option aims to improve the quality
of meshing by moving the locations of nodes with respect to surrounding
elements and nodes, and it was set to be “Medium”. The use of a cy-
lindrical geometry with a high curvature suggested the use of a fine span
angle center in order for the meshed elements to precisely span the
curvature angle. A fine span angle center ranges between 12° to 36°
[56]. Table 3 summarizes the mesh details used throughout this nu-
merical study.

3.4. Numerical model Settings, discretization and initialization

Zimont TFC model has been selected in this research study to
investigate the flame propagation, and to obtain the turbulent flame
speeds of the three liquid fuel blends (diesel, GTL, 50/50 diesel-GTL
blend) at different equivalence ratio (3#=0.7 to 1.3) and turbulence in-
tensities (W= 0.5 m/s to 3.0 m/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.

Table 5

Solution initialization.
Solution Scheme Coupled
Solution Initialization Standard
Initial Pressure (atm) 1
Initial Temperature (K) 463
Integral Length Scale, L; (mm) 20

Reaction Progress Variable, Catt =0s Zero (at All Zones)

Time Step Size (s) 0.00025
Number of Time Steps 120
Maximum Iterations/Time Step 25
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Table 6

Turbulence initial conditions for the validation cases.
Fan Turbulence Turbulent Kinetic Turbulence
Speed Intensity, u'(m/s) Energy, k(m?/s) Dissipation Rate,
(RPM) e(m?/s%)
8000 0.85 1.08 8.42
11,200 0.90 1.22 9.99
14,400 1.00 1.50 13.70
17,600 1.10 1.82 18.24
20,800 1.20 2.16 23.68
24,000 1.30 2.54 30.11

Unlike the segregated pressure base algorithm, the coupled algo-
rithm solves a system of continuity and momentum equations simulta-
neously; 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 integral length scale, Ly = 20 mm
[13,20,57-59] , therefore this value is used in the solution initialization
to obtain the turbulence dissipation rate in equation (6).

Moreover, it should be noticed that a value of C = 0 must be used in
the solution initialization to indicate unburnt mixture prior to the
ignition. A spark plug with a 40 mJ energy is placed in the center of the
combustion vessel, where the flame kernel initiates and starts to prop-
agate spherically in all directions. Table 4 lists the details of the used
numerical models and spark plug, and Table 5 lists all the information
used in the settings of the solution initialization.

4. Model validation

To validate and demonstrate the validity of using Zimont TFC model
to predict turbulent flame propagation, the case of cylindrical combus-
tion vessels is considered. 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 [20]. The successful vali-
dation of this numerical model will allow using it in studying the pre-
mixed turbulent combustion of diesel, GTL and 50/50 diesel-GTL blend
inside the cylindrical combustion vessel. The numerical scheme fol-
lowed to perform the computational fluid dynamics (CFD) calculations
is described in subsection 4.1. After that, the results are presented in
subsection 4.2 through performing a grid independency study.

4.1. CFD solution method

Turbulent flame speeds experiments that were performed for
methane-air mixture using Texas A&M vessel [20] are used for com-
parison with CFD results. The geometrical specifications and operating
conditions for the experiment are listed in Table 2, and the solver details
are listed in Table 4 above. Tetrahedral, quasi-equidistant elements have
been used to mesh the computational domain, using an adaptive size
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function, where each element has a size of 2 mm. 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, mo-
lecular weight, viscosity, and the laminar flame speeds have been
formulated as constants. The Laminar flame speed readings at the cor-
responding equivalence ratio have been extracted from the same
experimental work [20]. A spark plug with a 40 mJ energy is placed in
the center of the combustion vessel to ensure the ignition of the flam-
mable mixture, where the flame kernel initiates and starts to propagate
spherically in all the directions [60] . The experiment has been con-
ducted under atmospheric pressure at an initial temperature of 298 K.
Turbulent kinetic energy and turbulent dissipation rate at the corre-
sponding turbulence intensities were obtained using equations (5) and
(6), respectively. Table 6 summarizes all the test points used in this
validation case.

4.2. Validation results

The methodology followed to validate the model and to present the
results comprises a grid independency study, a time-step independency
study and finally using the correct grid and time step size 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 7 summarizes all the
details of Grid I, IT and III.

Turbulent flame speed results at different turbulence intensities are
shown in Fig. 3(a). The results indicate that Grid I give mesh indepen-
dency only at high turbulence intensities (u’ > 1.0 m/s). However, at
lower turbulence intensities, Grid I fails to capture the precise value of
the turbulence flame speed. On the other hand, Grid II is found to be
sufficient to give a grid independent solution at all turbulence intensities
with an average relative error percentage of 3%. At low level of u/, the
flame brush thickness becomes thinner according to turbulent diffusion
law explained by Zimont [52]. Consequently, more flame grid points are
required to resolve the flame. As v’ increases, the thickness of the flame
brush becomes thicker and thus, the flame can be resolved using the
same grid size. As Grid II provides a grid-independent solution, it can be
then further used to conduct a time-step independency analysis.

Three different time step sizes have been used to demonstrate a time-
step independent solution (At = 2.5*10*s, 1.5*10* s and 5.010 5). As
seen from the plot in Fig. 3(b), the results are independent of all the used
time step sizes, which indicates that the use of a time-step At = 2.5%107*
s is fine enough for achieving a converged and stable solution. Based on
this conclusion, a grid size of 2 mm and a time step of At = 2.5*10™* s will
be used in the coming full validation.

The study of the flame ignition region that is located at the center of
the vessel, and which is identified by the small transition radius (rmay) is
an important parameter when performing premixed turbulent combus-
tion calculations. This can be interpreted by the large augmentation of
the flame speed at large values of rp.y Therefore, calculations with
using different sizes of rp,.x Were performed to check for the sensitivity of

Table 7
Grids used to perform the mesh sensitivity study for the validation case. The relative error percentage is computed by comparing CFD results with the experimental
work [20].
Grid No. Element Size (mm) No# Elements No# Nodes Turbulence Intensity, u’(m/s)
0.85 0.90 1.00 1.10 1.20 1.30
S; (cm/s)
Grid I 3.00 1,136,343 213,452 43.64 52.89 58.90 66.08 79.04 108.02
% Relative error 3.90 10.14 6.48 4.54 1.76 0.40
Grid II 2.00 2,793,222 518,912 42.15 51.24 58.00 65.55 78.87 107.90
% Relative error 0.36 6.71 4.86 3.71 1.97 0.29
Grid III 1.00 17,702,581 3,164,221 42.10 51.19 57.85 65.45 78.82 107.88
% Relative error 0.24 6.60 4.59 3.55 2.03 0.27
Experimental [20] 42.00 48.01 55.31 63.21 80.45 107.59
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Table 8

Properties of the flames studied in the present work.

Fuel Diesel GTL 50/50 Blend
Property D =0.7
Laminar Flame Speed, S; (cm/s) 42.88 55.88 50.43
Laminar Flame Thickness, &; (cm) 0.047 0.042 0.043
Density Ratio, ¢ 0.232 0.226 0.229
Reynolds Number, Re 480.2 519.0 513.2
Lewis Number, Le 1.204 0.988 1.096
Property ®=1.0
Laminar Flame Speed, S; (cm/s) 80.24 85.49 81.55
Laminar Flame Thickness, &; (cm) 0.034 0.033 0.033
Density Ratio, ¢ 0.194 0.186 0.190
Reynolds Number, Re 571.4 528.0 534.5
Lewis number, Le 1.039 0.985 1.012
Property P =13
Laminar Flame Speed, S; (cm/s) 78.78 82.17 79.04
Laminar Flame Thickness, §; (cm) 0.027 0.030 0.029
Density Ratio, ¢ 0.201 0.210 0.206
Reynolds Number, Re 406.9 392.5 398.4
Lewis number, Le 0.947 1.138 1.042
Table 9
Turbulence initial conditions studied in the present work.
Fan Speed  Turbulence Turbulent Kinetic Turbulence
(RPM) Intensity, W' (m/s)  Energy, k (m%/s%) Dissipation Rate,
s(mz/s?’)
7000 0.50 0.38 2.31
9800 1.00 1.50 18.50
11,600 1.50 3.38 62.40
14,400 2.00 6.00 148.00
17,200 2.50 9.38 289.10
21,000 3.00 13.50 499.50

Fuel 291 (2021) 120184

the computed results to variations in the transition radius size. Turbu-
lent flame speeds at three different values of ry,x were computed, as
shown in Fig. 3(c). It can be clearly noticed that the results are inde-
pendent of all the used transition radius sizes, which indicates that the
use of rpax = 0.5 mm is fine enough to reach a converged solution.

5. Results and discussions

In this section, the results of turbulent flame studies conducted on the
three investigated liquid fuel blends (diesel, pure GTL, 50/50 diesel-GTL
blend) are presented in five categories; (5.1) mean turbulent kinetic
energy balance, (5.2) flame radius evolution, (5.3) turbulent flame
speeds, S¢, (5.4) dimensionless numbers for turbulent combustion, (5.5)
Borghi diagram. The mixture properties and the laminar flame param-
eters were estimated using GASEQ and PREMIX program available in
CHEMKIN-PRO [61,62] . The PREMIX program obtains the thermody-
namics, kinetic and transport parameters through accessing TRASPORT
and CHEKIN Gas-phase packages. Therefore, the flame problem is solved
by initially executing the two preprocessor programs, “tran” and
“chem”, which have an access to transport and thermodynamic property
databases in CHEMKIN-PRO [63]. Mixture properties such as burned
and unburned density, thermal conductivity, specific heat, molecular
weight, viscosity, and the laminar flame speeds have been formulated as
constants in ANSYS Fluent. Although lean combustion (® < 1.0) is
practically used in diesel engines to reduce Nitrogen Oxides emissions,
this study aims to investigate the premixed turbulent combustion at a
wide range of flammability (0.7 < @ < 1.3) to characterize the behavior
of the flame at different operating conditions. In addition, many reviews
considered the use of this range of equivalence ratios in their premixed
laminar or turbulent combustion studies [21,22,62,66]. Table 8 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.

The simulation has been conducted under atmospheric pressure at an
initial temperature of 463 K. Initial turbulent velocities were varied by
changing fan’s speeds. Turbulent kinetic energy and turbulent dissipa-
tion rate at the corresponding turbulence intensities were obtained using
equations (5) and (6), respectively. Table 9 lists all the turbulence initial
conditions used in this study.
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Fig. 4. Mean turbulent kinetic energy and turbulent eddy viscosity throughout the combustion vessel up to r = 12 c¢m, at u'=3.0 m/s and ® = 1.0.
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Fig. 5. Flame radius evolution for stoichiometric GTL-air mixture at 1 atm and u'=3.0 m/s.

5.1. 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 center of the vessel. Turbulence is characterized by its dissipative
nature; in which the flow’s turbulent kinetic energy is converted into an
internal energy due to eddy viscosity, which is also known as the energy
cascade theorem [65]. A relevant quantity used to characterize the
turbulence inside the vessel in terms of dissipation, production and
transport is the mean turbulent kinetic energy. In addition, studying this
quantity ensures the existence of HIT (Homogeneous and Isotropic
Turbulence) in the center of the vessel. Besides, analyzing the attitude of
this quantity prior to ignition assists in selecting a suitable flame radius
at which the computational results will be obtained [66]. The mean
turbulent kinetic energy and turbulent eddy viscosity are plotted against
the vessel’s radius at u'=3.0 m/s and ® = 1.0, as shown in Fig. 4. The
mean turbulent kinetic energy balance has been conducted at u'=3.0 m/
s rather than other turbulence intensities, to ensure the existence of HIT
condition at the center of the vessel up to the maximum operating tur-
bulence level.

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 remain almost constant up to a vessel radius of around 5 cm,
which indicates that the turbulent flow field is homogeneous (e.g., the
turbulent flow field is statistically independent of the coordinate system
shift). In addition, the CFD turbulent kinetic energy contour implies that
the turbulent flow field is isotropic (invariant to coordinate system re-
flections 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 Fig. 4 that the turbulent
eddy viscosity is close to zero at the vessel’s central region, which in-
dicates 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'=1.35 m/s), which confirms that tur-
bulence is not convicted, however it diffuses towards the vessel center

from the fan’s region [67]. According to Ref. [59], 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 turbulent velocity field. Consequently, in this study, the
turbulent flame speeds are computed at a flame radius that is equal to 6
cm.

5.2. Flame radius evolution

A sequence of frames for the flame radius evolution of stoichiometric
GTL-air mixture at 1 atm, and u =3.0 m/s is presented in Fig. 5. Ac-
cording to Zimont [24], the turbulent flame moves with a steady prop-
agation velocity that depends on the mixture’s physico-chemical
properties and on the surrounding turbulence effect [26]. In addition,
the averaged flame front is tracked out instead of the exact one. Upon
averaging, a region with an instantaneous realization of the flame might
be found, and it will be surrounding the mean flame front, and the re-
gion’s width is known as the turbulent flame brush thickness &; Ac-
cording to turbulent diffusion law [24], this model assumes an
increasing thickness of the flame brush and a constant combustion ve-
locity, and flames that follow this behavior are known as intermediate
steady propagation (ISP) flames. It can be also noticed that the propa-
gation rate increases as the flame grows and becomes closer to the fans
region, because the developing kernel is subjected to an increasing
spectrum of turbulence velocity scales. Prior to ignition, the turbulence
was homogeneous and isotropic with an intensity level u =3.0 m/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” [64]. As the flame de-
velops, 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 < 25 ms), the flame radius develops
linearly with time (e.g., flame acceleration is zero). However, for tur-
bulent cases (t > 25 ms), the radius grows rapidly and non-linearly with
time. In addition, the flame brush thickness 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) [50]. Therefore, spherically expanding flame vessels are used as a
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Fig. 6. Flame radius evolution for diesel, GTL, 50/50 diesel-GTL blend at, (a) ® = 0.7, (b) ® = 1.0, (c) ® = 1.3.

facility to provide turbulent flame speeds over a wide range of turbu-
lence intensity levels by referring to the flame radius evolution history.
According to Zimont TFC model [24], the mean flame front herein 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 equiva-
lence ratio, however the propagation speeds were slightly different.
Fig. 6 (a-c) compare between the flame radius evolution for diesel, GTL,
50/50 diesel-GTL blend at ® = 0.7, 1.0 and 1.3, respectively.

It can be clearly noticed from Fig. 6 (a-c) that the flame radius
evolution for the lean mixtures (® = 0.7) is the slowest, while the fastest
radius evolution is depicted at the stoichiometric condition for all the
fuels. According to Ref. [20], the unburned to burned density ratio (c =
pu / pb) has a monotonic behavior with the equivalence ratio, where the
minimum value occurs at stoichiometric condition for all the fuels. In
addition, the density ratio is higher for lean mixtures when compared to
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fuel-rich cases. As ¢ decreases, the local burning rate for the stretched
flamelets (portion of stretched laminar flame in a turbulent flow field) is
enhanced significantly, which results in a faster flame radius evolution
(and hence a higher burning velocity). As observed in Fig. 6(a), lean GTL
fuel is characterized by the fastest flame radius development due to its
lowest density ratio (¢ = 0.226 for GTL, 0.229 for 50/50 diesel-GTL
blend, and 0.232 for diesel). However, for the fuel rich case (® = 1.3)
in Fig. 6(c), diesel is characterized by the fastest flame development due
to its lowest density ratio (6 = 0.201 for diesel, 0.206 for 50/50 diesel-
GTL blend, and 0.210 for GTL). In all the three cases, it can be noticed
that the 50/50 diesel-GTL blend exhibits an intermediate behavior be-
tween 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 5 cm.
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Fig. 7. Turbulent flame speeds vs. equivalence ratio at different turbulence intensities for, (a) diesel, (b) GTL, (c) 50/50 diesel-GTL blend. The experimental laminar
flame speeds readings are obtained from [53].
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Fig. 8. Turbulent flame speeds vs. equivalence ratio for the three fuels at, (a) u'=0.5 m/s, (b) u'=1.5 m/s, (c) u'=3.0 m/s.

5.3. Turbulent flame Speeds, S;

Turbulent flame speeds of the three liquid fuel blends were computed
at different equivalence ratio (¥=0.7 to 1.3) and turbulence intensities
(u'=0.5m/s to 3.0 m/s) as shown in Fig. 7 (a-c). In addition, the effect of
varying the equivalence ratios on the turbulent flame speeds for the
three hydrocarbon fuels is investigated at three different turbulence
intensity levels, as illustrated in Fig. 8. Besides, the effect of blending
diesel with GTL in a 50/50 fuel blend can be clearly noticed in Fig. 8.
Furthermore, the laminar flame speeds were computed using the CFD
solver with a laminar flame mode, and the numerical results were
plotted versus the experimental ones [53].

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<4% at all the
equivalence ratio. 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 4= 1.1 cm/s. As observed, all the curves
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are “bell-shaped” where the laminar or turbulent flame speed peaks at
near-stoichiometric condition (#=1.1), and falls when the mixture be-
comes leaner or richer. In addition, the gradual increase in the turbu-
lence intensity level results in an increase in the turbulent flame speeds
at all equivalence ratios. Fig. 8 (a-c) reveals the effect of varying the
equivalence ratio on the turbulent flame speeds for the three hydro-
carbon fuels at three different turbulence intensity levels (u'=0.5 m/s,
u'=1.5 m/s and u'=3.0 m/s), respectively.

It can be clearly noticed how the increase in 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 re-
gion), then levels off (bending region) and finally decreases again as it
reaches the quenching limit [68]. Also, it can be noticed from Fig. 8 (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.
On contrast, rich diesel is characterized by a higher turbulent flame
speed when compared to rich GTL and rich 50/50 diesel-GTL blend.
These trends can be interpreted by the effect of Lewis number (Le) on the
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cm) for stoichiometric GTL at u'=3.0 m/s and t = 30 ms.

turbulent flame propagation. Lewis number defines the ratio between
the mixture thermal diffusivity to its mass diffusivity [20]. Non-unity
Lewis numbers can negatively affect or enhance the local burning
rate. When Le > 1, the local burning rate is reduced (enhanced) due to
the enhanced (reduced) heat loss in the positively curved segments [69].
When Le < 1, the mean curvature and mean strain rate become both
positive at the flame front leading edge. Subsequently, the probability of
finding positively curved, stretched flamelets (convex towards the di-
rection of unburnt gas) becomes higher for premixed turbulent reacting
flow. The laminar flametlets which are stretched by the action of tur-
bulent eddies causes a considerable deviation in the local burning rate
compared to the un-stretched laminar flame speed. Consequently, for
mixtures with Le < 1, the turbulent flame speeds are augmented by an
increase in the flamelet surface area, in addition to an increase in the
local burning rate [20]. These impacts explain the higher turbulent
flame speeds for lean GTL (or rich diesel) which are characterized by Le
< 1 (values for Le are listed in Table 8). Similar trends have been also
documented by [69-71]. In addition, it can be observed that the 50/50
diesel-GTL blend exhibits an intermediate behavior compared to pure
liquid fuels, while maintaining the bell-shaped trend at different tur-
bulence intensities. The addition of GTL to the pure conventional diesel
with a 50% volumetric composition in the mixture caused around 3%
increase in S; at lean operating conditions.

5.4. Dimensionless numbers for turbulent combustion (Reg, Da)

Reynolds number is an important dimensionless quantity used in
fluid mechanics to define the ratio between inertial forces to viscous
forces. Thus, a higher value of Rer indicates for a higher level of tur-
bulence [72]. On the other hand, Damkohler number is used in premixed
turbulent combustion to define the ratio between the characteristic eddy
time scale and chemical time scale [73]. Typically, S; is proportional to
Rer and it is inversely proportional to Da. Fig. 9 shows the relation
between the normalized turbulent flame speeds, turbulent Reynolds
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number and Damkohler number throughout the vessel radius (0 < r <
12 cm) for stoichiometric GTL fuel at u'=3.0 m/s, and t = 30 ms.

It can be observed from Fig. 9 that Rer peaks at the center of the
vessel. This region is characterized by the lowest turbulent eddy vis-
cosity and turbulent kinetic energy (as indicated in Fig. 4), which in-
creases gradually until reaching its maximum value near the mixing
fans. Subsequently, the peak value of Rer is found at the center of the
vessel. S/S; is directly proportional to Rer, and this attitude is consistent
with the definition of this non-dimensional number, wherein, Rer is
directly proportional to u'/S;. In addition, the results agree with the
kinematic constraint, as u'—0 (which implies, Rer — 0), turbulent flame
speeds should equal the laminar flame speeds (i.e., S/S; — 1). Da > 1
throughout the whole flame radius, which indicates that the chemistry
has dominated the turbulence at all regions with different reaction rates
and the flame is propagating towards the vessel’s wall. S;/S; is inversely
proportional to Da, and this attitude is consistent with the definition of
this non-dimensional number, wherein, Da is inversely proportional to
u'/S;. Moreover, the data agrees with the kinematic constraint, as u’'—0
(which implies, Da—o0), turbulent flame speeds should equal the
laminar flame speeds (i.e., S¢/S; — 1) [20]. S¢/S; has been plotted as a
function of Ret and Da for the three fuels at t = 30 ms, as illustrated in
Fig. 10(a, b), respectively.

At the same elapsed time (t = 30 ms), Rer and Da are greater for GTL
fuel compared to diesel and 50/50 diesel-GTL blend. This gives an
indication that the flame is propagating towards the vessel’s wall at a
faster rate 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 the case of GTL fuel compared to other
fuels. These observations emphasis on the conclusions reached in Fig. 6
and Fig. 8, which have revealed that stoichiometric GTL fuel is char-
acterized by a faster flame radius development and a higher turbulent
flame speed, respectively.
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Fig. 10. a) S;/S, vs. Rer, b) S;/S; vs. Da for the three fuels at u'=3.0 m/s, ¥=1.0 and t = 30 ms.

5.5. Borghi diagram

Borghi diagram is used in premixed turbulent combustion to indicate
for the typical structure of the flame [74]. The flame morphologies for
stoichiometric GTL fuel is determined at three different turbulence in-
tensities, ' = 0.5 m/s, v’ = 1.5 m/s and v’ = 3.0 m/s, as shown by
Fig. 11.

At @ =1.0 and v’ = 0.5 m/s, the turbulence intensity is low, i.e., u'/
S| < 1, which leads to a wrinkled flamelet regime. Therefore, the reac-
tion is confined by a highly wrinkled, thin interface that separates
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. For the other two cases (0’ =
1.5 m/s and v’ = 3.0 m/s), the turbulence intensity is higher than the
laminar flame speed, i.e., u'/S; > 1, and the flame structure is defined by
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the corrugated flamelets regime. The role played by the laminar flamelet
instabilities is reduced, and the combustion is influenced by turbulence,
mainly by increasing the flamelet surface area [50].

6. Conclusions

Transient 3-D numerical investigations were performed to study
turbulent flames of three liquid fuel blends (diesel, GTL, 50/50 diesel-
GTL blend) using Zimont TFC model. The model is validated against
the experimental work of Ravi [20]. The existence of HIT condition in
the center of the vessel has been verified through studying turbulent
kinetic energy balance throughout the vessel. The rate of flame radius
evolution and turbulent flame speeds were found to be higher for lean
GTL fuel compared to other fuels due to its lower density ratio and due to
having a Le < 1. In contrast, rich diesel was found to have a faster flame
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development and higher turbulent flame speeds due to the same reasons.
In all cases, it was found that 50/50 diesel-GTL blend exhibits an in-
termediate behavior compared to other fuels. The normalized turbulent
flame speeds were plotted against Reynolds number and Damkohler
number for all the fuels at stoichiometric condition. At the same elapsed
time (t = 30 ms), Rer and Da were found to be greater for 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. Finally, the flame
structure for stoichiometric GTL fuel has been studied at three different
turbulence intensity levels (u'=0.5 m/s, '=1.5 m/s and u'=3.0 m/s). At
low turbulence level (1'=0.5 m/s), the flame morphology was defined
by a wrinkled flamelet regime. However, at moderate and higher tur-
bulence levels (u'=1.5 m/s and u'=3.0 m/s), the flame structure was
defined by the corrugated flamelets regime.
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