
 
 
 
 
 
 

Master's Degree Thesis 
ISRN: BTH-AMT-EX--2012/D-14--SE 

 

 

Supervisors: Professor Lars-Erik Eriksson, Chalmers 
Abdallah Abou-Taouk, Chalmers 
 

 

 

 

 

 

 

    
 

Department of Mechanical Engineering 
Blekinge Institute of Technology 

Karlskrona, Sweden 

2012 

 
Seyed Mohammad Mohseni 

Optimization of Global Reaction 
Mechanisms Evaluated on The 

Sandia Flame D 





Optimization of Global Reaction 
Mechanisms Evaluated on The 

Sandia Flame D 
Seyed Mohammad Mohseni 
Department of Mechanical Engineering 

Blekinge Institute of Technology 

Karlskrona, Sweden 

2012 

Thesis submitted for completion of Master of Science in Mechanical 
Engineering with emphasis on Structural Mechanics at the Department of 
Mechanical Engineering, Blekinge Institute of Technology, Karlskrona, 
Sweden. 

Abstract: 
The main goal is to develop and evaluate global reaction mechanisms. 
The optimization is done using two methods; Laminar Flame Speed and 
Perfectly Stirred Reactor. The global reaction mechanisms consists of a 
few reactions with the purpose to predict similar flame temperature, 
flame speed and major emissions compared to detailed reaction 
mechanisms. In this work, the optimization of the global reaction 
mechanisms is done through modifying the Arrhenius coefficients. This 
is executed by coupling the CHEMKIN software with the multi 
objective design tool modeFRONTIER. The global reaction 
mechanisms are implemented in CFX and results from CFD combustion 
simulations are compared with Sandia Flame D.  
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1 Notation 

A Cross sectional area of the stream tube 

A Pre-exponential factor 

Cε Constant 

Cμ Constant 

cp Constant-pressure heat capacity of the mixture 

cpk Constant-pressure heat capacity of the kth species 

Ea Activation energy 

hk Specific enthalpy of the kth species 

Jk Diffusion flux of the kth species 

K Total number of species 

Kc Equilibrium constant 

k Turbulence kinetic energy 

kf Forward rate coefficient 

kr Backward rate coefficient 

M Number of materials 

Mj Arbitrary species 

i Inlet mass flow rate 

o Outlet mass flow rate 

P Pressure 

Pk Generation of turbulence kinetic energy 

Pkb Generation of turbulence kinetic energy due to buoyancy 

Pεb Generation of dissipation rate due to buoyancy 

rad Heat loss due to radiation 
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Qloss Net heat flux directed out of the reactor 

Qsource Heat generated in the reactor 

R Universal gas constant 

RR Reaction rate 

RRk Reaction rate of the kth species 

S Source term 

T Temperature 

Tk Temperature of the kth species 

Usys Total internal energy of the system 

u Fluid velocity  

V Reactor volume 

Vk Diffusion velocity of the kth species 

Wk Molecular weight of the kth species 

W Mean molecular weight of the mixture 

Xk Species mole fraction of the kth species 

[Xk] Molar concentration of the kth species 

x Spatial coordinate 

Yk Species mass fraction of the kth species 

β Temperature exponent 

ε Eddy dissipation rate 

λ Thermal conductivity of the mixture 

μ Flow viscosity 

μt Turbulent viscosity 
′                 Stoichiometric coefficients of reactants 

′′               Stoichiometric coefficients of products 



 7

ρ Mass density 

ρk Mass density of kth species 

σε Turbulent Prandtl number of dissipation rate 

σk Turbulent Prandtl number of kinetic energy 

� Equivalence ratio 

k Molar rate of production by chemical reaction of the kth species 
per unit volume 

 

 

 

Abbreviations 
CFD Computational Fluid Dynamics 

LFS Laminar Flame Speed 

PSR Perfectly Stirred Reactor 

WD Westbrook and Dryer  

JL Jones and Lindstedt  

ES Evolution Strategy 

EDM Eddy Dissipation Model 

FRC Finite Rate Chemistry 

LDA Laser Doppler Anemometry 
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2 Introduction 

2.1 Background 

Accurate modelling of chemical kinetics is important considering 
prediction of properties such as ignition delay, combustion efficiency, 
pollutant emissions, heat release, blowout and instabilities. Hydrocarbon 
combustion has complicated chemical kinetics with respect to thousands of 
reaction steps and hundreds of species which is time consuming in 
computational fluid dynamics (CFD) simulations. Thus, simplification of 
chemical kinetics seems necessary. The main reason is due to solving extra 
number of transport equations and increased number of species in each 
iteration that increases the CFD simulation time. 

Therefore, there need to be found another approach in which Meredith [1] 
has been reviewed several methods to reduce run time. It has been 
concluded that global mechanisms are a good choice for use in practical 
combustion simulations. But unfortunately, global reaction mechanisms are 
only acceptable for limited operated ranges and cannot account for all of 
the possible combustion phenomena like heat release, auto ignition, NOx, 
etc [1]. And however, global reaction mechanisms are nor physically 
validated, but could be used by matching several combustion properties 
such as adiabatic flame temperature, laminar flame speed, ignition delay, 
etc.  

In addition, in Andersen et at. [2] the two-step mechanism of Westbrook 
and Dryer (WD) and the four-step mechanism of Jones and Lindstedt (JL) 
have been refined and modified in order to improve prediction of major 
species concentrations specifically for CO under oxy-fuel conditions with 
reference to a detailed mechanism. And a CFD analysis of a propane oxy-
fuel flame has been performed using both original and modified 
mechanisms leading to the improved prediction of the temperature field and 
CO in the post flame zone. Furthermore, in Abou-Taouk [3], a new 
optimized three-step global reaction mechanism for a methane-air mixture 
has been evaluated introducing correction functions with CFD simulation 
both steady state and transient analysis.  
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2.2 Objectives 

The main aim in this work is to generate two optimized global reaction 
mechanisms  for methane air mixture oxidation in which can be fitted the 
quantities of temperature, major emissions (CO, CO2) as well as laminar 
flame speed compared to a detailed mechanism. Additionally, the 
optimized mechanisms should be evaluated in CFD simulation of methane 
air combustion in a nominated burner so that the results should be in good 
agreement with given experimental data. 

 

2.3 Limitations 

This thesis has been performed during twenty weeks in spring semester 
2012 at Chalmers University. The used PC characteristics could be 
indicated as CPU size of 2 GHz, Intel(R) Core(TM)2 Quad model with 
total memory of 8 Gb as well as Cache size of 6.144 Mb including Linux 
64bit as operational system. In addition, finding the test case looked 
difficult without supporting industrial companies and transient simulation is 
not considered in this work. 

 

 

 

 

 



 10

3 Fundamentals 

In this part, combustion chemical kinetics basics are presented. 

 

3.1 Combustion 

In general, combustion phenomenon consists of two processes that could be 
mentioned as thermal and chemical processes so that combustion chemistry 
is exothermal as well as temperature dependent. Additionally, the chain 
reactions play a significant role in the combustion chemistry in which is 
characterized into three steps. The first step is generation of radicals by 
decomposing the preliminary mixture of reactants. Then, with interaction of 
the radicals and reactants, the new radicals and products are made as 
branching step so that tends to accelerate the production of active radicals. 
And finally the products are created by collision of radicals that is called 
termination. Thus, the combustion reaction is the oxidization of the fuel. 
Because fuel and oxidizer are in contact only in a limited region but are 
separated elsewhere, diffusion of oxidant and fuel has to occur 
simultaneously to maintain the combustion. 

With respect to the flame as a reaction zone, two facets could be thought 
over as firstly, the rate of reactants feeding into reaction zone, and then the 
rate of consumption of them. The proportion of these two time scales, 
introduce an important non dimensional number so called Damköhler 
number which is a useful concepts during studying combustion 
phenomenon. 

 

3.2 Adiabatic Flame Temperature  

When a combustion process occurs at adiabatic conditions without 
mechanical work, the temperature of the products would be defined as the 
adiabatic flame temperature as the maximum temperature that reactants can 
have. In reality, there are some phenomena that prevent to reach this 
temperature that could be mentioned as dissociation, incomplete 
combustion and heat transfer. In this case, for achieving the maximum 
adiabatic flame temperature, the mixture of fuel and oxidizer must be at 



 11

stoichiometric (� =1) condition with the suitable fuel/oxidizer ratios so that 
all would be consumed. 

 

3.3 Laminar Flame Speed 

The Laminar Flame Speed is a property of a combustible mixture that 
represents the reactivity and exothermicity of the mixture. It is the speed at 
which an un-stretched laminar flame will propagate through an inactive 
mixture of unburned reactants. Since laminar flame speed comprises the 
fundamental information about the reactive and diffusive properties of the 
mixture, comparing the experimentally measured and estimated values of 
laminar flame speed leads to gain the kinetic information of the mixture. 

 

3.4 Flame Structure 

Concerning premixed flames so the fuel and oxidizer are homogeneously 
mixed that mixing occurs rapidly compared to the rate of combustion 
reactions, or  mixing occurs well ahead of the flame zone, there are also 
systems in which the mixing rate is slow compared to the reaction rate of 
the fuel and oxidizer so that the burning rate is controlled by mixing. Most 
practical systems are mixing rate controlled and lead to diffusion flames 
which fuel and oxidizer come together in a reaction zone through molecular 
and turbulent diffusion. In this case, the fuel could be as gaseous, liquid or 
solid form, and the oxidizer could be a gas stream flowing, or the inactive 
atmosphere. In diffusion flame the burning rate, or fuel consumption is 
calculated by the rate that fuel and oxidizer come together in an appropriate 
portions to react. It could also be mentioned that the diffusion rates vary 
with pressure. In other words, by definition, diffusion as well as thermal 
diffusion is described as the mass transport caused by concentration 
gradients and temperature gradients, respectively.  

Regarding the shape of diffusion flame, two structures would be formed 
with respect to the flow rate. Considering a burner with co-flow 
configuration air and fuel flow in the outer and inner annulus respectively, 
if the volumetric flow rate of air is in excess amount of stoichiometric 
conditions according to the flow rate of fuel, or when the fuel flows into the 
quiescent atmosphere, the generated flame could have a closed form that is 
referred to over-ventilated flame. On the other hand, if the air flow rate is 
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lower than the amount of the required stoichiometric, the flame develops as 
a fan shape which is called under-ventilated flame. Figure 3.1 compares 
these two different diffusion flame shapes [4]. 

 

 
Figure 3.1.  Underventilated flame (left), Overventilated flame (right). 

 

Moreover, the colour of diffusion flame could be interesting to investigate. 
In charge of over-ventilated co-flow flame with a hydrocarbon fuel, the 
diffusion flame colour varies from bright yellow to orange. Thanks to the 
high flame temperature and according to the eye sensitivity to the various 
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wave lengths in the electromagnetic spectrum, the hydrocarbon air 
diffusion flames colour, especially at the co-flow configuration, looks 
yellow or orange. In fact, the formation of soot in the fuel part of the flame 
leads to make the colours [4]. Figure 3.2 shows the tested Sandia flame D. 

 

 
Figure 3.2. Sandia flame D [11]. 

 

In reality, the flame is a very thin reaction zone (a surface with the 
thickness as the order of the millimetre) between fuel and oxidizer. With 
respect to the width of the transition region from the oxidizer to the fuel 
side (see Figure 3.3), the reactants supplies the flame at different burning 
rates because of the diffusion of the species that is directly dependent on 
the gradient of their distribution. This burning rate is controlled by the 
diffusion process. 
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Figure 3.3. Schematic diffusion flame. 
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4 Chemical Kinetics and Reactor Models 

4.1 Introduction 

In general, chemical kinetics is referred to the interaction between chemical 
species. Collisions cause interaction of reactant molecules so that breaking 
their molecular bonds and form new species as products. This formation 
and consumption of chemical species is modelled using rate laws and 
reaction mechanisms. In fact, flames propagates through only those 
chemical mixtures that are ability to react very rapid as to be considered 
combustible.  

 

4.2 Rate Law 

The most simple reactions are referred to the second order. In contrast, 
decomposition processes leads to a loose bond-breaking step and thus are 
first order. An arbitrary second order reaction may be written as [4] 

       A1  A2   A3  A4                                                                                    (4.1) 

According to the rate law as an empirical formulation of the reaction rate so 
that the species are formed (products) or consumed (reactants), the 
consumption of the arbitrary reactant A1 would be expressed as [4] 

              

                                                                                                      (4.2) 

The brackets denote the molar concentration of the species. With respect to 
the Arrhenius law, the forward rate coefficient would be expressed as [4] 

 exp /                                                            (4.3) 

Where A is pre-exponential factor, β is temperature exponent and  is 
called activation energy.  The unit of the reaction rate constant k when the 
reaction is of order n, would be expressed as [(cm3 mol-1)n-1 s-1]. At 
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chemical equilibrium, the production and consumption of a species are 
equal so that equilibrium constant could be expressed as [4] 

                                                                                          (4.4) 

 

4.3 Reaction Mechanism 

Since combustion is a chemical process, a mixture of fuel and oxidizer can 
be combusted when the reaction rate is fast enough so that all of the 
mixture is burned into products. So slow reaction rate leads to quench the 
flame. In other words, if it is too rapid, explosion or detonation could be 
happened. Basically, the concentration of the reactants, temperature, and 
pressure would affect the reaction rate of a combustion reaction. By 
definition, the rate of a reaction could be expressed as the rate of decrease 
of the concentration of a reactant or the rate of increase of a reaction 
product. The proper rate for taking place the chemical reactions are 
restricted. As a general example, a one-step elementary reversible chemical 
reaction including stoichiometric coefficient with K chemical species could 
be mentioned as [4] 

∑ ′  ∑ ′′                                                         (4.5) 

Where, the ′  and  ′′ are the stoichiometric coefficients of reactants and 
products, respectively. In the case of elementary reaction, the 
stoichiometric coefficients are integer numbers. Also M is symbolized as an 
arbitrary chemical species, and K is the total number of species involved. 

Generally, an elementary reaction has just three or four species. For non-
elementary reactions as mentioned as global mechanism, this equation 
would be valid to show the reaction expression with non integer 
stoichiometric coefficients. With respect to the explanation of the mass law 
as the rate of disappearance of a chemical species i is proportional to the 
concentrations of the reacting chemical species in which all concentrations 
have a power of related stoichiometric coefficient as [4] 

 ∏
′
                                                                 (4.6) 
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As mentioned in the previous part, but in general form, the rate of change 
of the concentration of a species i could be expressed as [4] 

 ′′  ′   ∏
′
                                                    (4.7) 

This equation is non-linear, time dependent ordinary differential equation 
that need to be solved for K species.  

 

4.4 CHEMKIN Overview 

In general, CHEMKIN contains a set of flexible and powerful tools for 
incorporating complex chemical kinetics into simulations of reacting flow. 
The software is a collection of programs and subroutine libraries, which 
work together to facilitate the formation, solution, and interpretation of 
problems involving gas phase chemical kinetics.  

Originally, this software has been produced by Sandia National Laboratory 
as a combustion code (CHEMKIN II). And then it has been developed to a 
user-friendly interface commercial software as today's release. Some 
characteristics could be indicated as a robust chemistry simulation tool, cost 
effective solution with respect to experimental testing applicable for 
various number of reactions and species. The equation of state used in this 
software, could be mentioned as an ideal, multi fluid gas so that this gas 
formulation specifies a temperature for each species, T . The general 
equation of state is [5] 

 ∑                                                                       (4.8) 

CHEMKIN presumes that the standard state thermodynamic properties of 
all species are functions of temperature only. In the case of species as gas 
phase, the gas would be assumed as thermally perfect gas. Each species in a 
reaction must be included in thermodynamic data. The thermodynamic data 
are used to calculate equilibrium constants and reverse rate coefficients for 
a reaction. CHEMKIN includes various options for defining gas phase 
chemical reactions, where reaction rates can be dependent on pressure, 
temperature and species compositions.  
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4.5 Open 0-D reactor: Perfectly Stirred Reactor 
(PSR) 

This is an ideal reactor with perfect mixing inside the control volume. PSR 
model is suitable for modelling dynamic reactor conditions. In this case, the 
substances are almost uniform because of forced turbulent mixing or high 
diffusion rates. In other words, the rate of conversion of reactants to 
products is influenced and controlled by chemical reaction rates, not by 
mixing processes. Thus, this reactor model is extremely dependent on 
reaction kinetics. The benefits of this model would be mentioned as 
regarding computational time, it is so fast, and it is possible to examine 
detailed chemical reaction mechanisms as well as complex reactor 
networks. This model is composed of a chamber with or without heat loss 
including inlet and outlet ducts. There may be more than one inlet defined 
for each reactor. The governing conservation equations as mass 
conservation, species conservation, and gas energy equation are introduced 
as follows. 

 

Figure 4.1.  Schematic perfectly stirred reactor model. 

 

The global mass conservation used in this reactor volume, where the time 
rate of change of the mass in the reactor is equal to the difference between 
the mass flow in and the mass flow out [5]. 

ρ                                                                     (4.9) 

The time dependent Species Conservation equation for each gas phase 
species, including the implicit time dependence of through its dependence 
on the temperature and molecular weight, is [5] 
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ρ   , ,                               (4.10) 

It could be mentioned that for steady state conditions, the nominal 
residence time in the reactor can be related to the reactor volume and the 
inlet mass flow rate as follows [5] 

 ρ 
                                                                                      (4.11) 

Where the mass density is related to the pressure, gas temperature the multi 
fluid ideal gas equation of state. The residence time is often used as a 
characteristic parameter of the reactor, rather than the mass flow rate for 
steady state flow. The energy balance is determined by considering a 
control volume that includes the reactor, the reactor walls, and any 
deposited material therein. Gas Energy Equation is expressed as [5] 

        ∑ ,  ,   ∑ ,  ,   

                                                                                                     (4.12) 

Where h  is the specific enthalpy of species k, Usys is the total internal 
energy of the system. Qloss is the net heat flux directed out of the reactor. 
Qsource  refers to heat generated in the reactor. The term P V represents the 
work done by the control volume on the external world. That would be 
indicated that the last three terms are zero in this work. 

 

4.6 One-D reactor:  Laminar Flame Speed 

In order to calculate the mixture flammability limits as well as laminar 
flame speed, this model is suitable in a variety of fuel oxidizer 
combinations. In fact, this model can solve the governing differential 
equations that explain the flame dynamics with implementing implicit finite 
difference method including steady state and transient methods. One 
important advantage of this model that leads to reach a better convergence 
is ability to carry out an algorithm to refine the grid generation from coarse 
to fine.  

In this model, a freely propagating flame is included, in order to estimate 
the gas mixture flame speed at specified pressure, inlet temperature as well 
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as composition (�). It is assumed that there is no heat loss, so the 
temperatures should be computed from the energy equation. Actually, 
flame speed depends on the transport of heat, and predicting the 
temperature distribution is an integral part of the flame speed calculation. 

In this model, some assumptions need to be considered which would be 
remarked as the flow is 1D with uniform inlet conditions. Also the gas is 
considered as ideal gas with constant pressure neglecting the gravitational 
effects and radiation effects. The governing conservation equations as 
conservation of mass, species and energy are expressed as follows 
respectively [5]. 

 ρ                                                                                      (4.13) 

             0                                   (4.14) 

         

       ∑    ∑   0        (4.15) 

 

Additionally, the equation of state would be written as [5] 

                                                                                        (4.16) 

Where x, is referred to the spatial coordinate, m is the mass flow rate as 
independent of x,  u the velocity of the fluid mixture,  λ the thermal 
conductivity of the mixture; cp the constant pressure heat capacity of the 
mixture, cpk  the constant pressure heat capacity of the kth species; RR  the 
molar rate of production by chemical reaction of the kth species per unit 
volume, h  the specific enthalpy of the kth species, V   the diffusion velocity 
of the kth species, Q the heat loss due to gas and particle radiation, and A 
the cross sectional area of the stream tube surrounding the flame. As 
explained in the first chapter, the reaction rate is calculated by Arrhenius 
law. 
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5 Kinetic Optimization 

5.1 Introduction 

The chemical kinetics is extremely important to predict several capabilities 
of each system such as adiabatic flame temperature, combustion efficiency, 
laminar flame speed, heat release, ignition delay, pollutant emissions and so 
on. Since anticipating these properties, in reality, need to be performed the 
detailed reaction mechanisms including thousands of reaction steps as well 
as hundreds of species for computational fluid dynamics combustion 
simulations, the run time remains an inevitable obstacle. Thus, there need to 
be found another method instead of using detailed reaction mechanism 
according to the required chemistry. There are many approaches for the aim 
of incorporating chemical kinetics into CFD simulations. In this work, 
global reaction mechanisms have been used. In comparison, a multi step 
global kinetic mechanism could be ideal for CFD simulation with regard to 
its Arrhenius rates at which could be easily used with typical codes. 

 

5.2 GRI-Mech 3.0 

GRI-Mech3.0 is an optimized detailed reaction mechanism designed to 
model natural gas combustion, including NO formation and re-burn 
chemistry [6]. This mechanism consists of 325 reactions and 53 species 
(including argon). In addition, Vagelopoulos et al. [7], examined this 
mechanism by getting experimental results for Methane-Air mixture in 
standard conditions (atmospheric pressure and temperature 298K) for three 
different equivalence ratios as below so that Figure 5.1 shows good 
agreement between experimental data and simulated GRI-Mech3.0, 
obviously. 
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Figure 5.1. Flame speed comparison of GRI-Mech3.0 with experimental 
result. 

This mechanism contains formed intermediate bonds and intermediate 
species like  H, O, OH, CH so that these radicals are unstable and highly 
reactive because of unpaired electrons included.  

 

5.3 Global Reaction Mechanisms 

With the help of Arrhenius law, this is possible to approximate the 
characteristics of the global to detailed mechanisms. For instance, the 
laminar flame speed, adiabatic flame temperature and emission species are 
prominent to be considered when generating global mechanisms with 
respect to experimental data as well as detailed mechanisms. 

In this work, the two-step Westbrook and Dryer (WD) mechanism [8], has 
been employed as an initial survey comparing with GRI-Mech3.0. With 
respect to the fact that lean mixtures are hard to ignite and more sensitive to 
quench, and since this global reaction mechanism can introduce a rich 
mixture of methane air, it would be a suitable mechanism to predict the 
combustion characteristics. The two-step WD mechanism is as follows: 

 

CH4 + 1.5 O2 → CO + 2 H2O  

CO + 0.5 O2 = CO2 

0

15

30

45

0,5 0,7 0,9 1,1 1,3 1,5

Experimental measurement by 
Vagelopoulos

GRI-Mech3.0
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Where the first reaction is oxidation of methane and second one is 
equilibrium reaction. Figures 5.2-5.5 represent the laminar flame speed, 
adiabatic flame temperature and major emissions comparing WD 
mechanism with GRI-Mech3.0. According to the Figure 5.2, WD 
mechanism under predicts flame speed at lean condition and over predicts 
at rich condition. Based on the Figure 5.3, the temperature matches fairly 
well specially at high residence times. Figures 5.4-5.5 show that the major 
species match quite well at lean condition, but not for rich condition. Thus, 
the optimization procedure comes from the fact that matching these 
characteristics of global compared to detailed mechanism, and then CFD 
simulation of optimized mechanism can be used to validate the 
experimental results.  

 

 

 
Figure 5.2.  Laminar flame speed vs. equivalence ratio under standard 

conditions, temperature as 298K and pressure as 1atm. 
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Figure 5.3.  Flame temperature for two nominated equivalence ratios at 

lean and rich conditions. 

 
 
 

 
Figure 5.4. CO mole fraction for two nominated equivalence ratios at lean 

and rich conditions. 
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Figure 5.5. CO2 mole fraction for two nominated equivalence ratios at lean 

and rich conditions. 
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5.4 Optimization Process 

The optimization problems could be solved by various methods 
distinguished by two major methods as derivative and non-derivative 
methods. Derivative methods are classified as first order or second order 
depending on whether the first or second order partial derivatives included 
in objective function. The Quasi Newton method could be mentioned as an 
example of derivative manner. Regarding non-derivative methods, the 
evolutionary algorithms like genetic algorithm and evolution strategy are 
indicated as examples.  

The derivative methods are generally more time efficient; however, this is 
so sensitive to the initial solution in which leads to find the local optima 
instead of global so that this makes it unreliable. In contrast, the non-
derivative methods are based on random selected  evolution functions so 
that it can usually cause to reach the global optimum. Therefore, in this 
work evolution strategy method has been employed. 

Evolution Strategy (ES), by definition, is an optimization technique based 
on ideas of adaption and evolution so that it belongs to a more general class 
of evolutionary computation or artificial evolution [9]. Since, there is 
usually a huge difference between mathematical optimization and 
optimization in real world applications, this method can solve technical 
optimization problems where no analytical objective functions are usually 
available. The main advantages of this method could be indicated as being 
suitable for continues, discrete and binary variables as well as when a large 
number of constraints are present. It always converges to a good enough 
solution. However, the main drawback is requiring several steps to 
converge as same as the other evolution methods. Figure 5.6 represents ES 
performance as an algorithm chart. 
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Figure 5.6.  Evolution Strategy performance. 
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In each optimization problem several requirements need to be defined.  
These are objective functions, constraints and design variables with 
applicable limitations. The objective functions prescribe the criterion that 
guides the search for the best solution so that this quantity should be 
minimized or maximized. The constraints denote to the expressions defined 
for design variables as well as for convergence. Also the design variables 
should be expressed as varying values that can influence the objective 
function. In this work, since the two-step global reaction mechanism is 
considered, the pre-exponential factors, activation energies, temperature 
exponents and reaction orders are taken into account as input objective 
variables.  

 

5.4.1 PSR Optimization 

According to the optimization strategy in which is considered as ES, it tries 
to select proper input values to run CHEMKIN-PSR model and producing 
output results that could be referred as calculated temperatures and species 
values like CH4, CO and CO2. According to the intention which is matching 
the temperature and emissions with GRI-Mech3.0, several points in these 
diagrams are to be compared with the same defined points in GRI-Mech3.0, 
introducing the error function (see Equation 5.1) at which this is needed to 
be minimized. During this simulation, modeFRONTIER can generate 
numerous designs including Pareto front line designs which contains the 
best available designs. 

The strategy that has been employed here is optimizing the global 
mechanism at lean condition, firstly. In this case, three equivalence ratios 
0.7, 0.8 and 0.9 are taken into account to match their temperature and CO 
compared to GRI-Mech3.0 values considering several points. After 
optimizing at lean condition simultaneously, the approach is to optimize 
temperature and CO at rich condition at various equivalence ratios 
individually, with freezing all design variables except pre exponential 
factors introducing the correction factor. Thus, each equivalence ratio 
would have a unique constant to multiply in it to match the quantities, and 
then this correction function is used in CFD simulation.  

 

  ∑  .                 (5.1)                     
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Figure 5.7 shows the correction function for the two optimized global 
reaction mechanisms based on the PSR and LFS models. The global 
reaction mechanism based on the LFS model needed only one correction 
function. 

 

 

Figure 5.7. Correction function defined for two-step  optimized mechanisms 
based on PSR and LFS. 

 

5.4.2 LFS Optimization 

In terms of optimization according to LFS model, one arbitrary design from 
PSR results has been considered. Then, this design has been optimized in 
LFS model by manually changing parameters. In this case, Arrhenius 
factors are taken into account to match laminar flame speed according to 
GRI-Mech3.0 for equivalence ratios between 0.6-1. Afterwards, all 
Arrhenius factors are frozen except pre exponential constant for oxidation 
of methane reaction considering rich condition (equivalence ratios 1.1-1.4) 
that the correction function is defined (see Figure 5.7). Also Figure 5.12 
shows the result of laminar flame speed of optimized mechanism fitting the 
detailed mechanism. Eventually, the Tables 5.1 and 5.2 present the two 
generated optimized mechanisms based on PSR and LFS models. 
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Table 5.1 Pre exponential constant(A), Activation Energy(Ea), 
Temperature exponent (β) of the two optimized mechanisms based on PSR 

and LFS (units in m, s, Joules, and mol). 

Reaction A Ea  β 

PSR LFS PSR LFS PSR LFS 

CH4 + 1.5 O2 → 

CO + 2 H2O 

3.97e13 2.2e12 1.10756e5 1.21231e5 -0.837 -0.613 

CO + 0.5 O2 = 

CO2 

3.815e17 1.35e17 5.5617e4 1e5 0.085 0.717 

 

Table 5.2 Stoichiometric coefficients of the two optimized mechanisms 
based on PSR and LFS. 

Stoichiometric 

Coefficients 

PSR LFS Stoichiometric 

Coefficients 

PSR LFS 

′  1 1 ′′  0.605 0.641 

′  0.5 0.5 ′′  0.877 0.705 

 

Where the reaction rates for the forward steps are 

  ′ ′  

  ′′ ′′  

 

The backward rate for the second reaction is based on equilibrium 
assumption indicated in Chapter 3.   
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5.5 Optimization Results 

Figure 5.8 shows adiabatic flame temperature comparison between the 
detailed GRI-Mech3.0 and the optimized two-step global reaction 
mechanism with respect to the PSR model at lean conditions. The 
agreement is satisfactory for all equivalence ratios. 

 

 
Figure 5.8. Temperature of PSR the two-step optimized mechanism at lean 

condition. 

 
Figure 5.9 represents adiabatic flame temperature comparison between the 
detailed GRI-Mech3.0 and the optimized two-step global reaction 
mechanism with respect to the PSR model at rich conditions. The 
agreement here is also satisfactory. 
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Figure 5.9. Temperature of PSR two-step optimized mechanism at rich 

condition. 

 
Figure 5.10-5.11 show the CO mole fraction of two-step PSR optimized 
mechanism. In comparison, the CO mole fraction of optimized mechanism 
is a factor of two higher than GRI-Mech3.0 at low residence times. With 
increasing the residence time, the results are more closer together.  

 

 
Figure 5.10. CO mole fraction of PSR two-step optimized mechanism at 

lean condition. 
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Figure 5.11.  CO mole fraction of PSR two-step optimized mechanism at 

rich condition. 

 

Figure 5.12 shows the laminar flame speed of the two-step optimized 
mechanisms based on PSR and LFS mechanisms compared to GRI-
Mech3.0. The laminar flame speed for the two-step LFS optimized 
mechanism is matched with the GRI-Mech3.0 sufficiently well. In charge 
of two-step PSR optimized mechanism, it can be seen that comparing flame 
speed it under predicts at lean condition and over predicts at rich condition 
with respect to GRI-Mech3.0. 
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Figure 5.12. Laminar flame speed of the two-step optimized mechanisms 

based on PSR and LFS. 
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6 CFD Combustion Simulation 

6.1 Introduction 

This chapter encompasses the CFD simulation of a test case (Sandia Flame 
D), in order to investigate the global reaction mechanisms.  Firstly, the two-
step WD has been utilized to reach an appropriate setup according to the 
test case, and then the optimized reaction mechanisms are modelled with 
considered setup to analyze their performance. In all simulations, the 
reference is experimental results published by Sandia National Laboratories  
[10]. Additionally, various turbulence models, turbulence-interaction 
models as well as thermal radiation models has been investigated.  

 

6.2 Governing Equations 

In order to depict the flow characteristics in the system, there need to be 
defined the transport equations such as conservation of mass, momentum, 
energy and species that could be expressed as follows: 

 

6.2.1 Conservation of Mass 

The conservation of mass states that for a closed system, the mass of the 
system remains constant throughout a process. Regarding fluid dynamics, it 
states that the net rate at which mass flows into a control volume is equal to 
the net rate at which mass flows out of the control volume. The general 
equation could be expressed as [11] 

  0                                                             (6.1) 

Where for incompressible flow 

0                                                                                    (6.2) 
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6.2.2 Conservation of Momentum 

The law of momentum conservation is a fundamental principle of physics 
which states that the momentum of an isolated system remains constant if 
there are no external forces acting on the system regardless of changes 
within the system based on Newton's first law. The general form is declared 
as [11] 

         2 /3   

                                                                                  (6.3) 

 

6.2.3 Conservation of Energy 

The law of conservation of energy states that an isolated system, the total 
energy would be constant, and just it can transport from one form to other 
one (kinetic, potential, heat, light, etc). The energy equation in general form 
is [11] 

                        (6.4) 

 

6.2.4 Conservation of Mass Species 

According to the continuity equation stating the total mass of an isolated 
system is constant, for a system containing one phase but more than one 
component, the total mass of the system is composed of different species. If 
the concentrations of each of these species are not uniform, mass transfer 
occurs in a way that makes the concentrations more uniform. Therefore, it 
is necessary to track the individual components by applying the principle of 
conservation of species mass. For a system of multiple components, each 
component can have its own mass density and velocity. The conservation of 
mass for the kth species in a single phase system could be expressed as [12] 

                                             (6.5) 
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Where J , is the diffusion flux of species k, which comes from gradients of 
concentration and temperature. 

 

6.3 Burner Overview 

The burner is formed by a central nozzle (methane air mixture), surrounded 
by a small premixed pilot flame , and an annular co-flow gas stream of 
atmospheric air. The high mixing rates allow these flames to burn as 
diffusion flames. The pilot stream role is firstly producing ignition and then 
providing stability of the flame at the burner exit for suitable high Reynolds 
numbers. Also the co-flow gas stream protects the flame from external 
influences. (see Figure 6.1) 

 

 
Figure 6.1.  Schematic burner geometry. 

 

The burner geometry is axi-symmetric and therefore has only a 15-degrees 
segment been considered. This implies less computational time. 
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6.4 Turbulence Models 

Generally, the fluctuating velocity fields in flows leads to turbulence flow. 
In fact, the act of fluctuations is mixing transported quantities like energy, 
momentum, as well as species concentration and simulating the small scale 
fluctuations with high frequency in practical engineering calculations is too 
computationally expensive. However, using time-averaged of the exact 
governing equations in simulations decrease the run-time and the modified 
equations are included extra unknown variables in which turbulence models 
should have capability to estimate these variables based on known 
quantities. In addition, because of high Reynolds number in turbulence 
flow, the inertia forces in the fluid are more important than the viscous 
forces because of high Reynolds number. 

Generally, the Navier-Stokes depicts laminar and turbulent flows without 
needing extra equations. But in reality turbulence include much smaller 
length scales than the smallest finite volume mesh used in numerical 
simulations. Thus, the direct numerical simulation would be required to 
predict the turbulence behaviour well. However, current computer power is 
still weak to reach this goal. In order to estimate the turbulence effects, 
there need to be used turbulence models.  In order to find the best 
turbulence model specially for this work; according to the experimental 
results, various turbulence models have been examined.  

It would be good to have a specific turbulence model validated for all kinds 
of problems, but selecting the turbulence model depends on several 
properties of the flow like physics of the problem, suitable required 
accuracy, the available computational resources, and the available 
simulation run time. For instance, since the Reynolds Stress Models are the 
best choice for highly swirling flows [13], according to this kind of burner 
as stationary including diffusion flame, it has been inappropriate so that the 
related simulations are diverged. 

 

6.4.1 Standard k-ε Model 

The standard k-ε model is a semi-empirical model based on model transport 
equations for the turbulence kinetic energy (k) and its dissipation rate (ε) 
which the solution of two separate transport equations lead to determine the 
turbulent velocity and length scales. In this case, it is assumed that the flow 
is fully turbulent and there is no molecular viscosity. Thus, the standard k- ε 
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model is therefore valid only for fully turbulent flows. From the following 
transport equations, the turbulence kinetic energy and dissipation rate could 
be determined [13]. 

                                         

                     (6.6) 

          

                                                                                         (6.7) 

 

In these equations, P  is turbulence production due to viscous forces. P  
and P  are the generation of turbulence kinetic energy and dissipation rate 
due to buoyancy. The following values show the constants , , in 
addition to σ  and σ  as the turbulent Prandtl numbers for k and ε 
respectively so that they are found from experiments. Also S  and S  are 
source terms [13]. 

     C ε 1.44 , C ε 1.92, = 0.09 , 1.0, 1.3 

And the turbulent viscosity is computed by combining k and ε as follows: 

                                                                                     (6.8) 

 

6.4.2 RNG k-  Model 

The standard k- ε and RNG k- ε are generally similar in form of transport 
equations with some  differences that would be mentioned as calculating 
turbulent viscosity is different. Also the RNG model has an additional term 
in dissipation equation that significantly improves the accuracy for rapidly 
strained flows. Additionally, it provides an analytical formula for turbulent 
Prandtl number contrary to the standard k- ε model with using constant 
values. Additionally, the standard k- ε model is valid  just for high 
Reynolds number models, but the RNG model provides an analytically 
derived differential formula for effective viscosity that considers the low 
Reynolds number effects. Moreover, estimating the production term of k 
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and ε is different than the standard model. The effect of swirl on turbulence 
is included in the RNG model, enhancing accuracy for swirling flows. 
These features demonstrate that the RNG model is more accurate and 
reliable for a wider range of problems  [13]. 

 

6.5 Turbulence-Interaction Models 

These models determine the rates at which a species is consumed or created 
in a single reaction step during the combustion process. For multiple step 
reactions, the reactions are added to obtain the total reaction rate. 

 

6.5.1 EDM Model 

The EDM could be utilized for use in a wide range of turbulent reacting 
flows like premixed and diffusion flames. This model is applicable for 
various industrial flames because it is simple and robust in turbulent 
reacting flows. It should be noted this model could be used for turbulent 
flows when the chemical reaction rate is fast relative to the transport 
processes in the flow. Also reaction process is not controlled by chemical 
kinetic; thus, ignition and processes are not good predicted because of 
chemical kinetics that restrict reaction rate [14]. 

Associating the reactants at the molecular level leads to create products. In 
this model, it is assumed that the reaction rate is related to the time required 
to mix reactants at the molecular level. Eddy properties in turbulent flows 
would control this mixing time. So the rate is proportional to a mixing time 
defined by the turbulent kinetic energy (k) and dissipation (ε) [14]. 

rate ∝                                                                                        (6.9) 

In many industrial combustion problems in which reaction rates are fast 
relative to reactant mixing rates, this model is suitable. The exact formula 
of the rate of progress of elementary reaction i, is estimated by the smallest 
of the two following expressions: [14] 

 min ′                                                                (6.10) 
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 min
∑

∑ ′′                                                 (6.11) 

Where M  is the molar concentration of species M , also A and B are 
model coefficients that are -0.5 and 4 by default, respectively. That would 
be mentioned that second formula is ignored by setting negative value to 
coefficient B when multi step reaction mechanism is used, because it makes 
the model more complicated. The reason could be expressed as taking place 
of extinction of the flame when this formula is turned on. 

 

6.5.2 FRC Model 

In FRC model the reaction rates are computed by molecular interaction 
between the species in the fluid. It can be combined with the eddy 
dissipation model for flames where chemical reaction rates might be slow 
compared with the reactant mixing rates. [14] 

The Finite Rate Chemistry model is best applied to situations where the 
chemical timescale is rate-limiting. This model can be used in conjunction 
with both laminar and turbulent flow. In this case, it is assumed that the rate 
of progress of elementary reaction i can be reversible only if a backward 
reaction is defined. Therefore, the rate of progress RR , is computed as [14] 

   ∏
′

   ∏
′′

                          (6.12) 

Where  and  are forward and backward rate constants which are 
defined by Arrhenius rate law as indicated in first chapter. The most 
significant drawback of FRC model is lack of accounting the turbulent 
fluctuations of temperature when computing temperature dependent 
reaction rates. 

 

6.5.3 Combined EDM/FRC 

In the combined FRC/EDM; firstly, the reaction rates are calculated  for 
each model individually and then the minimum of the two is used. This 
procedure is applied for each reaction step separately. This could be so 
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appropriate since the rate for one step may be limited by the chemical 
kinetics, another step might be limited by turbulent mixing at the same time 
and physical location so that this model is flexible to use proper model for 
each reaction. 

This combined model is powerful for many real applications when the 
reactions that range from low to high Damköhler numbers in which the 
chemistry is slow to fast compared to turbulent timescale. In addition, this 
model is recommended to apply if the fuel is a mixture of several species 
like methane-air mixture [14]. 

 

6.6 Mesh Considerations 

ICEM-CFD has been used to generate a suitable structured mesh. To reduce 
the computer run-time, a grid independence study has been carried out so 
that several number of meshes are examined with the same setup and the 
results are compared.  Figure 6.2 illustrates the generated mesh with 
140,000 cells. The dense region consists of centre of the burner because the 
reactions occur in these areas and need to be considered significantly. 

 

 

Figure 6.2. Mesh generated for a 15 degrees sector of burner (140,000 
cells). 
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6.7 Experimental Setup 

The experimental measurements in piloted methane air jet flame stabilized 
on a burner  has been done by Sandia National Laboratories in USA [10]. 
Measured scalars include temperature distribution and mixture fractions 
such as CH4, CO, CO2. The data set includes axial and radial profiles of 
measured quantities. The flames are measured by two component Laser 
Doppler Anemometry (LDA) tool (see Figure 6.3). The jet fluid is partially 
mixture of air and methane so that it can diminishes the problem of 
fluorescence interface from soot precursors for better precision in the scalar 
measurements as well as decreasing the flame length and producing more 
robust flame than pure methane. 

In this case, the flame would be operated at rationally high Reynolds 
number with little or no local extinction, even with a modest pilot. The 
most important reason leads to ignition is, since the mixing rates are high 
enough so that the stated flames burn as diffusion flames, with a single 
reaction zone near the stoichiometric mixture fraction and no indication of 
significant premixed reaction in the fuel rich methane-air mixtures. In this 
work the flame D has been used.  

 

 
Figure 6.3. Flame D with laser beam. 
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6.8 Boundary Conditions 

The boundary conditions that have been used are velocity profiles, 
turbulence kinetic energy and dissipation rate as well as turbulence 
intensity as shown in Table 6.1. Also steady state analysis with methane air 
mixture as material under atmospheric pressure has been used and the 
effect of buoyancy has been considered.  

 

Table 6.1 Stoichiometric coefficients of the two optimized 

 Fuel Pilot Co-flow 

Normal Velocity Profile  

(Figure 6.4) 

Profile  

(Figure 6.4) 

Profile  

(Figure 6.4) 

Turbulence function k-ε  profile  

(Figure 6.5) 

Intensity profile 

(Figure 6.6)  

Intensity profile  

(Figure 6.6) 

Temperature 294 K 1880 K 291 K 

SpeciesMassFraction 

(reminder N2) 

CH4: 0.157 

O2: 0.195 

CO2: 0.11 

H2O: 0.092 

O2: 0.056 

O2: 0.231 

 

 
Figure 6.4. Axial velocity profiles of three different inlets (fuel, pilot and co 

flow). 
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Figure 6.5. Turbulence kinetic energy and eddy dissipation rate profiles for 

fuel inlet. 

 

 

 
Figure 6.6. Turbulence Intensity profile for all three inlets. 

  

1,E-08

1,E-05

1,E-02

1,E+01

1,E+04

1,E+07

0 0,001 0,002 0,003 0,004

Tu
rb

ul
en

ce
 sc

al
e

Radial line, m

Turbulence Kinetic Energy (m^2/s^2)

Turbulence Eddy Dissipation (m^2/s^3)

0,0001

0,001

0,01

0,1

1

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35

Tu
rb

ul
en

ce
 In

te
ns

ity
, %

Radial line, m



 46

7 Results and Discussions  

7.1 Grid independence study 

At first, in order to study mesh independency, various number of cells are 
investigated. Figure 7.1 shows that grid independence have been reached at 
mesh size of 140,000 cells. This implies that this mesh has been considered 
for all CFD simulations. This figure represents the flame temperature at 
centre line for different mesh sizes. 

 

 

 
Figure 7.1. Flame temperature in axial line of various number of cells 

studied for Sandia flame D. 
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7.2 Turbulence models study 

As can be seen in the Figure 7.2-7.3, several turbulence models have been 
investigated based on flame temperature and axial velocity. The k-ε RNG 
model predicts the temperature and velocity profiles the best compared to 
the experimental results. Furthermore, on CFX validation report [15], it has 
been commented k-ε RNG model as an appropriate model in steady-state 
analysis. 

 

 
Figure 7.2. Flame temperature at centre line for various turbulence models 

(WD mechanism). 
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Figure 7.3. Flame speed at centre line for various turbulence models (two-

step WD mechanism). 

 

Additionally, Figure 7.4 represents different radiation models that are used 
such as Discrete Transfer, Monte Carlo as well as P1 models.  

 

 
Figure 7.4. Various radiation models. 
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Consequently, the chosen setup used in CFD simulation is k-ε RNG 
turbulence model with combined EDM/FRC turbulence interaction model 
including P1 radiation model. The mesh size is 140,000 cells. Figure 7.5 
demonstrates the flame temperature contour. The over-ventilated flame is 
generated highlighting the high temperature regions.  

 

 

Figure 7.5. Flame temperature contour in Sandia burner. 
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7.3 Optimized Mechanisms Results 

This section encompasses the CFD combustion simulation results of three 
different two-step global reaction mechanisms named WD, optimized 
mechanism based on PSR and LFS models compared to experimental 
results. The position of measured data are the axial profile and radial 
profiles which are located at z-position 0.0144m, 0.1088m and 0.324m 
according to the Figure 7.6. 

 

 

Figure 7.6. Fluid domain showing axial line as well as three radial lines as 
measurement locations. 

 

Figure 7.7 shows the flame temperature profiles on centre line in the burner 
comparing global mechanisms and experimental data. The downstream 
results are more close to experiments than the upstream. The two-step LFS 
and WD mechanisms at upstream predict flame temperature better than 
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two-step PSR mechanism with respect to experiments. Generally one 
reason for mismatching could be mentioned as steady state CFD 
simulation. In this case, just mean values are taken into account ignoring 
fluctuating values which remarkably leads to  decrease the accuracy of the 
results. 

 

 
Figure 7.7. Flame temperature at axial line comparing global mechanisms 

with experimental data. 

 

Figure 7.8 displays the velocity profiles on centre line in the burner 
comparing global mechanisms and experimental data. In the beginning, the 
prediction is well. While in some regions close to the middle there is no 
good agreement for both optimized mechanisms. 
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Figure 7.8. Axial velocity at axial line comparing global mechanisms with 

experimental data. 

 

Figure 7.9 shows CH4 mass fraction comparing three global mechanisms 
and experiment on radial line located at 0.0144m form entry. As can be 
seen the prediction is well. 

 

 
Figure 7.9. Methane mass fraction on radial line in 0.0144m distance from 

inlet centre. 
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Figure 7.10 displays CO mass fraction comparing three global mechanisms 
and experiment on radial line located at 0.0144m form inlet. The two-step 
PSR optimized mechanism predicts sufficiently well respecting experiment 
rather than two-step WD and LFS optimized mechanisms. 

 

 

 
Figure 7.10. CO mass fraction on radial line in 0.0144m distance from 

inlet centre. 

 

Figure 7.11 represents CO2 mass fraction comparing three global 
mechanisms and experiment on radial line located at 0.0144m form inlet. 
As can be seen, the prediction of all global mechanisms are quite well 
except the location at around 0.004m that two optimized (PSR and LFS) 
mechanisms over predict CO2 mass fraction with respect to WD mechanism 
and experiment. 
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Figure 7.11. CO2 mass fraction on radial line in 0.0144m distance from 

inlet centre. 

 

Figures 7.12 shows CH4 mass fraction on the second radial line located at 
0.1088m form entry. The prediction of methane is still quite well for all 
three global mechanisms. Although, it is not as good as the first line at 
0.0144m. 

 

 
Figure 7.12. Methane mass fraction on radial line in 0.1088m distance 

from inlet centre. 
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Figures 7.13 displays CO mass fraction on the second radial line located at 
0.1088m form entry. There is no good agreement for all three global 
mechanisms comparing experiment. Generally, the prediction of CO 
concentration is difficult. 

 

 
Figure 7.13. CO mass fraction on radial line in 0.1088m distance from 

inlet centre. 

 

Figures 7.14 represents CO2 mass fraction on the second radial line located 
at 0.1088m form entry. The two-step WD mechanism predicts quite well 
rather than two optimized mechanisms comparing experiment. 
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Figure 7.14. CO2 mass fraction on radial line in 0.1088m distance from 

inlet centre. 

 

According to the Figure 7.15, CH4 mass fraction on the third radial line 
located at 0.324m  form entry is shown for three global mechanisms 
compared with experiments. As can be seen, all global mechanisms predict 
quite the same. Moreover far from the centre line, there is good agreement 
between global mechanisms and experiment. 

 

 
Figure 7.15. Methane mass fraction on radial line in 0.324m distance from 

inlet centre. 
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Figure 7.16 displays CO mass fraction on the third radial line located at 
0.324m  form entry. With regard to the same behaviour of all three global 
mechanisms, there is poor prediction specially close to the centre line. 

 

 
Figure 7.16. CO mass fraction on radial line in 0.324m distance from inlet 

centre. 

 

Figure 7.17 shows CO2 mass fraction on the third radial line located at 
0.324m  form entry. It could be seen that the global mechanisms have the 
same prediction and except close to the centre line, there is good agreement 
between experiment and global mechanisms. 
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Figure 7.17. CO2 mass fraction on radial line in 0.324m distance from 

inlet centre. 
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8 Conclusion  

This master thesis has focused on generating two optimized global reaction 
mechanisms based on PSR and LFS models of CHEMKIN with reference 
to a detailed reaction mechanism named GRI-Mech3.0. The optimization 
process is done using ES in modeFRONTIER optimization tool linked to 
CHEMKIN software. In the PSR optimized mechanism, temperature is well 
fitted against detailed mechanism rather than CO concentration after 
optimization process (see Figures 5.8-5.11). And in CFD simulations, the 
prediction of temperature looks better than CO with respect to experiment. 
In addition, prediction of CH4 and CO2 are sufficiently well compared to 
experiment. 

In charge of LFS model, the flame speed of optimized mechanism is well 
matched with GRI-Mech3.0 at both lean and rich conditions (see Figure 
5.12). Since the PSR and LFS models predict similar results like flame 
speed, CH4, CO, CO2 mass fractions and somehow flame temperature, it 
can then be considered optimized process based on PSR rather than LFS 
model in industrial purposes, that is why PSR model is remarkably faster 
than LFS model. 

Furthermore, the best setup for CFD combustion simulation of Sandia 
Flame D as diffusion flame is considered as k-ε RNG turbulence model 
with combined EDM/FRC turbulence interaction model including P1 
radiation model with 140,000 number of cells for a sector of 15 degrees of 
the burner test case. 

Likewise, with a glance to the CFD simulation results (see Figures 7.9-
7.17), it can totally be seen that the prediction of CH4, CO and CO2 on the 
radial line at 0.0144m look quite well rather than far from burner entry on 
the radial lines at 0.1088m and 0.324m. In other words, whatever close to 
the burner entry, the simulation results would be more appropriate 
compared to the experiment. 
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9 Future Work 

In this work, CFD combustion simulations are considered as steady state. In 
order to reach the better results with taking into account fluctuating values, 
it is suggested to do transient analysis so that implementing turbulence 
models like Large Eddy Simulation (LES) and Scale Adaptive Simulation 
(SAS). In addition, that would be interesting to perform other chemistry 
models like Partially Stirred Reactor (PaSR) and Plug Flow Reactor (PFR) 
of CHEMKIN to investigate flame temperature, flame speed and major 
emissions and comparing with PSR and LFS models. 

Moreover, another test case and experimental result could be utilized to 
examine the mechanisms and evaluate the results. This is the only test case 
as published openly so that it needs to be supported by industrial 
companies. In other words, concerning the Sandia Flame D test case, the 
diffusion flame is considered in this work and then it would be more 
practical to investigate on another kind of flame such as premixed flame. 
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