
 
 

Network Modeling Application to Laminar Flame Speed and  
NOx Prediction in Industrial Gas Turbines 

By 

Seyedeh Sepideh Marashi 

 
 

 
A Thesis Submitted to 
Linköping University 

Department of Management and Engineering 
in Partial Fulfillment of the Requirements for the Degree of 

Master of Science 
in 

Mechanical Engineering 
 
 

LIU-IEI-TEK-A--13/ 01782—SE 
 

Linköping, November 2013 
 

  



 
 

Network Modeling Application to Laminar Flame Speed and  
NOx Prediction in Industrial Gas Turbines 

By 

Seyedeh Sepideh Marashi 

 
 

Industrial 

Supervisors: 

Dr Daniel Lörstad 

Dr Darioush Gohari Barhaghi 

Dr Alessio Bonaldo 

Siemens Industrial Turbomachinery AB,  
Finspång, Sweden 

Academic Supervisor: Dr Joakim Wren 

Department of Management and Engineering,  
Linköping University, Linköping, Sweden 

Examiner: Dr Johan Renner 

Department of Management and Engineering, 
Linköping University, Linköping, Sweden 

 
LIU-IEI-TEK-A--13/ 01782—SE 

 
Linköping, November 2013 

  



i 
 

Abstract 

The arising environmental concerns make emission reduction from combustion devices 

one of the greatest challenges of the century. Modern dry low-NOx emission combustion 

systems often operate under lean premixed turbulent conditions. In order to design and 

operate these systems efficiently, it is necessary to have a thorough understanding of 

combustion process in these devices.  

In premixed combustion, flame speed determines the conversion rate of fuel. The flame 

speed under highly turbulent conditions is defined as turbulent flame speed. Turbulent 

flame speed depends on laminar flame speed, which is a property of the combustible 

mixture.  

The goal of this thesis is to estimate laminar flame speed and NOx emissions under certain 

conditions for specific industrial gas turbines. For this purpose, an in-house one-

dimensional code, GENE-AC, is used.  

At first, a data validation is performed in order to select an optimized chemical reaction 

mechanism which can be used safely with the fuels of interest in gas turbines. Results show 

that GRI-Mech 3.0 performs well in most cases. This mechanism is selected for further 

simulations.  

Secondly, laminar flame speed is calculated using GRI-Mech 3.0 at SGT-800 conditions. 

Results show that at gas turbine conditions, increasing ambient temperature and fuel to air 

ratio enhances flame speed, mainly due to faster reaction rates. Moreover, laminar flame 

speed is highly affected by fuel composition. In particular, adding hydrogen to a fuel 

changes chemical processes significantly, because hydrogen is relatively light and highly 

diffusive. Calculations are conducted over a range of equivalence ratios and hydrogen 

fractions in methane at atmospheric as well as gas turbine operating conditions. Results 

reveal some trends for changes in laminar flame speed, depending on hydrogen content in 

the mixture.  

The final part of the thesis involves the development of a reactor network model for the    

SGT-700 combustor in order to predict NOx emissions. The network model is built in 

GENE-AC based on results from available computational fluid dynamics (CFD) 

simulations of the combustor. The model is developed for full load conditions with 

variable pilot fuel ratios. The NOx emissions are predicted using GRI-Mech 3.0 

mechanism. A parametric study shows the dependency of NOx emissions on equivalence 

ratio and residence time. For SGT-700 running on natural gas, NOx emissions are fitted 

to measurement data by tuning equivalence ratio and residence time. The model is then 

tested for a range of ambient temperatures and fuel compositions. It is found that, although 

the model can correctly predict the trends of ambient temperature and fuel effects on NOx 

emissions, these effects are to some extent over-estimated. Using future engine tests and 

amending calibration can improve the results.  

Keywords: Gas turbine, combustion, NOx, NOx emissions, laminar flame speed, burning 
velocity, hydrogen, network modeling, reactor network modeling.  
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1. Introduction 

 Introduction 

Ever since the industrial revolution in the 18th century, combustion of fossil fuels has been 

the primary source of power generation. Today, gas turbines play a vast role in electricity 

generation by burning gaseous fuels such as natural gas, and converting its chemical energy 

to heat and electricity. A drawback of using fossil fuels is the pollutants that are formed 

during the combustion process. Emissions such as carbon oxides and nitric oxides are 

responsible for today’s major environmental issues such as global warming and acid rains.  

Emissions of carbon monoxide, CO, and unburned hydrocarbons, UHC, are the result of 

incomplete combustion. Therefore, by improving the combustion efficiency and by 

burning the mixture at an optimum equivalence ratio of around 0.8, it is possible to reduce 

CO and UHC formation. The burning rate is raised at higher equivalence ratios up to about 

1.05, yet CO and UHC emissions are not lowered because of insufficient oxygen. The 

perfect mixing of fuel and air and better fuel atomization also improve CO and UHC levels 

effectively. Another method to decrease these emissions is to increase the volume (and/or) 

the residence time while reducing the liner wall-cooling air in the primary zone [1].  

Lowering flame temperature is the most effective way to control NOx emissions. 

Nowadays, dry low-NOx combustion systems are widely used for this purpose. In these 

systems, air and fuel are premixed and combustion takes place under lean conditions, 

reducing flame temperature and NOx emissions [2]. The power output can be improved 

by burning the mixture under turbulent conditions and increasing the fuel conversion rate. 

However, another important requirement of using dry low-NOx systems is to assure 

combustion stability and high combustion efficiency under all operating conditions [1, 2].  

Natural gas has been the primary fuel used in gas turbines; however, depending on the 

cost, availability and handling of fuels from one location to another, it is common to use 

different natural gas compositions, pure hydrocarbons such as methane or propane, or use 

additives or diluents in order to reach the desired conditions.  

In order to ensure the efficient and stable combustion with minimum emission levels, it is 

important to have a thorough understanding of combustion process. During combustion, 

the flow and flame interact with each other in a complex way. The turbulent vortices and 

recirculations reshape the flame structure and affect the flame behavior to a large degree. 

On the other hand, the flame changes the flow through expansion and chemical reactions.  

Numerical simulation is an effective way to estimate and study combustion behavior. 

Among numerical models, one-dimensional approaches can provide a basic understanding 

of the flow-flame behavior during a reasonable amount of time. A disadvantage of 

numerical simulations is the requirement of providing complicated models where fluid 

dynamics equations are coupled with chemical kinetics. In order to simulate the flow 

structure in small scales, it is required to use detailed chemical kinetics mechanisms in 

which all species are present and taken into account. This results in a large number of 

equations and is computationally expensive. By utilizing an optimized chemical mechanism 

which gives acceptable results, it is possible to reduce the computational cost.  

 



2 
 

  Objective 

The objectives of this thesis are to: 

1. Select the best mechanism in terms of accuracy, speed and data handling. The 

selection is based on the performance of two mechanisms, GRI-Mech 3.0 and LOGE 

28-species mechanisms regarding accuracy, speed and data handling.  

2. Predict laminar flame speed at SGT-800 conditions using GRI-Mech 3.0 as the 

chemical reaction mechanism and GENE-AC as the one-dimensional simulation tool.  

3. Develop a reactor network model for SGT-700 combustor to predict NOx 

emissions in full load conditions. The network must also provide an insight of the flow 

field inside the combustor.  

 Outline 

First, the concepts and governing equations used in this thesis are presented in Chapter 2.  

In Chapter 3, laminar flame speed for different fuels using two chemical reaction 

mechanisms, GRI-Mech 3.0 and LOGE 28-species are calculated. Results are validated 

with available data existing in literature. It is shown that, in general, GRI-Mech 3.0 has a 

better performance compared to LOGE 28-species mechanism, and therefore is selected 

for calculations in later chapters.  

Laminar flame speed for SGT-800 operating conditions is predicted and discussed in 

Chapter 4. Effects of operating conditions as well as fuel compositions are studied 

separately. Due to the different flame behavior observed for hydrogen-enriched methane, 

effects of hydrogen addition to methane is studied and presented in more details.  

Development of a network model for SGT-700 is presented in Chapter 5. The model, 

including main and pilot flames at full load conditions and using natural gas, is validated 

with the data measured from the engine test. The model is tuned using a correlation 

between pilot fuel ratio and residence time, which is achieved by fitting calculated values 

with measurement data. Effects of ambient temperature ranging from -5ºC to 35ºC and 

fuel compositions are studied additionally. 

Finally, a general discussion, conclusion and suggested future work will follow.  
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2. Concepts, Equations and Definitions 

Combustion is an exothermal reaction where a fuel is oxidized accompanied by conversion 

of chemical species and heat release. In gas turbines, the fuel is usually a hydrocarbon in 

liquid or gas form, the oxidant is always air, and the heat release appears as a flame. In 

order to better understand the work presented in this thesis terms and concepts involved 

in gas turbine combustion are defined.  

 Gas Turbine Operation 

Siemens gas turbines operate based on the Brayton cycle. Ambient air is fed to the 

compressor that increases the air pressure and temperature. The air then passes through a 

burner, where it is mixed with the fuel until a homogenous mixture is reached. The mixture 

then enters the combustion chamber and after combustion, the hot gases drive the turbine 

by expansion. Finally, the flow leaves the system through the diffuser. A simple scheme of 

the gas turbine is shown in Figure 2-1.  

 

 

 

 

 

 

Figure 2-1 Gas turbine operation principle 

The output work and efficiency of the gas turbine depends on the difference between T5 

and T1: The larger the difference, the higher the efficiency. One way to increase T5 is to 

increase flame temperature (T4).  

 Combustion Process 

Combustion is often recognized by a single global reaction where intermediate species are 

excluded. In a global reaction, fuel and air react and combustion products are formed. A 

typical example is the combustion of methane and air: 

CH4+2O2→CO2+2H2O 

Nitrogen in the air has been left out, since it does not play any role in the basic reaction.  

A global reaction is in fact, the result of a large number of elementary chemical steps. The 

fuel breaks down into several lighter radicals that interact with each other and produce 

different molecules.  

Elementary reactions can be written as: 

Compressor 

Fresh air 

Burner 

1 

3 

4 

5 

6 

7 

Fuel 
Combustor 

Exhaust gases 

2 Work out  

Turbine 
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∑ 𝑣𝑖,𝑙
′ 𝐴𝑖

𝑁𝑠

𝑖=1

⇋ ∑ 𝑣𝑖,𝑙
′′ 𝐴𝑖

𝑁𝑠

𝑖=1

 for  𝑙 = 1, … , 𝑁𝑟 2.1 

where 𝑣𝑖,𝑙
′  and  𝑣𝑖,𝑙

′′  are the molar stoichiometric coefficients for species 𝑖 in reaction 𝑙, 𝐴𝑖 

is the chemical symbol for the species 𝑖, and 𝑁𝑟 and 𝑁𝑠 are the number of reactions and 

species, respectively. 

A combustion process is determined by the chemical kinetics of all of these elementary 

reactions. The mass produced per unit volume per unit time is called the chemical source 

term and for an arbitrary species 𝑖 is defined based on the reactions in which species 𝑖 is 
involved: 

�̂�𝑖 = 𝑀𝑖 ∑(𝑣𝑖,𝑙
′′ − 𝑣𝑖,𝑙

′ ) (𝑘𝑙
𝑓

∏[𝐴𝑖]
𝑣𝑖,𝑙

′

𝑁𝑠

𝑖=1

− 𝑘𝑙
𝑏 ∏[𝐴𝑖]

𝑣𝑖,𝑙
′′

𝑁𝑠

𝑖=1

)

𝑁𝑟

𝑙=1

 2.2 

with �̂�𝑖 being the chemical source of species 𝑖, 𝑀𝑖 the molar mass of species 𝑖, and 𝑘𝑙
𝑓
 and 

𝑘𝑙
𝑏 denoting forward and backward reaction rate coefficients, respectively. The forward 

reaction rate, 𝑘𝑙
𝑓
, is often given as the expanded form of Arrhenius expression: 

𝑘𝑙
𝑓

= 𝐴𝑐𝑇𝜃 𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
) 2.3 

where 𝐴𝑐 represents the pre-exponential factor, 𝑇 the temperature, 𝜃 the temperature 

exponent, 𝐸𝑎 the activation energy, and 𝑅 the universal gas constant. The term 
𝐸𝑎

𝑅
 is usually 

known as the activation temperature. The backward reaction rate coefficient, 𝑘𝑙
𝑏  can be 

computed from the forward rates and the relationship, 𝑘𝑙
𝑏 = (𝑘𝑙

𝑓) 𝐾𝑙⁄ . The equilibrium 

constant for reaction 𝑙, 𝐾𝑙, is defined by thermodynamic properties.   

Chemical Reaction Schemes (Reaction Mechanism) 

A chemical kinetics scheme, also known as a reaction mechanism, is a collection of all 

elementary reactions by which the global reaction takes place. A reaction mechanism 

describes in how many steps, in what sequence and at which rate molecule bonds are 

broken and made. A detailed mechanism includes all reactants and products and the 

relative rates at each stage as well as the overall rate of the global reaction. 

 General Governing Equations 

Combustion, as a reacting fluid dynamics system, can be divided into thermal and chemical 

processes which interact with each other. The thermal (or the non-reacting) part can be 

modeled using equations in fluid dynamics1, i.e. conservation of mass, momentum and 

energy. For the chemically reacting system, the evolution of mass for each individual 

species is solved additionally. The unclosed terms in these transport models are then closed 

using equations of state for pressure and temperature. 

                                                 

1 For low-Mach numbers 
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Mass conservation: 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝒖 )

𝜕𝑥
= 0 2.4 

Momentum conservation: 

𝜕𝜌𝒖 

𝜕𝑡
+

𝜕(𝜌𝒖𝒖)

𝜕𝑥
= 𝜌𝒈 −

𝜕𝒫

𝜕𝑥
 2.5 

where 𝜌 is the mixture mass density, 𝒖 the flow velocity vector, 𝑡 the time, 𝑥 the spatial 

coordinate, 𝒈 the gravitational acceleration field and 𝒫 = 𝑝ℐ − 𝜎 the stress tensor with 𝑝 

the thermodynamic pressure,  ℐ the unit tensor and σ is the stress tensor which is calculated 

using Fick’s Law of friction for a compressible mixture [2, 3].  

Equations representing conservation of mass and energy for species are derived from 

thermal and caloric equations of state coupled with transport models. The results yield: 

Mass conservation of species: 

𝜕(𝜌𝛶𝑖) 

𝜕𝑡
+

𝜕(𝜌𝒖𝛶𝑖)

𝜕𝑥
=

𝜕

𝜕𝑥
(

𝜆

𝐿𝑒𝑖𝑐𝑝

𝜕𝛶𝑖

𝜕𝑥
) + �̂�𝑖 2.6 

Energy conservation of species: 

𝜕𝜌𝑐𝑝𝑇 

𝜕𝑡
+

𝜕(𝜌𝒖𝑐𝑝𝑇)

𝜕𝑥

=
𝜕

𝜕𝑥
(𝜆

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑥
(

𝜆

𝑐𝑝

∑ (
1

𝐿𝑒𝑖

− 1) 𝑐𝑝,𝑖𝑇
𝜕𝛶𝑖

𝜕𝑥

𝑁𝑠

𝑖=1

)

− ∑
ℎ𝑖�̇�𝑖𝑀𝑊𝑖

𝜌

𝑁𝑠

𝑖=1

+ 𝜌𝒖. 𝒈 + 𝜎: (𝛻𝒖) + (
𝜕𝑝

𝜕𝑡
+ 𝒖. 𝛻𝑝) 

2.7 

In these equations, 𝑐𝑝 is the specific heat, 𝑇 is the temperature and λ is the thermal 

conductivity of the mixture, 𝛶𝑖 = 𝜌𝑖/𝜌 is the mass fraction, ℎ the enthalpy, �̇� the molar net 

change rate, 𝑀 the molar mass, 𝑊 the molecular weight, and 𝐿𝑒𝑖  is the Lewis number of 

species 𝑖.  

Lewis number is a dimensionless number which expresses the ratio of thermal diffusivity 

(𝜆/𝑐𝑝) to species mass diffusivity (𝜌𝐷𝑚,𝑖) as: 

𝐿𝑒𝑖 =
𝜆

𝜌𝐷𝑚,𝑖𝑐𝑝

 2.8 

where 𝐷𝑚,𝑖 is the mixture-averaged diffusion coefficient.  

Effects of Lewis number become substantial when the thermal and mass diffusivity of the 

fuel differ and 𝐿𝑒 ≠ 1. These effects are referred to as “preferential diffusion” and are 

explained in Section 4.2.3. 
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 Combustion Terminology 

2.4.1. Flame Classification 

A flame can be laminar or turbulent based on the properties of the incoming reactants 

flow, and can be divided into diffusion, fully premixed or partially premixed flames, 

depending on how the fuel and oxidizer react with each other.  The main flame in a dry 

low emission (DLE) gas turbine is often simplified as a fully premixed flame where the 

fuel and the oxidizer are perfectly premixed and a homogenous mixture is delivered to the 

flame zone. The structure of the reaction zone in these flames is modeled as perfectly 

stirred reactors (PSR) or plug flow reactors (PlFR).  

A pilot flame is a relatively rich flame which is used to sustain the main flame and behaves 

more like a non-premixed (diffusion or partially premixed) flame. In pilot, the fuel and air 

may be somewhat premixed downstream, but the mixing is not perfect due to short mixing 

length, and thus the mixture is not homogenous. Therefore, different parts of the flame 

burn in different thermodynamical states, which make the flame to show a hybrid behavior 

of both premixed and non-premixed flames [4]. This regime was introduced about two 

decades ago and the interaction between the two regimes is not yet very well developed.  

In this thesis, flames are simplified to fully-premixed models. 

Premixed flames  

In premixed flames, the mixture flows into the combustor and the flame is initiated by an 

ignition source. The flame propagates throughout the entire mixture, dividing the entire 

volume into a burned and an unburned side by a flame front.  

Fristrom and Westernberg [5] suggested that a premixed flame consists of four distinct 

zones: unburned, preheat, reaction and burned gas. At first, a cold unburned mixture is 

sent into the flame zone. The mixture is then heated as it nears the flame front. Once the 

mixture is hot enough, chemical reactions take place in the reaction zone. The new 

composed gases enter the burned gas region, where the temperature and species 

concentrations are constant.   

The reaction zone is where the exothermal reactions take place and the border between 

preheat and reaction zones can be defined as a line where these reactions become 

significant.  The preheat zone is crucially important to retain combustion. Providing a 

“pilot” flame is a solution to continuously heat the mixture and keep the flame alive. 

In the design of the combustion chamber, flame propagation speed through the mixture 

and the parameters which influence its rate are of particular interest. A premixed flame is 

stable when the flame speed and flow velocity are equal and in opposite directions 

(Figure 2-2). 

In a burner, flash-back occurs if the flame speed, 𝑆𝑡, is higher than the burner flow speed, 

𝑈0: 

𝑆𝑡 > 𝑈0 2.9 

Blow-out can happen if the flame speed is lower than the local flow 

speed in the combustor, 𝑈𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 :  
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𝑆𝑡 < 𝑈𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 2.10 

where: 

𝑈𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 < 𝑈0 2.11 

 

 

 

 

 

 

 

Figure 2-2 Schematic view of the flame front  

2.4.2. Equivalence Ratio 

One of the most common terms in combustion analysis is the equivalence ratio, which is 

defined as the actual to stoichiometric fuel to air ratios: 

Ф =
(𝐹𝑢𝑒𝑙/𝐴𝑖𝑟)𝑎𝑐𝑡𝑢𝑎𝑙

(𝐹𝑢𝑒𝑙/𝐴𝑖𝑟)𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

 2.12 

At stoichiometric conditions, the amount of air is just enough to burn the fuel completely, 

and Ф = 1. A mixture is called “rich” if there is an excess reactant fuel, and therefore    

Ф > 1. At a condition in which there is an excess of air, Ф < 1 and the mixture is called 

“lean”. In gas turbines, the aim is to burn the fuel in lean conditions in order to have cooler 

flames and lower NOx emissions.  

2.4.3. Adiabatic Flame Temperature 

Flame temperature is probably the most important combustion parameter because of its 

controlling influence on the reaction rate. Flame temperature can be predicted using the 

thermodynamic data and the energy balance between the reactants and products at 

equilibrium. If adiabatic combustion conditions are assumed, i.e. no heat losses and zero 

change in kinetic or potential energy, then the maximum flame temperature can be 

achieved and is referred to as adiabatic flame temperature.  

Adiabatic flame temperature is highly affected by fuel to air ratio, initial temperature and 

the pressure. Maximum flame temperature for most hydrocarbon fuels is achieved at near 

stoichiometric conditions (Φ ≈ 1). An increase in initial temperature and pressure results 

in higher flame temperatures [1].  

2.4.4. Laminar Flame Speed 

Laminar flame speed is the velocity at which a laminar flame propagates into the flammable 

mixture normal to the reaction zone. Several flame theories have been developed to 

St U0 

Reactants Burned gases 
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estimate laminar flame speed. These models can be divided into three categories: thermal, 

diffusion and comprehensive.  

Detailed information about these models is presented in review papers, such as Evans’ [6]. 

The model used in this thesis is a comprehensive model as described in Section 3.4. 

Factors influencing laminar flame speed 

Flame temperature  

Flame temperature has the strongest effect on laminar flame speed. Higher flame 

temperature causes a rapid formation of free radicals. Lighter free radicals can diffuse to 

the pre-flame region more easily, enhancing the reaction rate and flame speed [7].    

Equivalence ratio 

Laminar flame speed dependence on equivalence ratio roughly follows the same trend as 

that of flame temperature. In most cases, maximum flame speed occurs at near 

stoichiometric conditions, where the flame temperature is at its highest. Hydrogen-

enriched fuels are an exception to this general rule. For high hydrogen-content fuels, the 

peak for laminar flame speed is often shifted to higher equivalence ratios.  

Fuel composition 

Gerstein et al. [8] and Reynolds [9] showed that for saturated hydrocarbons (alkanes such 

as ethane), the maximum flame speed is almost independent of the number of carbons. 

However, the reactivity of a fuel can significantly affect the laminar flame speed. Hence, 

for different fuel structures, the reactivity of the combustion system must be taken into 

account [7].  

Using an additive has normally only a minor effect on flame speed. However, if the additive 

changes the thermal diffusivity of the fuel, then the flame speed will change drastically. A 

typical example for this case is hydrogen and its effects will be explained in more details in 

Section 4.2.3.  

Initial temperature 

Dugger et al. [10] described the empirical relation between initial temperature, 𝑇0 and 

maximum laminar flame speed, 𝑆𝐿,𝑚𝑎𝑥 for methane, ethylene, and propane as 

𝑆𝐿,𝑚𝑎𝑥 = 𝑏 + 𝑐 × 𝑇0
𝑛 2.13 

where 𝑏, 𝑐, and 𝑛 are constant for a given fuel. In their experiments, the initial temperature, 

𝑇0 was varied from 141K to 617K and the equivalence ratio for each fuel was fixed to a 

value where the laminar flame speed was maximum at a given temperature (slightly above 

stoichiometric)2.  

 

                                                 

2 Φ𝑚𝑒𝑡ℎ𝑎𝑛𝑒 =  1.122, Φ𝑝𝑟𝑜𝑝𝑎𝑛𝑒  =  1.049, Φ𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒  =  1.165.  
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Pressure 

The effect of pressure, 𝑝  on laminar flame speed was first introduced by Ubbelohde and 

Loelliker [11]: 

𝑆𝐿 = 𝑆𝐿,0  (
𝑝

𝑝0

)
𝛽

 2.14 

with 𝑆𝐿,0 denoting the laminar flame speed at a reference condition (often at 1atm), and 𝑝0 

the reference pressure. Several empirical values for 𝛽 has been reported by different 

authors, depending on the pressure, temperature and equivalence ratio. For methane/air 

flames at fixed temperatures near to 298K, 𝛽 varied between -0.1 and -0.51, for different 

pressures and equivalence ratios [12]. Since natural gas is mainly composed of methane, it 

can be assumed that the same range apply for both fuels in gas turbines.  

Zeldovich and Frank-Kamenetsky [13] proved that,  

𝛽 =
𝑚

2
− 1 2.15 

which indicates that for a bimolecular reaction, i.e. 𝑚 = 2, laminar flame speed is 

independent of pressure. 

 Aerodynamics 

2.5.1. Pressure Loss  

Pressure loss is a non-dimensional parameter which is essentially important in combustor 

design. It is defined as the total pressure drop through the combustor divided by the inlet 

total pressure, and usually varies from 4% to 8%.  

In combustor design it is important to keep the pressure loss at minimum, since the turbine 

must be fed with high pressure flow in order to operate efficiently.  

Pressure drop over a flow resistance element is calculated by: 

𝛥𝑝 =
1

2𝜌
(

�̇�

𝐴𝑒𝑓𝑓

)

2

 2.16 

where 𝐴𝑒𝑓𝑓 =
𝐴𝑔𝑒𝑜

𝜁2
 is the effective area of the element with 𝐴𝑔𝑒𝑜 the geometrical area. The 

flow resistance parameter,  𝜁, can be found in tables for different types of elements.  

 Emissions 

Gas turbine emission rates are influenced by the design of the combustion system, fuel 

properties and combustor operating conditions [14].  

2.6.1. Concerns and Regulations 

NOx (NO+NO2) gases are formed in any combustion in presence of nitrogen (like in the 

air). These gases contribute to the formation of smog and acid rains at the ground level, as 

well as the tropospheric ozone.  
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Regulations concerning NOx emissions from stationary gas turbines vary from one 

location to another. The highest NOx limit in the Official Journal of the European Union 

[15] is 50 mg/Nm3 3.   

In regulations, NOx values are often corrected to 15% oxygen on a dry basis. Corrected 

NOx is given by:  

(𝑁𝑂𝑥)𝑟𝑒𝑓,15%𝑂2
=

(20.9 − 15)(𝑁𝑂𝑥)

20.9 − 𝑂2

 2.17 

where NOx concentration is given in ppmv (dry) and O2 content by volume percentage4.  

Similarly, there are regulations for CO and unburned hydrocarbons and particles.  

2.6.2. Carbon Monoxide 

Carbon monoxide is often formed in fuel-rich conditions, because of the lack of adequate 

oxygen to produce CO2. Although, in stoichiometric or fairly lean conditions, a high 

amount of CO is found due to the dissociation of CO2. In reality, CO emissions are much 

higher than predictions and tend to be the highest at low-load conditions. The reason 

might be due to: 

1. Deficient burning rates due to a too small equivalence ratio, or too low residence 

time. 

2. Non-uniformity in equivalence ratio which creates spots with too weak or too 

strong mixtures.   

Combustion efficiency and thus CO emissions are highly influenced by engine and 

combustor inlet temperatures, combustion pressure and primary-zone fuel to air ratio (or 

equivalence ratio). Experiments by Rink and Lefebvre [16], indicate a minimum value of 

CO at an equivalence ratio of around 0.8. Further, it has been shown that a rise in pressure 

reduces CO emissions in both lean and rich conditions. Lastly, Hung and Agan [17] by 

deriving an empirical relation between CO and ambient temperature of up to 303K, 

showed the strong dependency of CO to ambient temperature.  

2.6.3. Nitric Oxides 

In gas turbine conditions, NO is responsible for the largest contribution to NOx and is 

mainly formed due to thermal and prompt mechanisms.  

Four different mechanisms are responsible for NOx formation: thermal, nitrous oxide 

mechanism, prompt and fuel NOx. 

Thermal NOx 

At temperatures above 1850K in the flame and post-flame regions, atmospheric nitrogen 

is oxidized and thermal NOx is formed over an endothermic process. 

                                                 

3 These standard values can be subjected to change according to local regulations or manufacturers.  

4 The number, 20.9 is the volume percentage of oxygen in air.  
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The most common mechanism used in reaction schemes is the extended Zeldovich 

mechanism: 

O2→2O 

N2+O→NO+N 

N+O2→NO+O 

N+OH→NO+H 

Formation of thermal NOx is largely controlled by flame temperature. As flame 

temperature rises, NOx production boosts up. Nevertheless, although temperatures are 

higher at the rich side, thermal NO peaks at the lean side. This is because of the 

competition between fuel and nitrogen for the available oxygen. On the lean side, there is 

an excess of oxygen which can be consumed by nitrogen. On the rich side, however, 

oxygen is mainly used by the fuel [1].  

Formation of thermal NOx is a slow process and requires a long time to reach      

equilibrium [18]. At gas turbine conditions with high temperatures only for a few 

milliseconds, NO increases with time, but does not reach equilibrium. Except for very lean 

mixtures (Ф < 0.4), the NO emissions increase with increasing the residence time [1].  

In applications when the air is preheated, flame temperature is normally enhanced, and 

thus, thermal NOx becomes the most dominant mechanism in NOx formation. 

Prompt NOx 

Under certain conditions, a relatively fast reaction takes place between hydrocarbon 

radicals, such as C, CH and CH2 nitrogen and oxygen and NO is formed at early stages of 

combustion [1, 19]: 

N2+CH→HCN+N 

Because of these reactions, fixed species are produced which oxidize to NO: 

RxN+O2→NO+NO2+CO2+H2O+ trace species 

Prompt NO can be important in lean premix combustion [20].  

Fuel NOx 

Fuel NOx is formed due to heavy distillates containing significant amounts of fuel-bounded 

nitrogen. In case of high quality gaseous fuels such as natural gas or propane, fuel NO is 

not a concern.  

Nitrous NOx (NO from N2O) 

At high pressures, NO is formed via oxidation of N2O [21], 

N2+O→N2O 

N2 O+O→2NO 
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and by reactions: 

N2 O+H→NO+NH 

N2 O+CO→NO+NCO 

Nicol et al. [21] investigated the relative contributions of any of these mechanisms in total 

NOx emissions in a lean premixed combustor using methane (fuel NO is zero). They 

concluded that at equivalence ratios of about 0.8 and at high temperatures (around 1900K), 

thermal, prompt and N2O contributed to 60%, 30% and 10%, respectively (see Table 2-1). 

At lower equivalence ratios and temperatures, thermal NOx reduces and N2O and prompt 

NOx become more significant. At an equivalence ratio of 0.6 and a flame temperature of 

1500K, these contributions change to 5% thermal, 65% prompt and 30% N2O. At 

equivalence ratios of around 0.5-0.6, N2O is the major source of NOx emissions. 

Table 2-1 NOx mechanisms in total NOx emissions in a lean premixed combustor using 
methane by Nicol et al. [21] 

Φ Tflame Thermal NOx Prompt NOx N2O 

~ 0.8 ~ 1900 K 60% 30% 10% 

~ 0.6 ~ 1500 K 5% 65%   30% 

  

 Reactor Theory 

2.7.1. Perfectly Stirred Reactor (PSR) 

A perfectly stirred reactor describes an ideal situation inside a control volume when the 

mixing of gases happen instantaneously compared to chemical reactions. Perfectly stirred 

reactor can be used when Damköhler number5 is smaller than one (Da < 1), i.e. turbulent 

motions have shorter characteristic times than the chemical reaction time: mixing is fast 

and the overall reaction rate is limited by chemistry. When mixing rates are so high, 

reactants and products of combustion mix so rapidly that no species or temperature 

gradients are remained inside the reaction zone.  

In a PSR, the outlet composition is identical to the mixture inside the reactor, and depends 

on the reaction rate and residence time [22, 23, 24]. 

A simple schematic of a PSR is shown in Figure 2-3.  

Assumptions to simplify the general equations to model a PSR are [25]: 

1. Perfect or ideal mixing 

2. Ideal gas behavior 

3. Steady-state 

                                                 

5 Damköhler number is a dimensionless number describing the ratio of the rate at which the reactants enter 

the reaction zone, or characteristic time, 𝜏𝑑 , to strength of the chemistry consuming them, characteristic 

chemical time, 𝜏𝑐 ∶  𝐷𝑎 = 𝜏𝑑/𝜏𝑐  
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Figure 2-3 Schematic of a perfectly stirred reactor (PSR)  

The governing equations are therefore, 

Mass conservation: 

�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 = 0 2.18 

with �̇� indicating the mass flow rate and indexes 𝑖𝑛 and 𝑜𝑢𝑡 representing the inlet and 

outlet flows from the control volume, respectively.  

Considering:  

[𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛] = [𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛] + [𝑖𝑛] − [𝑜𝑢𝑡] 2.19 

Mass conservation of species becomes: 

�̇�𝑖𝑀𝑊𝑖𝑉 − �̇�(𝛶𝑖𝑛,𝑖 − 𝛶𝑜𝑢𝑡,𝑖) = 0 for 𝑖 = 1,2, … , 𝑁𝑠 2.20 

where 𝑉 is the volume of the reactor.  

This creates 𝑁𝑠 equations with 𝑁𝑠 + 1 unknowns. The additional equation is obtained from 

the energy balance.  

Energy conservation of species: 

𝑑𝑇

𝑑𝑡
=

1

𝑐𝑝

[
1

𝜏
∑ 𝛶𝑖𝑛,𝑖(ℎ𝑖𝑛,𝑖 − ℎ𝑖)

𝑁𝑠

𝑖=1

− ∑
ℎ𝑖�̇�𝑖𝑀𝑊𝑖

𝜌

𝑁𝑠

𝑖=1

−
�̇�𝑙𝑜𝑠𝑠

′

𝜌𝑢
] 2.21 

where 𝜏 = 𝜌𝑢/�̇� is the residence time and 𝜌 = 𝑝𝑀𝑊𝑚𝑖𝑥/𝑅𝑇 is the mixture density, 

𝑀𝑊𝑚𝑖𝑥 = 1/ ∑ (𝛶𝑖/𝑀𝑊𝑖)
𝑁𝑠
𝑖=1  and i is the heat loss flux.  

2.7.2. Plug Flow Reactor (PlFR) 

In a plug flow reactor, a mixture is continuously fed into the reactor and moves through 

the reactor as a “plug” (see Figure 2-4). In an ideal PlFR, it is assumed that a perfect mixing 

happens in the radial direction, but no mixing takes place in the axial direction.  

A PlFR is modeled by making the following assumptions [25, 26]: 

1. Perfect mixing in radial direction, but no mixing in longitudinal direction 

Flow  

Mixed 

products 

M 
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2. Ideal gas behavior 

3. Steady state continuous flow 

4. Uniform flow properties in axial direction (the direction perpendicular to the flow, 

one-dimensional flow) 

5.  Ideal frictionless flow; Euler equation can be used to relate pressure and velocity. 

 

 

 

Figure 2-4 Schematic of a plug flow reactor (PlFR) 

Governing equations for a PlFR, include conservation of mass, x-momentum, species and 

energy are, 

Mass conservation: 

𝑑(𝜌𝑢𝑥𝐴)

𝑑𝑥
= 0 2.22 

Mass conservation of species: 

𝑑𝛶𝑖

𝑑𝑥
=

�̇�𝑖𝑀𝑊𝑖𝐴

�̇�
 2.23 

x-momentum equation: 

𝑑𝜌

𝑑𝑥
=

𝒜 + ℬ + 𝒞

𝑝 + (1 +
𝑢𝑥

2

𝑐𝑝𝑇
) − 𝜌𝑢𝑥

 

𝒜 = 𝜌2𝑢𝑥
2 (1 −

𝑅

𝑐𝑝𝑀𝑊𝑚𝑖𝑥

) (
1

𝐴𝑔𝑒𝑜

𝑑𝐴𝑔𝑒𝑜

𝑑𝑥
) 

ℬ =
𝜌𝑅

𝑐𝑝𝑢𝑥𝑀𝑊𝑚𝑖𝑥

∑ �̇�𝑖𝑀𝑊𝑖 (ℎ𝑖 −
𝑀𝑊𝑚𝑖𝑥

𝑀𝑊𝑖

𝑐𝑝𝑇)

𝑁𝑠

𝑖=1

 

𝒞 =
𝜌2𝑅

𝑐𝑝𝑀𝑊𝑚𝑖𝑥

�̇�𝑙𝑜𝑠𝑠
′ 𝑝

�̇�
 

2.24 

With 𝑢𝑥 being the axial velocity, 𝐴𝑔𝑒𝑜 the geometrical area, and �̇�𝑙𝑜𝑠𝑠
′  the heat loss flux 

through the combustor wall.  

Energy conservation of species: 

𝑑𝑇

𝑑𝑥
=

𝑢𝑥
2

𝜌𝑐𝑝

𝑑𝜌

𝑑𝑥
+

𝑢𝑥
2

𝑐𝑝

(
1

𝐴

𝑑𝐴

𝑑𝑥
) −

1

𝑢𝑥𝜌𝑐𝑝

 ∑ ℎ𝑖�̇�𝑖𝑀𝑊𝑖

𝑁𝑠

𝑖=1

−
1

𝑐𝑝

(
�̇�𝑙𝑜𝑠𝑠

′ 𝑝

�̇�
) 2.25 

These equations build a system of ordinary differential equations with 𝑁𝑠 unknowns and 

are solved using an ODE solver.  

  

Flow 

Δx 

x 

Mixed products 

r 
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3. Chemical Kinetics Scheme 

The objective of this chapter is to select a reaction mechanism which behaves the best for 

a selection of fuels. For this purpose, laminar flame speed is calculated for different fuels 

using two different mechanisms. Results are compared to existing measurement and 

calculated data available in literature.  

In modeling combustion processes, laminar flame speed has a fundamental significance, 

and therefore is used for validation of chemical mechanisms. 

 Reaction Mechanisms 

Two optimized mechanisms were considered: 

1. GRI-Mech 3.0 mechanism [27], compiled by the Gas Research Institute, is a 

detailed model that is optimized and verified for modeling natural gas combustion. 

GRI-Mech 3.0 consists of 53 species and 325 reactions and is considered as a relatively 

large and accurate mechanism. The heaviest hydrocarbon in this mechanism is 

propane.  

 

2. LOGE 28-species mechanism [28] developed by LOGE, is a reduced mechanism 

comprising 28 species and 144 reactions. This mechanism has shown good agreement 

with LOGE detailed mechanism and experimental data under various conditions. The 

only hydrocarbon in LOGE 28-species mechanism is methane.  

 Measurement Data 

Several experimental data were used to investigate the performance of reaction 

mechanisms. These references and conditions are listed in the Appendix. 

 Numerical Model 

3.3.1. GENE-AC 

GENE-AC stands for General Network Application Code developed by Siemens AG. The 

general network code consists of elements which are connected by lines. Each element has 

an input, an output and a function is stored inside the element. Boundary conditions are 

defined at different ends of the network. An element uses inlet and boundary conditions 

and according to its function, solves a series of equations and delivers the solution to the 

output. 

The code is developed in MATLAB and Simulink so that a graphical user interface is 

provided and pre-developed functions can be utilized. Simulink is used to create the 

network model and to analyze the network setup, while MATLAB is used to solve the 

mathematical functions. Thermochemical classes in GENE-AC are mostly provided by 

Cantera, and modified in a few cases.  

3.3.2. Cantera 

Cantera is an open-source objected-oriented software tool which is used to solve problems 

of chemical kinetics, thermodynamics, and transport processes. Reaction managers, time-

dependent reactor networks and steady one-dimensional reacting flows are examples of 
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objects available in Cantera. This tool is broadly used in applications such as combustion. 

Cantera is mainly written in C++, although using Python, MATLAB and FORTRAN is 

possible.  

 One-dimensional Premixed Flame Model 

Cantera solves the mathematical model of a freely propagating flame using a Premix 

module6. In this model, adiabatic conditions, without any heat losses, and also a 

homogeneous mixture are assumed. Therefore [29, 30],  

Conservation of mass: 

𝜌𝑢𝑥𝐴 = �̇� 3.1 

Conservation of momentum: 

�̇�
𝑑𝛶𝑖

𝑑𝑥
+

𝑑

𝑑𝑥
(𝜌𝐴𝛶𝑖𝑼𝑖) − 𝐴�̇�𝑖𝑀𝑊𝑖 = 0 3.2 

Conservation of energy 
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𝑑𝑥
−

1

𝑐𝑝

𝑑

𝑑𝑥
(𝜆𝐴

𝑑𝑇

𝑑𝑥
) +

𝐴

𝑐𝑝

∑ ℎ𝑖�̇�𝑖𝑀𝑊𝑖

𝑁𝑠

𝑖=1

= 0 3.3 

where 𝑥 denotes the spatial coordinate and 𝑼𝑖 = −
𝐷𝑖,𝑚

𝛶𝑖

𝜕𝛶𝑖

𝜕𝑥
 is the mixture-averaged 

diffusion velocity. GENE-AC uses a Premix module similar to Cantera’s.  

 Laminar Flame Speed Network Model  

GENE-AC was used for calculations using GRI-Mech 3.0, and Cantera using LOGE 28- 

species mechanism. As previously stated, GENE-AC utilizes Cantera to solve chemical 

kinetics and transport equations. 

GENE-AC, benefiting from MATLAB and Simulink features, reads the data from an MS 

Excel sheet as inputs and after performing calculations, transfers and stores the output 

data in a separated MS Excel file (see Figure 3-1).  

                                                 

6 The module presented here, is the PREMIX module used in CHEMKIN [29]. Cantera features a module 

similar to CHEMKIN to solve the freely propagating flame [30]. Unfortunately, the details regarding the 

numerical model in Cantera could not be found, since Cantera is an open-source code.  
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Figure 3-1 Network model for one-dimensional premixed flame calculations in GENE-AC 

 Results and Analysis 

Laminar flame speeds predictions using GRI-Mech 3.0 and LOGE 28-species over a range 

of equivalence ratios were performed and compared to other works as presented in 

Figure 3-2 to Figure 3-8 . 

For hydrogen at atmospheric conditions, both mechanisms agree quite well with the 

measurement data for un-stretched laminar flame speed (Figure 3-2).  

 

Figure 3-2 laminar flame speed for hydrogen/air mixture; Symbols [31, 32, 33, 34, 35, 36, 37, 
38, 39] represent experimental data. Solid line represents GRI-Mech 3.0 and dashed line 

represents LOGE 28-species mechanisms. 

Calculations of laminar flame speed for equivalence ratios between 0.7 and 1.4 for methane 

in Figure 3-3 show that both mechanisms have a good fit with measurements, with GRI-

Mech 3.0 having the best match.   
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Figure 3-3 Laminar flame speed for methane/air mixture ; Symbols [40, 41, 42, 43] represent 
experimental data. Solid lines represent GRI-Mech 3.0 and dashed lines represent             

LOGE 28-species mechanisms. 

Interestingly, at atmospheric conditions the maximum laminar flame speed for 

hydrocarbon fuels reaches a value of about 0.5 meter per second at a near to unity 

equivalence ratio, whereas for hydrogen, this value is obtained at an equivalence ratio of 

about 1.5 and reaches a value of about 3.5 meters per second.  

 

Figure 3-4  Laminar flame speed for ethane/air mixture; Symbols [44, 45] represent 
experimental data. Solid lines represent GRI-Mech 3.0 mechanism.    

Since ethane and propane species were only included in GRI-Mech 3.0, only this 

mechanism was considered for these two fuels. Figure 3-4 for ethane indicates a very good 

agreement with measurements at all equivalence ratios and all pressures. However, 

Figure 3-5 shows that GRI-Mech 3.0 over predicts laminar flame speed for propane for all 

cases. 
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Figure 3-5 Laminar flame speed for propane/air mixture ; Symbols [44, 45, 46] represent 
experimental data. Solid lines represent GRI-Mech 3.0 mechanism. 

Laminar flame speeds for a mixture of CH4:CO2 64.4:35.6 against equivalence ratio are 

plotted in Figure 3-6. Both mechanisms match well with experiments at the atmospheric 

temperature of 298K, while at higher temperatures (579K) both mechanisms 

underestimate the values. 

 

Figure 3-6 Laminar flame speed for 64.4:35.6 CH 4:CO2/air mixture; Symbols [47] represent 
experimental data. Solid lines represent GRI-Mech 3.0 and dashed lines represent                

LOGE 28-species mechanisms. 

In Figure 3-7 for CH4:H2 80:20, GRI-Mech 3.0 demonstrates an excellent match with 

measurements. A discrepancy can be seen for LOGE 28-species mechanism for the case 

with a temperature of 579K at 10 bars in the lean side; whereas the mechanism has a perfect 

fit at higher equivalence ratios.   
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Figure 3-7  Laminar flame speed for 80:20 CH4:H2/air mixture; Symbols [48, 49, 50, 51] 
represent experimental data. Solid lines represent GRI-Mech 3.0 and dashed lines represent 

LOGE 28-species mechanisms.   

Dirrenbeger et al. [51] studied laminar flame speeds for mixtures of natural gas as presented 

in Figure 3-8. The graph shows a good accuracy for calculations for surrogate natural gas 

mixtures. The GRI-Mech 3.0 mechanism slightly overestimates laminar flame speeds for 

leaner mixtures and underestimates the value for rich mixtures. The best match is found 

to be at the peak at Φ ≅ 1.1. 

 

 CH4 C2H6 C3H8 

AbuDhabi 8% 16% 2 

Indonesia 90% 6% 4% 

Pittsburg 85% 15% - 
 

Figure 3-8 Laminar flame speed for natural gas surrogate mixture ; Symbols [51] represent 
experimental data. Solid lines represent GRI-Mech 3.0 mechanism. 

 Conclusions on Chemical Reaction Schemes 

A summary of features and performance characteristics for GRI-Mech 3.0 and LOGE 28-

species mechanisms are presented in Table 2.1. In Table 2.2 a comparison between 

GENE-AC and Cantera has been made.  
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Table 3-1 Comparison between GRI-Mech 3.0 and LOGE 28-species mechanisms 

Mechanism Tool 
Simulation 

speed (average 
for each case) 

Stability / 
Convergence 

Accuracy 
Highest C-

Order 

GRI-Mech 3.0 GENE-AC 150 sec Good Good 3 (propane) 

LOGE-28 Cantera 40 sec 
sensitive to 

equivalence ratio 
Acceptable 1 (Methane) 

Overall, GRI-Mech 3.0 shows a better behavior than LOGE 28-species scheme.  

Table 3-2 Comparison between GENE-AC and Cantera 

Tool Code language Input data handling Output data handling 

GENE-AC 
MATLAB/Simulink 

(possible: C++, python, Fortran) 
Manual: Simulink 

Automatic: MS. Excel 
MS. Excel 

Cantera 
C++ 

(Possible: MATLAB, python, 
Fortran) 

Manual Text file 

The capability of linking GENE-AC (MATLAB/Simulink) with MS Excel makes it 

simpler and quicker to handle data, which is a great advantage in our cases, since a large 

number of data required to be handled.  However, it must be considered that while GRI-

Mech 3.0 is by default embedded in GENE-AC, implementing other mechanisms such as 

LOGE 28-species or Konnov detailed mechanism was not easily made or the convergence 

was not easily achieved. On the other hand, Cantera script was only developed and 

validated for methane. The script was required to be modified carefully, in order to use 

other fuel compositions.   

Based on results from this chapter, GRI-Mech 3.0 and GENE-AC were used for further 

calculations.   
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4. Laminar Flame Speed Study of SGT-800 

Gas turbine combustors operate at high pressures and preheat temperatures, often using 

natural gas blends consisting of methane with small fractions of heavier hydrocarbons, or 

diluents such as nitrogen. Safe operation of a gas turbine is merely determined by engine 

performance under these conditions using different fuels. Laminar flame speed is a global 

parameter that provides useful information about diffusivity, reactivity and exothermicity 

of the mixture and is commonly used for turbulent flame modeling purposes. Hence, 

having an estimation of laminar flame speed under a variety of conditions is required. In 

this regard, hydrogen is of particular interest, because of its unique combustion 

characteristics.  

In this chapter, laminar flame speed calculations for SGT-800 conditions using different 

fuel mixtures are presented. Further, effects of hydrogen addition to methane are briefly 

discussed at the end of the chapter. Simulations were carried out using GENE-AC. The 

chemical kinetics mechanism was GRI-Mech 3.0.  

 Model Setup in GENE-AC 

The network model for the laminar flame speed study of SGT-800 was the same model 

presented in Figure 3-1. Operating conditions differed with regard to their operating 

pressure, ambient temperature, engine load and rotor speed. For each condition, natural 

gas was selected as the primary fuel and a number of methane mixtures were tested. Natural 

gas flow rate was calculated using an in-house one-dimensional code. The code calculates 

fuel rates in the gas turbine using engine’s operating conditions and fuel’s heating values, 

so that the desired engine’s load is achieved. In these calculations, natural gas mass flow 

rate was calculated for each condition. For other fuels, the rates were adjusted so that the 

flame temperature was the same at each condition.    

 SGT-800 Laminar Flame Speeds  

4.2.1. Engine Operating Conditions 

Using natural gas as the fuel, laminar flame speed was predicted for different operating 

conditions7. Figure 4-1 shows laminar flame speed variations with engine load. At part load 

conditions, it is required to increase the equivalence ratio is order to reach a flame 

temperature equal to the flame temperature at full load conditions which explains the rise 

in laminar flame speed when the load is reduced from 90% to 70%. Nevertheless, below 

70% load, the flame temperature is reduced. The full load conditions, SGT-800 50MW 

was chosen as the reference case.  

  

                                                 

7 A comparison was performed between SGT-800 50MW and SGT-800 47MW configurations and the latter 

case had slightly lower laminar flame speed. 
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Figure 4-1 Effects of engine load on un-stretched laminar flame speed using natural gas ; 

Speeds are normalized by 
𝑆𝐿−𝑆𝐿,𝑚𝑖𝑛

𝑆𝐿,𝑚𝑎𝑥−𝑆𝐿,𝑚𝑖𝑛
. 

Effects of ambient temperature were studied for hot match and normal match engine 

configurations. Hot match engine configurations are able to operate at higher ambient 

temperatures (up to 55°C). Flame temperature is directly affected by ambient temperature 

and so does laminar flame speed as shown in Figure 4-2. At identical ambient temperatures, 

e.g. 15°C, the two graphs converge.  

 

Figure 4-2 Effects of ambient temperature on un-stretched laminar flame speed for normal 

and hot match configurations using natural gas; Speeds are normalized by 
𝑆𝐿−𝑆𝐿,𝑚𝑖𝑛

𝑆𝐿,𝑚𝑎𝑥−𝑆𝐿,𝑚𝑖𝑛
. 

Laminar flame speed at different rotor frequencies in Figure 4-3 shows a similar trend with 

increasing ambient temperature. As the rotor frequency reduces, less air is provided into 

the combustion chamber and fuel to air ratio rises, promoting laminar flame speed. 
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Figure 4-3 Effects of ambient temperature and rotor speed on un-stretched laminar flame 

speed using natural gas; Speeds are normalized by 
𝑆𝐿−𝑆𝐿,𝑚𝑖𝑛

𝑆𝐿,𝑚𝑎𝑥−𝑆𝐿,𝑚𝑖𝑛
. 

4.2.2. Fuel Composition Variation 

Fuel composition influences laminar flame speed in different ways. For instance, Gerstein 

et al. [8] and Reynolds [9] discussed that for alkanes such as methane, ethane or propane, 

laminar flame speed is almost independent of molecular weight. However, Gerstein et al. 

[8] and Kuo [7] stated that the reason for variations in laminar flame speed due to fuels 

consisting of different number of atoms is mainly attributed to thermal diffusivity which 

is a function of molecular weight. Also, different chemical compounds change the mixture 

reactivity which may influence laminar flame speed.  

Laminar flame speeds were calculated for different fuel compositions as listed in Table 4-1. 

Results are presented in Figure 4-4. These fuels are of interest for gas turbines.  

Table 4-1 Fuel compositions used in laminar flame speed calculations  (%volume) 

Fuel  CH4 C2H6 C3H8 H2 CO N2 CO2 

NG 91% 4% 2%     2% 1% 

Methane 100%             

Ethane 30% 70% 30%           

Ethane 50% 50% 50%           

Ethane 0% 100%           

Propane 30% 70%   30%         

Propane 50% 50%   50%         

Propane 0%   100%         

Hydrogen 10% 90%     10%       

Hydrogen 30% 70%     30%       

Hydrogen 50% 50%     50%       

Carbon monoxide 5% 90%     5% 5%     

Carbon monoxide 15% 70%     15% 15%     

Nitrogen 50% 50%         50%   

Carbon dioxide 40% 60%           40% 

The combination of Figure 4-1 to Figure 4-4 shows that the trends for different 

combinations are similar, independent from fuel composition. For all fuels, laminar flame 

speed is the highest at 47Hz and 40ºC and is the lowest at 49Hz and -50ºC.  
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Figure 4-4 Fuel effects on laminar flame speed at SGT-800 50MW conditions; Speeds are 

normalized by 
𝑆𝐿−𝑆𝐿,𝑚𝑖𝑛

𝑆𝐿,𝑚𝑎𝑥−𝑆𝐿,𝑚𝑖𝑛
. 

Hydrocarbons 

According to [40-43, 45, 52-60], in atmospheric conditions, methane has the lowest laminar 

flame speed whereas ethane has the highest, and propane has an intermediate flame speed. 

Westbrook et al. [61] reported a similar reactivity trend at high temperatures. Babushok 

and Tsang [62] found that reaction rate is directly related to productivity or consumption 

of H atoms. The reason for the slow methane flame is because methyl radicals that are 

formed via H abstraction of methane cause chain termination through the reaction:  

CH3+CH3+[M] ↔C2H6+[M] R 1 

For ethane, H abstraction, however, forms ethyl radicals producing an H atom through 

dehydrogenation reaction: 

C2H5+[M]↔C2H4+H+[M] R 2 

The high concentration of H radicals in ethane flames explains the highest burning rate.  

Propane has an intermediate reactivity, because different alkyl radicals produce H and CH3 

which lead to chain termination through reactions (R 1) and (R 3) and chain branching via 

step (R 4). 

CH3+H+[M]↔CH4+[M] R 3 

H+O2↔OH+O R 4 

Model calculations confirm that methane has the slowest flame among hydrocarbons. 

Since propane and ethane both burn faster than methane, it is obvious that their mixtures 

with methane burns at flame speeds between the two limits. Ethane has the fastest flame, 

while propane burns at a slightly slower speed (see Figure 3-4 and Figure 3-5). Higher 
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laminar flame speeds for propane compared to ethane in Figure 4-4 is because GRI-Mech 

3.0 over-estimates laminar flame speed for propane.  

It is worth noting that the heating value of methane is the highest and propane the lowest. 

Therefore, compared to methane and ethane, more propane is required to get an identical 

power output.  

Carbon dioxide/nitrogen 

Nitrogen and carbon dioxide are inert gases that reduce the heating value of the fuel 

mixture. In order to maintain the flame temperature as that of natural gas, fuel mass flow 

is increased. The concentration of H radicals in the mixture is the same as pure methane, 

whereas the mass flow is higher. Therefore, the concentration of H radicals in the mixture 

decreases, causing a reduction in laminar flame speed.  

Carbon monoxide 

Carbon monoxide behaves similar to hydrocarbons, increasing laminar flame speed. The 

concentration of H atoms is equal to pure methane, with increasing C atoms in the mixture, 

and therefore, the increase in laminar flame speed is not significant.  

Hydrogen 

At atmospheric conditions, the un-stretched laminar flame speed for methane/hydrogen 

up to 60% hydrogen content does not change significantly (see Figure 4-6). On the other 

hand, Boschek et al. [63] compared calculated un-stretched laminar flame speeds for 

methane/propane and methane/hydrogen mixtures at 673K, 5bars and an equivalence 

ratio of 0.5. They concluded that up to 40% dopant content, propane burns faster than 

hydrogen; after this point, the value rises quickly with H2 levels, while propane reaches a 

rather flat curve. They expanded their results for leaner mixtures as well. In Figure 4-5 

laminar flame speeds predicted for methane mixtures of hydrogen and propane are 

compared. Current results indicate that the methane/propane mixture agrees relatively 

good with results obtained from Boschek. Values for hydrogen mixture, however, are 

surprisingly lower than [63]. This can be due to the gas turbine working conditions (lean 

mixture combustion at high pressures and temperatures). 

Boschek et al. [63] further showed that for methane/propane blend at lean conditions, 

turbulent flame speed follows a similar trend as that of un-stretched laminar flame speed, 

whereas hydrogen displays a very different behavior. For methane/hydrogen mixture, 

turbulent flame speed at low hydrogen levels lies almost on the un-stretched laminar flame 

speed line. At a certain point, turbulent flame speed begins to rise exponentially, which 

depends on the equivalence ratio: for leaner mixture, the rise in turbulent flame speed is 

delayed. This conclusion is confirmed with results from Venkateswaran et al. [64] who 

studied turbulent flame speed for hydrogen/carbon monoxide blends. They investigated 

effects of stretch on laminar flame speed and showed that as hydrogen level in the mixture 

grows, even with slightly smaller equivalence ratios, stretch sensitivity of laminar flame 

speed increases rapidly. 
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Figure 4-5 Effects of H2 and C3H8 contents of the fuel on un-stretched laminar flame speed; 
Lines represent calculations by Boschek et al. [63] at 673K and 5bars. Symbols represent 

calculations at SGT-800 50MW conditions.   

The reasons for observing unique trends for hydrogen are due to a complex combination 

of effects [63]: 

- Presence of hydrogen in the fuel increases the OH radical which leads to an 

increase in the global reaction rate.  

- Unlike hydrocarbons, hydrogen has a Lewis number less than unity. Thus, at lean 

conditions, it has a greater mass diffusivity than thermal diffusivity. This, in turn, results 

in higher hydrogen concentration in the reaction zone. Also, different species mass 

diffusivities cause variations in mass burning rate and non-uniformities in equivalence 

ratio that have a large impact on flame speed.  

- Due to fluid dynamics effects, flames with high H2 levels have a different flame 

position with different turbulent capacities than pure methane flame.  

Next, a brief study on effects of hydrogen addition to methane is given. 

4.2.3. Hydrogen Addition To Methane 

Hydrogen is a clean fuel with exceptional combustion characteristics which make it an 

interesting subject for further studies. While at ambient conditions hydrocarbons have 

flame speeds below 40 cm/s, these values for hydrogen rise up to around 350 cm/s (see 

Figure 3-2 to Figure 3-5).  

Figure 4-6 (a) shows the un-stretched laminar flame speed variations with hydrogen 

content in hydrogen/methane mixture for equivalence ratios of 0.7 and 0.8. Predictions 

agree quite well with data from Hu et al. [49] for low H2 levels with a deviation of 5% at 

0% hydrogen content. At higher H2 mole fractions, a slightly larger difference with a 

deviation of 13% for pure hydrogen is observed. The deviation peaks at 30% hydrogen, 

where the difference between calculations in the current work and data from Hu et al. [49] 

is 19%. Looking at the graph, three different regimes for combustion of 

methane/hydrogen blends are recognized:  

- Up to 60% hydrogen fraction, the regime is methane-dominated and the curve rises 

very mildly.  
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- From 60% to 80% hydrogen fraction, the regime is transitional with a slightly sharper 

slope than the previous regime.  

- Finally, above 80% hydrogen content, methane-inhibited hydrogen combustion is 

identified, and laminar flame speed experiences a very severe growth.  

  

(a) (b) 

Figure 4-6 Effects of H2 content in H2/CH4 mixture at atmospheric conditions; (a) un-
stretched laminar flame speed; (b) flame temperature  

Figure 4-6 (b) shows that the flame temperature increases with hydrogen content for 

constant equivalence ratios. In gas turbines, the fuel mass flow is in general adjusted in 

order to achieve similar flame temperature independent of fuel composition and hence 

constant equivalence ratio is not appropriate. However, the results for a flame temperature 

of 2000K is easily estimated, since this is the value for both Φ = 0.8 at  0% H2 and Φ =

0.7 at 100% H2, and hence the laminar flame speed for a flame temperature of 2000K is 

in between the line of  Φ = 0.7 and Φ = 0.8 [65]. 

  

(a) (b) 

Figure 4-7 Effects of H2 content in H2/CH4 mixture at SGT-800 50MW conditions; (a) un-
stretched laminar flame speed; (b) flame temperature  

At SGT-800 conditions, a similar tendency was observed (see Figure 4-7) 
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For SGT-800 conditions, the differences between 90% and 100% hydrogen were 89% and 

71% for Φ = 0.8 and Φ = 0.7, respectively (see Figure 4-7), while the corresponding 

values were 59% and 64% at atmospheric conditions in Figure 4-6 . 

  

(a) (b) 

Figure 4-8 Effects of equivalence ratio for H2, CH4 and H2:CH4 50:50 mixture at SGT-800 
50MW conditions; (a) un-stretched laminar flame speed; (b) flame temperature  

Flame temperature and laminar flame speed for pure methane, pure hydrogen and a 

mixture of CH4:H2 50:50 are illustrated in Figure 4-8.  

For the methane and the methane/hydrogen mixture, laminar flame speeds are very close 

and the greatest gap is seen at the peak, around Φ = 1.05. Hydrogen has its fastest flame 

at an equivalence ratio close to 1.5. The difference in flame temperature for the three 

different compounds is relatively small on the lean side, whereas in the rich side it grows 

remarkably with the increase in hydrogen content. Surprisingly, flame temperature for pure 

hydrogen peaks at an equivalence ratio of 1.1, whereas its laminar flame speed has its 

maximum at Φ = 1.5.   

  

(a) (b) 

Figure 4-9 Calculated un-stretched laminar flame speed versus flame temperature for different 
equivalence ratios; (a) CH4 and H2:CH4 50:50 mixture; (b) H2  
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Figure 4-9 shows the changes in laminar flame speed with flame temperature for different 

equivalence ratios for pure methane and hydrogen and CH4:H2 50:50 mixture. Methane 

and the mixture with 50% hydrogen have a very similar behavior, with lightly higher values 

for the mixture with 50% hydrogen. Under fuel lean conditions, both flame temperature 

and laminar flame speed increase, and the curves turn backward after reaching maximum 

values at near stoichiometric conditions. In contrast, flame temperature for hydrogen starts 

to decrease at Φ = 1.1, while laminar flame speed continues to increase until Φ = 1.5. 

Moreover, in Figure 4-9 (a), at a certain flame temperature, lean fuel conditions have higher 

laminar flame speeds, compared to rich conditions. For hydrogen, laminar flame speed at 

the lean side is remarkably lower than the rich side. This is very desirable at gas turbine 

conditions, since the mixture is always lean, and laminar flame speed is of important in 

these conditions.   

Effects of chemical kinetics 

Hu et al. [49] performed a sensitivity analysis for methane/hydrogen blends for methane 

mole fraction and investigated the major reactions affecting the combustion of the mixture 

at equivalence ratios of 0.8, 1 and 1.2. They presented the elementary reactions controlling 

the kinetics of combustion as:  

 

O+CH4⟷ OH+CH3 R 5 

H+O2+H2O ⟷HO2+H2O R 6 

H+O2⟷O+OH R 3 

H+CH3+[M]⟷CH4+[M] R 4 

H+CH4⟷CH3+H2 R 7 

OH+CH4⟷CH3+H2O R 8 

OH+CO⟷H+CO2 R 9 

Not all of these reactions are significant at all equivalence ratios and may sometimes be 

neglected. At stoichiometric conditions, reactions (R 5) and (R 6) do not participate in 

combustion and at fuel rich conditions, only reactions (R 3), (R 4) and (R 7) take place. 

Generally, laminar flame speed is strongly affected by the concentration of H and OH 

radicals. At all equivalence ratios investigated, the chain branching reaction (R 3) was found 

to have the strongest sensitivity for methane consumption. At lean and rich sides, the 

combustion of methane mainly develops via reactions (R 7) by consuming H radicals, and  

(R 8) by consuming OH radicals, respectively. Both reactions are leading the combustion 

at stoichiometric conditions. As H2 fraction increases, more H radicals are produced which 

gives rise to the rate of step (R 3), promoting the flame speed. On the other hand, chain 

termination reactions (R 4) and (R 6) at lean conditions and (R 4) at rich and stoichiometric 

conditions compete with the chain branching reaction (R 3) for H radicals.  
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For stoichiometric methane flames, OH has the largest concentration, followed by the H 

radical with slightly lower values. For pure hydrogen, combustion is mainly led by H 

radicals. As H2 fraction in the flame increases, maximum concentrations of OH, H and O 

increase and H radicals become more significant. At a hydrogen fraction of 60% the H 

radical dominates over the OH radical considerably. Laminar flame speed improves 

considerably with enhancement in maximum concentration of H and OH [49, 66, 67].  

Stretch effects 

Based on SGT-700 engine tests [65], methane mixture enriched with 20% hydrogen, had 

a considerably faster flame than that of pure ethane, although results in Figure 4-4 showed 

much lower un-stretched laminar flame speed for hydrogen mixtures. These fuel effects 

and corresponding turbulence-chemistry interactions are mainly attributed to the stretch 

sensitivity of the mixture resulting in variations in local flame speed [64].  

In a non-uniform flow, strain and curvature effects influence the flame front propagation, 

leading to a change in flame front area. This characteristic is measured by flame stretch 

which was first introduced by Karlovitz et al. [68]. Stretch sensitivity is originated from 

preferential diffusion effects [2, 64]. 

Preferential diffusion impacts on stretch can be defined by the dimensionless Markstein 

number (𝑀𝑎), which is controlled by preferential diffusion instability [69]: 

𝑆𝐿

𝑆𝐿0

= 1 − 𝑀𝑎. 𝐾𝑎 4.1 

In the equation above, 𝑆𝐿 and 𝑆𝐿0 are respectively stretched and un-stretched laminar flame 

speeds and 𝐾𝑎 = 𝑘𝛿/𝑆𝐿0 is the Karlovitz number, with k representing the stretch rate and 

δ the characteristic flame thickness. According to the relation, if 𝑀𝑎 < 0, laminar flame 

speed increases with increasing stretch rate. If 𝑀𝑎 > 0, laminar flame speed decreases as 

stretch rate increases. Studies by Aung [32] and Kwon [70] for hydrogen showed that under 

lean conditions at ambient conditions, Markstein number is negative, making hydrogen 

flames instable.  

Preferential diffusion 

The definition of preferential diffusion in this context includes both the ratio of species 

mass diffusivity (of all species) as well as thermo-diffusivity, i.e. the ratio of mass diffusivity 

to heat diffusivity. Preferential diffusion is responsible for irregular distortions of not only 

the local temperature but also the local stoichiometry [2].  

Species preferential diffusion 

Species preferential diffusion occurs when mass diffusivities of the reactant components 

differ considerably, leading to local variations in equivalence ratio. These fluctuations cause 

changes in local mass burning rate which has an intense influence on flame stability [2, 64].  

Thermo-diffusivity 

Lewis number (Equation 2.8) expresses the thermo-diffusivity effect. For most 

conventional natural gas components, heat and mass diffusivity are equal and Lewis 
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number is equal to one. Hydrogen enriched mixtures have a higher mass diffusivity than 

thermal diffusivity, and hence the Lewis number is smaller than one. Under these 

conditions, flame front wrinkling is fed and promoted by enriching the flame front 

curvature and flame speed rises. If Lewis number is sufficiently large (e.g. as in propane, 

where 𝐿𝑒 > 1), the flame front wrinkling due to hydrodynamic instability is damped due 

to the higher thermal diffusion. The higher the hydrogen content, the lower the Lewis 

number, and the more the effects of wrinkling and stretch.  

 Conclusions on Laminar Flame Speed Study for SGT-800 

Laminar flame speed is a property of the combustible mixture and is influenced by 

equivalence ratio, temperature and fuel composition. 

Laminar flame speed predictions for SGT-800 running on natural gas showed that laminar 

flame speed is largely influenced by flame temperature. Flame temperature, itself, depends 

on the fuel to air ratio and ambient temperature. Calculations for SGT-800 for different 

fuel compositions showed that ethane and propane have faster flames than methane, due 

to the combustion chemistry, whereas additives such as carbon dioxide and nitrogen 

reduce the flame speed, due to their low heating values. Hydrogen-enriched methane, 

however, shows unique properties. Considering only un-stretched laminar flame 

propagation for methane/hydrogen mixtures with more than 60% hydrogen content, a 

drastic rise is observed for laminar flame speed. However, despite higher laminar flame 

speed for ethane than a methane/hydrogen with 50% hydrogen, the turbulent flame speed 

for hydrogen mixtures may be higher, due to a number of complex phenomena, including 

the chemistry of combustion, fluid dynamics effects and preferential diffusion and stretch 

effects. All these effects need to be taken into account in order to be able to compare flame 

speed of hydrogen-enriched fuels with other fuel compositions. In this thesis only the 

combustion chemistry was considered.  
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5. Network Modeling of SGT-700 Combustion System 

A one-dimensional network model, if set up properly, provides a good estimation of 

combustor performance without the need for expensive test setups or computationally 

expensive CFD simulations.  

In this chapter, the development of a reactor network model of SGT-700 combustion 

system including main and pilot flames is presented.  The model is built in GENE-AC 

using GRI-Mech 3.0 as the reaction mechanism. 

 Reactor Models in GENE-AC 

GENE-AC includes three reactor models, similar to the corresponding models used in 

Cantera and CHEMKIN.  

5.1.1. Perfectly Stirred Reactor (PSR) 

The perfectly stirred reactor in GENE-AC solves mass balance for each of individual 

species and the energy conservation for the total mixture in the reactor. A steady state, 

isothermal flow with perfect mixing is assumed. Equations governing PSR create a system 

of ordinary differential equations (ODE) which is solved using an ODE-solver in 

MATLAB. Residence time in a PSR is defined as: 

𝜏 =
𝜌𝑉

�̇�
 5.1 

5.1.2. Plug Flow Reactor (PlFR) 

GENE-AC solves the ordinary differential equations governing the plug flow reactor 

model with assuming an ideal gas with a frictionless and steady state flow with no mixing 

in axial direction. Residence time in a PlFR is simplified to: 

𝜏 =
𝐿

𝑢𝑥

 5.2 

with 𝐿 being the length of the reactor and 𝑢𝑥 the flow velocity in x-direction.  

5.1.3. Partially Stirred Reactor (PaSR) 

A PaSR compared to a PSR, requires more inputs, is less stable and requires more time to 

reach the final solution. These would raise complications in the model and therefore this 

reactor was not used in present model.   

 Reactor Network Model Setup 

5.2.1. Engine Test Data 

The experimental data from the SIT test rigs were used for model development and 

evaluation. Tests were carried out at full load operating conditions using natural gas. Pilot 

fuel ratios were varying from 4.5% to 11%.  
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5.2.2. CFD Model 

A three dimensional CFD model provides a basic vision of the flow parameters inside the 

combustor which are necessary for developing an accurate reactor network model.  

CFD simulations for SGT-700 were performed for one burner and an eighteenth fraction 

of the annular combustor. Simulations were performed for methane at full load conditions 

with 10% pilot fuel ratio.  

Figure 5-1 illustrates the temperature distribution inside the combustor. The whole 

combustor volume was divided into domains with approximately uniform temperature 

values.  

 

Figure 5-1 Temperature distribution in SGT-700 combustor 

5.2.3. SGT-700 Reactor Network Model 

Based on CFD simulations and combustor boundary conditions, a reactor network model 

was built upon three critical factors as follows: 

1. Fuel/air distribution in the network. 

2. Volumes of the main zones, temperatures, velocities, fuel to air ratios and residence 

- times in each zone.  

3. Mixing and interactions of gases of different zones into each other. 

The elements building the network consist of perfectly stirred and plug flow reactors, flow 

resistance elements, splitters and mergers: 

- Perfectly stirred reactors represent ignition in main and pilot flames.  

- Plug flow reactors stand for the regions with one-dimensional chemical reactions. 

- Flow resistance elements determine the flow patterns and pressure drops through 

the network.  

- Splitters divide the outgoing flows. 

- Merger elements mix the incoming flows.   
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The current network model for SGT-700 combustor was developed based on an earlier 

simple model. This simple model was built according to engine specifications, neglecting 

pilot flame and recirculations, and therefore, NOx predictions were under estimated. Since 

the pilot flame was not included in the model, it was not possible to study the effect of 

pilot fuel ratio on NOx emissions, while it is known that for higher pilot fuel ratios, NOx 

emissions are significant.  

In order to improve NOx emissions, a reactor network model consisting of all previous 

elements plus pilot flame and recirculation effects was considered. The model was 

developed for full load operating conditions with pilot fuel ratios of 4.5% to 11%. The 

operating pressure and ambient temperature were within the normal gas turbine operating 

range of around 20 bars and 15°C. Natural gas with a composition similar to the fuel used 

in test rig was used for the model, except that the small amounts of butane and propane 

were substituted with propane in the modeling.  

Based on the factors mentioned earlier and combustor boundary conditions and with a 

general view of the flow field given by CFD predictions, the whole combustor volume was 

divided into domains (Figure 5-2). 

 

 Region Volume% 

1 Main flame ≈9% 

2 Pilot flame ≈1.8-4.4% 

3 Heat shield ≈23% 

4 Outer wall ≈30% 

5 Inner wall ≈31% 

6 Bypass ≈1% 

7 Exit ≈1% 

Pilot fuel ratio: 4.5-11% 

 
 

 

Figure 5-2 SGT-700 Combustor regions and volumes 

 Figure 5-3 shows the reactor network layout with the seven distinguished zones.   

- Main flame consisting of the fuel/air input streams from the burner; main ignition 

takes place in this zone. 

- Pilot flame consisting of the pilot fuel/air from pilot holes; pilot ignition takes 

place in pilot zone. 

- Heat shield including the cooling air input stream into the combustor. 

- Inner and outer walls consisting of cooling air input streams into the combustor in 

the post-flame region.  

- Bypass: includes the air going through the bypass. In all the cases considered in 

this work, the bypass valve was closed.  
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- Exit: includes the slight amount of air that has not been considered in other paths 

(e.g. dilution air8). 

 

Figure 5-3 Reactor network model in GENE-AC for SGT-700 combustor for NOx 
prediction  

Flow parameters in each region are determined according to design specifications and 

boundary conditions. The burner outlet flow is divided between main and pilot zones. 

Ignition in main and pilot flames is modeled using one single PSR for each. Plug flow 

reactors model the mixing of burned gases with the incoming air in post-flame region.   

Air patterns 

Flow patterns were modeled by assigning flow resistance elements and setting effective 

areas for each zone according to engine specifications. Mass flow via each path is 

determined by: 

�̇� =
√2𝜌𝑑𝑝

𝐴𝑒𝑓𝑓

 5.3 

where 𝑑𝑝 is the pressure drop, and 𝐴𝑒𝑓𝑓 is the effective area of the zone.  

Flame modeling 

Main flame is formed at the outlet of the burner. Pilot flame is a small domain around the 

burner with high temperature and is responsible to stabilize the main flame. Three main 

factors which must be considered for modeling the flame are as follows: 

                                                 

8 Geometrically, it would have been more correct to add the dilution air to the second half of the inner wall. 

However, this will not affect the main results in this work [65].  
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1. Mixing of gases and interactions between different zones and flames cause the fuel 

to air ratios in pilot and main flames change locally, resulting in a non-uniform 

equivalence ratio. For instance, the outer stream of the main flame is diluted by the 

cooling air from the heat shield and the hot air from the pilot. Fluctuations in fuel 

to air ratio is translated to flame temperature variations which has a significant 

effect on NOx formation.  

2. The velocity field indicates large recirculation zones that lead to longer local 

residence times, enhancing NOx formation. Of critical importance are the areas 

close to pilot flame, where the temperature is at its highest.  

3. Main and pilot flames hardly exhibit behavior of a perfectly mixed flame. This is 

especially true for the pilot, since it burns close to diffusion or a partially premixed 

flame.  

 Parametric Study  

A simple network model with one single PSR was used to study effects of equivalence ratio 

and residence time on NOx formation in pilot and main flames.  

 

(a) equivalence ratio 

 
(b) residence time 

Figure 5-4 NOx emissions dependency on (a) equivalence ratio and (b) residence time 
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Graphs in Figure 5-4 display the dependence of NOx emissions on equivalence ratio and 

residence time. The formation of NOx emissions peaks at equivalence ratios close to one 

where the flame temperature is the highest and falls to near zero when the mixture is too 

weak or too rich. Also, longer residence times result in higher NOx emissions. At longer 

residence times, NOx emissions versus equivalence ratios changes steeply.    

 
(a) 

 
(b) 

 
(c) 

Figure 5-5 NOx as a function of residence time for different equivalence ratios; Pilot input 
conditions using the model as in Figure 5-4; (a) low NOx; (b) intermediate NOx; (c) high 

NOx 
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In the present model, recirculating flows were excluded and each flame was modeled using 

only one single PSR with one individual fuel to air ratio. In order to rectify the effects of 

fluctuating fuel to air ratios and recirculating flows, some adjustments in flow parameters 

in these reactors were required.   

Two approaches were used to set up flow parameters: 

1. Only flow parameters in pilot PSR were adjusted. Other reactors in the network, 

including main flame PSR, were adapted accordingly, so that the total volume of 

the combustor was preserved.  

2. Flow parameters in both pilot and main PSRs were adjusted. Other reactors were 

adjusted accordingly, so that the total volume of the combustor was preserved.  

Effects of non-uniformities in equivalence ratio were compensated by finding an average 

equivalence ratio. Effects of flow recirculation and flow interactions were simulated by 

using a correlation for the residence time as a function of pilot fuel ratio to correct NOx 

predictions. 

Using similar graphs as in Figure 5-5, average equivalence ratios for both pilot and main 

flames for two approaches were found (see Table 5-1). At this particular equivalence ratio, 

calculated NOx formation during a reasonable time was within a valid range. 

 

 

Figure 5-6 Residence time as a function of pilot fuel ratio ; Pilot residence time for Method 2 
(where 0% pilot fuel ratio is also considered) is zero.  

Given that NOx production at main PSR at full load is almost unchanged regardless of 

pilot fuel ratio, the residence time was fixed at a value of 5ms which contributed a decent 

fraction of total NOx.   

Table 5-1 summarizes pilot and main flame adjusted flow parameters used in both 

methods.  
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Table 5-1 Adjustments of main and pilot flow parameters  

Method  Method 1 (pilot fuel ratio: 4.5-11%) Method 2 (pilot fuel ratio: 0-11%) 

Parameter  𝚽𝟏 (-) 𝛕𝟏(ms) 𝚽𝟐 (-) 𝛕𝟐 (ms) 

Pilot flame 0.75 6.4-7.7 0.75 
0-5.3 (0-11%) 

2.1-5.3 (4.5-11%) 

Main flame 0.50 1.3-1.4 0.575 5 

 Results and Analysis 

The measured and predicted NOx emissions at the turbine inlet at hot match conditions 

are given in Figure 5-7. Both cases agreed well with engine test data.  

The measured CO emissions for all pilot fuel ratios were about 1ppm. Calculated CO 

emissions using both methods gave relatively flat curve. For method 1, values fell below 

1ppm, whereas for method 2, values were between 1ppm and 2ppm. The small difference 

between predictions and measurements can be due to the measurement equipment 

resolution and the CO formation in the network model.   

 

 

Figure 5-7 Comparison of predicted and measured NOx emissions; NOx values are 
normalized based on the experimental values for NO x from 4.5% to 11% pilot fuel ratio.  

The NO contributions in different combustor zones are given in Table 5-2. Pilot and main 

flame are evidently the main NOx contributors. 

Table 5-2 NO contribution in different combustor zones  

Method  
Pilot fuel 

ratio 
Main 
flame 

Pilot 
flame 

Heat 
shield 

Inner and outer 
walls 

Bypass and 
exit 

Method 
1 

0% 100% 0% 0% 0% 0% 

6.5% 8% 92% 0% 0% 0% 

11% 5% 95% 0% 0% 0% 

Method 
2 

0% 100% 0% 0% 0% 0% 

6.5% 43% 57% 0% 0% 0% 

11% 30% 70% 0% 0% 0% 
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5.4.1. Ambient Temperature 

NOx emissions were calculated for ambient temperatures from -5ºC to 35ºC for normal 

match. Data at the engine test rig were measured at hot match settings at 17.5ºC9. 

Predictions at the specific ambient temperature with normal match conditions followed 

the same trend, although emissions were slightly lower. In Figure 5-8 (a), NOx emissions 

resulted from method 1 are plotted against ambient temperature. NOx emissions show a 

direct relation with pilot fuel ratio and ambient temperature. Figure 5-8 (b) indicates that 

there is not a significant difference in results from the two methods. Nevertheless, for both 

methods, the discrepancy between the highest and lowest NOx is slightly higher than 

expectations.  

 

 

  

(a) (b) 

Figure 5-8 Predicted NOx emissions as a function of pilot fuel ratio; SGT-700 combustor 
fuelled with natural gas; NOx emissions normalized with a criterion so that all values lie 

between 0 and 1; (a) method 1; (b) comparison of method 1 and 2;  
(‘Test’ denotes the test conditions (hot match at T amb=17.5ºC).  

5.4.2. Fuel compositions 

Natural gas primarily consists of methane, but heavier hydrocarbons such as ethane, 

propane or butane are commonly included which tend to increase the heating value. 

Diluents such as nitrogen or carbon dioxide may be also included which decrease the 

heating value.  

NOx variation with three pilot fuel ratios of 4.5%, 5.5% and 6.5% were simulated and 

presented in Figure 5-9 to Figure 5-14.  

                                                 

9 With hot match configuration, the engine is able to operate at higher ambient temperatures compared to 

normal match.  
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Increasing ethane and propane content in methane raises NOx emissions. The reason for 

higher NOx emissions for ethane and propane compared to methane is due to prompt 

NOx mechanism that becomes more important for heavier hydrocarbon [71, 72]. When 

heavier hydrocarbons burn, the concentration of hydrocarbon radicals increases, which 

results in more prompt NOx.  

 

 

Figure 5-9 NOx emissions against pilot fuel ratio for ethane/methane mixture at SGT-700 
conditions; Dopant contents gradually increased from 0 to 100%; NOx emissions normalized 

with a criterion so that all values lie between 0 and 1;  

Ethane and propane, when added to methane, show a similar behavior in NOx 

production: NOx increases with higher concentration of dopant in methane, although 

its growth rate decreases when dopant content increases.  

 

Figure 5-10 NOx emissions against pilot fuel ratio for propane/methane mixture at SGT -700 

conditions; Dopant contents gradually increased from 0 to 100%; NO x emissions normalized 
with a criterion so that all values lie between 0 and 1;  

In case of hydrogen, however, NOx rises exponentially with hydrogen content. As the 

hydrogen content increases, both main and pilot flames become hotter, and promote 

thermal NOx. 
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With increasing hydrogen percentage with the assumption of constant equivalence ratio in 

the pilot (and main) PSR(s) (see Table 5-1), the flame gets hotter (see Figure 4-7). This is 

not a correct description of the engine where the global combustor flame temperature is 

almost constant, since the fuel mass flow is reduced to compensate for the higher heating 

value. Perhaps it would be more correct to assume a constant flame temperature in the 

pilot PSR or a combination of constant equivalence ratio and flame temperature. This is 

suggested to be investigated further in the future when more measurement data from 

engine tests using different fuels are available.  

          

(a) 

 
(b) 

Figure 5-11 NOx emissions against pilot fuel ratio for hydrogen/methane mixture  at SGT-
700 conditions; Hydrogen content gradually increased from 0 to 100%; NOx emissions 

normalized with a criterion so that all values lie between 0 and 1;  
(a) 0%-100% hydrogen content; (b) 0%-40% hydrogen content 

 

NOx emissions obtained from method 2 for ethane and propane, as shown in 

Figure 5-12, were higher than those of method 1. This might be due to the fixed 

equivalence ratio at main and pilot flames which seems not to be correct.  

This can also explain the high deviation between lowest and highest NOx emissions for 

all fuel compositions in method 1.  
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Figure 5-12 Comparison of method 1 and 2 for fuel compositions at SGT-700 conditions 

For both methods, calculated data were fitted to measurements using natural gas, which 

consists of 91% methane. Therefore, there is not a large difference between the results 

from the two methods for this fuel. 

 

Figure 5-13 NOx emissions against pilot fuel ratio for carbon monoxide/methane mixture at  
SGT-700 conditions 

For carbon monoxide (Figure 5-13) a similar trend to ethane and propane is seen. 

According to Kurz et al. [73], at dopants up to about 40%, carbon monoxide produces 

more NOx than hydrogen, which is in contrast with achieved results.   

Nitrogen and carbon dioxide reduce NOx emissions. These diluents have low heating 

values and burn at lower flame temperature, and hence effectively cool the flame. In 

general, handling NOx emissions from low heating value fuels is easier than that of natural 

gas. Carbon dioxide has lower heating value than nitrogen and therefore has reduced NOx 

contributions.  
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(a)  

 

(b) 

Figure 5-14 NOx emissions against pilot fuel ratio for methane mixtures at SGT-700 
conditions; (a) nitrogen; (b) carbon dioxide 

 
 Conclusions on Reactor Network Modeling 

A reactor network model for SGT-700 was developed in order to estimate the emissions 

of NOx. The network consisted of two single perfectly stirred reactors to model main and 

pilot flames. Effects of non-uniformities in pilot flame and recirculations were considered 

by calibrating the pilot PSR. The equivalence ratio was fixed and the residence time was 

tuned so that the calculated NOx emissions would fit the measurement data. This led to a 

large discrepancy for NOx emissions when the model was tested for different ambient 

temperatures as well as for different fuel blends. Calibrating both main and pilot flames in 

the same manner did not show any improvement. These results indicate that fixing the 

equivalence ratio may not be the solution for this type of model. Despite this fact, the 

model was able to correctly predict the trend for NOx formation in all cases. It was shown 

that the equivalence ratio, flame temperature and residence time were the controlling 

parameters on NOx emissions. Therefore, by performing a different calibration method, it 

is possible to accurately calculate NOx emissions. It was also concluded that in terms of 
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emissions, pilot flame tuning is equally important as main flame; particularly at high pilot 

fuel ratio conditions. 
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6. Discussion 

A thorough understanding of combustion process is essential for improving the design 

and operation of combustion devices. Numerical simulation is a powerful tool to provide 

an insight of these processes. For this purpose, GENE-AC was used to numerically 

simulate flames in specific gas turbines under certain conditions.  

The advantage of using this code over experimental research is that it is relatively simple 

to change in-flow conditions, fuel compositions, domain sizes, etc. In addition, using low 

order makes it possible to use detailed chemical kinetics to solve the chemically reacting 

system. This is often an issue in conventional three-dimensional CFD models. In higher 

order CFD models, using detailed mechanisms is not convenient, since simulations can be 

extremely expensive in terms of CPU-time.  

A disadvantage of numerical simulations is that one needs to develop and validate models 

which may be very complicated in most cases. Finding accurate and efficient mathematical 

models is one of the main challenges in simulation of combustion systems.   

In this thesis work, only the numerical models that were already implemented in GENE-

AC were used. However, it is possible to implement and integrate a new module to the 

code. Advantages and limitations of GENE-AC are shown in Table 6-1. 

Table 6-1 GENE-AC: advantages and challenges 

Advantages Challenges 

- Flexible - May be difficult to implement new modules 

- User friendly - May need more advanced numerical models (e.g. 
for laminar flame speed calculations) - Fast convergence 

- Detailed chemistry - May be instable in some cases and not very easy 
to overcome convergence problems - Access to chemical kinetics information 

- Once the model is developed, it can be used 
easily. 

- Lack of documentation and engineering support 

- Combined with CFD, it can be a powerful tool 
for combustor design. 

- Difficult to find error sources 

- Flow field simplification to build 1D network 

In this thesis, GRI-Mech 3.0 was used for solving the chemically reacting system. Laminar 

flame speed was the criteria to evaluate the performance of this mechanism. While the 

mechanism showed a pretty good behavior in most cases, it was not suitable for a few 

fuels. In Figure 3-2 to Figure 3-7 it seems that the error in laminar flame speed calculations 

grows as the hydrocarbon becomes heavier. Perhaps a larger mechanism that contains 

heavier hydrocarbons, such as Konnov could provide better results. However, due to 

convergence problems, Konnov mechanism was not used in this work. It is important that 

a chemical kinetics mechanism is numerically stable in order to be practically useful in 

industry. The mechanism stability together with reasonable accuracy has made GRI-Mech 

3.0 one of the most common schemes for natural gas. As long as the amount of heavy 

hydrocarbon is small, such as the experience in this work, GRI-Mech 3.0 is a suitable 

scheme.  

It is interesting to note that maximum laminar flame speed for hydrocarbons in 

atmospheric conditions occur at near-stoichiometric conditions (see Figure 3-3 to 

Figure 3-5), whereas for hydrogen the maximum shifts to higher equivalence ratios and 
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that reaches a value about eight times higher than that of hydrocarbons (see Figure 3-2). 

This is probably related to the concentration of H radicals. When the concentration of H 

radicals in the mixture rises, the reaction rates improve and therefore, laminar flame speed 

also increases significantly. The shift in the location of the maximum laminar flame speed 

may be due to the activity of the combustion reactions (see Section 4.2.3), considering the 

amount of available fuel and air in the mixture.  

The behavior of hydrogen and methane in Figure 4-9 is of particular interest; methane has 

a higher laminar flame speed when the fuel is burning lean compared to the rich side, while 

hydrogen has a smaller laminar flame speed in these conditions. This may be a significant 

finding, and according to this graph, it might be possible to use pure hydrogen at very lean 

conditions with the laminar flame speed being within a safe range. Again, the activity of 

reactions can be one reason for this phenomenon, but more study is required to fully 

understand the reason for this behavior. Developing graphs like Figure 4-8 and Figure 4-9 

for different methane/hydrogen mixture can give a good idea of what mixtures under 

which conditions can be used without the risk of flash-back or blow-out. Flash-back and 

blow-out are results of turbulent flame speed. Turbulent flame speed depends on laminar 

flame speed, as well as flame and flow properties. In most cases, laminar flame speed may 

be helpful in predicting turbulent flame speed. However, there may be a high uncertainty 

to use laminar flame speed as an estimation of turbulent flame speed. Siemens experience 

based on gas turbine tests is that turbulent flame speed of 100% ethane may be similar to 

a mixture of methane with less than 30% hydrogen, which is on the contrary to the results 

of laminar flame speed in Figure 4-4.  

Regarding NOx emissions, Figure 5-4 shows that NOx emissions peak at equivalence ratios 

close to unity and is in close relationship with flame temperature, which reaches a 

maximum at near stoichiometric ratios, too. In Figure 5-5 it can be seen that for most 

equivalence ratios, NOx emissions increase with residence time. This trend is somewhat 

different at equivalence ratios higher than 1.2. Finding the dependency of NOx emissions 

on flame temperature, residence time and equivalence ratio is an important achievement 

in estimating NOx emissions and simplifying network models. The reason for the highest 

flame temperatures at stoichiometric ratios close to one might be attributed to the amount 

of energy liberated by chemical reactions at different equivalence ratios.    

In general, simulation results for a certain fuel under different conditions show that laminar 

flame speed and emissions of NOx are closely related to fuel to air ratio and ambient 

temperature. These two parameters control the flame temperature, which directly affects 

the conversion rates of the fuel. At gas turbine conditions, when the mixture is lean, 

increasing fuel to air ratio causes the flame temperature to increase, which leads to higher 

laminar flame speed and NOx emissions. It is worth noting that, flame temperature in gas 

turbines must be sufficiently high in order to ensure the high efficiency. However, high 

temperatures also promote the formation of NOx. By changing the fuel to air ratio for a 

certain operating condition, it is possible to reach the desired flame temperature in which 

an efficient combustion with minimum pollution is ensured.  

Fuel flexibility is another challenge in the design of combustion devices. A gas turbine is 

desired to be able to operate efficiently with a variety of fuels. At a certain operating 

condition different fuels burn with different flame properties. This is a result of the fuel’s 

properties, such as heat of combustion, molecular weight, molecular structure, etc. An 

example is the combustion of hydrogen: for mixtures with high hydrogen contents where 
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the concentration of H radicals is high, branching reactions are highly active and reaction 

rates rise drastically. This causes a sudden rise in laminar flame speed leading to a risk of 

flash-back. For this reason, hydrogen levels in the mixture are often kept low. In this 

combustion regime, methane is still dominating the combustion and the flame is stable. 

Adjusting the fuel to air ratio according to the fuel heat of combustion in order to reach a 

certain flame temperature at certain conditions is the solution to a fuel flexible combustor 

design.  
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7. Conclusions 

In this thesis, an in-house one-dimensional code, GENE-AC, was used to calculate laminar 

flame speed and NOx emissions for specific industrial gas turbines. For this purpose, 

GENE-AC couples the chemical reaction mechanism with equations of fluid dynamics to 

solve combustion, as a reacting flow.  

Simulations using GENE-AC show that this tool has a great potential to provide a good 

insight of chemical kinetics of the flame and pollutant formation inside the combustor. 

This is particularly beneficial for parametric studies, since the tool can reach a final solution 

in a very short amount of time that is several orders of magnitude shorter than CFD 

analysis. In addition, state-of-the-art CFD analysis does not include detailed chemistry for 

emission predictions, and hence despite well-resolved flow field and turbulence, the results 

for emission prediction are not necessarily more accurate than a calibrated network model.  

The performance of two reaction mechanisms, GRI-Mech 3.0 and LOGE 28-species, is 

evaluated by calculating laminar flame speeds for different fuels and comparing results with 

available data. Data validation shows that GRI-Mech 3.0 has a relatively good behavior for 

most of the fuel compositions, although for a few cases, the performance was relatively 

poor. Predictions can be improved by using a mechanism which can handle heavier 

hydrocarbons.  

The influence of different factors on laminar flame speed at SGT-800 conditions is 

investigated using GRI-Mech 3.0. It is shown that laminar flame speed is strongly 

influenced by flame temperature, fuel to air ratio and fuel composition. These effects 

influence the flame propagation speed, mainly by changing chemical reaction rates. At gas 

turbine conditions, where the flame burns at lean conditions, increasing the fuel to air ratio, 

enhances mass burning rate and the flame speed. In addition, at higher temperatures, 

reaction rates are improved and the flame propagates faster.  

There is an interest to use hydrogen-enriched fuels in gas turbines due to large amount of 

hydrogen in waste gases from chemical industries. In addition, it could be used to cut down 

emissions of CO2. Hydrogen has relatively small molecules with high diffusivity (𝐿𝑒𝐻2
≪

1). Depending on hydrogen content of the mixture, the conversion rate will change. In 

this work, the laminar flame speeds for hydrogen-enriched methane flames is mainly 

influenced by the chemistry of combustion and presence of H radicals, which leads to 

faster reaction rates.  

Strict environmental regulations regarding NOx emissions make these emissions a hot 

topic. A reactor network model is developed for SGT-700 combustor to estimate NOx 

emissions from this type of gas turbine. The reactor network model in GENE-AC 

indicates that the tool has a very good potential to accurately predict NOx emissions. In 

addition to fuel type, the emissions of NOx are strongly affected by equivalence ratio and 

residence time. In this thesis, these two parameters for pilot and main flame were tuned to 

fit a set of measurement data. Although the calculated NOx emissions at different ambient 

temperatures and using different fuels have a discrepancy larger than expectations, the 

model is able to predict the trends quite well. In general, in can be concluded that it is 

possible to improve the results by implementing more advanced mathematical models or 

using the correct settings, particularly those related to pilot and main flames. For this 
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purpose, measurement data under a large range of operating conditions for different fuels 

are required.   
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8. Future Work 

 Laminar Flame Speed Study of SGT-800 

The GRI-Mech 3.0 mechanism has a relatively good behavior for most fuel compositions 

in this study. However, using a detailed mechanism like Konnov, which includes 

hydrocarbons up to hexane, may improve the results.  

Hydrogen combustion and how it influences laminar and turbulent flame speeds in 

atmospheric conditions has been the subject of many studies. However, there is a lack of 

such works at gas turbines with high operating temperatures and pressures.  

Knowing that burning fuels with high hydrogen concentration may result in flash-back, 

and considering that hydrogen availability is growing, it is important to study effects of 

hydrogen addition to fuels on gas turbine combustion. Influential factors on laminar flame 

speed are mainly, the presence of H radicals which enhance reaction rates, and also, 

different thermal and mass diffusivity (non-unity Lewis number) and stretch. On the 

turbulent level, flame stretch and flame wrinkling by small eddies and flame thickness by 

large eddies, change the flame behavior drastically.  

 Reactor Network Modeling of SGT-700 

The reactor network model might need further calibrations as ambient temperature and 

fuel effects on NOx emissions were higher than expected, discussed in Section 5.4.2. 

Assuming a constant flame temperature or a combination of constant flame temperature 

and equivalence ratio may be a solution to improve the results.   

A second suggestion could be finding a correlation between residence time and equivalence 

ratio, where the equivalence ratio is not fixed.  

Future engine test data could help to validate and promote the model.  
 
Furthermore, the model could be developed further for part-load conditions, where pilot 
fuel ratios can be significantly higher than the cases considered in this study.  
 
Once the model is fully developed and validated for SGT-700, it may be convenient to 
develop similar models for other gas turbine models.  
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Appendix 

Table 0A-1 Experimental conditions for mixtures used for data validation in Chapter 3 

Mixture10 T (K) p (bar) Φ (-) Source 

H2 298 1 0.5-2.1 

Liu et al. 1983 [31] 
Aung et al. 1997 [32] 
Lamoreux et al. 2003 [33] 
Huang et al. 2006 [34] 
Ilbas et al. 2006 [35] 
Dong et al. 2009 [36] 
Takahashi et al. 1983 [37] 
Law 1993 [38] 
Vagelopoulos et al. 1994 [39] 

CH4 298 1 0.4-0.6 Vagelopoulos et al. 1998 [40] 

CH4 300 
2 
10 
20 

0.6-1.5 Rozenchan et al. 2002 [41] 

CH4 300 2 0.6-1.5 Park et al. 2011 [42] 

CH4 300 10 0.6-1.5 Gu et al. 2000 [43] 

C2H6 300 
1 
2 

0.6-1.9 Hassan et al. [44] 

C2H6 300 
1 
5 

0.6-1.9 Jomaas et al. [45] 

C3H8 300 2 0.5-1.7 Hassan et al. [44] 

C3H8 300 
2 
5 

0.5-1.7 Jomaas et al. [45] 

C3H8 300 5 0.7-1.6 Lowry et al. [46] 

CH4:CH2 64.4:35.6 
298 
543 

1 0.6-1.6 Sigfrid et al. 2010 [47] 

CH4:H2 80:20 298 1 0.6-1.6 Boushaki et al. 2011 [48] 

CH4:H2 80:20 303 1 0.6-1.6 Hu et al. 2009 [49] 

CH4:H2 80:20 298 1 0.6-2.1 Hermann et al. 2010 [50] 

CH4:H2 80:20 298 
1 
10 

0.6-1.6 Dirrenberger et al. 2011 [51] 

CH4:C2H6:C3H8 82:16:2 

CH4:C2H6:C3H8 90:6:4 

CH4:C2H6 85:15 

298 1 0.7-1.7 Dirrenberger et al. 2011 [51] 

 

                                                 

10 Oxidizer is always air. 


