
INVESTIGATION OF THE DILUTION EFFECT ON LAMINAR FLAME 

CHARACTERISTICS IN A CONSTANT VOLUME COMBUSTION CHAMBER 

 
By 

Berk Can Duva 

 

 

 

 

 

 

 

 

 

 

 

A DISSERTATION 

Submitted to  

Michigan State University  

in partial fulfillment of the requirements 

for the degree of 

Mechanical Engineering-Doctor of Philosophy 

2021 

 



 

 

ABSTRACT 

INVESTIGATION OF THE DILUTION EFFECT ON LAMINAR FLAME 

CHARACTERISTICS IN A CONSTANT VOLUME COMBUSTION CHAMBER 

 

By 

Berk Can Duva 

With increased interest in reducing emissions, the axial (sequential) stage combustion 

concept for gas turbine combustors and high exhaust gas recirculation rates for internal combustion 

engines are gaining in popularity. Despite the air-quality benefits of these technologies, 

introduction of inert combustion residuals into a combustion media affects the flame reactivity and 

stability. This dissertation examines the dilution effect on laminar flame characteristics of iso-

octane/air, high/low research octane number gasoline/air, and methane/air mixtures through both 

experiments and numerical simulations. 

Spherically expanding flames under constant pressure are employed in an optically 

accessible constant volume combustion chamber to measure fundamental characteristics of 

premixed flames. Spherically expanding flames are severely affected by flame stretch in the early 

stage of combustion and therefore stretch models are of great importance in determining the 

uncertainty of experimental laminar flame speeds and burned gas Markstein lengths. In order to 

prevent the existing large scatter in experimental data of these two fundamental flame parameters, 

the effect of the lower radius limit for the flame speed calculation on extrapolation results of the 

stretch models is investigated in Chapter 3. Results show that there is a critical lower radius limit, 

where all laminar flame speed and burned gas Markstein length values obtained by the 

extrapolation of the stretch models converge to the same laminar flame speed and burned gas 

Markstein length. 



 

 

Chapter 4 presents the exhaust gas recirculation effect on CO2-diluted iso-octane/air and 

high/low research octane number gasoline/air mixtures at 1 bar and 373-473 K. The results of the 

measurements reveal that flame speeds of commercial gasolines do not vary significantly with the 

research octane number whereas the iso-octane flame speeds are consistently slower than those of 

gasoline. Numerical analyses are used to determine the dilution, thermal-diffusion, and chemical 

effects of the CO2 dilution on the flame speed, stretch, and stability. 

Over the years, many studies have investigated diluted methane flame characteristics with 

one of the main exhaust gases or a mixture of two. Chapter 5 experimentally and computationally 

shows that real combustion residuals cannot be accurately represented with only one or two of the 

main exhaust gases, as the thermodynamic properties and chemical reactivities of the combustion 

residuals are very distinctive and vary with temperature, pressure, and equivalence and dilution 

ratios. In Chapter 5, laminar burning velocity and burned gas Markstein length correlations are 

developed from the methane/air flame measurements at 1-5 bar, 373-473 K, and with 0–15% 

dilution. The physical and chemical aspects of changes in the laminar burning velocity and flame 

front stability due to changes in temperature, pressure, and equivalence and dilution ratios are 

discussed in detail. 
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1 INTRODUCTION 

1.1 Background and Motivation 

The U.S. Energy Information Administration (EIA) has projected that fossil fuels will 

continue to supply the majority of world’s energy demand through at least 2040 despite 

environmental concerns [1]. The U.S. EIA predicts a 28% increase (575 quadrillion BTU to 736 

quadrillion BTU) in world energy consumption from 2015 to 2040 [1]. As seen in Figure 1-1 (left), 

renewable energy and natural gas are expected to cover most of this increase in demand, with 

natural gas anticipated to be the fastest growing fossil fuel with an increase in consumption by 

43% expected from 2015 to 2040. The majority (75%) of the projected growth in total natural gas 

consumption is attributed to the power production and industrial sectors in many regions, 

particularly the Middle East, the United States, and China [1]. During this same time period, the 

share of petroleum and other liquids in the total world energy market is predicted to decrease from 

33% in 2015 to 31% in 2040. However, petroleum and other liquid fuels are still expected to 

remain the largest source of energy through at least 2040 due to increased consumption in the 

industrial and transportation sectors [1]. 

  

Figure 1-1. Projected world energy consumption by energy source (left) and projected share of 

net electricity generation percent (right) by 2040, retrieved from [1]. 



2 

 

Although renewables are envisioned to be the fastest-growing sources of power production 

from 2015 to 2040 as can be seen in Figure 1-1 (right), the U.S. EIA [1] predicts that natural gas 

will still be attractive for electricity generation in 2040 due to its low capital costs, favorable heat 

rates, relatively low fuel cost, and high combined cycle efficiencies range between 60-65% [2]. 

Furthermore, natural gas-fired power plants are vital to overcome the stability problems that have 

emerged due to the intermittent nature of wind and solar power production [3]. On the other hand, 

natural gas combustion produces fewer greenhouse gas emissions relative to other fossil fuels, 

such as coal and petroleum, by releasing less CO2 [4]. 

Despite the increasing electrification trend in the transportation sector, petroleum-derived 

liquid fuel consumption is projected to increase by 18% between 2015 and 2040 [1]. The 

transportation sector has the largest share in this growth and is projected to account for 55% of the 

total end-use of petroleum and other liquid fuels by 2040 [1]. This projection suggests that 

transportation sector will continue to be heavily dependent on internal combustion engines (IC 

engines) burning petroleum-derived liquid fuels for the coming decades since the greenhouse 

effect of battery electric vehicles would be worse if power production and the energy used for 

battery production are not sufficiently decarbonized [5]. Therefore, the electrification trend in 

transportation is expected to focus on hybrid systems in the near future [5]. Moreover, low-carbon 

and alternative fuels have entered the marketplace, but they are not envisioned to provide more 

than 10% of the total transport demand by 2040 [5]. In fact, gasoline including biofuel additives 

is expected to remain the primary fuel for transportation and is projected to account for 36% of the 

world’s transportation-related energy use in 2040 [1]. 

One of the main concerns regarding the growth in projected total natural gas and petroleum 

consumptions is the pollution. Fossil fuel/oxidizer combustion can emit CO2, CO, NOx, SOx, 
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smoke, and unburned hydrocarbons, depending on the composition of the fuel. With the lack of a 

carbon capture and storage (CCS) process, the carbon content of the fuel governs CO2 emissions, 

which have a greenhouse effect and lead to global warming [6]. Therefore, the U.S. EIA [1] 

recommends decreasing energy-related CO2 emissions by shifting from coal to natural gas and 

renewable energy sources for electricity generation. However, natural gas is predicted to exhibit 

the greatest CO2 emission growth from 2015 to 2040 due to its increasing usage in power 

production [1]. 

Critical detrimental effects of other pollutants of natural gas-fired power plants, such as 

NOx and SOx, led the U.S. Environmental Protection Agency (EPA) to issue more stringent 

regulations to limit the emissions of gas turbines to 75 vppm NOx and 150 vppm SOx at 15% 

oxygen (dry basis) in 1977 [2]. Over the years, the emission limits for NOx have been gradually 

decreased to 25 ppm with a new target set to 9 ppm, which has significantly changed the design of 

gas turbine combustors [2]. Similarly, stringent emission standards were introduced for the 

transportation sector [7-8] since petroleum and other liquids are projected to be responsible for the 

majority of the energy-related CO2 emissions together with coal by 2040 [1]. 

Flue/exhaust gas recirculation (FGR/EGR) has been proposed as an effective way of 

reducing emissions by decreasing combustion temperatures in gas turbines operating both in 

premixed and non-premixed modes, e.g. axial (sequential) stage gas turbine combustors, and in 

internal combustion engines [9-10]. However, the dilution of a fuel/oxidizer mixture affects the 

flame reactivity and combustion stability [10]. 

Laminar burning velocity and burned gas Markstein length are essential universal 

parameters of a combustible mixture as they express the mixture reactivity and exothermicity [11], 

flame shape and stretch, and important flame-stability characteristics, such as blowoff, blowout, 
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flashback, and liftoff [12]. Therefore, experimentally obtained laminar burning velocity data is 

commonly used for the development, validation, and optimization of detailed chemical 

mechanisms [13]. Due to the complexity of many practical combustion phenomena, computer 

simulation models and turbulent flame theories are extensively used to simulate the combustion 

inside spark ignition engines and gas turbines. Many of these models and theories are based on the 

laminar burning velocity and turbulence intensity [12]. Thus, a thorough understanding of laminar 

premixed flames is essential for turbulent flame studies since many turbulent flame theories 

depend on an underlying laminar flame structure [12]. 

Laminar burning velocity also plays an essential role in many combustion applications, 

such as IC engines and gas turbines. For instance, laminar flame speeds are frequently used to 

predict the pressure rise inside a spark ignition engine [14]. Additionally, many combustion 

parameters are associated with flame propagation speed such as the ignition delay time; and 

therefore autoignition and engine knock [15], wall quench layer thickness [14], minimum ignition 

energy, heat release rate, flammability limits, emission characteristics [16], and burn duration, 

which has a direct influence on power output and efficiency of engines [17]. Therefore, it is 

essential to examine the effects of combustion residuals on the laminar burning velocity and 

burned gas Markstein length in order to advance our understanding about the effects of FGR/EGR. 

Nevertheless, studies focusing on the impacts of inert post combustion products on these two 

fundamental flame parameters at elevated pressures and temperatures are still rare. Hence, the 

present study aims to investigate the effects of flue gases on the laminar burning velocity and 

burned gas Markstein length of various fuel/oxidizer mixtures at elevated pressures and 

temperatures with and without different diluents at various dilution ratios. 
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1.2 Overview of Sequential Stage Combustion Concept in Stationary Gas Turbine 

Combustors 

A stationary gas turbine converts the kinetic energy of the post combustion products 

flowing through the turbine blades to electrical power. In general, the overall efficiency of the gas 

turbine increases with higher component efficiencies, such as those of the compressor, combustor 

and turbine; with higher mass flow, and with higher turbine working temperatures, which is 

controlled by the steady flow combustion in which a hydrocarbon fuel is burned with a large 

amount of excess air [6]. In order to keep the temperature profile at the turbine inlet, i.e. the 

combustor exit, at an appropriate level, a modern combustor should be able to mix the fuel and air, 

ignite the mixture, and stabilize the flame in the primary zone as shown in Figure 1-2 [2]. This is 

followed by the oxidation of CO in the secondary zone and then with the lowering of the 

temperature of the post combustion products by excess air in the dilution zone [4]. 

 

Figure 1-2. Schematic of a typical gas turbine combustor, retrieved from [2]. 
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Since the first practical gas turbine was developed by Dr. Franz Stolze in 1872 [18], the 

main objectives for a stationary gas turbine combustor have been high combustion efficiency, 

reduction of visible smoke, minimum pressure loss in the combustor, self-sustaining flames, and 

stable combustion [2]. These goals were mostly achieved by the early 1970s. However, 

increasingly stringent emission regulations for CO2, CO, NOx, and unburned hydrocarbons still 

need to be met, while maintaining existing levels of reliability and affordable costs [6]. 

Although CO2 emissions are inevitable when combusting fossil fuels, they can be captured 

with CCS technology, which allows the oxy-fuel combustion with a large amount of recycled flue 

gas to maintain optimum turbine inlet temperature for material safety [9, 19]. Unburned 

hydrocarbons and CO are more likely to be formed during incomplete combustion, such as near 

idle conditions, and these emissions can potentially be reduced with better atomization and higher 

local temperatures [2]. However, higher combustion temperatures increase NOx formation, which 

is of great concern for photochemical smog, global warming, and the formation of acid rain 

precursors due to the poisonous character and abundance of NOx [4]. 

In 1977, the U.S. EPA proposed a series of techniques for the reduction of NOx emissions 

[2]. Initially, water/steam injection into the combustor became very popular in the 1980s and most 

of 1990s [2]. It was shown that an 85% decrease in NOx emissions can be achieved with 

water/steam injection and optimized combustor aerodynamics by lowering the flame speed [2]. 

However, the amounts of demineralized water required to prevent corrosive deposits in the turbine 

are substantial and high water/steam injection caused a dramatic increase in emissions of unburned 

hydrocarbons and CO [6]. Consequently, dry control combustion technologies have become the 

preferred methods to prevent NOx formation [2]. 
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Since the 1980s, selective catalytic reduction systems for the conversion of NOx to N2 and 

H2O with ammonia (NH3) has been used to achieve very low NOx emissions [6]. The catalytic 

reaction happens without a flame and only in a limited temperature range, typically 558-673 K [6]. 

Although there is a growing interest for catalytic converters in stationary gas turbine applications, 

they cause new problems, such as increased cost, issues with the handling and storage of ammonia, 

and flow control of NH3 particularly in dealing with variable loads [6]. 

Since the 1990s, the favorable effect of premixed lean combustion on NOx emissions has 

been well understood and Dry Low Emission (DLE) NOx combustors were established [2]. The 

DLE approach proposes to mix the fuel and oxidizer prior to the mixture entering the combustor 

and to burn most of it at cool lean conditions to decrease the flame temperature and therefore the 

NOx emissions [4]. Although most contemporary gas turbines use DLE NOx combustors, this 

method can suffer from autoignition, flashback, blowoff, and combustion instabilities [20]. 

Auto-ignition can be avoided by adjusting the residence time of the fuel in the premixed 

region to less than the ignition delay time of the fuel, which may cause an incomplete mixing [2]. 

Flashback and blowout are related to the local flame speed and the velocity of the combustible 

mixture [12]; therefore, the prevention of these two phenomena needs accurate knowledge of 

laminar burning velocity information for the fuel/oxidizer flames at operating conditions. The lean 

combustion is also prone to combustion instabilities, defined as the pressure oscillations due to the 

fluctuations in the combustion heat release rate, i.e. oscillatory burning [2, 6, 20]. These 

oscillations cause wear, damage, and failure in extreme cases, of the combustor and downstream 

turbine [20]. 

In light of the studies showing combustion residuals suppresses flame instabilities [3, 19, 

21], DLE NOx combustors have started to take the form of the premixed sequentially staged 
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combustors (Figure 1-3). While the primary stage of this new concept provides stable combustion, 

the secondary stage, serial to the primary stage, uses hot post-combustion products of the previous 

stage, enabling the use of much leaner premixed air/fuel mixtures without stability issues or 

excessive CO emissions [22]. Inert post-combustion products have the ability to decrease 

combustion temperatures and therefore NOx emissions, without changing the stoichiometry, which 

can be desirable at higher loads and enable the use of selective catalytic reduction systems [23-

24]. 

 

Figure 1-3.  Alstom GT24/GT26 sequential combustion system, retrieved from [31]. 

Conventional stationary gas turbines are targeted to provide low emissions at high load 

operation and suffer from strongly increasing emissions with decreases in load [25]. High load 

flexibility has become increasingly important in order to compensate for power fluctuations that 

have emerged due to the intermittent nature of wind and solar power production [3]. Therefore, 

axial (sequential) stage combustion systems for stationary gas turbines have been gaining 

momentum since they provide enhanced operational flexibility [26], a wider range of stable 

performance modes [27], and lower emissions [25]. The axial staging concept also provides higher 
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fuel flexibility compared to conventional stationary gas turbines [26] and contributes to energy 

security, fuel diversity, and utilization of carbon-free fuels or synthetic fuels. 

In sequential two-stage combustors, combustion in the second stage takes place at a lower 

oxygen concentration and higher temperature due to hot inert combustion residuals transferred 

from the initial stage onto the secondary stage. Higher firing temperatures within the latter stage 

enhances the combined cycle efficiency [28]. Recently, an axially staged lean-to-lean combustion 

concept was found to show promising results to reduce emissions with natural gas/air mixtures 

[25, 29-31]. 

1.3 Overview of Exhaust Gas Recirculation in Internal Combustion Engines 

The first IC engines were produced due to the need for affordable and simple power 

generators, rather than expensive steam engines, as a result of the independent studies of Nikolaus 

August Otto in 1876, Karl Benz and Gottlieb Daimler in 1886, and Rudolf Diesel from 1893 to 

1897 [32]. Therefore, the fundamental design of IC engines showed similarities to the steam engine 

[32]. The main problems of the early engines were ignition, mixture formation, and cooling, which 

were mostly solved through enhanced technology developments as the motor vehicle industry 

rapidly developed [32]. As the engine power and the speed and weight of vehicles increased, 

transportation emissions have been subjected to increasingly stringent regulations due to rising oil 

prices and the detrimental effects of exhaust gases on the environment and public health [33]. 

These emission gases, mainly CO2, CO, NOx, SOx, and unburned hydrocarbons, can be reduced 

significantly by more efficient powertrains, exhaust gas after-treatment systems, and more 

stringent fuel requirements [34].  

Enhanced efficiency and engine design improvements can decrease CO2 emission, which 

are directly related to the amount of fuel burned and unburned hydrocarbon emissions from 
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incomplete combustion [33]. Another product of incomplete combustion is CO, whose emission 

can be lowered by using catalytic converters [34]. In addition to CO and hydrocarbon oxidation, 

3-way catalytic converters reduce NOx to N2 [34]. However, they can only operate close to 

stoichiometric conditions and at 558-673 K [6]. Additionally, catalytic converters can cause 

resource depletion, waste generation, and N2O emissions, which has a global warming potential 

310 times than of CO2 [35]. However, their ability to clean up the vast majority of CO, 

hydrocarbon, and NOx emissions has led the U.S. government to require all spark ignition engine 

vehicles to have catalytic converters since 1975 [33]. 

Similar to lean stationary gas turbine combustors, lean burn technology in spark ignition 

IC engines is a promising way to reduce NOx emissions due to lower combustion temperatures [4] 

while increasing engine thermal efficiency and reducing pumping losses [36]. Improved fuel 

efficiency also decreases CO2 emissions and therefore greenhouse gas emissions [33]. However, 

lean burn is not compatible with three-way catalyst operation, which is one of the main methods 

to reduce CO, NOx, and unburned hydrocarbons emissions in spark ignition engines [33]. Although 

this problem can be partially solved with selective catalytic reduction systems [6, 37-39], like in 

stationary gas turbine combustors, issues with the handling and storage of ammonia, higher N2O 

emissions, and flow control problems of NH3 still need to be overcome [6, 40]. Furthermore, lean 

combustion is prone to combustion instabilities due to the narrow flammability limits of most 

fuels, which causes an increase in unburned hydrocarbon emissions due to misfire and partial 

burning [2, 6, 33]. Slower local flame velocities of lean mixtures are the main reasons behind the 

partial burning [33]. Therefore, advanced combustion strategies, such as homogeneous charge 

compression ignition (HCCI) and turbulent jet ignition (TJI), are being developed to increase flame 

speed by raising the ignition energy and intensifying turbulence [33]. 
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Exhaust gas recirculation (EGR) is a common method to reduce NOx emissions in IC 

engines (Figure 1-4) since it decreases combustion temperatures without changing the 

stoichiometry, which enables the use of a three-way catalyst [41]. EGR also lowers the pumping 

losses, heat rejection, and chemical dissociation at partial load and improves the detonation/knock 

resistance at full load [23, 34]. Although higher EGR fractions promote brake thermal efficiency 

with more advanced spark timing [33], EGR affects the reactivity of the combustible mixture and 

thus combustion stability [10]. Furthermore, hot post combustion gases can increase deposit 

formation in port fuel injectors and intake valves during their circulation [42]. 

 

Figure 1-4. A schematic diagram of EGR system, retrieved from [43]. 

1.4 Research Questions and Objectives 

In order to understand the underlying theory behind fuel/air/diluent flames that occur in 

modern stationary gas turbine combustors and internal combustion engines, the present study 

investigates the effect of dilution on the laminar burning velocities of fuel/air mixtures at high 

temperatures and pressures with various dilution gases and ratios. Initially, the fundamentals of 
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laminar premixed flames, laminar burning velocity measurement techniques, theory behind 

spherically expanding flames, and flame front instabilities are discussed in detail. Subsequently, a 

newly designed optically accessible constant volume combustion chamber is introduced together 

with the flame speed calculation methodology used in the present study. Accuracy assessment of 

stretch extrapolation models comes next. This study is followed by the explanation of the 

computational framework and the validation of the experimental apparatus. Finally, numerical and 

experimental results for the laminar burning velocities of fuel/air/diluent mixtures at elevated 

temperatures and pressures are presented. The aim of this research is to answer the following 

questions:  

1. What is the effect of the measurement range on the stretch model accuracy?  

2. How different are the effects of various diluents on the laminar burning velocity and flame 

stability of a combustible mixture? 

3. How do combustion residuals affect the laminar burning velocity and the flame stability of 

various fuel/oxidizer mixtures at elevated pressures and temperatures? 

4. What are the main causes for the change in the laminar burning velocity and burned gas 

Markstein length of a combustible mixture due to the diluent addition?  

5. How accurately can currently available chemical mechanisms predict the effect of dilution 

on the laminar burning velocity at elevated pressures and temperatures? 

In order to answer the above posed questions, the following objectives were carried out: 

• Design and construction of an optically accessible high pressure and high temperature 

constant volume combustion chamber. 

• Assessment of accuracies of stretch extrapolation methods from spherically expanding 

flames 
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• Investigation of the effects of different flue gases on laminar burning velocities and burned 

gas Markstein lengths of premixed methane/air mixtures 

• Measurements of the laminar flame speed and burned gas Markstein length of iso-

octane/air, high/low research octane number (RON) gasoline/air, and methane/air 

mixtures diluted with combustion residuals at high pressures and temperatures 

• Numerical quantification of the main causes of combustion residuals on the laminar 

burning velocity reduction 

• Evaluation of various chemical mechanisms against experimental laminar flame speed 

data 
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2 BURNING VELOCITY OF LAMINAR PREMIXED FLAMES 

2.1 Measurement Techniques for Laminar Burning Velocity 

A self-sustaining, localized combustion zone/wave of a premixed fuel/oxidizer mixture 

propagating with subsonic velocities, i.e. deflagration, is defined as a premixed flame [12]. One of 

the most significant global parameters of a laminar premixed flame is the laminar burning velocity 

(SL), which is the speed of a steady, one-dimensional, planar, and adiabatic laminar flame. There 

are various measurement techniques for the laminar burning velocity, which can be categorized as 

stationary flame methods and propagating flame methods [44]. Methods for stationary flames 

consist of Bunsen burner flames, stagnation flames (counter-flow method), and burner stabilized 

flat flames (heat flux method) [45]. 

In the Bunsen flame technique, the laminar flame speed is usually deduced from a conical 

Bunsen burner flame (Figure 2-1) with the cone angle method [46-47] or the flame surface area 

method [48]. In both methods, the flame is optically observed to determine the Bunsen cone angle 

or flame outer surface area. The volumetric flow rate at Bunsen tube exit should also be known to 

calculate the velocity of unburned mixture leaving the Bunsen burner. Then, the laminar burning 

velocity is calculated with the multiplication of the velocity of the unburned mixture at the Bunsen 

tube exit and the sine of the Bunsen cone angle in the cone angle method. In the flame surface area 

method, the laminar burning velocity is computed by diving the volumetric flow rate at the Bunsen 

tube exit by the flame area. 

Until the complex physics behind the Bunsen flames were discovered in the last thirty 

years, e.g. negatively stretched main flame surface and strong curvature effect at the flame tip, the 

Bunsen burner method was commonly used for laminar flame speed measurements without any 

flame stretch treatment because the apparatus is inexpensive, versatile, and easy to use [13]. 
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However, the Bunsen flames can exhibit severe instabilities at small and large Lewis numbers (Le) 

[13]. 

 

Figure 2-1. Schematic of the Bunsen burner (left [49]) and premixed biogas-hydrogen blending 

fuel Bunsen flames at different equivalence ratios (right [50]). 

Flame front instability problems faced in the Bunsen flames can be resolved with 

stagnation flames. In late 1980’s, Law and coworkers [11, 51] proposed to measure the laminar 

burning velocity from two symmetric (twin), laminar, steady, and planar stagnation flames with 

the same chemical composition in a counter-flow flame configuration (Figure 2-2). In the counter-

flow method, laser diagnostics techniques, such as particle image velocimetry (PIV) and laser 

Doppler velocimetry, are used to obtain the axial velocity profile. The minimum flow velocity is 

specified as the reference flame speed whereas the strain rate is assumed to be the absolute 

maximum value of the derivative of the axial velocity [45]. By varying the burners flow rates, 

different reference flame speeds can be obtained for different strain rates. Subsequently, the 

laminar burning velocity is calculated by extrapolating the reference flame speed to zero strain 

rate. 
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Figure 2-2. Twin counter-flow/stagnation flames, retrieved from [13]. 

Although counter-flow flames can generally be assumed adiabatic due to the symmetry, 

the heat loss to the burner nozzle increases at low pressures or low stretch rates, which leads to 

stabilization problems [13]. At high pressures or high stretch rates, the flame thickness becomes 

too small to detect with laser diagnostics techniques [13]. Therefore, the method is limited to low 

burning velocities and low pressures (typically less than 10 bar) due to the unstable flow/flame at 

high Reynolds numbers (Re) [13]. 

The heat flux method proposed by de Goey et al. [52] is based on Botha and Spalding’s 

flat flame approach [53], in which the laminar burning velocity is deduced from the relation 

between the heat loss of the burner stabilized flame and burner flow rate using a porous or 

perforated plate. Different than the flat flame technique, de Goey et al. [52] heated the reactants 

externally to solve the heat loss problem and achieve a nearly adiabatic flame (Figure 2-3). 

Therefore, in the heat flux method, it is assumed that the radial temperature profile depends on the 

unburned gas velocity and the uniform radial temperature distribution can be achieved when the 

unburned gas velocity is equal to the unstretched and adiabatic laminar flame speed [54]. In other 

words, the laminar burning velocity is determined by varying the burner flow rate while screening 
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the radial plate temperature distribution. Due to radical loss and flow induced instabilities at high 

burner flow rate and pressure, the heat flux method is limited to low burning velocities and low 

pressures (typically less than 10 bar), similar to the counter-flow method [13]. 

 

Figure 2-3. Schematic of the heat flux burner (left [55]) and premixed ethylene/air flat flames at 

different equivalence ratios (right [56]). 

Laminar burning velocity measurements at high pressures can be conducted only with 

freely propagating flames [13]. Rallis and Garforth [44] listed the methods for propagating flames 

as the cylindrical tube method [57], flame kernel method [58], soap-bubble method [59], and 

spherically expanding flame method [60]. Among the propagating flame approaches, the 

advantages of the spherically expanding flame method stand out compared to the inevitable wall 

interaction effect in the cylindrical tube method, experimental difficulties and low success rate of 

firing in the flame kernel method, and the need of a water-based soap solution in the soap-bubble 

method [44]. Therefore, spherically expanding flames are commonly utilized to measure the 

laminar burning velocity in the entire pressure range except for sub-atmospheric pressures, where 

the critical ignition radius is large [13]. Finally, laminar flame speed measurement techniques are 

ϕ=2.1 

ϕ=1.8 

ϕ=1.5 



18 

 

compared in Table 2-1 and the theory of spherically expanding flames are discussed in the next 

section in detail.  

Table 2-1. Comparison of laminar burning velocity measurement techniques. 

Measurement Technique Advantages Disadvantages 

Stationary 

Flames 

Bunsen Burner 

Method 
• The apparatus is inexpensive, 

versatile, and easy to use [44]. 

• Main flame surface is 

negatively stretched [13]. 

• There is a strong curvature 

effect at the flame tip [13]. 

• The stretch effect cannot be 

neglected [45]. 

• The Bunsen flames can exhibit 

severe instabilities at small and 

large Le [13]. 

• The flame cone is distorted due 

to flame thrust and not fully 

adiabatic due to the air entering 

the flame cone base [61]. 

Counter-Flow 

Method 

• The flame can generally be 

assumed adiabatic due to the 

symmetry [45]. 

• Flame front instability problems 

faced in the Bunsen flames can 

be resolved with this method 

[13]. 

• The heat loss to the burner 

nozzle increases at low 

pressures or low stretch rates, 

which leads to stabilization 

problem [13]. 

• At high pressures or high 

stretch rates, the flame 

thickness becomes too small to 

detect with laser diagnostics 

techniques [13]. 

• The method is limited to low 

burning velocities and low 

pressures [13]. 

Heat Flux Method 

• The method is simple and does 

not need a complicated 

diagnostics [13]. 

• The flame is not affected by 

stretch [52]. 

• The porous plate utilized for the 

flame stabilization causes flame 

front instabilities [53]. 

• The flame speed determined 

with this method can be slower 

than the actual flame speed due 

to the heat loss from the flame 

[62]. 

• The method is limited to low 

burning velocities and low 

pressures [44]. 
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Table 2-1 (cont’d) 

Propagating 

Flames 

Cylindrical Tube 

Method 
• It is a simple method [57]. 

• The method suffers from wall 

interaction and vibration 

effects, which cause a deformed 

flame front [44]. 

Flame Kernel 

Method 

• The flame curvature and 

thickness treatments are not 

required [44]. 

• There is no ignition electrode 

effect on the flame [44]. 

• The flame kernel has a complex 

flame front shape [44]. 

• Two flame kernels 

measurements are subjected to 

spark synchronization problem 

[44]. 

• Experimental difficulties cause 

low success rate of firing [44]. 

Soap-Bubble 

Method 

• It is a simple method [59]. 

• The method can be used for a 

wide range of pressure [44]. 

• At high flame speeds, the flame 

surface is deformed due to 

inertial effects [63]. 

• Dry mixtures cannot be tested 

due to the need of water-based 

soap solution [64]. 

• The method is limited to a 

narrow range of temperature 

[44]. 

Spherically 

Expanding Flame 

Method 

• The method is simple and can 

be utilized for a wide range of 

pressure and temperature [60]. 

• It is difficult to ignite the 

mixture at sub-atmospheric 

pressures [65]. 

• Ignition electrode effect is 

significant at low pressures 

[13]. 

• Flame instabilities are observed 

at high pressures [66]. 

 

2.2 Theory of Spherically Expanding Flames 

For spherically expanding flames, the fuel/oxidizer mixture is generally ignited in the 

center of a constant volume combustion chamber by a spark generated between two ignition 

electrodes (Figure 2-4-left) or a laser ignition system [67]. Following the spark, the flame starts to 

grow spherically towards the vessel walls, first at constant pressure and then the pressure begins 

to build up rapidly with the increase in the flame radius as shown in Figure 2-4 (right). 
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Figure 2-4. Spherical flame propagation inside a constant volume combustion chamber (left) and 

cold flame front radius and pressure history for a methane/air mixture at 1 bar, 298 K and ϕ=1.0 

after spark. 

Since the self-sustaining flame propagates subsonically, the pressures of the burned and 

unburned gases must be equal, and high gradients in temperature and species concentration across 

the flame suggest a thin flame thickness [4]. In fact, typical flame thicknesses are on the order of 

a millimeter [4]. With an infinitely thin flame front assumption, the continuity equation can be 

written as Equation 2-1. In this equation, and in the rest of this dissertation, the subscript u refers 

to the unburned gas mixture (reactants) while the subscript b stands for the burned gases (products). 

ρuSu = ρbSb   2-1 

A relation between the cold flame front radius (Rf) and the flame speed (S) can be obtained 

from a kinetic balance at the flame front (Equation 2-2). The unburned gas/flow velocity (Vu) can 

be written in terms of the cold flame front radius, pressure, and burned and unburned gas 

thermodynamic properties with the help of the conservation of mass equation for the combustion 

chamber, i.e. Equation 2-3, and the consumption rate of reactants (dmu/dt) proposed by Bradley et 

al. [68], i.e. Equation 2-4. The definition of burned gas mass (mb), i.e. Equation 2-5, should be 
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substituted into Equation 2-3 together with Equation 2-4. The resulting Su expression is given in 

Equation 2-6. By comparing Equations 2-2 and 2-6, Vu can be found as Equation 2-7. 

dRf
dt
= Vu + Su 2-2 

mt = mb +mu
yields
→   

dmt
dt

= 0
yields
→   

dmu
dt

= −
dmb
dt

 2-3   

dmu
dt

= −4πRf
2ρuSu 2-4   

mb =
4

3
πRf

3ρb
yields
→   

dmb
dt

= 4πRf
2ρb

dRf
dt
+
4

3
πRf

3 dρb
dt

 2-5   

Su =
ρb
ρu
(
dRf
dt
+
Rf
3ρb

dρb
dt
) 2-6   

Vu = (1 −
ρb
ρu
)
dRf
dt
−
Rf
3ρu

dρb
dt

 2-7 

Under the assumptions of ideal burned and unburned gas mixtures and isentropic 

compression during the flame propagation (Equation 2-8), the second term of Equation 2-6 can be 

expressed with pressure (P) rather than density (ρ). The final resulting expressions of Su, i.e. 

Equation 2-9, are often used to calculate the laminar burning velocity from spherically expanding 

flames.  

dρb
ρb
=
dP

γbP
 2-8 

Su =
ρb
ρu
(
dRf
dt
+
Rf
3γbP

dP

dt
) 2-9 

Equation 2-9 is important because the unstretched flame speed of the unburned gases (Su
o) 

is defined as the laminar flame speed or laminar burning velocity (SL). While some researchers 

describe the laminar burning velocity as the unstretched flame speed of the burned gases (Sb
o) and 

use Su
o for the laminar flame speed, the unstretched flame speed of the unburned gases (Su

o) of 
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various fuel/oxidizer mixtures has been frequently published as both the laminar flame speed and 

laminar burning velocity. Thus, in this document, flame speed and burning velocity terms are used 

interchangeably. 

By comparing Equations 2-1 and 2-9, an expression for the burned gas flame speed (Sb) 

can be derived (Equation 2-10). In Equation 2-10, the time rate of change of the cold flame front 

radius (dRf/dt) is defined as the flame propagation speed and it is equal to Sb in constant pressure 

measurements. Therefore, the flame propagation speed is sometimes called the burned gas flame 

speed by researchers employing the constant pressure method.  

Sb =
dRf
dt
+
Rf
3γbP

dP

dt
 2-10 

In the spherically expanding flame approach, there are three main methods to determine 

the laminar flame speed. The first and oldest method is the constant volume method (CVM), which 

calculates the laminar flame speed from the pressure measurements with the help of Equation 2-9 

[17, 69-76]. At the early stage of the flame propagation, the pressure rise is negligible and 

therefore, the constant volume method measurements start at relatively large flame radii (Figure 

2-4-right). With this method, there is no direct need for flame visualization and the stretch effect 

is not severe at high radii. Consequently, high-pressure measurements can be conducted without 

concern for flame stretch and a low-cost windowless combustion chamber can be used. However, 

this method might not take into account the effect of flame-front cellular instabilities on the flame 

speed due to the lack of visual observation. 

After the establishment of the concept of flame stretch by the mid-1980s [13], the laminar 

burning velocity has most often been measured through the observation of the flame radius in the 

constant pressure region together with Equation 2-9 (Figure 2-4-right) [3, 10, 16, 21, 23-24, 66, 

77-97]. This method is implemented in an optically accessible combustion chamber, which is 
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called the constant pressure method (CPM), and is supported with either schlieren or shadowgraph 

imaging techniques. 

Recently, direct measurement of unburned gas/flow velocity (Vu) from PIV images and 

calculation of the laminar flame speed directly from the flame front observation was proposed by 

Balusamy et al. [98] and further improved by Varea et al. [99]. The PIV method enables the 

elimination of the use of thermodynamic properties of the burned gas and offers a wider range of 

data sampling as long as a clear vision of the flame front is possible (Figure 2-4-right). However, 

the PIV method is very difficult to implement in experiments and for this reason has not been used 

extensively [13]. 

2.2.1 Constant Volume Method 

In the constant volume method, the laminar burning velocity is calculated from the pressure 

history and burned mass fraction instead of the cold flame front radius. Therefore, there is no need 

for a window in the vessel, which facilitates laminar flame speed measurements at high pressures 

and temperatures (engine-relevant conditions). Although the laminar burning velocities for a given 

mixture over a wide range of pressures and temperatures can be determined from a single test, the 

inception of flame instabilities cannot be identified without optical observation [13, 100]. 

Therefore, spherical constant volume combustion chambers used for laminar burning velocity 

measurements with the constant volume method have begun to be equipped with fused 

quartz/sapphire windows in order to detect flame-front cellular formation by 

schlieren/shadowgraph techniques, e.g. [101-104]. However, this modification in the vessel design 

causes the constant volume method to lose its ability to measure laminar burning velocities at very 

high pressures and temperatures. 
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As the flame radius increases and the pressure builds up, the flame stretching gets weaker. 

Since the constant volume method measurements start at relatively large flame radii, it is usually 

assumed that the measurements are not affected by the flame stretch. Recent studies [105-107] 

showed that when the relative pressure rise is above 20%, the stretch effect on the flame speed is 

less than 10% and this effect can be considered insignificant for measurements starting at pressures 

2.5 times the initial pressure [108]. Nevertheless, the inception of cellularity is usually observed 

before the pressure within the chamber reaches 2.5 times the initial pressure [66] and consequently, 

stretch-free operation may not be possible all the time for the constant volume method. 

Laminar burning velocity calculation with the constant volume method is based on 

Equation 2-9, which is applicable to an infinitely thin smooth flame front, ideal burned and 

unburned gas mixtures, and isentropic compression during the flame propagation without any 

buoyancy effect. Since the cold flame front radius (Rf) is not measured in the constant volume 

method, the burned mass fraction (x) is defined as Equation 2-11 and it is used to find an expression 

for Rf in terms of Rw, x, γu, P and Pi, i.e. Equation 2-12 [109]. By substituting Equation 2-12 into 

Equation 2-9, the final equation for Su is achieved as Equation 2-13 [110-111]. Equation 2-13 is 

very important and widely utilized to calculate the laminar burning velocity in the constant volume 

method. 

x =
mb
mi
  
yields
→     x = 1 −

mu
mi
= 1 −

4
3π(Rw

3 − Rf
3)ρu

4
3πRw

3 ρi

 2-11 

Rf = Rw [1 − (1 − x) (
Pi
P
)

1
γu⁄

]

1
3⁄

where 
ρi
ρu

= (
Pi
P
)

1
γu⁄

for isentropic compression 

2-12 
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Su =
Rw
3
(
Pi
P
)

1
γu⁄

[1 − (1 − x) (
Pi
P
)

1
γu⁄

]

−2
3⁄

dx

dt
 2-13 

The last step of the laminar burning velocity calculation with the constant volume method 

is the determination of the burned mass fraction (x) as a function of pressure because x is the only 

unknown in Equation 2-13. This can be achieved by two-zone or multi-zone burned mass fraction 

models, which divide the vessel inner volume into two regions as burned and unburned gas 

mixtures and perform equilibrium calculations for each time step. 

Since the laminar burning velocities of a given mixture over a wide range of pressures and 

temperatures can be determined from a single test, laminar flame speed calculations in the constant 

volume method are sometimes followed by the designation of a correlation for the laminar burning 

velocity, which shows the dependency of SL on pressure, temperature, and equivalence ratio (ϕ) 

[70, 72, 105, 112]. 

Finally, if some or all of the pressure data utilized for the calculation of SL is less than 2.5 

times the initial pressure, where the stretch effect is still significant [108] and therefore SL = Su
o ≠

Su, then the stretch treatment should be applied to the Su values to obtain accurate laminar burning 

velocities. The stretch treatment is explained in the Stretch Correlations sub-section in the Constant 

Pressure Method section since the flame stretch is most important in the early stage of combustion, 

where the pressure is constant or almost constant. 

2.2.1.1 Burned Mass Fraction Models 

While the two-zone burned mass fraction models assume constant properties throughout 

the burned gas mixture, the multi-zone models divide the burned gas into layers and make the same 

assumption within each layer but allow the gas properties to vary from layer to layer. It has been 

numerically [100] and experimentally [113] shown that in the early stage of combustion (before 
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approximately 15 ms) the two-zone model assumption holds true since the temperature gradient in 

the burned gas is relatively small. 

Instead of solving the conservation equations throughout the burned gas mixture (multi-

zone model [73, 113]), the two-zone models represent the burned mass fraction (x) with 

correlations. The most well-known and commonly used correlation was proposed by Lewis and 

Von Elbe [111] and is shown in Equation 2-14. In this equation, Pm represents the theoretical 

maximum combustion pressure, which is higher than the maximum pressure experienced in 

experiments. Therefore, this value can be determined from chemical equilibrium calculations for 

well-known single component fuels. For the other fuels and fuel surrogates, a correction 

compensation factor can be determined between the numerical and experimental maximum 

pressures of known fuels and applied to the experimental data of other fuels [114]. By substituting 

Equation 2-14 into Equation 2-13, an expression for Su depending only on pressure, Rw and γu can 

be achieved, i.e. Equation 2-15. 

x =
P − Pi
Pm − Pi

 2-14 

Su =
Rw
3
(
Pi
P
)

1
γu⁄ 1

Pm − Pi
[1 − (

Pm − P

Pm − Pi
) (
Pi
P
)

1
γu⁄

]

−2
3⁄

dP

dt
 2-15 

Although the approach of Lewis and Von Elbe [111], and therefore Equation 2-15, is 

frequently used [115-116], Luijten et al. [117] claimed that this approach violated the integral 

energy equation and provided inaccurate results especially for small burned mass fraction values. 

By following a different derivation procedure, Luijten et al. [117] came up with a two-zone model, 

which is identical to another expression of Lewis and Von Elbe [118] for the multi-zone model, 

i.e. Equation 2-16. 
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x =
P − Pi ∗ f(P)

Pm − Pi ∗ f(P)
     where    f(P) = (

γb − 1

γu − 1
) + (

γu − γb
γu − 1

)(
P

Pi
)

(γu−1)
γu
⁄

 2-16 

O’Donovan and Rallis [109] proposed Equation 2-17 for burned mass fraction. In this 

expression, Tb is the mass-averaged burned temperature for multi-zone model with the theoretical 

maximum value of Tm, which is observed at Pm. In order to find Tb, first the unburned temperature 

of each layer/shell is calculated from isentropic compression and the burned gas temperature is 

obtained from energy conservation for a layer at uniform constant pressure [117]. Then, Tb can be 

calculated from mass-based averaging. Tm may be determined with the same approach except by 

using Pm, i.e. chemical equilibrium calculations. 

x =
Tm

Tb

[
 
 
 
 
 

P − Pi ∗ (
P
Pi
)

(γu−1)
γu
⁄

Pm − Pi ∗ (
Tm
Tb
) ∗ (

P
Pm
)

(γu−1)
γu
⁄

]
 
 
 
 
 

 2-17 

Since the determination of Tb is difficult as prescribed in O’Donovan and Rallis [109], 

Oancea et al. [119] proposed Equation 2-18 for Tb by using the same burned mass fraction 

expression as O’Donovan and Rallis [109], i.e. Equation 2-17. In Equation 2-18, Tadb,p and Tadb,v 

represent the adiabatic flame temperatures for isobaric and isochoric combustion. These two 

temperature values can be easily calculated using chemical equilibrium software for well-known 

fuels. Rallis and Tremeer [120] further simplified Equation 2-17 by assuming Tb = Tm, which 

suggests that mass averaged burned gas temperature does not vary over time and results in 

Equation 2-19. 

Tm

Tb
= (
Pm
P
)

(γ∗−1)
γ∗⁄

     where   γ∗ = ln [
Pm
Pi
(1 −

Tadb,p

Tadb,v
)] 2-18 
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x =
P − Pi ∗ (

P
Pi
)

(γu−1)
γu
⁄

Pm − Pi ∗ (
P
Pi
)

(γu−1)
γu
⁄

 2-19 

Although there are other burned mass fraction correlations, such as Rallis and Garforth 

[44] and Nagy et al. [121], it was shown that they are not as accurate as the ones mentioned above 

[100, 117]. Consequently, the burned mass fraction discussion is limited to the correlations of 

Lewis and Von Elbe [111], Luijten et al. [117], O’Donovan and Rallis [109], Oancea et al. [119], 

and Rallis and Tremeer [120] for brevity. 

Before comparing the performances of the burned mass fraction correlations, the 

calculation of the burned and unburned gas heat capacity ratios (γb and γu) should be discussed. 

Until the inception of flame front cellularity, γu for each individual reactant can be calculated from 

its definition, i.e. Equation 2-20, by assuming isentropic compression and the resulting heat 

capacity ratio of unburned gases can be determined with simple averaging according to mole 

fractions. On the other hand, a constant value is mostly used for the heat capacity ratio of burned 

gases, which is called the frozen heat capacity ratio and assumed to be around 1.25 for 

hydrocarbon/air mixtures [100, 117]. However, Faghih and Chen [100] proposed Equation 2-21 

for γb together with a value of γb,shift =1.17 for hydrocarbon/air mixtures due to the influence of 

chemical equilibrium shifting on burned gases. Another correlation for γb was suggested by Omari 

and Tartakovsky [122], which is shown in Equation 2-22. Numerical studies of Faghih and Chen 

[100] show that most accurate results can be achieved with Equation 2-21 among these three 

approaches. 

γu =
cp(T)

cp(T) −
Ru
MW

     where     T = Ti (
P

Pi
)

(γu−1)
γu
⁄

 2-20 
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γb = 8γb,shift − 8     where    γb,shift = 1.17 2-21 

γb = 2γb,shift − 1     where    γb,shift = 1.17 2-22 

Studies of Faghih and Chen [100] and Luijten et al. [117] showed that among all burned 

mass fraction correlations available today, Oancea et al.’s approach [119] (Equation 2-17 and 

Equation 2-18) and Luijten et al.’s approach [117] (Equation 2-16 with γb=1.25) are the most 

accurate. However, Faghih and Chen [100] also noted that the accuracy of Luijten et al.’s approach 

[117] could be further improved by using Equation 2-21 instead of γb=1.25. Rallis and Tremeer’s 

approach [120] (Equation 2-19) has been shown to have the worst performance due to the 

assumption of Tb = Tm. 

For clarity, all burned mass fraction correlations explained above are summarized in Table 

2-2. As a result of this literature review on the constant volume method, Equations 2-13, 2-16, 

2-20 and 2-21 are suggested for calculating the laminar burning velocity with the constant volume 

method. 

Table 2-2. Burned Mass Fraction Models. 

Reference Burned Mass Fraction Models 

Lewis and Von Elbe 

[111] 
x =

P − Pi
Pm − Pi

 

Luijten et al. [117] 
x =

P − Pi ∗ f(P)

Pm − Pi ∗ f(P)
     where    f(P) = (

γb − 1

γu − 1
) + (

γu − γb
γu − 1

) (
P

Pi
)

(γu−1)
γu
⁄

 

γb = 8γb,shift − 8     where    γb,shift = 1.17 

O’Donovan and 

Rallis [109] 
x =

Tm

Tb

[
 
 
 
 
 

P − Pi ∗ (
P
Pi
)

(γu−1)
γu
⁄

Pm − Pi ∗ (
Tm
Tb
) ∗ (

P
Pm
)

(γu−1)
γu
⁄

]
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Table 2-2 (cont’d) 

Oancea et al. [119] 

x =
Tm

Tb

[
 
 
 
 
 

P − Pi ∗ (
P
Pi
)

(γu−1)
γu
⁄

Pm − Pi ∗ (
Tm
Tb
) ∗ (

P
Pm
)

(γu−1)
γu
⁄

]
 
 
 
 
 

 

where 
Tm

Tb
= (
Pm
P
)

(γ∗−1)
γ∗⁄

 & γ∗ = ln [
Pm
Pi
(1 −

Tadb,p

Tadb,v
)] 

Rallis and Tremeer 

[120] 
x =

P − Pi ∗ (
P
Pi
)

(γu−1)
γu
⁄

Pm − Pi ∗ (
P
Pi
)

(γu−1)
γu
⁄

 

 

2.2.2 Constant Pressure Method 

In the constant pressure method, the cold flame front radius of a spherically expanding 

flame is generally measured by a schlieren or shadowgraph optical technique in order to calculate 

the laminar burning velocity. Calculations are based on Equation 2-9, which is derived under the 

assumptions of an infinitely thin smooth flame front, ideal burned and unburned gas mixtures, and 

isentropic compression during the flame propagation without any buoyancy effect. Since the 

measurements are limited to the constant pressure region as shown in Figure 2-5, which is the 

initial stage of combustion, the second term of Equation 2-9 equals zero, which implicitly suggests 

that the time rate of change of the burned gas density is zero and the burned gas flame speed is 

equal to the time rate of change of the cold flame front radius. The resulting simplified laminar 

burning velocity expression becomes Equation 2-23. 

Su =
ρb
ρu

dRf
dt
=
ρb
ρu
Sb 2-23 
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Figure 2-5. Cold flame front radius growth and pressure history for a methane/air mixture at 1 

bar, 298 K, and ϕ=1.0 showing the constant pressure region that is used for the laminar burning 

velocity measurements. 

For Equation 2-23 to hold true, upper and lower limits are applied to the measured cold 

flame front radius (Rf). The lower radius bound is chosen to avoid the effect of ignition and to 

obtain a flame structure that obeys linear or non-linear stretch correlations. This limit was found 

to be 6 mm by Bradley et al. [68] who investigated flame propagations of methane/air mixtures 

ignited with different ignition energies. However, it has been shown that the ignition effect gets 

stronger for large Lewis numbers and Markstein lengths [107, 123-124], which can be numerically 

quantified with the help of the Karlovitz number. 

While the influence of the ignition event on the laminar burning velocity decreases at high 

initial temperatures and pressures due to higher flame propagating speed and thinner flame 

thickness, respectively, the increase in fuel carbon number magnifies the effect of ignition and 
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nonlinear stretch behavior by decreasing fuel mass diffusivity, which increases Lewis number and 

Markstein length [124-125]. Therefore, beginning measurements at Rf > 6 mm does not always 

guarantee negligible ignition effects for different mixtures under different conditions. The best 

way to determine the lower limit for Rf can be to conduct consecutive experiments with different 

ignition energies close to the minimum ignition energy of the mixture at the same initial conditions, 

since varying the spark energy over a wide range from the minimum ignition energy has no 

significant effect on the flammability limits and burning velocity [126]. Then, the lower limit for 

Rf can be established where the Sb vs. Rf curves first converge for all experiments at the same test 

conditions. 

Similarly, an upper limit should also be defined for Rf to reduce the effects of buoyancy, 

flame instability, confinement, and radiation. The influence of radiation and confinement on the 

laminar burning velocity can be explained by the thermal effect, which is the change in burned or 

unburned gas temperature, and the flow effect, which is the inward flow of burned gas induced by 

radiation or compression [127]. Previous studies [125, 127-128] showed that the strength of the 

radiation and confinement effects depend on the initial thermodynamic conditions of the mixture 

and the measurement range. For instance, while the radiation induced cooling effect decreases with 

increasing initial temperature due to faster flame propagation speeds, it increases at higher initial 

pressures because the laminar flame speed reduces [124]. These examples show that the thermal 

effect of radiation heavily depends on the flame propagation speed because the burned gases have 

more time to cool down at low laminar burning velocities [128]. The fuel carbon number has no 

significant influence on this effect so that the radiation induced cooling effect is nearly fuel-

independent [124]. However, the thermal radiation effect gets stronger for equivalence ratios that 

vary from stoichiometry, especially near the lean and rich flammability limits. The laminar burning 
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velocity can be reduced by up to 4-6% at the lean and rich flammability limits and 3% near 

stoichiometric conditions due to the thermal effect of radiation [124, 127]. With numerical 

simulations of methane, propane, and iso-octane flames, Yu et al. [129] proposed that the reduction 

in the SL due to radiation induced cooling is no more than 5% for SL≥12 cm/s and 2% for SL≥26 

cm/s. 

Another parameter affecting the influence of radiation and confinement on the laminar 

burning velocity is the measurement range. The radiation and confinement induced inward flow 

effects increase with flame radius [107, 129-130]. Burke et al. [131] and Chen [124] suggested 

that the reduction in the SL caused by these two effects is around 2-3% at Rf/Rw<0.25, where Rw 

is the equivalent radius for a cylindrical vessel. However, whenever cellular formation or buoyancy 

effect are observed before the upper limit, measurements should be stopped, and the laminar 

burning velocity calculations should be limited to the images before the inception of cellular 

formation. 

Jayachandran et al. [125] suggested that the displacement speed should be measured 

relative to the fresh gases, Su =
dRf

dt
− Vu from Equation 2-2, in order to prevent errors in the 

laminar burning velocity associated with radiation. In fact, several researchers have attempted to 

measure the time rate of change of the cold flame front radius and the unburned gas/flow velocity 

with Particle Image Velocimetry (PIV), which has resulted in the PIV method for measuring the 

laminar burning velocity from spherically expanding flames [98-99, 132-135]. Although the 

radiation and confinement induced inward flow effects can be avoided with this approach [125], 

the effect of heat loss through particle radiation and conduction and the uncertainty in flow speed 

measurement can affect the accuracy of the laminar burning velocity measurements [124]. 
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Furthermore, the PIV method is very difficult to implement in experiments and for this reason has 

not been used extensively [13]. 

For cases when the PIV method is not preferred, the upper limit for the cold flame front 

radius in the constant pressure method is not satisfied, or if further improvements in accuracy are 

desired, the variation in the burned gas density can be estimated with several correlations. Self-

sustaining flames have high gradients of temperature and species concentration, which suggests 

that the flame thickness should be very small. In fact, typical flame thicknesses are on the order of 

a millimeter and decrease with increasing pressure [4]. Consequently, many scientists neglect the 

burned gas density variation within the flame thickness and burned gases, and evaluate the burned 

gas density at chemical equilibrium or use the ideal gas law by assuming the burned gas density 

as constant [130], i.e. Equation 2-24, in which Tb is usually assumed to be the constant pressure 

adiabatic flame temperature and n corresponds to the mole number. However, curvature and 

preferential diffusion effects in the early stage of combustion and radiation and confinement effects 

in the latter stage of combustion affect the evolution of the flame and the burned gas temperature 

[21, 130]. Therefore, utilization of the mean density of the burned gases (ρb) can lead to more 

accurate results [13], i.e. Equation 2-25. 

Su =
ρb
ρu

dRf
dt
=
ρb
ρu
Sb =

nuTu
nbTb

Sb      2-24 

Su =
ρb
ρu

dRf
dt
=
ρb
ρu
Sb 2-25 

If the variation in temperature within the burned gases is neglected and the burned gas 

temperature is assumed to be the adiabatic flame temperature, the calculated burned gas density 

(ρb) should be less than the actual value, which causes lower laminar burning velocities. 
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Consequently, Andrews and Bradley [46] proposed Equation 2-26 to account for the variation in 

burned gas density. 

ρb =
3

Rf
3∫ ρbr

2dr

Rf

0

 2-26 

Actual temperature variation, leading to density variation at constant pressure conditions, 

may be obtained from burner measurements or theoretical calculations can be used [46]. Due to 

the difficulties in the determination of a temperature profile within the burned gases, Andrews and 

Bradley [136] assumed constant temperature, therefore constant density, throughout the burned 

gases and evaluated the mean gas density by using measured temperature vs. flame thickness data 

together with Equation 2-27. In this expression, δL represents the laminar flame thickness. Gulder 

[69] and Wang et al. [137] further simplified the calculations and used linear temperature profiles 

within the flame thickness with Equation 2-27. In the absence of measured temperature and flame 

thickness data, linear temperature profile assumption is reasonable. 

ρb
ρu
= (
nuTu
nbTb

) 
1

Rf
3 [(Rf − δL)

3 + 3Tb ∫
r2

Tr
dr

Rf

Rf−δL

] 2-27 

Lastly, an alternative approach was proposed by Bradley et al. [68] for the expansion ratio 

as shown in Equation 2-28. Although Equation 2-28 is an empirical correlation derived from the 

laminar burning velocity results of methane/air mixtures at normal temperature and pressure 

(NTP), the same expression was also shown applicable for iso-octane/air [138] and butanol/air 

[139] mixtures. 

ρb
ρu
=
ρb
ρu
{1 + 1.2 [

δL
Rf
(
ρu
ρb
)
2.2

] − 0.15 [
δL
Rf
(
ρu
ρb
)
2.2

]

2

} 2-28 
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In the constant pressure method, the cold flame front radius (Rf) is generally detected by 

schlieren or shadowgraph techniques. Bradley et al. [68] proposed an empirical relationship 

(Equation 2-29) between the cold flame front radius and the radius detected by schlieren 

photography (Rsch) by using the definition of the flame stretch rate. Since the laminar flame 

thickness depends on the laminar burning velocity (δL = νu  Su
o⁄ ), which cannot be found before 

Rf, Rf can be first assumed as Rsch and subsequently Equation 2-29 can be adopted to give actual 

Rf [137]. Alternatively, another definition of laminar flame thickness [δL =

(Tadb,p − Tu) (dT dr⁄ )m⁄ ] can be utilized to eliminate the iterative procedure. However, Bradley 

et al. [68] also showed that the flame speed is almost independent of the chosen isotherm, which 

is associated with the flame speed to identify the cold flame front radius. This suggests that the 

flame front definition has almost no influence on the flame propagation speed and stretch rate 

[129]. Therefore, Equation 2-30 is mostly preferred in the constant pressure method rather than 

Equation 2-29. 

2
Rf

dRf
dt

2
Rsch

dRsch
dt

= 1 − 1.95
δL
Rf
√
ρu
ρb
     

yields
→    Rf = Rsch + 1.95δL√

ρu
ρb

 2-29   

dRf
dt
=
dRsch
dt

     
yields
→       Su =

ρb
ρu

dRsch
dt

 2-30 

One way to approximate the derivative of the cold flame front radius in Equation 2-30 is 

to use central differencing as a finite difference method. With this method, there is no difference 

between the definitions of cold flame front radius with respect to Rsch, i.e. Equations 2-29 and 

2-30, because the second term of Equation 2-29 can be assumed constant in the early stage of the 

combustion where the pressure is constant. Using the central difference method to obtain the 

derivative can lead to noise in experimental data. Alternatively, a second- [140] or third-order [90] 
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polynomial can be fit to the radius-time history and differentiated to obtain the flame speed of the 

burned gases under constant pressure conditions (Sb). However, some errors are introduced during 

the polynomial fit and derivative operations. 

Before discussing the stretch correlations, some important combustion parameters, such as 

laminar flame thickness (δL), activation energy (Ea), Zeldovich number (Ze), and Lewis number 

(Le), should be discussed since they are frequently used in flame stretch discussions. First, there 

are two widely preferred flame thickness definitions, which are shown in Equations 2-31 and 2-32. 

Equation 2-31 comes from kinetic analysis and contains thermal diffusivity. Equation 2-32 is 

derived from the gradient method. Although some researchers prefer Equation 2-31 over the 

gradient method, such as Wang et al. [137] and Lamoureux et al. [141], others believe it does not 

yield reliable results due to the arbitrariness of the temperature at which the thermal conductivity 

of the unburned gas (λu) and the constant pressure specific heat of the unburned gas (cp,u) are 

evaluated [142]. Some researchers evaluate λu/cp,u at the unburned gas temperature, but Lapalme 

et al. [143] suggested that the average of the unburned gas and adiabatic flame temperatures should 

be used for the evaluation of λu and cp,u due to the increase in gas mixture temperature in the 

preheat zone of the flame thickness (Figure 2-4-left). Furthermore, Equation 2-31 contains laminar 

flame speed (Su
o), which prevents the independent nature of the flame thickness in characterizing 

the flame behavior [142]. Due to the concerns stated above, Jomass et al. [142] and Law and Sung 

[144] recommend Equation 2-32 for calculating laminar flame thickness. In this expression, Tb is 

mostly assumed to be the adiabatic flame temperature and the maximum temperature gradient can 

be derived from experimental data in the literature or chemical equilibrium calculations for well-

known fuels. 
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δL =
λu

ρucp,uSu
o
 2-31 

δL =
Tb − Tu

(dT dr⁄ )
m

 2-32 

Activation energy (Ea) represents the sensitivity of the laminar burning velocity to the 

flame temperature variation and can be expressed as Equation 2-33, which is also called the 

activation temperature. The activation temperature can be found by computing ρuSu
o at the desired 

initial conditions, and then slightly changing the concentration of, for instance, nitrogen with inert 

argon while keeping the pressure and equivalence ratio unchanged [142-143, 145]. This approach 

is easily applicable to numerical analysis, however can cause noteworthy errors in experimental 

studies due to the accuracy limitations of absolute/gauge pressure transducers. An alternative 

approach is to derive the activation time from the plot of ln(ρuSu
o) vs. 1 Tb

⁄ for a given pressure but 

at slightly different equivalence ratios, in which the activation time is assumed unchanged [137]. 

However, it should be noted that activation energy strongly depends on φ. A dimensionless form 

of activation energy is designated as the Zeldovich number (Equation 2-34), whose inverse 

represents a dimensionless flame thickness. 

Ea
Ru
= −2[

∂[ln(ρuSu
o)]

∂ (1 Tb
⁄ )

] 2-33 

Ze =
Ea

RuTb
2
(Tb − Tu) 2-34 

The Lewis number is defined as the ratio of the thermal diffusivity to the mass diffusivity, 

i.e. Le =
αu

Du
=

λu

ρucp,uDu
. Although the Lewis number depends on unburned gas properties, many 

intermediate species emerge in the preheat zone and influence the Lewis number with their 
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different diffusivities, which makes Lewis number calculation complicated [143]. Therefore, the 

Lewis number can be extracted from the flame response to stretch, i.e. Markstein length (Lb or Lu) 

which is on the order of the flame thickness [146]. 

The Markstein length is a constant value representing the influence of flame stretch on the 

flame speed [146]. After integral analysis of the stretch flame, Law and Sung [144] came up with 

Equation 2-35 [143]. Bechtold and Matalon [147] followed the asymptotic theory and proposed 

Equation 2-36, which is valid near stoichiometric conditions [143]. Chen [148] used Equation 

2-37, which was originally proposed for counter flow flames, in order to calculate the Lewis 

number. Lapalme et al. [143] investigated the accuracy of these methods and concluded that 

Equation 2-36 yielded the best results for hydrogen/air and carbon monoxide/air mixtures, whereas 

Equation 2-37 showed superior performance for methane/air mixtures. This suggests that it is 

difficult to determine the most accurate Lewis number definition, which is valid for all mixtures 

at all conditions. 

Le = 1 +
2(1 −

ρb
ρu⁄ )

Ze(
ρb
ρu⁄ )(1 − α)

[
Lu
δL
+ (1 −

ρb
ρu
) − (

1 − α

1 −
ρb
ρu⁄
)]      where 

α = 1 + ln [
ρb

ρu
+ (1 −

ρb

ρu
) exp(−1)]     and    Lu =

ρb

ρu
Lb + (α −

ρb

ρu
) δL 

2-35 

Le = 1 +

[
 
 
 
Lb
δL
−

2

√ρu ρb⁄ + 1
]
 
 
 

{
2 ∗ Ze

(
ρu
ρb⁄ − 1)

[√
ρu
ρb
− 1 − ln (

1

2
(√
ρu
ρb⁄ + 1))]}

−1

 2-36 

Le = [
Lb

(
ρu
ρb⁄ )δL

−
Ze

2
]

−1

(1 −
Ze

2
) 2-37 

2.2.2.1 Stretch Correlations 

Flame propagation in the early stage of the combustion where the pressure is constant can 

be divided into three distinctive regions, (1) the ignition affected region, (2) the quasi-steady 
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stretched flame region, which is suitable for the laminar burning velocity calculations with the 

constant pressure method, and (3) the confinement and radiation affected region, as seen in Figure 

2-5 [140]. The flame stretch rate (κ) is defined as the normalization of the rate of change of the 

flame surface area and is shown in Equation 2-38, which is valid for spherically growing flames 

[68].  

κ =
1

A

dA

dt
=
2

Rf

dRf
dt

 2-38 

The extrapolation of the stretch correlations is often used to remove the stretch effect from 

the experimental data, i.e. the experimental stretch model extrapolation method, and to find the 

unstretched flame speed of the unburned gases (Su
o), which is the true definition of the laminar 

burning velocity (SL). Among various correlations between the stretch rate and the flame speed, 

the linear flame stretch model based on the local stretch rate proposed by Matalon and Matkowsky 

[149], Equation 2-39 - designated as LS in Table 2-3, is most commonly used [150-154]. In this 

expression, Lb and Lu refer to the burned and unburned Markstein lengths, which indicate the effect 

of flame stretching on the local flame speed and the flame instability due to preferential diffusion 

[155-156]. In fact, a smaller Markstein length means there is a smaller influence of flame stretch 

on flame speed and an earlier onset of instabilities [21, 157]. Furthermore, the Markstein length is 

used as a physicochemical input parameter for some premixed turbulent combustion models [148, 

158]. 

Sb = Sb
o − Lbκ     &     Su = Su

o − Luκ 2-39 

By normalizing Equation 2-39 with the unstretched flame speed, Equation 2-39 can be 

expressed in terms of the Markstein number (Ma) and the Karlovitz number (Ka), which 

characterize the flame stretch, i.e. Equation 2-40. Based on asymptotic theory, the LS model was 

developed under the assumption of a near unity Lewis number and a weakly stretched flame [159]. 
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Wu et al. [160] and Courty et al. [161] asserted that the LS model overpredicts the laminar flame 

speed for mixtures with Le far from unity due to preferential diffusion between the fuel and 

oxidizer causing nonequidiffusion of heat and mass, which results in a considerable change in the 

burning velocity.  

Su
Su
o
= 1 −Ma ∗ Ka    where  Ma =

Lu
δL
  &  Ka = κ

δL
Su
o
 2-40 

By assuming a quasi-steady flame propagation to eliminate the acceleration term, Kelley 

and Law [140] obtained a nonlinear model, Equation 2-41 - designated as NQ in Table 2-3, from 

the asymptotic analysis of Ronney and Sivashinsky [162] for adiabatic spherical flames. The NQ 

model is based on a weakly stretched flame and enables the SL calculation of mixtures with 

arbitrary Le [160]. Therefore, the model has been used frequently in the past few years and has 

showed superior performance to Equation 2-39 [163-166]. Nevertheless, the assumption of quasi-

steady flame propagation is only valid when the flame radius is reasonably large [159] since the 

non-linearity of the relationship between the stretch rate and the flame speed not only depends on 

the Lewis number, but also on the Karlovitz number, which corresponds to the normalized stretch 

rate [167]. 

Sb
Sb
o ln (

Sb
Sb
o) = −

2Lb
Rf
   or   (

Sb
Sb
o)

2

ln (
Sb
Sb
o)

2

= −
2Lbκ

Sb
o  2-41 

Recently, Chen [148] revisited the linear correlation between the flame speed and the flame 

curvature, Equation 2-42 - designated as LC in Table 2-3, which was first proposed by Markstein 

[168]. Under the assumption of a large spherical flame radius, the LC model accounts for effects 

of strong flame stretching and non-unity Le, and has been claimed to show better performance 

than the previously mentioned correlations for mixtures with Le greater than unity, i.e. positive 

Markstein length [159-161]. On the other hand, the NQ model has been alleged to show the best 
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performance for mixtures with Le less than unity, i.e. negative Markstein length [159-161]. Despite 

these findings, the LC model has not been commonly utilized yet [82, 169]. 

Sb = Sb
o − Sb

oLb
2

Rf
 2-42 

Kelley et al. [159] solved the instability problem of the unstable weakly stretched flame 

relationship of Matalon and Bechtold [170] differently and suggested its expanded version in terms 

of the inverse power of the cold flame front radius, i.e. Equation 2-43 - designated as NE in Table 

2-3. Wu et al. [160] tested this model and concluded that it provides reasonable laminar burning 

velocity results. However, currently, the NE model is very rarely used. Finally, for clarity, all 

stretch models mentioned in this document are summarized in Table 2-3. 

Sb
Sb
o [1 +

2Lb
Rf
+
4Lb
2

Rf
2 +

16Lb
3

3Rf
3 ] = 1 2-43 

Table 2-3. Stretch models. 

Model Formulation Comments 

LS [149] Sb = Sb
o − Lbκ     &     Su = Su

o − Luκ 

• It is the most well-known and 

commonly used correlation [150-

154]. 

• It was derived under the assumption 

of near unity Le and weakly stretched 

flame [159]. 

• It overpredicts Su
o and Lb for mixtures 

with Le appreciably different from 

unity [161]. 

NQ [140] 

Sb
Sb
o ln (

Sb
Sb
o) = −

2Lb
Rf
   or 

(
Sb
Sb
o)

2

ln (
Sb
Sb
o)

2

= −
2Lbκ

Sb
o  

• It is only valid when the flame radius 

is reasonably large [159]. 

• It has a superior performance than the 

other correlations at Le<1 [159-161]. 
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Table 2-3 (cont’d) 

LC [148] Sb = Sb
o − Sb

oLb
2

Rf
 

• It is only valid when the flame radius 

is reasonably large [159]. 

• It includes the effects of strong stretch 

and Lewis number and has been 

proven to show best performance at 

Le>1 [159-161]. 

NE [159] 
Sb
Sb
o [1 +

2Lb
Rf
+
4Lb
2

Rf
2 +

16Lb
3

3Rf
3 ] = 1 

• It is the expansion version of weakly 

stretch flame relationship proposed by 

Matalon and Bechtold [170] in terms 

of inverse power of flame radius.  

• It is not commonly used. 

 

After determining the proper stretch correlation for the desired test condition under the 

guidance of the above discussion, there are three common ways to calculate the unstretched flame 

speed of the unburned gases, i.e. laminar burning velocity. The first and most commonly used 

method is the experimental stretch model extrapolation. For example, linear extrapolation of the 

LS model can be employed on the plot of Sb vs. κ. The y-intercept of this extrapolation line is Sb
o 

while its slope corresponds to (-Lb). Subsequently, the laminar burning velocity (Su
o) can be 

calculated from Equation 2-24 or 2-25. Although the NQ and LS models are nonlinear with respect 

to the flame stretch rate, the same linear extrapolation procedure can be applied to the plot of 

ln(Sb) vs. 2 (SbRf)
⁄  for the NQ model and to the plot of Sb vs. 2 Rf

⁄  for the LS model [161]. While 

the slopes of these plots provide (−Sb
oLb), the y-intercept of ln(Sb) vs. 2 (SbRf)

⁄  equals ln(Sb
o) 

and the y-intercept of Sb vs. 2 Rf
⁄  is Sb

o. 

Tahtouh et al. [90] claimed that extrapolation of the stretch correlations using the burned 

flame speed (Sb) to find the laminar burning velocity is sensitive to the quality of the experiments 

and to the methodology used to obtain the temporal evolution of the flame front propagation speed 

and introduces noise with the differentiation process. Alternatively, these stretch correlations can 



44 

 

be integrated with respect to time since Sb and κ can be written in terms of Rf, and Rf depends only 

on time. Then, Sb
o and Lb can be derived using linear regression [92, 171]. While this approach 

seems more accurate than the previous approach since there is no differentiation, it is not easy to 

integrate the extrapolation correlations except the LS model, which is less accurate than the other 

stretch models. If the integral approach is followed for the LS model, the resulting expression 

becomes Equation 2-44 [92, 171]. 

Rf = Sb
ot − 2Lb ln(Rf) + constant 2-44 

Recently, Egolfopoulos and coworkers [172-174] introduced another approach, direct 

numerical simulation (DNS) mapping, to perform a DNS-assisted extrapolation of stretch 

correlations. Xiouris et al. [108] stated that a finite uncertainty is introduced no matter which 

method (experimental stretch model extrapolation, integral, or DNS-mapping) is utilized to 

subtract the effect of stretch, owing to the lack of knowledge of the actual Sb-κ behavior and 

assumptions made for these approaches. For instance, while the experimental stretch model 

extrapolation ignores differential diffusion effects [175], the DNS-mapping suffers from transport 

and kinetic model uncertainties, especially for large hydrocarbon fuels [125, 176]. Despite all of 

the assumptions, numerical, theoretical, and experimental studies of Chen [148] and Gong et al. 

[176] showed that results of both approaches are in good agreement at most of the experimental 

conditions, but under strong nonlinearity, the accuracy of the experimental stretch model 

extrapolation method strongly depends on the stretch correlation choice and the range of the flame 

radius used in the SL calculation. In fact, Gong et al. [176] demonstrated that the experimental 

stretch model extrapolation accuracy approaches that of the DNS-mapping with increasing lower 

flame speed measurement limit for highly nonlinear Sb-κ behavior. 
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Finally, although the stretch effect and extrapolation uncertainty decrease with increasing 

pressure due to thinner flame thickness and smaller Markstein length [177], the flame stretch rate 

still affects the laminar burning velocity until the combustion pressure exceeds 2.5 times the initial 

pressure [108]. Therefore, the flame stretch is important for all spherically expanding flame speed 

measurements conducted under 2.5Pi.  

2.2.3 PIV Method 

In the constant volume and constant pressure methods, the laminar burning velocity 

depends on the thermodynamic properties of the burned gas, which are estimated with assumptions 

of an ideal gas, isentropic compression, and adiabatic and equilibrium conditions. However, 

recently, Balusamy et al. [98] established the PIV method with enhanced post-processing 

algorithms for direct measurement of local instantaneous laminar flame speed by using Equation 

2-45, which is nothing but the rewritten version of Equation 2-2. 

Su =
dRf
dt
− Vu 2-45 

Although the laminar burning velocity calculations seem quite straightforward with respect 

to the formulation, this approach has not been widely used due to the difficulty of the unburned 

gas/flow velocity (Vu) measurement near the preheat zone of the flame front, whose thickness is 

less than a millimeter [13]. Balusamy et al. [98] defines Vu as the maximum of the unburned gas 

velocity profile within the pre-heat zone of the laminar flame thickness, which characterizes the 

beginning of the heat diffusion influence on the unburned gas velocity. Standard PIV techniques 

are not capable of detecting Vu; consequently, Balusamy et al. [132] developed an algorithm using 

an adaptive interrogation window scheme by considering the local topologies of the flow and flame 

front. 
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With this method, the local flame propagation speed (dRf/dt) is measured from the distance 

between two successive flame positions in a sub-pixel level [98]. Subsequently, the laminar 

burning velocity can be calculated using one of the stretch correlations explained above since the 

laminar flame speed measurements are still affected by stretch due to the fact that PIV 

measurements are conducted in the early stages of combustion until there is no longer a clear view 

of the spherical flame. 

This approach has been further developed by Varea et al. [99] with a new post-processing 

algorithm that accounts for the overall topology of the flame front, assuming that the flame is 

homogeneous, which therefore enables the detection of global Vu values. The improved PIV 

method of Varea et al. [99] was used to measure laminar burning velocities of methane/air [99, 

133], ethanol/air [99, 134], iso-octane/air [99, 134], and hydrogen/air [135] mixtures. Results of 

these studies show that laminar burning velocities calculated by the PIV method are generally 

higher than those derived with the constant volume and constant pressure methods. This may be 

explained with the findings of Jayachandran et al. [125], which suggest that radiation-induced flow 

effect can be avoided with the PIV method while it is inevitable for the constant volume and 

constant pressure methods at some stage of combustion. However, heat loss through particle 

radiation and conduction and uncertainty in the flow speed measurement still need to be addressed 

for the validity of this method [124]. Finally, methods to measure the laminar burning velocity 

from spherically expanding flames are compared in Table 2-4. 
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Table 2-4. Comparison of methods to measure the laminar burning velocity from spherically 

expanding flames. 

Measurement 

Technique 
Advantages Disadvantages 

Constant Volume 

Method 

• SL measurements at high pressures 

and temperatures (engine-relevant 

conditions) are possible with a 

windowless chamber which is 

inexpensive and easy to use. 

• SL values for a given mixture over a 

wide range of pressures and 

temperatures can be determined from 

a single test. 

• The inception of flame instabilities 

and effects of flame stretch cannot be 

identified with a windowless 

chamber. 

• If the apparatus is modified for the 

optical observation, engine-relevant 

conditions cannot be tested. 

Constant Volume 

Method 
• The effect of flame stretching is 

milder than other two methods. 

• SL values of mixtures with negative 

Lb cannot be measured due to the 

early onset of the cellularity. 

• Inaccuracies are introduced due to 

burned mass fraction models. 

• Thermodynamic properties of the 

burned gas are used to calculate the 

SL. 

Constant Pressure 

Method 

• The method is well established and 

commonly used for SL calculations. 

• Since the measurements are limited to 

the early stage of combustion, the 

method is not noteworthily affected 

by flame front instabilities. 

• Thermodynamic properties of the 

burned gas are used to calculate the 

SL. 

• Measurements can be severely 

affected by the flame stretch. 

PIV Method 

• This method directly measures the 

unburned flame speed, therefore the 

thermodynamic properties of the 

burned gas are not used. 

• The radiation-induced flow effect can 

be avoided [125]. 

• Heat loss through particle radiation 

and conduction and uncertainty in the 

flow speed measurement still need to 

be investigated for the validity of this 

method [124]. 

• The method is difficult to implement 

in experiments and has a complex 

post-processing [13]. 

• Measurements can be severely 

affected by the flame stretch. 

 

2.3 Flame Front Instabilities and Cellularity 

Apart from external disturbances, such as turbulence and confinement, spherically 

expanding flame stability is mainly governed by two inherent sources, namely hydrodynamic 
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(Darrieus-Landau) and thermal-diffusive (preferential-diffusion) instabilities [62]. These 

instabilities wrinkle the smooth spherical flame front and induce cellularity due to a small flow 

perturbation, such as a solid body, pressure pulses, or acoustic oscillations [157], and therefore, 

increase the flame surface area and the flame propagation speed [178]. Continuous development 

of cellular structure on the flame surface can lead to the possibility of self-acceleration and 

deflagration-to-detonation transition [179]. Characteristic length of preferential cell size is of the 

order of the flame thickness, which is smaller than that of the hydrodynamic cells [180], as shown 

in Figure 2-6. 

 

Figure 2-6. Schlieren images showing the cellular formation on the flame surface (left – stable 

flame, middle – thermal-diffusive cellularity, right – hydrodynamic cellularity). 

The hydrodynamic (Darrieus-Landau) instability is a consequence of hydrodynamic 

perturbations induced by the thermal expansion of gases at the flame front which is a result of the 

heat release during combustion [181]. The Darrieus-Landau instability is governed by the flame 

thickness and expansion ratio. For flames with thicknesses thinner than the hydrodynamic scale of 

the flow field, the Darrieus-Landau instability is more profound [179]. On the other hand, 

increasing expansion ratio suppresses the hydrodynamic cellularity because the Darrieus-Landau 

instability intensifies with sudden and severe density change across the flame front [180]. 

Propane/air mixture at 298 

K, 1 bar, and ϕ=0.8  
Hydrogen/air mixture at 298 

K, 1 bar, and ϕ=0.5  
Methane/air mixture at 373 

K, 5 bar, and ϕ=1.1  
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At low pressures, the hydrodynamic cellular formation is not observed until the late stage 

of combustion so that it does not interfere with flame speed measurements as its wavelength 

exceeds the length scales of most experiments [4]. However, increasing pressure leads to an earlier 

onset of the hydrodynamic cellularity due to enhanced combustion reaction, which results in a 

reduced laminar flame thickness [182]. 

The hydrodynamic cellularity arises from wrinkles on the flame surface which is a result 

of small flow disturbances [181]. Convergence (divergence) in the convex (concave) part of the 

flame wrinkles with respect to the burned gas boosts (curbs) the local thrust, which is induced by 

the local acceleration of the flow due to the thermal expansion of gases at the flame front [4]. As 

a result, the flame wrinkling is improved. Subsequently, convex parts of the flame surface evolve 

and combine while concave parts of the flame fade out so that the hydrodynamic cells are formed 

with sharp ridges along the lines of neighboring cells, as shown in Figure 2-6 [4, 183]. 

The thermal-diffusive (preferential-diffusion) instability is a consequence of the 

preferential diffusion of mass compared to heat within the flame, which causes a change in local 

equivalence ratio and flame speed, and is observable when the mass diffusivity of the deficient 

reactant is adequately greater than the thermal diffusivity of the mixture, i.e. the Lewis number of 

the deficient reactant is less than unity [183]. Therefore, the thermal-diffusive instability is 

governed by the Lewis number and the preferential cellularity is suppressed for the mixtures with 

the Lewis number greater than one [180]. Although the hydrodynamic cellular formation generally 

occurs at high pressures and in the late stage of combustion at low pressures, where combustion 

pressure builds up, the preferential cells can be formed on the early flame kernel surface at any 

pressure and temperature. 
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When small flow disturbances cause wavelike deformation on the flame surface, i.e. flame 

wrinkling, at convex parts of the flame wrinkles with respect to the unburned gas, the conductive 

heat flux diverges towards the unburned gas and concentration gradients of the reactant species 

converge [157]. If the Lewis number of the combustible mixture is less than unity, the enthalpy 

and local flame speed at convex parts of the flame wrinkles increase, and vice versa at concave 

parts of the flame wrinkles [157]. Consequently, the convex parts start propagating faster than the 

concave parts of the flame wrinkles so that the preferential cells are formed on the flame surface. 

For mixtures with the Lewis number greater than unity, an opposite circumstance happens and, 

therefore, the thermal-diffusive instability is suppressed together with the stabilization effect of 

the flame stretch [157].  

It is well established that premixed laminar flames exhibit Darrieus-Landau and 

preferential-diffusion instabilities at elevated pressures and temperatures due to reduced laminar 

flame thickness and burned gas Marsktein length [66, 71, 184]. Moreover, even at low pressures 

and temperatures, the preferential cellular formation can commence at small radii of the spherically 

expanding laminar premixed flames for rich large hydrocarbon fuel/air mixtures, such as 

propane/air and iso-octane/air, and for lean light fuel/air mixtures, such as hydrogen/air and 

methane/air [66, 93, 97, 183]. The early onset of the cellular formation sets up a limit for laminar 

flame speed measurements. One way of extending this limit is to replace some or all the nitrogen 

in the oxidizer with another diluent gas to increase the laminar flame thickness and Lewis number 

[184].  
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3 EXPERIMENTAL APPARATUS AND PROCEDURE AND COMBUSTION 

MODELING 

3.1 Design and Hardware 

To measure the laminar burning velocities of various fuel/oxidizer mixtures with the 

constant pressure method of the spherically expanding flame approaches, a 22.24-liter optically 

accessible constant volume combustion vessel was designed and constructed.  Although the 

confinement (asymmetric flow) effect can be encountered in cylindrical chambers relative to 

spherical chambers, a cylindrical vessel geometry was chosen due to its relative ease in 

manufacturing, sealing, assembly, and disassembly compared to spherical chambers. 

It should be noted that the confinement effect increases for small cylinder diameter relative 

to the length due to the larger flow motion in the axial direction compared to the radial direction 

[13, 131] and for this reason the diameter to length ratio of the chamber designed for this study 

was maintained at unity. Burke et al. [131] showed that for a cylindrical vessel having a length to 

diameter ratio of 1.5, the flame speed calculated at a flame radius of 0.5 times the wall radius could 

be as low as 15% of the real value even at constant pressure, due to the confinement effect, while 

the effect of confinement could be neglected for flame radii less than 0.3 times the wall radius, 

within 3% accuracy [131]. 

The asymmetric flow effect can be significantly reduced with larger cylindrical vessels and 

maintaining the unity aspect ratio for the inner cylinder volume [13, 131]. Therefore, the diameter 

and height of the chamber used in this study were both designed to be 30.48 cm to minimize the 

confinement effect [131] and improve the fidelity in the extraction of the laminar flame speed from 

the spherically expanding flames [140]. Furthermore, the upper limit of the cold flame front radius 

(Rf) for laminar burning velocity measurements with the constant pressure method was set as 4.36 
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cm (29% of the inner wall radius), which equals to 0.25Rw, where Rw is the equivalent radius of a 

cylindrical vessel, in order to maintain the confinement effect on the laminar flame speed within 

3% [124]. By taking these precautions, the experimental set-up and methodology enabled the 

laminar burning velocity measurements to be relatively unaffected by the confinement effect. 

The vessel was fabricated from 304 stainless steel, which was chosen for its high strength 

and anti-corrosion properties. Although other less expensive and easier to machine materials, such 

as aluminum alloys, also have comparable ultimate tensile strengths to that of stainless steel at 

room temperature, the maximum allowable stresses of the aluminum alloys drop dramatically with 

increasing temperatures [4]. However, the maximum allowable stress of the 304 stainless steel 

decreases only from 1380 bar to 899 bar when the temperature is increased from 298 K to 523 K 

(2015 ASME Boiler and Pressure Vessel Code (BPVC) - Section II – Part D – Table 1A [185]), 

which is the maximum temperature that the chamber can attain. 

The maximum pressure that the vessel should withstand was determined to be 130 bar by 

taking into account the conditions during H2/air combustion at 30 bar and 523 K. Subsequently, 

the thickness of the vessel was determined according to the design procedure set by 2015 ASME 

BPVC - Section VIII - Division 1 [185], which provides requirements applicable to the design, 

fabrication, inspection, testing, and certification of pressure vessels operating at either internal or 

external pressures exceeding 1 bar. 

For internally pressurized vessels, if the thickness exceeds one‐half of the inside radius, 

which is the case for the vessel designed for this work, then two constraints are proposed for the 

chamber thickness in Appendix 1 – 1.2 Cylindrical Shells [185], namely the circumferential stress 

constraint (Equation 3-1) and the longitudinal stress constraint (Equation 3-2). In Equations 3-1 

and 3-2, the maximum pressure (Pm) was set to be 130 bar. In these equations, σm represents the 
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maximum allowable stress value and was assumed to be 899 bar for 304 stainless steel at 523 K 

since the material properties can be assumed as constant during combustion due to the fact that the 

entire combustion phenomenon happens in only a few milliseconds. E stands for the joint 

efficiency for, or the efficiency of, the appropriate joint in cylindrical or spherical shells, or the 

efficiency of ligaments between openings, whichever is less [185]. In this case, E=1 for the 

experimental set-up because the main cylindrical body of the chamber was manufactured from 

one-piece.  

Pm = σm ∗ E ∗ ln (
Rw + thk

Rw
) 3-1   

Pm = σm ∗ E ∗ [(
Rw + thk

Rw
)
2

− 1] 3-2 

The longitudinal stress constraint required a thickness (thk) of 1.07 cm and the 

circumferential stress constraint suggested a minimum thickness of 2.37 cm; therefore, after 

incorporating a safety factor of 3.75, the thickness of the main cylindrical body of the chamber 

was designed to be 8.89 cm. In order to prevent over pressurization of the chamber, a Nickel Alloy 

200 rupture disk was installed, as pressure relief valves do not have a fast enough response for this 

combustion application. The rupture disk is set to burst at 130 bar at 523 Kelvin and at 145 bar for 

ambient temperatures. 

As shown in Figure 3-1, the constant volume combustion chamber consists of a main 

cylindrical body, whose outer diameter (OD), inner diameter (ID), and length are 48.26 cm, 30.48 

cm, and 45.72 cm, respectively. Two bolted end caps connect to each end of the main body and 

each contains a fused quartz window, whose diameter and thickness is 20.32 cm and 6.35 cm, 

respectively, which is secured with a window cap (OD=30.48 cm, ID=15.24 cm, and length of 

5.08 cm). Technical drawings of the vessel parts are presented in Appendices A through D. 
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Figure 3-1. Schematic of the optically accessible constant volume combustion chamber showing 

the schlieren imaging setup. 

Each end cap was fastened to the main cylindrical body with 12 zinc yellow-chromate 

plated hex head screws (grade 8 steel, 1"-8 thread size, 12.70-cm long, partially threaded) with 

grade 8 steel washers (black ultra-corrosion-resistant coated, 12.54-cm screw size, 6.35-cm OD). 

Sealing between the main body and the bolted end cap was achieved with a 452 chemical-resistant 

Viton fluoroelastomer O-ring and a 456 chemical-resistant Viton fluoroelastomer O-ring (details 

in Appendix A to B). Therefore, the effective area that the maximum inner combustion pressure 

acting on the end caps is 0.073 m2 (=π*0.15242). According to Table 8-7 in [186] and Figure 3-2 

below, the effective grip (LG
′ ), threaded length (LT), length of useful unthreaded portion (ld), and 

length of useful threaded portion (lt) of the screws between the main body and end caps can be 

calculated from Equations 3-3, 3-4, 3-5, and 3-6. In Equation 3-3, h and d are the thickness of the 

washer and clamped material and the diameter of the bolt, respectively. 
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Figure 3-2. Schematic of the screws between the main cylindrical body and the bolted end cap 

(left) and between the bolted end cap and the window cap (right). 

LG
′ = h + d 2⁄ = 9.30 +

2.54

2
= 10.57 cm 3-3 

LT = 2d + 0.635 = 2 ∗ 2.54 + 0.635 = 5.715 cm 3-4 

ld = l − LT = 12.700 − 5.715 = 6.985 cm 3-5 

lt = LG
′ − ld = 10.570 − 6.985 = 3.585 cm 3-6 
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The estimated effective stiffness of the bolt or cap screw in the clamped zone (kb) can be 

calculated with Equation 3-7 [186]. Shigley et al. [186] proposed Equation 3-8 for joint-member 

stiffness (km). In Equation 3-7, the major-diameter area of the screw (Ad) was calculated as 5.067 

x 10-4 m2 (=π/4*0.02542). The tensile-stress area of the fastener (At) and the elastic modulus of the 

steel bolts, washers, and members (EM) are obtained from Tables 8.2 and 8.8 in [186]. Equation 

3-8 is a modified version of Equation 8.21 in [186], which was derived under the assumption of 

the fact that the washer outer diameter is equal to one and a half of the bolt nominal diameter. 

However, in this clamp, the washer outer diameter is 6.35 cm while the nominal diameter of the 

bolt is 2.54 cm. Therefore, Equation 8.22 in [186] takes the form of Equation 3-8. 

kb =
Ad ∗ At ∗ EM

Ad ∗ lt + At ∗ ld
=

5.067x10−4 ∗ 3.910x10−4 ∗ 2.068x1011

5.067x10−4 ∗ 0.03585 + 3.910x10−4 ∗ 0.06985

= 9.01 x 108
N

m
 

3-7   

km =
0.5774 ∗ π ∗ EM ∗ d

2 ln (2.33
0.5774 ∗ l + 1.5 ∗ d
0.5774 ∗ l + 3.5 ∗ d

)
=

0.5774 ∗ π ∗ 2.068x1011 ∗ 0.0254

2 ln (2.33
0.5774 ∗ 0.127 + 1.5 ∗ 0.0254
0.5774 ∗ 0.127 + 3.5 ∗ 0.0254

)

= 1.01 x 1010
N

m
 

3-8 

The resultant load on the connected members (Fm) equals the fraction of the external load 

carried by the members ((1-C)*Fext) subtracted by the clamp load or preload of the fastener (Fp), 

i.e. Equation 3-9 [186]. To ensure a safe joint, the external load is required to be smaller than the 

load needed to cause the joint to separate. If separation does occur, then the entire external load 

will be imposed on the bolt, i.e. Fm=0 in Equation 3-9. The maximum external load, which can be 

handled by one of the screws, was calculated from Equation 3-9 by using a clamp force of 242,539 

N [187]. By considering 12 of the grade 8 steel 1"-8 threaded hex head screws with grade 8 steel 
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washers and the pressure rating of the chamber, the safety factor for the clamp between the main 

body and end caps was calculated as 3.34 from Equation 3-10. 

Fm = (1 − C) ∗ Fext − Fp      
separation(Fm=0)
→                 Fext =

Fp
(1 − C)

=
242539

(1 − 0.08)

= 2.64x105 N 

where    C =
kb

kb + km
=

9.01 x 108

9.01 x 108 + 1.01 x 1010
= 0.08 

3-9 

Safety Factor =
12 ∗ Fext,m
Pm ∗ Aeff

=
12 ∗ 2.64x105

1.3x107 ∗ 0.073
= 3.34 3-10 

A 20.32-cm diameter fused quartz window was fitted into each of the bolted end caps, 

locked by a window cap bolted to the end cap and sealed with two Galloup Graphonic gaskets (OD 

20.32 cm, ID 15.24 cm, 0.3175-cm thick) on both sides of the window. Therefore, the effective 

area on which the axial load due to the inner pressure acted is 0.0324 m2 (=π*0.10162). This axial 

load is compensated by 10 zinc yellow-chromate plated hex head screws (grade 8 steel, 3/4"-16 

thread size, 8.89-cm long, partially threaded) together with grade 8 steel washers (black ultra-

corrosion-resistant coated, 1.905-cm screw size, 5.08-cm OD), which clamped the window caps 

to the bolted end caps as shown in Figure 3-2. Details of the safety factor calculation for this clamp 

is presented in Appendix E. 

Fused quartz was used for the windows due to its strength and wide range of light 

transmission [4]. Although the laminar burning velocity measurements are stopped at a flame front 

diameter of 8.72 cm, optical observation up to a flame diameter of 15.24 cm is enabled with the 

window cap design to observe flame instabilities over a wider range. 

The maximum stress (σm) on a uniformly loaded window can be expressed with Equation 

3-11 [188] with respect to the vessel inner pressure (P), unsupported diameter of the window (dun), 

window thickness (thk), and an empirical constant. The empirical constant value of either 0.75 
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[188-189] or 0.99 [190-191] is commonly used for clamped fused quartz windows. In the 

following calculations, 0.99 was chosen to consider the worst-case scenario since using the 

empirical constant value of 0.99 yields thicker windows. 

σm =
constant

4
∗ P ∗

dun
2

thk2
 3-11 

The maximum allowable stress for the fused quartz discs is 482.6 bar [188-191]. Maximum 

pressure inside the vessel was already determined as 130 bar and the unsupported diameter of the 

window is 15.24 cm as shown in Figure 3-3. From this information, the required minimum 

thickness of the windows was calculated as 3.935 cm by rewriting Equation 3-11 as Equation 3-12. 

The thickness of the fused quartz side windows was chosen to be 6.35 cm with the incorporation 

of a safety factor of 1.61. However, the edges of the windows were still critical since higher stress 

concentrations are usually faced around the edges; therefore, radiuses were machined on the edges 

of the fused quartz windows. 

 

Figure 3-3. Middle cross section of the constant volume combustion chamber. 
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thk =
dun

√
4 ∗ σm

Pm ∗ constant

=
15.24

√ 4 ∗ 482.6
130 ∗ 0.99

= 3.935 cm 
3-12 

A 1/4" stainless steel Swagelok tube fitting with pressure rating of 551 bar at ambient 

temperature was attached to a 1/4" NPT port on the vessel for gas sampling with a syringe. The 

homogeneity of the gas mixture inside the vessel, the complete evaporation of liquid fuels injected 

into the chamber, and the fuel decomposition/cracking can be tested with the samples collected 

from this port by using gas chromatography–mass spectrometry (GC-MS) [192]. 

With the help of 4 shouldered steel eyebolts 5/8"-11 thread size, 6.35-cm thread length 

(two on the main body and one on each end cap), the chamber assembly was placed on four legs, 

which were bolted to the vessel with 16 zinc-plated alloy steel socket head screws (5/8"-11-

thread size, 6.35-cm long). Each leg, whose technical drawing is provided in Appendix F, was 

fixed onto a ST-48-8 Newport – SmartTable with 8 x zinc-aluminum-coated alloy steel socket 

head screws (1/4"-20-thread size, 4.445-cm long). Finally, the whole experimental set-up was 

shielded by a lexan blast wall for safe operation. 

3.2 Charge Preparation 

Before the charge preparation, the vessel was heated up to the desired temperature with six 

heating bands ranging from 0.35 kW to 1.75 kW, as shown in Figure 3-1. The heating bands are 

controlled with a heating unit, which has integrated cascade and hi-limit controllers [193], based 

on the temperature data collected from six Omega type-T thermocouples installed in the vessel, 

each with an accuracy of +/- 0.75% [194]. These thermocouples were inserted into 75% of the 

vessel thickness; therefore, they do not directly read the temperature of the unburned gas mixture 

inside the chamber. 
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Another thermocouple was placed in the middle section of the main cylindrical part of the 

vessel all the way through to the inner wall of the chamber. Although the difference in the 

temperature readings of all seven thermocouples is negligible for the initial temperatures less than 

373 K, it was observed that the unburned gas mixture temperature, which is measured by the 

thermocouple in the middle section, could be up to 20 K greater than the temperature reading from 

the six thermocouples inserted into 75% of the vessel thickness. Consequently, the desired initial 

temperature of the unburned gas mixture inside the vessel was adjusted by taking the temperature 

readings of the middle section thermocouple as a base. 

In this study, measurements were performed at 298-473 K. Insulation jackets were used to 

significantly reduce the heating time, as it can take more than 10 hours to reach 473 K without 

insulation jackets. Throughout the experiments, temperature fluctuations were kept to within +/- 

3.0 K with the help of 3.81-cm thick fiberglass insulating blankets. Numerical studies of Chen 

[124] on methane/air flames at room temperature suggest a +/- 2% accuracy in the laminar burning 

velocity calculations for +/- 3.0 K initial temperature fluctuations. 

The deviations in the laminar flame speed and adiabatic flame temperature with +/- 3.0 K 

fluctuation in the initial temperature were computed numerically for fuel/oxidizer mixtures tested 

in the present study at various pressures, temperatures, and equivalence ratios. Results presented 

in Table 3-1 showed that maximum deviations in the laminar burning velocity and adiabatic flame 

temperature are 1.75% and +/- 2.12 K, respectively, at numerically investigated points. Minimum 

percentile change in the SL was observed at the equivalence ratio where the peak flame speed is 

attained, away from which the percentile change in the SL increases. Minimum deviation in the 

Tadb was detected around stoichiometry. 
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Table 3-1. Numerically calculated changes in the laminar flame speed and adiabatic flame 

temperature due to +/- 3.0 K fluctuation in the initial temperature. 

Fuel/Air 

Mixture 
Pressure Temperature 

Equivalence 

Ratio 

Change in SL due to +/- 

3.0 K fluctuation in Tu 

Change in Tadb due 

to +/- 3.0 K 

fluctuation in Tu 

Hydrogen/Air 1 bar 298 K 

0.8 + 2.87 cm/s (+ 1.70%) + 2.12 K 

1.0 + 3.51 cm/s (+ 1.53%) + 1.56 K 

1.2 + 3.95 cm/s (+ 1.45%) + 2.03 K 

Methane/Air 

1 bar 

298 K 

0.8 + 0.47 cm/s (+ 1.75%) + 2.03 K 

1.0 + 0.59 cm/s (+ 1.58%) + 1.48 K 

1.2 + 0.55 cm/s (+ 1.65%) + 1.99 K 

373 K 

0.8 + 0.61 cm/s (+ 1.51%) + 2.01 K 

1.0 + 0.73 cm/s (+ 1.36%) + 1.45 K 

1.2 + 0.68 cm/s (+ 1.41%) + 1.97 K 

473 K 

0.8 + 0.83 cm/s (+ 1.30%) + 1.97 K 

1.0 + 0.95 cm/s (+ 1.17%) + 1.42 K 

1.2 + 0.89 cm/s (+ 1.19%) + 1.95 K 

3 bar 373 K 

0.8 + 0.40 cm/s (+ 1.59%) + 2.09 K 

1.0 + 0.51 cm/s (+ 1.44%) + 1.55 K 

1.2 + 0.47 cm/s (+ 1.59%) + 2.04 K 

5 bar 373 K 

0.8 + 0.31 cm/s (+ 1.62%) + 2.08 K 

1.0 + 0.41 cm/s (+ 1.48%) + 1.60 K 

1.2 + 0.37 cm/s (+ 1.68%) + 2.04 K 

Propane/Air 1 bar 298 K 

0.8 + 0.47 cm/s (+ 1.70%) + 1.98 K 

1.0 + 0.61 cm/s (+ 1.54%) + 1.41 K 

1.2 + 0.61 cm/s (+ 1.53%) + 1.93 K 
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Table 3-1 (cont’d) 

Iso-Octane/Air 1 bar 

373 K 

0.8 + 0.56 cm/s (+ 1.49%) + 1.98 K 

1.0 + 0.73 cm/s (+ 1.35%) + 1.40 K 

1.2 + 0.76 cm/s (+ 1.35%) + 1.96 K 

473 K 

0.8 + 0.77 cm/s (+ 1.29%) + 1.94 K 

1.0 + 0.95 cm/s (+ 1.17%) + 1.36 K 

1.2 + 0.98 cm/s (+ 1.16%) + 1.91 K 

 

Table 3-1 also demonstrates that, at the same initial conditions, percentile change in the SL 

for different fuels are very similar, which suggests that the finding of Chen [124], i.e. +/- 2% 

accuracy in the laminar burning velocity calculations for +/- 3.0 K initial temperature fluctuations, 

can be valid for all fuel/oxidizer mixtures. Lastly, according to the numerical results in Table 3-1, 

percentile deviations in the laminar flame speed and adiabatic flame temperature diminish with 

increasing unburned gas temperature. 

The experimental set-up is equipped with an Edwards RV5 vacuum pump to evacuate the 

system before and after flushing the chamber with bottled dry air after each test in order to ensure 

removal of residual volatile materials, as specified in the ASTM standard [195]. The reactant 

mixtures are prepared inside the combustion chamber using the method of partial pressures. A 

mixing tank was not used due to the risk of thermal decomposition of the fuel, especially for high 

molecular weight compounds, during batch premixture preparation and testing at high 

temperatures for several hours. An additional drawback of the mixing tank approach is 

condensation in the lines connecting the mixing tank to the test chamber. 

As schematically shown in Figure 3-4, the gases fuels, air, and inert gases (CH4 – minimum 

99.99% ultra-high purity, H2 – 99.995% very high purity, C3H8 – minimum 99.5% of purity, dry 



63 

 

air – <10 ppm H2O, N2 – 99.998% very high purity, and CO2 – minimum 99.8% purity) are fed 

into the system through a heated gas manifold, which has a 1/8" NPT port for thermocouple and 9 

x 1/4" NPT ports (details in Appendix G). One of the 1/4" NPT ports on the gas manifold was used 

to connect the manifold to the main cylindrical part of the vessel with a stainless steel severe 

service high-pressure union bonnet needle valve (pressure rating of 512 bar at 505 K). This valve 

is always closed before combustion since the gas manifold cannot withstand high combustion 

pressures (higher pressures than 30 bar). 

 

Figure 3-4. Schematic view of the experimental set-up used for the laminar burning velocity 

measurements. 

The liquid fuels, such as high/low RON gasoline and iso-octane – 99.8% of purity, and 

water are injected directly into the vessel with a calibrated high-pressure gasoline direct injector 

(Motorcraft CM5220), which is connected to a high-pressure piston assembly. While the upper 
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side of the piston was filled with the desired liquid, the lower part was pressurized with nitrogen. 

Technical drawings of the fuel injector assembly are provided in Appendix H. 

The injector was calibrated before the experiments according to the injected liquid 

fuel/water volume/mass and pressure increase due to the injection. Excellent agreement was 

observed between the intended volume/mass injection and the corresponding pressure increase by 

screening the absolute pressure readings during the injection. At the end of the experiments, the 

injector calibration procedure was repeated to confirm that calibration constants were unchanged. 

The partial-pressure charge preparation process started with filling the reactant with the 

lowest concentration followed by the reactants of higher concentrations to increase the accuracy 

of the method of partial pressures [13]. The partial pressures before the combustion event were 

recorded with two absolute pressure transducers, namely an Omega MM series sensor and a Setra 

ASM AccuSense sensor, connected to the gas manifold to protect the sensors from high 

combustion temperatures. Both sensors have an accuracy in the 5-bar full scale better than +/- 

0.05% and a total error band less than 0.25%. Thus, the systematic uncertainty in absolute pressure 

readings is less than +/- 0.0025 bar for the experiments conducted at room temperature and less 

than +/- 0.0063 bar for the experiments conducted at higher temperatures. 

Resulting uncertainties in the equivalence ratio for fuel/oxidizer mixtures tested in the 

present study at various pressures, temperatures, and equivalence ratios are presented in Table 3-2 

together with corresponding deviations in the laminar flame speed and adiabatic flame 

temperature, which were numerically computed. Uncertainty in the equivalence ratio increases 

with increasing carbon number of the fuel because even a small change in the partial pressure of 

large hydrocarbon fuels yields a large variation in the equivalence ratio. The main reason behind 

this is that only a small amount of a large hydrocarbon fuel is needed for the stoichiometric air/fuel 
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ratio so that slight deficiency/excess of the large hydrocarbon fuel has a significant impact on the 

equivalence ratio, and therefore, on the laminar burning velocity and adiabatic flame temperature. 

Table 3-2. Numerically calculated changes in the laminar flame speed and adiabatic flame 

temperature due to uncertainty in ϕ. 

Fuel/Air 

Mixture 
Pressure Temperature Equivalence Ratio 

Change in SL due to 

uncertainty in ϕ 

Change in 

Tadb due to 

uncertainty 

in ϕ 

Hydrogen/

Air 
1 bar 298 K 

0.8 + 0.0021 (+ 0.27%) + 0.74 cm/s (+ 0.44%) + 3.05 K 

1.0 + 0.0024 (+ 0.24%) + 0.62 cm/s (+ 0.27%) + 1.29 K 

1.2 + 0.0027 (+ 0.22%) + 0.45 cm/s (+ 0.17%) + 1.01 K 

Methane/

Air 

1 bar 

298 K 

0.8 + 0.0056 (+ 0.70%) + 0.41 cm/s (+ 1.54%) + 8.43 K 

1.0 + 0.0058 (+ 0.58%) + 0.15 cm/s (+ 0.39%) + 2.92 K 

1.2 + 0.0060 (+ 0.50%) + 0.46 cm/s (+ 1.40%) + 4.84 K 

373 K 

0.8 + 0.0140 (+ 1.75%) + 1.39 cm/s (+ 3.46%) + 20.51 K 

1.0 + 0.0146 (+ 1.46%) + 0.48 cm/s (+ 0.90%) + 7.53 K 

1.2 + 0.0151 (+ 1.26%) + 1.48 cm/s (+ 3.07%) + 11.81 K 

473 K 

0.8 + 0.0140 (+ 1.75%) + 1.88 cm/s (+ 2.94%) + 19.34 K 

1.0 + 0.0146 (+ 1.46%) + 0.57 cm/s (+ 0.70%) + 6.89 K 

1.2 + 0.0151 (+ 1.26%) + 1.86 cm/s (+ 2.51%) + 11.18 K 

3 bar 373 K 

0.8 + 0.0140 (+ 1.75%) + 1.00 cm/s (+ 4.02%) + 21.13 K 

1.0 + 0.0146 (+ 1.46%) + 0.38 cm/s (+ 1.08%) + 8.34 K 

1.2 + 0.0151 (+ 1.26%) + 1.43 cm/s (+ 4.86%) + 12.29 K 

5 bar 373 K 

0.8 + 0.0140 (+ 1.75%) + 0.83 cm/s (+ 4.30%) + 21.30 K 

1.0 + 0.0146 (+ 1.46%) + 0.31 cm/s (+ 1.11%) + 8.90 K 

1.2 + 0.0151 (+ 1.26%) + 1.25 cm/s (+ 5.70%) + 12.37 K 
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Table 3-2 (cont’d) 

Propane/ 

Air 
1 bar 298 K 

0.8 + 0.0127 (+ 1.59%) + 1.00 cm/s (+ 3.61%) + 19.69 K 

1.0 + 0.0129 (+ 1.29%) + 0.48 cm/s (+ 1.21%) + 7.02 K 

1.2 + 0.0131 (+ 1.09%) + 0.58 cm/s (+ 1.47%) + 10.09 K 

Iso-

Octane/ 

Air 

1 bar 

373 K 

0.8 + 0.0765 (+ 9.56%) + 7.81 cm/s (+ 20.76%) + 120.80 K 

1.0 + 0.0770 (+ 7.70%) + 5.14 cm/s (+ 9.56%) + 55.95 K 

1.2 + 0.0775 (+ 6.46%) + 5.11 cm/s (+ 9.09%) + 59.13 K 

473 K 

0.8 + 0.0765 (+ 9.56%) + 10.96 cm/s (+ 18.41%) + 114.41 K 

1.0 + 0.0770 (+ 7.70%) + 6.90 cm/s (+ 8.47%) + 50.47 K 

1.2 + 0.0775 (+ 6.46%) + 6.28 cm/s (+ 7.39%) + 54.98 K 

 

Uncertainty in the equivalence ratio is greater at elevated temperatures compared to that at 

room temperature due to zero and span temperature offsets of the absolute pressure transducer. 

However, at temperatures above room temperature, percentile changes in the SL and deviations in 

the Tadb due to the uncertainty in the ϕ decrease with increasing unburned gas temperature. On the 

contrary, the initial pressure increase leads to greater percentile changes in the SL and deviations 

in Tadb due to the uncertainty in ϕ. 

Percentile fluctuations in the equivalence ratio due to the inaccuracy in the partial pressure 

readings increase from rich mixtures to lean mixtures. Minimum changes in the SL and Tadb due to 

the uncertainty in the ϕ were observed at the equivalence ratio, where the flame speed peaks. 

Therefore, while deviations in the SL and Tadb due to the uncertainty in the ϕ are considerably small 

for small hydrocarbon or non-hydrocarbon fuels at normal temperature and pressure (NTP), they 

can be significantly large for large hydrocarbon fuels at high temperatures and pressures and close 

to the flammability limits, as shown in Table 3-2. 
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The effect of the absolute pressure transducer inaccuracy on the initial pressure was also 

investigated numerically. Maximum change in the SL due to this effect was less than 0.07% and 

no change was observed in the Tadb. Thus, uncertainty in the initial pressure due to the inaccuracy 

of the absolute pressure transducer has almost no impact on the accuracy of the SL and Tadb as no 

sub-atmospheric pressures have been tested. 

In the present study, laminar flame speeds of diluted methane/air mixtures were measured 

at various pressures and temperatures. For this reason, uncertainty in dilution ratio due to the 

absolute pressure transducer inaccuracy and its impact on the laminar flame speed and adiabatic 

flame temperature of methane/air mixtures were examined numerically and results are presented 

in Table 3-3, where the percentage of the diluent inside the reactants is particularized as the dilution 

ratio. 

Table 3-3. Numerically calculated changes in the laminar flame speed and adiabatic flame 

temperature of methane/air mixtures due to uncertainty in dilution ratio. 

Diluent Pressure Temperature 
Equivalence 

Ratio 

Dilution 

Ratio 

Change in SL due to 

uncertainty in 

dilution ratio 

Change in 

Tadb due to 

uncertainty in 

dilution ratio 

CO2 1 bar 473 K 

0.8 

5% + 0.13% + 0.41 cm/s (+ 0.92%) + 2.92 K 

10% + 0.13% + 0.32 cm/s (+ 0.99%) + 2.73 K 

15% + 0.13% + 0.23 cm/s (+ 1.05%) + 2.68 K 

1.0 

5% + 0.13% + 0.52 cm/s (+ 0.90%) + 3.02 K 

10% + 0.13% + 0.41 cm/s (+ 1.00%) + 2.67 K 

15% + 0.13% + 0.30 cm/s (+ 1.05%) + 2.69 K 

1.2 

5% + 0.13% + 0.54 cm/s (+ 1.03%) + 3.17 K 

10% + 0.13% + 0.39 cm/s (+ 1.09%) + 2.93 K 

15% + 0.13% + 0.27 cm/s (+ 1.14%) + 2.79 K 
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Table 3-3 (cont’d) 

H2O 1 bar 473 K 

0.8 15% + 0.13% + 0.24 cm/s (+ 0.80%) + 2.15 K 

1.0 15% + 0.13% + 0.30 cm/s (+ 0.72%) + 2.09 K 

1.2 15% + 0.13% + 0.30 cm/s (+ 0.86%) + 2.23 K 

N2 1 bar 473 K 

0.8 15% + 0.13% + 0.20 cm/s (+ 0.50%) + 1.79 K 

1.0 15% + 0.13% + 0.24 cm/s (+ 0.44%) + 1.67 K 

1.2 15% + 0.13% + 0.24 cm/s (+ 0.52%) + 1.89 K 

9.50% 

CO2 + 

19.01% 

H2O + 

71.49% 

N2 

1 bar 

473 K 

0.8 15% + 0.13% + 0.21 cm/s (+ 0.61%) + 1.94 K 

1.0 15% + 0.13% + 0.26 cm/s (+ 0.56%) + 1.85 K 

1.2 15% + 0.13% + 0.26 cm/s (+ 0.65%) + 2.07 K 

373 K 1.0 15% + 0.13% + 0.18 cm/s (+ 0.62%) + 1.94 K 

3 bar 373 K 1.0 15% + 0.38% + 0.38 cm/s (+ 2.21%) + 5.98 K 

 

Although greater fluctuations were observed in the SL due to the uncertainty in dilution 

ratio at low diluent levels, percentile changes in the SL are greater at high diluent levels as the 

laminar flame speed gets smaller with increasing dilution ratio. On the other hand, an increase in 

dilution ratio leads to smaller fluctuations in the Tadb. Similar to the change in the SL and Tadb due 

to the uncertainty in equivalence ratio, minimum fluctuations in these two fundamental combustion 

parameters due to the uncertainty in the dilution ratio were detected around stoichiometry, where 

the SL and Tadb peak. 

Among tested diluents, CO2 has the highest impact on the percentile changes in the SL and 

fluctuations in Tadb and it is followed by H2O and then N2. The main product concentrations from 

stoichiometric methane/air combustion, i.e. 71.49% N2 + 19.01% H2O + 9.50% CO2, caused the 

percentile changes in the SL and fluctuations in Tadb to always lie between the ones diluted with N2 

and H2O. Reduction in the unburned gas temperature slightly increases the percentile change in 
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the SL and fluctuations in Tadb, but it should be noted that all above mentioned errors in the SL and 

Tadb due to the uncertainty in dilution ratio are very small, especially compared to the errors due 

to the uncertainty in equivalence ratio and initial temperature. However, at elevated pressures, 

errors in the SL and Tadb due to the uncertainty in dilution ratio can be as high as +/- 2.21% and +/- 

5.98 K, respectively, as shown in Table 3-3. 

After the introduction of the reactants to the system, a mixing fan driven by an electric 

motor was turned on for at least five minutes at 400 rpm to ensure complete mixing and to attain 

thermal equilibrium, as suggested in the ASTM standard [195]. The mixing fan was turned off at 

least two minutes prior to ignition to avoid any perturbation during the experiments. Sufficient 

mixing and fuel decomposition/cracking were qualitatively and quantitatively assessed by 

Schlieren photography and GC-MS tests [192]. 

3.3 Ignition System 

After the charge preparation, the homogenous and stationary reactant mixtures were ignited 

in the center of the vessel with two 3.0-mm diameter tungsten electrodes, which were forged to 

the central electrodes of two modified spark plugs on opposite sides of the chamber. The ground 

electrodes, as well as a 25% of the threaded portion, were removed from each spark plug in order 

to expose the center electrode and press-fit a ~15-cm long tungsten electrode extension to the end 

of the center electrode, as shown in Figure 3-5. Although the size and shape of the electrodes do 

not significantly alter the minimum ignition energies for electrode gaps larger than the quenching 

distance [196], the electrode tips were filed down to create a pointed end to generate a stronger 

electric field between the extension electrodes [101]. For convenience in the forging process, 

DENSO J16AR-U11 spark plugs were chosen as they have an extended central electrode. The 
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modified spark plugs were positioned directly across from each other, which enabled spark 

generation between a specified gap width in the center of the vessel. 

 

Figure 3-5. Modified spark plug geometry with tungsten electrode extension. 

An appropriate electrode gap is defined as slightly greater than the quenching distance, 

since for smaller gaps, the electrodes may behave like a heat sink and more spark energy may be 

required for ignition due to heat removed from the developing flame kernel [197-198]. In fact, the 

minimum ignition energy decreases with increasing electrode gap until the quenching distance, 

beyond which the minimum ignition energy remains almost constant over a wide range of the 

distance between the electrodes and then increases linearly with further increases of the gap [199]. 

The quenching distance is defined here as the minimum spark gap that enables both ignition 

and the propagation of a premixed laminar flame, with the lowest energy loss to the electrodes 

[196]. Since the quenching distance is a function of pressure, temperature, flow velocity, and the 

reactant mixture composition [199], the size of the electrode gap was chosen according to the fuel 

used in that experiment, as well as the initial test conditions, i.e. temperature and pressure. For 

instance, an electrode gap of 2 mm was used for the laminar burning velocity measurements of 

iso-octane/air mixtures at 1 bar and 373 K and 473 K [24]. This value was chosen based on the 
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quenching distance studies completed by Ferguson et al. [200] and Friedman et al. [201]. The 

distance between the tips of the electrodes, i.e. electrode gap, was adjusted by either adding or 

removing copper washers with various thicknesses to the spark plug ports. For methane/air/diluent 

mixtures at 1-5 bar and 373-473 K, the electrode gap was lowered to 1 mm based on the quenching 

distance research of Harris et al. [202]. 

While one of the modified spark plugs serves as ground, the other is connected to an MSD 

Blaster 2 ignition coil. The spark is generated by a conventional inductive ignition system, shown 

in Figure 3-6, consisting of a 14 Volt DC power supply, ignition control box, ballast resistor, and 

ignition coil. On the contrary to capacitive ignition systems, inductive systems enable the initiation 

of combustion with spark energies that are appreciably higher than the minimum ignition energy 

while also supplying the approximate value of the minimum ignition energy when specified to do 

so. This feature of inductive ignition system is later used to determine the minimum limit for the 

cold flame front radius (Rf) in the laminar burning velocity measurements with the constant 

pressure method in order to eliminate the effect of ignition on the laminar flame speed. 

 

Figure 3-6. Schematic of the inductive ignition system and the discharge energy measurement 

system. 
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Ignition is initiated by a trigger signal from an in-house LABVIEW program. The same 

signal is also sent to a Photron SA5 high-speed camera to start imaging simultaneously and to an 

oscilloscope to prompt the electronic signal processing. The spark energy was varied by changing 

the dwell time of the trigger signal, and thus the charging time of the ignition coil. The longer the 

ignition coil is charged, the longer current is allowed to flow from the power supply to the primary 

side of the coil and, as a result, more energy is stored within the resulting magnetic field in the 

core [203]. The amount of current in the primary side of the coil, which is measured by Teledyne 

LeCroy CP031A 100 MHz high sensitivity current probe, increases with the dwell time until it 

plateaus at the saturation limit. The maximum dwell time before the saturation is approximately 

12 ms for the MSD Blaster 2 ignition coil and corresponds to the point where the maximum 

discharge can be achieved. Further increase in electrical energy in the primary side of the coil does 

not lead to an increase in discharge energy [101]. 

The minimum ignition energy for the specific initial conditions is approximated by 

choosing initially short dwell times (beginning with an arbitrary value and then adjusting it 

accordingly in subsequent tests) that are expected to not sufficiently charge the coil and result in a 

poor spark. By increasing the dwell time in small increments, the approximate minimum ignition 

energy is found on the iteration where the voltage generated between the electrodes equals the 

breakdown voltage, and the reactant mixture is ignited. Between any two consecutive discharges, 

15-20 s should pass to dissipate the supplied energy by the previous attempt [204]. 

Contrary to the conventional approach, which suggests always igniting the unburned gas 

mixture with the minimum ignition energy, in this study, the mixtures at the desired test points 

were ignited with different spark energies close to the minimum ignition energy of the mixture at 

that particular initial condition. Then, to eliminate the effect of ignition on the laminar flame speed, 
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the lower limit for Rf was established where the Rf vs. Sb curves for all experiments at the same 

test point first converged, as shown in Figure 3-7. This new approach is easier to implement with 

the inductive ignition system rather than the capacitive system since the inductive systems provide 

more control over the amount of energy discharged for ignition. On contrary to the generally 

accepted idea that the laminar flame speed measurements from spherically expanding flames at 

constant pressure should be initiated at Rf = 0.6 cm to prevent the effect of excessive ignition 

energy [68], Figure 3-7 suggests that beginning measurements at Rf = 0.6 cm does not always 

assure negligible ignition effects, especially for mixtures with the Le appreciably different than 

unity. Similar conclusions were drawn by other researchers [107, 123-125], recently. 

 

Figure 3-7. Burned gas flame speeds of propane/air mixtures at 1 bar, 298 K, and ϕ=1.5 ignited 

with different spark energies against the cold flame front radius. 

The spark energy is measured with a Cal Test CT4028 high voltage oscilloscope probe and 

a Pearson 4100C current transducer on the secondary side of the MSD Blaster 2 ignition coil as 

shown in Figure 3-6. Although the efficiency of the spark plug assembly should be included in the 

calculation of the spark energy, it was not considered in this study as the spark plugs were modified 

with electrode attachments, and attempting to determine a legitimate value for this efficiency 
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would be impractical. The current and voltage measurements on the secondary side of the coil are 

sent as electronic signals to the oscilloscope, where their numerical values are recorded after each 

experiment. Subsequently, the spark discharge energy is calculated by using the product of the 

numerical values recorded by the oscilloscope until the end of the discharge phase; the product of 

the secondary side voltage and current yields the amount of electrical power, which is then 

integrated to give the total amount of spark energy. An example of the oscilloscope readings and 

calculated ignition power are presented in Figure 3-8. In this study, depending on the initial 

conditions of the mixtures, the discharge energy was varied from 1.5 to 20 mJ throughout the 

experiments, which is also suggested by Tse et al. [192] to minimize effects of initial flame 

acceleration by excessive spark energies. 

 

Figure 3-8. Measured oscilloscope data and calculated spark power for the ignition of 

propane/air mixture at 1 bar, 298 K, and ϕ=0.7 ignited with the discharge energy of 17.69 mJ 

(dwell time of 10 ms). 
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3.4 Optical Diagnostics and Image Processing 

Due to the poor visibility of the laminar flame front by combustion chemiluminescence, as 

well as the tendency of normal photography to yield incorrect radii results during the initial stages 

of combustion [44], schlieren imaging was employed to objectively determine the flame boundary 

by detecting changes in the density gradient through the test section. In addition, schlieren 

photography easily detects cellularity, and allows larger flame diameters to be measured as long 

as the diameter of the vessel window is sufficiently large. Thus, a diameter of 15.24 cm was chosen 

as the window diameter. 

A horizontal axis z-type schlieren system as shown in Figure 3-1 and Figure 3-4 was 

constructed due to its ability to reduce optical aberrations such as coma and astigmatism, shown 

in Figure 3-9, that can alter the clarity of images gathered in other schlieren formations [205] and 

to detect the buoyancy effect on the flame front, shown in Figure 3-10. Coma, which is when 

magnification is a function of the image location and causes a focal point to be spread apart [206], 

can be eliminated from a z-type schlieren system by using identical mirrors that are placed on the 

same plane and arranged at the same angle [205]. Astigmatism, which results from the difference 

in foci length within a mirror’s tangential and normal planes [207], cannot be completely 

eliminated in the z-type schlieren formation, but can be rendered negligible by choosing mirrors 

with large f-numbers and minimizing the angle at which the mirrors are oriented [205]. 

The schlieren set up began by adjusting all optical elements onto the same optic plane, 

30.48 cm above the ST-48-8 Newport – SmartTable, so that all elements facilitate a pathway of 

light that was directly in line with the center of the vessel windows, and thus the test section. A 

Thorlabs OSL2 fiber optic illuminator with variable intensity control was chosen as the light 

source, as it contains a 150 W halogen lamp that can generate a high-intensity light output. A light 
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source such as this one enables the camera to effectively capture the schlieren images at a rate of 

12,000 frames per second, as a high-shutter speed can lead to underexposed images if proper 

lighting is not provided, which would ultimately cause a loss of digital information. 

 

Figure 3-9. Coma and astigmatism, retrieved from [208]. 

 

Figure 3-10. Schlieren images showing the buoyancy effect on the flame front. 

Methane/air mixture at 298 K, 1 bar, 

and ϕ=0.6  
Propane/air mixture at 298 K, 1 bar, 

and ϕ=1.6  
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The point source at the end of the illuminator’s fiber bundle was placed approximately at 

the focal length of an aspherized achromatic condenser lens, 25 mm in diameter with an effective 

focal length of 30 mm, where the diverging light is collected and converted into a converging 

beam. An achromatic lens allows white light to be focused to the same focal point, by not 

separating it by wavelength, and thus reduces chromatic aberrations caused by the polychromatic 

light generated by the illuminator, while the aspherical feature corrects against spherical aberration 

[209]. 

The light from the lens was focused onto an adjustable iris, placed precisely at the focal 

length of the first mirror as well as the focal length of the lens, and was responsible for intensifying 

contrast [210] and ultimately creating a sharper final image. If spherical aberrations in the 

condenser lens were to go unchecked, a final image with uneven lighting would occur as result of 

a fuzzy image being focused onto the iris [205].  The iris corresponds to the shape of the circular 

aperture used as the knife edge at the end of the optical set-up, as Toepler [211] found that as long 

as the source cut-off corresponds to at least one edge of the knife-edge, its shape is immaterial.  

Light passes through the iris and onto the first 15.24-cm-diameter spherical concave mirror 

that has a focal length of 1524 mm. The mirror diameter and focal length yield a relatively large 

f-number of 10. The mirror’s surface accuracy of λ/8, and a protective aluminum coating allow for 

effective light redirection [101]. The first mirror was adjusted at the smallest possible angle toward 

the vessel, directing uninterrupted collimated light through the vessel windows and onto a second 

identical mirror. The two mirrors were positioned in opposite directions from the optical centerline 

at equal minimum angle magnitudes. The second mirror allows the passing light to converge away 

from the vessel and toward a high-speed Photron SA5 camera, with its lens positioned at the second 

mirror’s focal length. The camera lens includes a variable diaphragm that serves as a circular knife 
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edge, which has been shown to yield a more uniform image with higher sensitivity for flame radius 

detection, versus conventional straight-edge cut-offs [4].  

The Photron Fastcam SA5 offers an ISO light sensitivity of 10,000 in black and white and 

can provide 1024 x 1024 pixel resolution at frame rates of 7,000 fps and below; with reduced 

resolution, it can obtain up to 930,000 fps [212]. In this study, images were captured at 12,000 fps 

in order to capture the combustion process with maximum accuracy while still retaining a high 

resolution of 896 x 704 pixels. A Nikon UV-105 lens is used with the camera, as it allows a wide 

range of light transmission of wavelengths between 220-900 nm. It has a focus distance of 105 

mm and an adjustable diaphragm within the lens that yields sharp images that are free from 

aberrations over the entire variable aperture range. The aperture was adjusted prior to experiments 

until a focused, sufficiently illuminated background image was achieved; this occurred with 

smaller f-numbers. 

Images are processed through an in-house image processing code, until a substantial rise 

in the total chamber pressure is detected by Kistler 6125C piezoelectric pressure sensor. With 

negligible buoyancy effects, the flame generated in the center of the vessel propagates outward as 

an approximate sphere, visualized as a 2D circle with schlieren imaging. The code extracts the rate 

of 2D radial growth of the spherically propagating flame over time so that the laminar flame speed 

can be calculated. 

To extract the flame boundary, or foreground, the initial background frame of each image 

set, i.e. the first frame with no spark or flame present, is subtracted from each frame. Before the 

background subtraction process, a median filter was applied to each image for smoothing and noise 

reduction, while preserving edge sharpness [213]. The resulting image from the subtraction 

process is then converted to binary, where the foreground is represented by white pixels assigned 
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a value of 1, and the background consists of all black pixels, represented by a value of 0. The 

subtraction process is depicted in Figure 3-11. 

 

Figure 3-11. Background subtraction/foreground extraction steps of image processing. 

Further noise that appears as a result of the subtraction process is removed by carefully 

setting a lower limit on the area a group of connected pixels makes up; this removes relatively 

small groups of pixels while effectively avoiding pixels that make up the flame boundary. If 

wrinkles develop in the flame boundary and segment some boundary pixels into small groups, as 

shown in Figure 3-12, the lower limit is decreased so that vital pixels will not be deleted. 

 

Figure 3-12. Wrinkled flame with segmented pixel groups in flame boundary. 
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In the special case that large pixel groups of noise exist and are surrounding a wrinkled 

flame with segmented boundary pixels, simply decreasing the lower limit does not suffice, as large 

groups of pixel noise will not be removed. In this case, an ellipse mask is creating to segment the 

outside noise from the flame boundary; all pixels outside the ellipse boundary are set to 0, while 

all pixels within the ellipse boundary are kept the same. Then, the lower area limit is able to take 

the small segmented boundary pixels into account, without leaving any pixel noise present. If this 

occurs in several images in a row, an ellipse that is made for one image can be used on a number 

of preceding images, as long as the ellipse is placed close enough to the flame boundary that it 

removes all pixel noise close to the preceding images’ flame boundaries. 

As a result of the background subtraction process, gaps are formed in the flame boundary 

due to electrode removal, as shown in the rightmost frame (step 3) in Figure 3-11. A morphological 

structure is used to close these gaps, based on the diameter of the electrodes. Other morphological 

operations exists, such as eroding and dilating, where erosion is the action of reducing the 

foreground by removing all of the outermost boundary pixels of an object and dilation is 

conversely expanding the foreground by adding a layer of 1 pixel thickness to the boundary. Great 

care must be used with these operations as they both change the area of the flame boundary and 

can easily lead to inaccurate results. For that reason, it is recommended that they not be used alone, 

but can be very helpful when used in succession.  

Closing, or dilation immediately followed by erosion, allows one to close gaps in the 

boundary, like those caused by the electrodes, when used with an appropriate morphological 

structuring element, as seen in the leftmost image (step 4) of Figure 3-13. Performing dilation 

directly followed by erosion while using the same structuring element essentially cancels out the 

effect each of these operations have on the initial flame boundary area; although the closing 
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operation does add some area to the foreground by filling in the electrode gaps, the net number of 

pre-existing pixels in the flame boundary does not change. In other words, the boundary thickness 

does not change from step 3 to step 4 during the closing operation. 

 

Figure 3-13. Final stages of image processing. 

Upon closing, the resulting boundary is then able to be filled with white pixels and the 

filled surface area can be calculated. The default unit of measure for surface area in the coding 

software used was pixels2. To convert to a useable unit of measure, a known reference length is 

needed for conversion. It is reasonable to use the known diameter of the frame of view, which 

should ideally be equal to the exposed diameter of the vessel windows, 15.24 cm. By using the 

measurement of the flame’s surface area, the radius is calculated and used to create a circle of best 

fit around the flame’s centroid. A circle fit can then be superimposed on the original image of the 

flame for a visual check, as seen in step 7 of Figure 3-13. 

Once again using the surface area of the circle, the ‘calculated perimeter’ can be derived 

using simple circle geometry.  Step 6 of Figure 3-13 shows a pink boundary trace of the flame’s 

irregular boundary, which is used to extract an ‘actual perimeter’ value. Taylor [214] used the ratio 

of two similar perimeter values as a circularity reference to account for the fact that flames do not 

grow in perfect isometric fashion, even in controlled experiments. The closer the ratio is to unity, 
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the closer the flame is to a perfect sphere. Furthermore, the reference of circularity allows the 

ability to decide whether the buoyancy effect exits or not. 

3.5 Data Acquisition System  

Data is collected through a National instruments BNC-2120 connector block, or data 

acquisition (DAQ) board, which facilitates communication between the system and the lab PC and 

a PCI-6251 high-speed multifunction DAQ card. The card offers 16-Bit resolution, 16 analog 

inputs with a ±10 V range. In addition, this particular card has a high accuracy with fast sampling 

rates of ~1.25 MS/s for one channel and 1 MS/s if several channels are used. It facilitates both 

digital and analog triggering, and is able to work with several operating systems. An in-house 

LABVIEW code is used to control triggering signals together with the DAQ card. 

Both the absolute (Omega MM series sensor and Setra ASM AccuSense sensor) and 

differential (Kistler 6125C piezoelectric sensor) pressure transducers, as well as the middle section 

thermocouple were connected to the DAQ board, which allows the pressures and a temperature 

reference to be displayed on the PC. By visualizing the absolute pressure within the vessel, it is 

possible to observe the amount of each reactant that entered the vessel, controlled manually by 

valves, and use the method of partial pressures to calculate equivalence ratio. In experiments where 

liquid fuel or water is used, the DAQ system is used to generate the signal for the injection of 

fuel/water with the help of the LABVIEW code. Simultaneous triggering of spark ignition, camera 

imaging, and oscilloscope measurements is also provided with signaling-output ports of the DAQ 

system. 

The sampling rate for the trigger signal and the differential pressure (readings of Kistler 

6125C piezoelectric sensor) during combustion is 12 kHz, which is equal to the rate of imaging of 

the Photron SA5 camera, i.e. 12,000 fps. 12 kHz was chosen for easy synchronization of pressure 
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and cold flame front radius data. However, pressure measurements are initiated earlier than the 

trigger signal for the baseline calculation until the end of the trigger signal, which is subsequently 

used for noise reduction in pressure measurements. The rising edge of the trigger signal serves as 

a reference for offsetting the pressure readings with respect to the schlieren images. 

3.6 Laminar Burning Velocity Calculation Methodology 

In the present study, spherically expanding flames under constant pressure were employed 

to measure the laminar burning velocity and burned gas Markstein length since, after the formation 

of the concept of flame stretch, the laminar burning velocity has most widely been determined by 

observing the radius of the flame within a region of constant pressure [13]. Experiments were 

performed in an optically accessible constant volume combustion chamber, with detailed 

information available in previous sub-chapters. 

The pressure built-up inside the chamber during combustion was measured with a Kistler 

6125C piezoelectric pressure transducer to ensure that the pressure was constant during the 

measurements. In fact, a maximum pressure increase of 1.2% was recorded at the upper 

measurement limit, where the flame occupied 25% of the total chamber volume, i.e. 

Rf=0.25Rw=4.36 cm, which yields a maximum of 2-3% inaccuracy in the SL due to the radiation 

and confinement induced inward flow effects [124, 131]. If cellularity was detected before Rf=4.36 

cm, which sometimes happened at high pressures or away from stoichiometry due to the 

diffusional-thermal and hydrodynamic instabilities, only the schlieren images before the inception 

of cellular formation were included in the laminar flame speed calculations. Moreover, the slowest 

laminar burning velocity measured in the present study is 15.58 cm/s and all test points are 

appreciably away from the flammability limits, which suggests that the reduction in the SL due to 

radiation induced cooling effect is within 2-3% [124, 129] and the buoyancy effect is eliminated 
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[126]. Therefore, inaccuracy in the laminar flame speed calculations due to the confinement and 

radiation effects was estimated as less than 5%. 

Due to the utilization of the constant pressure method, the measurements were limited to 

the early stage of combustion, where the flame stretching is more intense. Since there is no change 

in the pressure within the measurement range, the second term of Equation 2-10 equals zero, which 

suggests that the flame speed of the burned gases becomes equal to the flame propagation speed, 

i.e. Sb=dRf/dt. A central differencing scheme was employed to calculate the rate of radial growth, 

i.e. burned gas flame speed, from Rf data obtained by the image processing of schlieren images. 

The stretched Sb values were treated using the experimental stretch model extrapolation method to 

calculate the unstretched burned flame speed. Subsequently, the unstretched unburned flame 

speed, i.e. the laminar burning velocity or laminar flame speed, was calculated from the mass flow 

balance at an infinitely thin flame front, i.e. Equation 2-23, which is valid also for unstretched 

flame speeds. The expansion ratio (ρb/ρu) in Equation 2-23 was obtained from the results of 

numerical analysis conducted with the Chemkin-Pro software [215].  

3.6.1 Assessment of Accuracies of Stretch Extrapolation Methods 

In the early stage of combustion, where spherical flames grow at constant pressure, the 

stretch effect is severe. Therefore, accuracies of the stretch extrapolation methods play an 

important role in the uncertainty of experimental flame speed values deduced from spherically 

expanding flames at constant pressure. Despite the large scatter in the SL due to the utilization of 

different stretch models and the obscurity in the stretch model limitations, studies on the accuracies 

of the stretch methods are scarce. 

By investigating hydrogen/air mixtures, Chen et al. [167] revealed that there is a critical 

flame radius above which the stretch models are valid. This critical flame radius strongly depends 
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on the Le and it is generally greater than the lower radius limit for SL calculations (RL) determined 

by Bradley et al. [68] to avoid the ignition effect, i.e. 6 mm. Halter et al. [165] compared laminar 

flame speeds obtained by the extrapolation of LS and NQ models in Table 2-3 for methane and 

iso-octane flames at 1 bar and 300-400 K and concluded that experimental SL values from both 

models converge when RL is increased. 

With detailed numerical simulations and theoretical analysis on methane/air mixtures at 1 

bar and 298 K, Chen [148] found that accuracies of the stretch models in Table 2-3 depend on the 

Le and demonstrated that the LC model shows better performance for mixtures with Le greater 

than unity, i.e. positive burned gas Markstein length (Lb), while the NQ model is the most accurate 

for mixtures with Le less than unity, i.e. negative Lb. Similarly, Karpov et al. [216] showed that 

the LC model performed much better than the LS model for highly curved rich hydrogen flames 

characterized by a large Le. Numerical results of Li et al. [217] also supported the findings of Chen 

[148] by stating that the NQ model is the most appropriate stretch correlation for Le<1. However, 

Cai et al. [218] concluded that the accuracies of the stretch models in Table 1 are almost identical 

when Le<1. Cai et al. [218] also stated the critical lower flame radius depends strongly on the Le 

and pressure, and increases linearly with the absolute value of the Lb. 

Wu et al. [160] tested the performances of the stretch correlations in Table 2-3 for hydrogen 

and n-heptane flames by comparing results of laminar flame speed experiments and direct 

numerical simulations with computation results of the 1-D planar flame using detailed chemistry 

without including radiation loss and absorption. After observing a large discrepancy between the 

stretch models and numerical results over a wide range of equivalence ratios, Wu et al. [160] 

suggested adjusting the Le to close to unity, i.e. Lb~0, by diluting the fuel/oxidizer mixture with 

inerts to reduce extrapolation error. 
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Lipatnikov et al. [219] and Huo et al. [220] investigated the effect of the upper and lower 

bounds of the flame radius range used to calculate SL, on the accuracies of the stretch methods for 

mixtures with Lb>0. Lipatnikov et al. [219] remarked that the LC model fits the experimental data 

well for a wider range compared to the LS and NQ models. Huo et al. [220] showed that the flame 

radius range is the controlling parameter for the model errors and the model errors can be decreased 

by increasing the upper and lower bounds of the flame radius range. Recently, Beeckmann et al. 

[221] also studied the effect of lower and upper measurement limits for SL of methane flames with 

Le moderately away from unity to highlight the importance of the LS model. 

The lack of information about the proper SL measurement range for the mixtures with 

different Lbs has caused inaccurate flame speed vs. flame stretch trends predicted by the stretch 

models. As mentioned above, in recent years, Chen et al. [167], Halter et al. [165], Lipatnikov et 

al. [219], Hou et al. [220], and Beeckmann et al. [221] have found out that RL is the controlling 

parameter for the model errors, which can be reduced by increasing RL. However, these researchers 

were unable to capture the general trend of the critical RL above which the stretch models are valid 

because Chen et al. [167] only investigated hydrogen/air flames which have a small variation in 

the Lb and suffer greatly from hydrodynamic and thermal instabilities. Halter et al. [165] and 

Beeckmann et al. [221] only increased the RL up to 2.0 cm due to limitations of their experimental 

setups. Lipatnikov et al. [219] and Hou et al. [220] only tested mixtures with Lb>0, for which the 

critical RL is relatively high. 

The stretch models in Table 2-3 were derived from asymptotic analysis based on various 

assumptions [160]. From the theoretical point of view, the LS and LC models should yield similar 

results for small Lb/Rf values or for Sb values close to Sb
o [216]. Similarly, the LS, NQ, and LC 

models were shown to provide analogous results for weakly stretched flames, i.e. when the stretch 
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rate tends to zero [159]. In the early stage of the flame kernel, the nonlinear stretch effect is 

generally severe [216]. As the flame radius increases, the flame stretching gets weaker, the Lb/Rf 

becomes smaller, and the Sb approaches Sb
o. Consequently, in light of the studies mentioned above, 

there should be a critical RL (RL,critical) for each Mab, where all SL and Lb values obtained by the 

extrapolation of the stretch models in Table 2-3 converge to the same SL and Lb values. 

To test the validity of this statement for a wide range of Le, Lb, and Mab, and to provide a 

measurement range for spherically expanding flames where the flame stretch is weak and, 

therefore, the LS, NQ, and LC models yield the same results, the effect of RL on the extrapolation 

results of the stretch models in Table 2-3 were investigated for four different fuel/oxidizer mixtures 

with -0.48 mm ≤ Lb ≤ 1.23 mm by including both the Lewis number and laminar flame thickness 

(δL) effects. The values of SL and Lb were experimentally calculated from spherically expanding 

methane/air flames at 1 bar, 298 K, ϕ=0.7-1.1, hydrogen/air flames at 1 bar, 298 K, ϕ=0.7-4.0, 

propane/air flames at 1 bar, 298 K, ϕ=0.7-1.4, and iso-octane/air flames at 1 bar, 373 K, ϕ=0.8-1.5 

for RL=0.6, 1.0, 2.0, and 3.0 cm to reveal the general trend of the RL,critical across a wide range of 

Mab. 

3.6.1.1 Effect of Lower Radius Limit on the SL and Lb 

The four test fuels (methane, hydrogen, propane, and iso-octane) were chosen to account 

for both hydrocarbon and non-hydrocarbon fuels with different evolutions in Lb when ϕ is 

increased so that the universality of the findings of the present study would increase. While the 

lower radius limit for the SL calculation was varied from 0.6 cm to 3.0 cm, the upper radius limit 

(Rup) was kept constant at 4.36 cm, which is the maximum value used in order to keep the 

experimental data minimally affected by confinement [131] and radiation [124], as long as there 

is no early onset of cellular formation since the flame stretch effect gets weaker at higher radii of 
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a spherically expanding flame and the stretch models in Table 2-3 depend on a weakly stretched 

flame assumption. 

Some of the SL and Lb results are plotted against the RL in Figure 3-14. To find the RL,critical, 

where all SL and Lb values obtained by the extrapolation of the LS, NQ, and LC stretch models in 

Table 2-3 converge to the same SL and Lb, third order polynomials were fit to SL and Lb results of 

each stretch model at RL=0.6, 1.0, 2.0, and 3.0 cm, as shown in Figure 3-15. Then, the intersection 

points of the SL and Lb curves were determined by solving for RL, where the differences between 

the results of SL curves and Lb curves were minimized, i.e. the RL,critical. It was observed that the 

intersection points of the SL curves and Lb curves coincide with each other and the deviations in 

the results of the SL curves and Lb curves at these points are always smaller than the random 

uncertainty in SL and Lb data at the corresponding test conditions. In fact, the maximum deviations 

in the results of SL curves and Lb curves at the intersection points are 1.20 cm/s and 0.14 mm, 

respectively. 

 

Figure 3-14. Variation in the SL and Lb across the lower measurement limit on the Rf. (squares - 

results obtained by the LS model [149], diamonds - results obtained by the NQ model [140], 

triangles - results obtained by the LC model [148], unfilled markers - SL, and filled markers - Lb) 
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Figure 3-14 (cont’d) 

 

It was observed that the RL,critical changes with Lb, see Figure 3-14 and Figure 3-15, and the 

convergence points of the SL curves and Lb curves can be shifted to RL values smaller than 0.6 cm 

for very small Lbs, see the methane/air mixture at 1 bar, 298 K, and ϕ=0.7 in Figure 3-14 and the 

hydrogen/air mixture at 1 bar, 298 K, and ϕ=0.8 in Figure 3-15. However, no stretch extrapolation 

calculation was made for RL<0.6 cm to prevent the laminar flame speed calculations from being 

affected by the initial energy deposit due to the spark [68]. Therefore, the SL and Lb splines were 

extrapolated to RL=0 cm to detect the intersection points of the SL curves and Lb curves for 

RL,critical<0.6 cm, as shown for the hydrogen/air mixture at 1 bar, 298 K, and ϕ=0.8 in Figure 3-15. 
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Figure 3-15. Polynomial fitting for SL and Lb results of each stretch model and determination of 

the intersection points of SL curves and Lb curves, i.e. the RL,critical (squares - results obtained by 

the LS model [149], diamonds - results obtained by the NQ model [140], triangles - results 

obtained by the LC model [148], unfilled markers - SL, and filled markers - Lb) 
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Figure 3-14 and Figure 3-15 show that there is an RL,critical, where all SL and Lb values 

obtained by the extrapolation of the LS, NQ, and LC stretch models in Table 2-3 converge to the 

same SL and Lb. Therefore, the choice of the extrapolation expression plays no role in the stretch 

model accuracy as long as the measurements are started at the RL,critical presented in this study. This 

finding is a potential remedy to the scattered experimental SL data due to the utilization of different 

stretch models for the same mixtures. Figure 3-14 and Figure 3-15 demonstrate that the value of 

the RL,critical strongly depends on Lb, and therefore on Le. The convergence points of the SL and Lb 

values coincide with each other and generally shift to higher radii for higher Lb and vice versa for 

lower Lb, see Figure 3-14 and Figure 3-15. 

Contradicting Halter et al. [165] and Hou et al. [220], who concluded that stretch 

extrapolation errors can be decreased by increasing RL, Figure 3-14 and Figure 3-15 suggest that 

further increases in RL after the critical value causes a deviation in the results of the stretch models 

due mainly to the increased random error with a smaller number of experimental points used for 

the extrapolation. In fact, as shown in the current study, having the largest/smallest range of data 

for extrapolation does not ensure high stretch model accuracy. Rather, starting the SL 

measurements with the RL,critical is crucial for the stretch model accuracy. The range of data for 

extrapolation can be large or small depending on the Lb and δL. The difference between the findings 

of the present study and those of Halter et al. [165] may be attributable to the fact that Halter et al. 

[165] increased RL up to only 2.0 cm. The RL,critical can be higher than 2.0 cm for strongly stretched 

flames, e.g. RL,critical=2.75 cm for propane/air mixture at 1 bar, 298 K, and ϕ=0.7 in Figure 3-14 

with Lb=1.23 mm. On the other hand, Hou et al. [220] only tested mixtures with Lb appreciably 

higher than zero, for which the RL,critical is relatively high, see Figure 3-14 and Figure 3-15. 
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For strongly stretched flames (Lb>1 mm), the RL,critical can be as high as 2.98 cm, see 

Appendix I. This finding suggests that it may not be possible to accurately measure the laminar 

flame speeds of the strongly stretched flames with a small vessel, such as the one used by 

Beeckmann et al. [221]. When Lb decreases, the flame gets less stable and cellular formation is 

generally observed in the earlier stage of combustion, as shown in Figure 3-16. Therefore, having 

smaller RL,critical values for small Lb values improves the stretch model extrapolation accuracy by 

increasing the number of early measurement points even though there is a decrease in later 

measurement points due to the earlier onset of flame cellularity, e.g. iso-octane flames at 1 bar, 

373 K, and ϕ=1.5 in Figure 3-14 and hydrogen flames at 1 bar, 298 K, and ϕ=0.8 in Figure 3-15. 

For the same reason, RL=3.0 cm could not be investigated for iso-octane/air mixtures at 1 bar, 373 

K, and ϕ=1.4-1.5 and hydrogen/air mixtures at 1 bar, 298 K, and ϕ=0.7-0.8. 

 

Figure 3-16. Schlieren images of fuel/air mixtures with different Lb values. 

When Lb approaches zero, the RL,critical generally penetrates into the ignition-affected 

region, i.e. RL,critical<0.6 cm [68], see hydrogen/air mixture at 1 bar, 298 K, and ϕ=0.8 in Figure 

3-15 (RL,critical=0.26 cm and Lb=0.08 mm). For Lb~0, i.e. Le~1, choosing RL as 0.6 cm in order to 

discard the ignition effect from the experimental data is suggested although the real RL,critical for 
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Lb~0 might be smaller than 0.6 cm. As seen with the methane/air mixture at 1 bar, 298 K, and 

ϕ=0.7 in Figure 3-14 and the hydrogen/air mixture at 1 bar, 298 K, and ϕ=0.8 in Figure 3-15, 

choosing a slightly higher RL (~0.6 cm) than the actual RL,critical (<0.6 cm) for Lb~0 does not 

deteriorate the stretch model accuracy remarkably because of the abundance of experimental 

points used for the extrapolation. At Lb<0, i.e. Le<1, the RL,critical evaluation with respect to Lb is 

similar to the relation between the RL,critical and the absolute value of Lb. For example, RL,critical and 

Lb values of the methane/air mixture at 1 bar, 298 K, and ϕ=0.7 and the iso-octane/air mixture at 

1 bar, 373 K, and ϕ=1.5 in Figure 3-14 are 0.50 cm and 0.51 mm, and 0.47 cm and -0.48 mm, 

respectively. 

3.6.1.2 Effect of Upper Radius Limit on the RL,critical 

In order to find out whether the RL,critical depends on the upper radius limit for the SL 

measurement (Rup), an additional Rup  value other than 4.36 cm was considered for four different 

cases with very different Lb (0.08-0.54 mm) and RL,critical (0.26-1.58 cm) values. First, the RL,critical 

for an iso-octane/air mixture at 1 bar, 373 K, and ϕ=1.2 was computed for Rup=3.5 cm and almost 

no change was observed in the RL,critical, SL, and Lb data (ΔRL,critical=0.03 cm, ΔSL=0.26 cm/s, and 

ΔLb=0.04 mm). Please note that RL=3.0 cm was not investigated for Rup=3.5 cm because the 

limited number of experimental points at Rf=3.0-3.5 cm would cause poor stretch model 

extrapolation accuracy. 

For a methane/air mixture at 1 bar, 298 K, and ϕ=1.1, altering the Rup from 4.36 cm to 3.5 

cm changed the RL,critical from 1.58 cm to 1.31 cm, the SL from 37.34 cm/s to 37.63 cm/s, and the 

Lb from 0.54 mm to 0.63 mm. The changes in the SL and Lb (0.29 cm/s and 0.09 mm, respectively) 

are smaller than the random uncertainty in the SL and Lb (0.35 cm/s and 0.12 mm, respectively). 

Similar to the iso-octane/air mixture at 1 bar, 373 K, and ϕ=1.2, the highest lower radius limit 
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tested for the methane/air mixture at 1 bar, 298 K, and ϕ=1.1 was 2.0 cm for Rup=3.5 cm due to 

large errors in extrapolation of stretch correlations, as shown in Figure 3-17. 

 

Figure 3-17. Polynomial fitting for SL and Lb results of each stretch model and determination of 

the intersection points of SL curves and Lb curves, i.e. the RL,critical, with smaller upper 

measurement radius limits than 4.36 cm. (squares - results obtained by the LS model [149], 

diamonds - results obtained by the NQ model [140], triangles - results obtained by the LC model 

[148], unfilled markers - SL, and filled markers - Lb) 

 

 

160

164

168

172

176

180

0.0 0.5 1.0 1.5 2.0 2.5 3.0

S
L

[c
m

/s
]

Lower Radius Limit [cm]

-0.5

0.0

0.5

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

L
b

[m
m

]

Lower Radius Limit [cm]

34

36

38

40

42

0.0 0.5 1.0 1.5 2.0 2.5 3.0

S
L

[c
m

/s
]

Lower Radius Limit [cm]

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0

L
b

[m
m

]

Lower Radius Limit [cm]

Methane/air mixture at 1 bar, 298 K, and ϕ=1.1 

The upper measurement radius limit = 3.5 cm 

Methane/air mixture at 1 bar, 298 K, and ϕ=1.1 

The upper measurement radius limit = 3.5 cm 

42

44

46

48

50

52

0.0 0.5 1.0 1.5 2.0 2.5 3.0

S
L

[c
m

/s
]

Lower Radius Limit [cm]

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

L
b

[m
m

]

Lower Radius Limit [cm]

The upper measurement radius limit = 3.5 cm The upper measurement radius limit = 3.5 cm 

Iso-octane/air mixture at 1 bar, 373 K, and ϕ=1.2 Iso-octane/air mixture at 1 bar, 373 K, and ϕ=1.2 

The upper measurement radius limit = 3.0 cm The upper measurement radius limit = 3.0 cm 

Hydrogen/air mixture at 1 bar, 298 K, and ϕ=0.8 Hydrogen/air mixture at 1 bar, 298 K, and ϕ=0.8 



95 

 

Figure 3-17 (cont’d) 

 

Even lower Rup values (Rup=3.0 cm) were tested for the hydrogen/air mixture at 1 bar, 298 

K, and ϕ=0.8, and the propane/air mixture at 1 bar, 298 K, and ϕ=1.3. As shown in Figure 3-17, 

hydrogen and propane laminar flame speeds could not be calculated beyond RL=1.5 cm and RL=2.0 

cm, respectively, because of deteriorated stretch model extrapolation accuracy. Changing the Rup 

to 3.0 cm did not alter the RL,critical, SL, and Lb values of the hydrogen and propane mixtures 

significantly. For Rup=3.0 cm, the RL,critical, SL, and Lb of hydrogen/air mixture at 1 bar, 298 K, and 

ϕ=0.8 became 0.25 cm, 165.83 cm/s, and 0.12 mm. Initially, they were 0.26 cm, 165.92 cm/s, and 

0.08 mm, respectively. For propane/air mixture at 1 bar, 298 K, and ϕ=1.3, altering the Rup from 

4.36 cm to 3.0 cm changed the RL,critical from 0.88 cm to 0.97 cm, the SL from 31.46 cm/s to 31.90 

cm/s, and the Lb from 0.23 mm to 0.33 mm. 

The effect of the upper radius limit on RL,critical, SL, and Lb is summarized in Table 3-4. For 

fuel/air mixtures with RL,critical≤1.58 cm, no significant change in the RL,critical, SL, and Lb values 

was observed when the Rup changed from 4.36 cm to 3.0-3.5 cm. Therefore, it can be concluded 

that the RL,critical does not depend on the Rup at these conditions. For smaller Rup values (Rup<3.0 

cm) at these conditions or for more stretched flames with larger RL,critical (RL,critical>2.00 cm) with 
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uncertainties and poor stretch model extrapolation accuracy as a result of very limited experimental 

points used for the extrapolation of stretch correlations. 

Table 3-4. Effect of upper radius limit on the RL,critical, SL, and Lb. 

Mixture Rup RL,critical SL Lb 

Methane/air mixture at 1 bar, 

298 K, and ϕ=1.1 

4.36 cm 1.58 cm 37.34 cm/s 0.54 mm 

3.50 cm 1.31 cm 37.63 cm/s  0.63 mm 

Propane/air mixture at 1 bar, 

298 K, and ϕ=1.3 

4.36 cm 0.88 cm 31.46 cm/s 0.23 mm 

3.00 cm 0.97 cm 31.90 cm/s 0.33 mm 

Iso-octane/air mixture at 1 bar, 

373 K, and ϕ=1.2 

4.36 cm 1.27 cm 46.43 cm/s 0.43 mm 

3.50 cm 1.24 cm 46.69 cm/s 0.47 mm 

Hydrogen/air mixture at 1 bar, 

298 K, and ϕ=0.8 

3.50 cm 0.26 cm 165.92 cm/s 0.08 mm 

3.00 cm 0.25 cm 165.83 cm/s 0.12 mm 

 

3.6.1.3 Correlation between Mab and RL,critical 

Observing the changes in the SL and Lb across the lower radius limit for the laminar flame 

speed calculation provided an accurate prediction of the RL,critical. It was also possible to capture 

the general trend of the RL,critical across a wide range of Lbs. However, when the RL,critical values that 

correspond to different Lbs were compared for all of the tested fuels, a moderate amount of scatter 

in the RL,critical vs. Lb plot was observed. For instance, although Lb values of methane/air mixtures 

at 1 bar, 298 K, ϕ=0.7 and ϕ=1.1 and propane/air mixture at 1 bar, 298 K, and ϕ=1.1 are very close 

to each other (0.51 mm, 0.54 mm, and 0.57 mm, respectively), their RL,critical values are quite 

different (0.50 cm, 1.58 cm, and 2.18 cm, respectively). Similarly, while the Lb of the propane/air 

mixture at 1 bar, 298 K, and ϕ=0.7 (1.23 mm) is higher than the Lb of iso-octane/air mixture at 1 

bar, 373 K, and ϕ=0.9 (1.01 mm), the RL,critical of the latter mixture (2.98 cm) is greater than that 
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of the former mixture (2.75 cm). This contradicts the increasing trend of the RL,critical with 

increasing Lb. 

The reason behind these contradictions is that the laminar flame thickness, which is a 

significant parameter for the flame stretch, was not yet taken into account. Consequently, the data 

was instead plotted as the burned gas Markstein number (Mab=Lb/δL) over the RL,critical and 

presented in Figure 3-18, which includes the absolute value of Mab for negative Lbs since it has 

been shown that the RL,critical evaluation with respect to Lb for Lb<0 is similar to the relation between 

the RL,critical and the absolute value of the Lb. 

 

Figure 3-18. Measured Markstein numbers over critical lower radius limit for methane, propane, 

iso-octane, and hydrogen flames (All SL and Lb results with experimental uncertainties, RL,critical 

and Mab values are presented in Appendix I). 

On the contrary to the Lb dependency of the RL,critical, the Mab dependency of the RL,critical 

for all tested fuels was consistent with each other and showed a linear trend (see Figure 3-18), 

which can be represented as |Mab|=0.8424*RL,critical with coefficient of determination (R2) of 
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0.9118. This expression provides a lower limit (the RL,critical) for a measurement range for 

spherically expanding flames where the assumptions of the LS, NQ, and LC stretch models are 

satisfied so that these three models provide the same SL and Lb values. Therefore, 

|Mab|=0.8424*RL,critical can serve as a reference for choosing the RL,critical for any arbitrary 

fuel/oxidizer mixture in order to prevent the large scatter in the experimental SL data due to the 

utilization of different stretch models. 

Including the laminar flame thickness in the RL,critical variation over a wide range of Lbs, 

i.e. considering the Mab dependency of the RL,critical, solved the contradictions found earlier in the 

RL,critical vs. Lb plot. For instance, it was revealed that methane/air mixtures at 1 bar, 298 K, ϕ=0.7 

and ϕ=1.1 and propane/air mixture at 1 bar, 298 K, and ϕ=1.1, the Lbs of which are very similar 

(0.51 mm, 0.54 mm, and 0.57 mm, respectively), have quite different RL,critical values (0.50 cm, 

1.58 cm, and 2.18 cm, respectively) because their Mabs are 0.759, 1.247, and 1.576, respectively. 

Similarly, the reason that the iso-octane/air mixture at 1 bar, 373 K, and ϕ=0.9 (RL,critical=2.98 cm) 

has a greater RL,critical than the propane/air mixture at 1 bar, 298 K, and ϕ=0.7 (RL,critical=2.75 cm), 

can be explained with the greater Mab of the former mixture (2.602) than that of the latter (2.040), 

despite of the fact that the Lb of the former mixture (1.01 mm) is smaller than that of the latter 

(1.23 mm). 

The initial pressure and temperature change alters the RL,critical as the Lb and δL are functions 

of pressure and temperature [66]. However, the effects of pressure and temperature on the Lb and 

δL are took into account by correlating the RL,critical with Mab. In other words, increasing/decreasing 

the initial pressure of a fuel/air mixture reduces/increases the Lb and δL [66], and therefore, the 

RL,critical changes, but the |Mab|=0.8424*RL,critical correlation should still hold true for this mixture 

because changes in the Lb and δL are considered in the Mab. To demonstrate this, the RL,critical values 
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for methane/air mixtures at 3 bar, 373 K and 423 K, and ϕ=1.0, and at 5 bar, 373 K, and ϕ=1.1 

were plotted in Figure 3-19 together with the data from Figure 3-18. As seen in Figure 3-19, the 

|Mab|=0.8424*RL,critical correlation holds true for methane/air mixtures at high pressures and 

temperatures. 

 

Figure 3-19. RL,critical values of methane/air mixtures at high pressures and temperatures 

overlayed on the atmospheric pressure results in Figure 3-18. 

3.7 Combustion Modeling 

Numerical simulations were performed using a freely propagating flame configuration in 

the Chemkin-Pro software [215], which utilizes a hybrid time-integrating/Newton iteration 

technique to resolve conservation of species, mass, and energy equations at steady state conditions. 

A boundary value problem solver, TWOPNT, analyzes the conservation equations for a one-

dimensional, freely propagating, premixed, laminar, adiabatic, and planar flame in Chemkin-Pro 

[215]. Within the code, thermodynamic properties of the species are evaluated, the chemical 
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mechanism is processed, and mixture averaged transport properties are employed. The flame speed 

was defined as the unburned gas velocity moving towards the flame [222]. 

For combustion modeling, the computational domain was fixed from -2.0 cm to 12.0 cm 

and the initial solution was obtained by establishing a fixed-flame coordinate system [222]. Five 

continuations followed the initial solution to achieve mesh independency by refining the domain 

and increasing the number of the grid points until less than a +/- 0.15 cm/s change in the laminar 

burning velocity was attained between the numerical results of two consecutive continuations, as 

shown in Figure 3-20. Adaptive grid parameters, namely GRAD and CURV, were varied from 0.5 

and 0.5 to 0.005 and 0.01, respectively. The domain of the converged solution, comprising of 

~1500-3500 grid points, was large enough to neglect the heat and mass diffusions, i.e. 

unconstrained by the boundaries of the domain. 

   

Figure 3-20. Mesh independency studies for the hydrogen/air mixture at 1 bar, 298 K and ϕ=1.0 

(left) and the iso-octane/air mixture at 1 bar, 473 K and ϕ=1.0 (right). 

Numerical simulations were also used to calculate the laminar flame thickness, adiabatic 

flame temperature, and expansion ratio. The widely used definition of δL, which comes from 

kinetic analysis, i.e. δL=λ/(ρucpSL), was not used in the present study due to the arbitrariness of the 

temperature at which λ/cp is assessed and the dependence on SL [143]. Instead, the laminar flame 
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thickness was calculated with the gradient method [144], i.e. δL=(Tb-Tu)/(dT/dr)m. Burned and 

unburned gas temperatures, as well as the maximum gradient of temperature, were obtained from 

the numerical temperature profile solution of a freely propagating flame configuration in Chemkin-

Pro [215]. 

For modeling methane/air/diluent combustion, the GRI-Mech 3.0 [223], comprising 53 

species and 325 reactions; USC Mech II [224], comprising 111 species and 784 reactions; San 

Diego [225], comprising 58 species and 270 reactions; HP-Mech [226], comprising 92 species and 

615 reactions; NUI Galway-CH4/DME [227], comprising 113 species and 710 reactions; and 

AramcoMech 1.3 [228], comprising of 253 species and 1542 reactions, chemical mechanisms were 

utilized. The rate parameters of 325 reactions in the GRI-Mech 3.0 [223] has been optimized 

against laminar burning velocities of CH4/air mixtures at 1-20 bar and 300-400 K using 

experimental studies from Vagelopoulos et al. [229], Vagelopoulos et al. [230], and Egolfopoulos 

et al. [231]. The GRI-Mech 3.0 kinetic scheme [223] has been shown to have good agreement with 

the laminar burning velocities of H2/air, CO/H2/air, C2H4/air, C2H6/air, C3H8/air, and CH3OH/air 

mixtures at a pressure of 1 bar and temperature of 300 K [223].  

The USC Mech II kinetic model [224] was developed for high-temperature oxidation of 

H2, CO, and C1-C4 hydrocarbons. The USC Mech II mechanism [224] has been tested against 

various H2/CO/C1-C4 laminar burning velocity data at 1-5 bar and 300 K [224]. The San Diego 

detailed kinetic scheme [225] has been tailored for high temperature flames of C0–C4 

hydrocarbons. Akram and Kumar [232], Park et al. [233], and Ren et al. [234] showed that the 

mechanism has good agreement with the experimental laminar flame speed data of methane/air 

mixtures at 1 bar and 298 K for ϕ<1.0. For rich mixtures, the San Diego mechanism [225] has been 

shown to underestimate the laminar burning velocity [232-234]. Akram and Kumar [232] also 
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tested the performance of the mechanism at 500 K for methane/air mixtures and concluded that 

the San Diego mechanism [225] provided faster laminar flame speeds relative to experimental 

results. 

The HP-Mech [226] is a high-pressure mechanism for C0-C2 hydrocarbon fuels with 

exhaust gas dilution. It uses the elementary reaction rates determined by high level quantum 

computations and experimental results. The mechanism has shown good performance in the 

prediction of laminar flame speeds of C0-C2 fuels diluted with CO2 and H2O at 1-10 bar and flame 

temperatures between 1600 K and 1800 K [235]. The NUI Galway-CH4/DME chemical 

mechanism [227] consists of the H2/CO sub-mechanism of Kéromnès et al. [236], the C1–C2 base 

sub-mechanism of Metcalfe et al. [228], and the propene mechanism of Burke et al. [237]. The 

NUI Galway-CH4/DME [227] has been optimized and validated against ignition delay time and 

flame speed measurements of methane, dimethylether, and their mixtures at 7-41 bar [227]. 

The AramcoMech 1.3 detailed kinetic mechanism [228] has been developed in a 

hierarchical fashion for the characterization of the kinetic and thermochemical properties of C1-C4 

hydrocarbon fuels. The mechanism has been validated against laminar burning velocity data of 

methane/air mixtures at a temperature of 298 K and pressure within the range of 1-10 bar, 

ethane/air mixtures at 295-325 K and 1-5 bar, ethylene/air mixtures at 298-470 K and 1-5 bar, 

acetylene/air mixtures at 298 K and 1-2 bar, methanol/air mixtures at 298-358 K and 1 bar, and 

ethanol/air mixtures at 298-453 K and 1 bar [238]. 

For modeling iso-octane/air/diluent combustion, the chemical mechanisms of Chaos et al. 

[239], consisting of 107 species and 720 reactions; Kelley et al. [78], consisting of 112 species and 

467 reactions; and Jerzembeck et al. [240], consisting of 99 species and 461 reactions, were used. 

The high temperature chemical kinetic model of Chaos et al. [239] has been developed for the 
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oxidation of primary reference fuels in a hierarchal manner on a baseline mechanism comprising 

H2/O2 kinetic model of Li et al. [241], C1-C4 kinetic model of Zhao et al. [242], and iso-octane 

oxidation model of Curran et al. [243]. The mechanism of Chaos et al. [239] has been shown to 

have good agreement with the laminar burning velocities of iso-octane/air mixtures at 1 bar and 

298-353 K with a small discrepancy between the model and experimental data at rich conditions 

[78, 239]. 

Kelley et al. [78] reduced the original Lawrence Livermore detailed mechanism [243-245] 

to a skeletal kinetic scheme by comparing ignition delay time, extinction residence time of 

perfectly stirred reactor, and laminar burning velocity results of the Lawrence Livermore 

comprehensive mechanism [243-245] and the chemical mechanism of Kelley et al. [78] for iso-

octane flames at 600-1800 K, 1-40 bar, and ϕ = 0.5-1.5. After testing the kinetic scheme of Kelley 

et al. [78] for iso-octane flames at 298-353 K and 1-10 bar, Kelley et al. [78] concluded that their 

chemical mechanism, and therefore the original Lawrence Livermore detailed mechanism [243-

245], yields substantially higher laminar burning velocities. This finding can be attributed to the 

fact that the Lawrence Livermore comprehensive mechanism [243-245] has only been validated 

through comparison to ignition delay experiments in shock tubes and rapid compression machines. 

The high temperature kinetic scheme of Jerzembeck et al. [240] is also based on the 

Lawrence Livermore comprehensive mechanism [243-245]. The poor performance of the original 

Lawrence Livermore detailed mechanism [243-245] on the prediction of the laminar flame speed 

was enhanced with the modification of reaction rates most sensitive to flame propagation, and the 

Lawrence Livermore comprehensive mechanism [243-245] was reduced to 461 reactions and 99 

species. The high-temperature chemical mechanism of Jerzembeck et al. [240] provided laminar 
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burning velocity values close to experimental findings for iso-octane flames at 298-373 K and 1-

25 bar with a notable underestimation at ϕ>1.0 and a slight overprediction at ϕ<1.0 [240]. 

For modeling hydrogen/air combustion, the chemical mechanisms of Li et al. [241], 

comprising 13 species and 25 reactions; Konnov [246], comprising 10 species and 33 reactions; 

and NUI Galway-H2 [247], comprising 10 species and 21 reactions, were utilized. Li et al. [241] 

updated the H2/O2 kinetic model of Mueller et al. [248] based upon the new thermodynamic data 

and rate coefficients. Satisfactory agreement between experimental laminar flame speed findings 

and predictions of the chemical mechanism of Li et al. [241] was observed for H2/O2 mixtures with 

a bath gas of He at 298 K and 1-20 atm and H2/O2 mixtures with a bath gas of N2 or Ar at 298 K 

and 1 atm. 

Konnov [246] revised the H2/O2 chemical mechanism of Konnov [249] with reevaluated 

kinetic data for combustion modeling [250] and for atmospheric chemistry [251] to cover the 

modeling range of ignition experiments from 950 K to 2700 K and from subatmospheric pressures 

up to 87 atm; hydrogen oxidation in a flow reactor at temperatures around 900 K from 0.3 atm up 

to 15.7 atm; flame burning velocities in hydrogen/oxygen/inert mixtures from 0.35 atm up to 4 

atm; and hydrogen flame structure at 1 atm and 10 atm. The kinetic mechanism of Konnov [246] 

provided burning velocities similar to the experimental data for hydrogen/air mixtures at standard 

temperature and pressure. 

Like the chemical mechanism of Li et al. [241], the NUI Galway-H2 mechanism [247] is 

also based on the H2/O2 kinetic model of Mueller et al. [248]. Conaire et al. [247] modified the 

kinetic parameters of the model of Mueller et al. [248] so that NUI Galway-H2 detailed kinetic 

mechanism [247] can achieve better overall agreement with experimental ignition delay times, 

flame speeds, and species composition data at the temperature ranged from 298 K to 2700 K, the 
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pressure from 0.05 atm to 87 atm, and the equivalence ratios from 0.2 to 6.0. The NUI Galway-H2 

mechanism [247] has been validated against H2/O2/air flame speeds at 298 K and 1 atm and 

H2/O2/He mass burning velocities at 298 K and 1-20 atm. 

For modeling propane/air combustion, the USC Mech II chemical mechanism [224], 

consisting of 111 species and 784 reactions; the San Diego chemical mechanism [225], consisting 

of 58 species and 270 reactions; and the detailed propane/air kinetic mechanism proposed by Qin 

et al. [252], consisting of 70 species and 463 reactions, were used. The USC Mech II [224] is based 

on the H2/CO kinetic model of Davis et al. [253], the comprehensive ethylene and acetylene 

reaction models of Wang et al. [254], the C3 kinetic model of Davis et al. [255], the high 

temperature 1,3-butadiene kinetic model of Laskin et al. [256], and the GRI-Mech 3.0 kinetic 

scheme [223]. After the update of several reaction rate parameters, the USC Mech II [224] was 

validated against various H2/CO/C1-C4 laminar burning velocity data at 1-5 bar and 300 K. 

Compared to experimental propane laminar flame speeds of Vagelopoulos et al. [229] and 

Vagelopoulos and Egolfopoulos [230] at 1 atm and 300 K, the USC Mech II [224] provided 

slightly slower burning velocities for propane rich flames [224].  

The San Diego kinetic scheme [225] has been developed with the philosophy of 

minimizing the number of species and reactions for the scope of combustion rather than being 

chemically complete. Bramlette and Depcik [257] showed that, among 35 most commonly used 

propane/air chemical kinetic mechanisms, the detailed San Diego mechanism [225] best matched 

the experimental ignition delay data across a wide range of initial temperatures and equivalence 

ratios. 

The detailed C1-C3 combustion model of Qin et al. [252] is based on the GRI-Mech 3.0 

kinetic scheme [223] for the C<3 components and the C3 kinetic models of Davis and coworkers 
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[255, 258-259] for the C3 components. The combined mechanism was optimized for ignition 

delays and flame speeds of C≤3 fuels at atmospheric pressure. Laminar burning velocities predicted 

by the kinetic scheme of Qin et al. [252] for methane, ethylene, ethane, propyne, propene, and 

propane flames at 1 bar and 298 K showed to have good agreement with experimental findings 

[252]. Moreover, Akram et al. [260] demonstrated that the chemical mechanism of Qin et al. [252] 

can accurately predict propane laminar flame speeds at 1 bar and 300-650 K. 

3.8 Validation of Experimental Apparatus 

For most engineering experiments, three types of errors are considered, namely systematic 

errors, random errors, and “variable but deterministic” errors [261]. Apart from the uncertainty in 

initial conditions, the accuracy of laminar burning velocity calculations in the constant pressure 

method depends on errors in the expansion ratio (ρb/ρu), cold flame front radius (Rf), and 

extrapolation of stretch models. In the present study, expansion ratios were calculated using the 

Chemkin-Pro software [215]. The cold flame front radius was obtained with a z-type schlieren 

system [205] and an in-house image processing code. The inaccuracies due to the extrapolation of 

stretch models were minimized with the critical lower radius limit approach, which is explained in 

3.6.1 Assessment of Accuracies of Stretch Extrapolation Methods in detail and shown in Figure 

3-21. Therefore, the accurate prediction of systematic and “variable but deterministic” errors in 

the SL and Lb is not possible and the total uncertainty in the calculation of the SL and Lb was defined 

as the random uncertainty. 

For the validation of experimental apparatus and procedure, five measurements were 

performed for each initial condition. The random uncertainty for the SL and Lb was calculated with 

the t-distribution method developed by William Sealy Gosset in 1908. In the absence of an outlier, 

the number of degrees of freedom was four. The confidence level for the Student’s t-distribution 
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was set to be 95%, which yielded a two-sided significance level of 0.01 for four degrees of 

freedom. The critical value of the Student’s t-distribution was computed with the cumulative 

distribution function for a significance level of 0.01. 

 

Figure 3-21. Extrapolation of stretch models for different lower radius limits for laminar flame 

speed calculations of iso-octane/air mixture at 1 bar, 373 K, and ϕ=0.9 (black dots - experimental 

data, green line - the LS model [149], blue line - the NQ model [140], red line - the LC model 

[148]). 

The two-sided Grubbs' test [262-263], also known as the maximum normed residual test, 

was used to detect outliers. The critical value for the test was calculated for the critical value of 

the t-distribution. The null hypothesis (no outlier) was rejected and the outlier was discarded if the 

Grubbs' test statistic of a test result was greater than the Grubbs' test critical value. Subsequently, 

the two-sided Grubbs' test was repeated with updated degrees of freedom until no outlier was 

observed since the test can be used to identify the presence of only one outlier. In the current study, 

no more than one outlier was observed for any test point. Finally, the random uncertainty, and 

therefore the total uncertainty, was determined with multiplying the critical t-distribution value by 

the standard deviation and dividing this multiplication by the square root of the number of 

measurements. The uncertainty in the SL and Lb is shown as error bars in the following plots. 

Measured SL and Lb values of methane/air flames at 1 bar and 298 K, hydrogen/air flames 

at 1 bar and 298 K, propane/air flames at 1 bar and 298 K, and iso-octane/air flames at 1 bar and 

373 K were compared with numerical results obtained from several chemical mechanisms as well 
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as experimental data from the literature. Due to noteworthy advancement in laminar flame speed 

calculations in last 20 years, attention was focused on experimental studies that were published 

after 2000. All measured SL and Lb values with experimental uncertainties and numerical SL results 

predicted by several chemical mechanisms are provided in Appendix J. 

A summary of SL and Lb results from the current work for methane/air flames at 1 bar and 

298 K is plotted in Figure 3-22 with experimental findings of Bosschaart and de Goey [54], Liao 

et al. [88], Tahtouh et al. [90], and Varea et al. [99] and simulation results using the GRI-Mech 3.0 

[223], USC Mech II [224], and San Diego [225] mechanisms over a range of equivalence ratios. 

Bosschaart and de Goey [54] used a heat flux burner to obtain the flame speed. While Liao et al. 

[88] and Tahtouh et al. [90] employed spherically expanding flames with the constant pressure 

method, Varea et al. [99] measured the laminar burning velocity with the PIV approach. 

Experimental results in Figure 3-22 show good agreement with each other, but current SL values 

are slightly faster than experimental findings of Bosschaart and de Goey [54] and Tahtouh et al. 

[90] generally. The results of Liao et al. [88] are slightly faster than other SL results in Figure 3-22 

for ϕ=0.9-1.2. Varea et al. [99] provided appreciably slower burning velocities for methane/air 

mixtures with ϕ≥1.1. 

Excellent agreement was observed between the Lb results of Varea et al. [99] and the 

current work except at ϕ=0.7, where the Lb value of Varea et al. [99] is significantly smaller than 

other Lb results shown in Figure 3-22. Tahtouh et al. [90] provided similar Lbs to the experimental 

data for ϕ≤1.0, but the Lb values of Tahtouh et al. [50] are higher than the present data for rich 

methane/air flames, especially at ϕ=1.3. Burned gas Markstein lengths reported by Liao et al. [88] 

are generally greater than the Lbs found in this study. 
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Figure 3-22. Comparison of the experimental and numerical laminar flame speeds and 

experimental burned gas Markstein lengths of methane/air mixtures at 1 bar and 298 K from the 

current work with previously published experimental data. (black squares - present data, red 

diamonds - Bosschaart and de Goey [54], dark blue triangles - Liao et al. [88], light green 

triangles - Tahtouh et al. [90], light blue circles - Varea et al. [99], unfilled markers - SL, and 

filled markers - Lb) 

The numerical data predicted by the GRI-Mech 3.0 mechanism [223] and the experimental 

results from the current work showed excellent agreement over the entire range of equivalence 

ratio. The USC Mech II [224] and San Diego [225] kinetic schemes showed a similar trend with 

the GRI-Mech 3.0 [223] for ϕ≤0.9. However, the San Diego mechanism [225] predicted slower 

laminar burning velocities at ϕ>0.9 than experimental results and the GRI-Mech 3.0 [223] findings. 

Akram and Kumar [232], Park et al. [233], and Ren et al. [234] made similar observations. As 

shown in Figure 3-22, numerical SL data computed with the USC Mech II [224] are also slightly 

slower than experimental results at 0.9<ϕ<1.3. 

SL and Lb values of hydrogen/air mixtures at 1 bar and 298 K from the current study are 

plotted against experimental results of Dong et al. [264], Pareja et al. [265], Kuznetsov et al. [116], 

and Krejci et al. [171] and numerical results obtained with chemical mechanisms of Li et al. [241], 

Konnov [246], and the NUI Galway-H2 [247] in Figure 3-23. Kuznetsov et al. [116] and Krejci et 
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al. [171] deduced the laminar burning velocity from spherically expanding flames at constant 

pressure while Dong et al. [264] and Pareja et al. [265] used a Bunsen burner to measure hydrogen 

flame speeds.  

 

Figure 3-23. Comparison of the experimental and numerical laminar flame speeds and 

experimental burned gas Markstein lengths of hydrogen/air mixtures at 1 bar and 298 K from the 

current study with previously published experimental data. (black squares - present data, red 

diamonds - Dong et al. [264], dark blue triangles - Pareja et al. [265], light green triangles - 

Kuznetsov et al. [116], light blue circles - Krejci et al. [171], unfilled markers - SL, and filled 

markers - Lb) 

Findings of Dong et al. [264], Kuznetsov et al. [116], and Krejci et al. [171] are generally 

consistent with the SL data from the current work. However, flame speeds obtained by the Bunsen 

burner studies of Pareja et al. [265] are consistently faster than other results in Figure 3-23 at ϕ=1.0-

3.0. Numerical hydrogen/air flame speeds predicted by chemical mechanisms of Li et al. [241], 

Konnov [246], and the NUI Galway-H2 [247] are very close to each other over the entire range of 

equivalence ratio and agree with current experimental findings for ϕ<1.0. Nevertheless, these 

mechanisms provided faster laminar burning velocities than experimental data for fuel rich 

hydrogen air flames. 
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Figure 3-24 presents SL and Lb values of propane/air flames at 1 bar and 298 K from the 

current study together with experimental findings of Zhao et al. [266], Dirrenberger et al. [267], 

Lowry et al. [92], and Miao et al. [268] at 1 bar and 298-300 K and simulation results using the 

USC Mech II chemical mechanism [224], the San Diego kinetic scheme [225], and the detailed 

propane/air kinetic mechanism proposed by Qin et al. [252]. Zhao et al. [266] utilized a stagnation 

jet-wall flame configuration. Dirrenberger et al. [267] performed the measurements in a flat flame 

adiabatic burner with the heat flux method. Lowry et al. [92] and Miao et al. [268] extracted the 

SL values from spherically expanding flames at constant pressure. 

 

Figure 3-24. Comparison of the experimental and numerical laminar flame speeds and 

experimental burned gas Markstein lengths of propane/air mixtures at 1 bar and 298 K from the 

current study with previously published experimental data. (black squares - present data, red 

diamonds - Zhao et al. [266], dark blue triangles - Dirrenberger et al. [267], light green triangles 

- Lowry et al. [92], light blue circles - Miao et al. [268], unfilled markers - SL, and filled markers 

- Lb) 

The general trend of the current data is consistent with the results of former studies 

although previously published results are slightly scattered. SL values of Dirrenberger et al. [267] 

and Miao et al. [268] are slightly higher than the current SL around stoichiometry. Experimental 

flame speeds obtained by Miao et al. [268] are slower than the current findings at ϕ≥1.3. Zhao et 
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al. [266] reported slightly faster burning velocities than the present data for lean propane/air 

mixtures. 

As shown in Figure 3-24, the Lb evolution of propane flames with respect to ϕ is different 

than those of methane and hydrogen flames, i.e. Lb decreases with increasing ϕ. The Lb values 

found by Miao et al. [268] are consistently higher than the present data for ϕ≤1.2. At lean and rich 

conditions, current experimental SL data match best with numerical results obtained with the 

chemical mechanism of Qin et al. [252]. Around stoichiometry, the USC Mech II [224] predictions 

are closest to experimental findings. The San Diego detailed kinetic scheme [225] is unable to 

capture the general trend of the current experimental results. 

Lastly, Figure 3-25 shows a summary of laminar burning velocity results from the current 

work for iso-octane/air flames at 1 bar and 373 K compared to experimental data of Galmiche et 

al. [85], Varea et al. [99], Endouard et al. [269], and Hu et al. [270] and numerical results predicted 

by chemical mechanisms of Chaos et al. [239], Kelley et al. [78], and Jerzembeck et al. [240] over 

a range of equivalence ratios. While Galmiche et al. [85], Endouard et al. [269], and Hu et al. [270] 

calculated the SL with the constant pressure method, Varea et al. [99] utilized the PIV approach. 

Current iso-octane flame speeds are similar to those of other researchers in Figure 3-25 for ϕ≤1.0. 

However, at rich conditions, findings of Galmiche et al. [85] are consistently slower than others. 

Similarly, flame speeds obtained by Varea et al. [99] were lower than the present data for ϕ=1.3-

1.4. 

The Lb trend of iso-octane flames with respect to ϕ is similar to that of propane/air, i.e. Lb 

decreases with increasing ϕ. Lb values from the present study are consistent with experimental 

findings of other researchers [85, 99, 270] in Figure 3-25 for ϕ=0.9-1.3. At ϕ=0.8, the Lb value of 
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Hu et al. [270] is much larger than the findings from the other studies. At ϕ=1.4, Lb values of 

Galmiche et al. [85] and Varea et al. [99] are smaller than the current data. 

 

Figure 3-25. Comparison of the experimental and numerical laminar flame speeds and 

experimental burned gas Markstein lengths of iso-octane/air mixtures at 1 bar and 373 K from 

the current work with previously published experimental data. (black squares - present data, red 

diamonds - Galmiche et al. [85], dark blue triangles - Varea et al. [99], light green triangles - 

Endouard et al. [269], light blue circles - Hu et al. [270], unfilled markers - SL, and filled markers 

- Lb) 

Figure 3-25 shows that the general trend of the experimental findings is best captured with 

the chemical mechanism of Chaos et al. [239] with an underestimation of the SL values for ϕ>1.2. 

Chaos et al. [239] and Kelley et al. [78] also concluded that this mechanism provided slower SL 

values for rich iso-octane flames compared to experimental data at 1-10 bar and 298-353 K. The 

kinetic scheme of Kelley et al. [78], and therefore the original Lawrence Livermore detailed 

mechanism [243-245], provides substantially higher laminar burning velocities except for 

equivalence ratios of 0.8 and 1.4. Kelley et al. [78] also observed that the kinetic scheme of Kelley 

et al. [78] significantly overpredicted SL values of iso-octane at 298-353 K and 1-10 bar. 

Jerzembeck et al. [240] suggested that the laminar flame speeds predicted by their high temperature 

kinetic scheme are in good agreement with the experimental data for iso-octane flames at 298-373 
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K and 1-25 bar with a notable underestimation at ϕ>1.0 and a slight overestimation at ϕ<1.0. 

However, Figure 3-25 shows the high-temperature chemical mechanism of Jerzembeck et al. [240] 

underpredicts the laminar burning velocities for iso-octane/air mixtures at 1 bar and 373 K. 
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4 THE EXHAUST GAS RECIRCULATION EFFECT ON FUNDAMENTAL 

CHARACTERISTICS OF PREMIXED ISO-OCTANE/AIR AND GASOLINE/AIR 

FLAMES 

4.1 Introduction and Literature Review 

The laminar burning velocity is an essential universal parameter of a combustible mixture 

and enables the prediction of other fundamental combustion features [12]. Due to the proven 

correlation between engine performance, knocking, and fuel burning velocity, fuels with faster 

flame speeds can result in better combustion phasing, which yields more efficient energy transfer 

and improved engine acceleration and performance with decreased knock tendency [271]. 

Therefore, laminar flame speeds of common components of gasoline surrogate fuel blends, such 

as isooctane and n-heptane, have been extensively investigated both experimentally and 

numerically. 

One of the earliest studies on laminar burning velocity of iso-octane was published by 

Gulder [69] who conducted experiments in an optically inaccessible combustion bomb and 

deduced laminar flame speed data for iso-octane/air mixtures with the constant volume method 

over the range of 1-8 bar and 300-500 K. Subsequently, Bradley et al. [138] employed the constant 

pressure method with Schlieren imaging to measure the laminar burning velocities of iso-

octane/air mixtures at 1-10 bar and 358-450 K for the equivalence ratios of 0.8 and 1.0. 

Since the turn of the century, laminar flame speed measurements of iso-octane have 

received increased attention. Kwon et al. [77] and Huang et al. [272] focused on experiments at 

room temperature, with Kwon et al. [77] investigating pressures between 0.5-2.0 bar using the 

constant pressure method and Huang et al. [272] using a counter-flow configuration at 1 bar. 

Kumar et al. [273] and Kelley et al. [78] also employed the counter-flame technique for premixed 
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iso-octane/air mixtures at 1 bar and 298-470 K. Kelley et al. [78] completed additional experiments 

at 353 K using the spherically expanding flame approach and noted that the counter-flame 

technique and constant pressure method agreed well. 

There are several other studies on laminar burning velocities of iso-octane/air mixtures at 

1 bar, which were conducted by Broustail et al.[79] and Li et al. [23] using the constant pressure 

method at 393 K, van Lipzig et al. [274] using the heat flux method at 298 and 338 K, Sileghem 

et al. [275] using the heat flux method at 298 and 358 K, Zhang et al. [80] using the constant 

pressure method at 353 and 433 K, Dirrenberger et al. [276] using the heat flux method at 298, 

358, and 398 K, Baloo et al. [81] using the constant pressure method at 363 K, Li et al. [82] using 

the constant pressure method at 363 K, and Liao and Roberts [15] using the flat flame method at 

298-400 K. Recently, Mannaa et al. [83] measured laminar flame speeds of iso-octane/air mixtures 

up to 6 bar at 358 K with an optically accessible constant-volume spherical vessel. 

On the other hand, studies focusing on commercial gasoline are rare. One of the earliest 

studies on the laminar flame speed of gasoline was conducted by Stanglmaier et al. [277] who 

measured the SL values of gasoline flames at 15-25 bar and 550-800 K. Jerzembeck et al. [240] 

calculated laminar burning velocities of gasoline from spherically expanding flames at 10-25 bar 

and 373 K. Sileghem et al. [275] and Dirrenberger et al. [276] investigated the laminar flame speed 

of a commercial gasoline at 1 bar and 298-358 K using a heat flux method. Mannaa et al. [83] 

extracted laminar burning velocities of high to low research octane number (RON) gasoline fuels 

up to 6 bar at 358 K from spherically expanding flames. 

In an effort to reduce NOx emissions as well as fuel consumption in internal combustion 

engines, exhaust gas recirculation (EGR) is commonly used to lower temperatures during 

combustion while keeping stoichiometry constant, which allows a three-way catalyst to be used. 
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The introduction of exhaust gases into an engine diminishes the partial-load pumping losses while 

improving the full-load knock resistance [23]. Nevertheless, exhaust gas recirculation also has an 

influence on the mixture reactivity and, as a result, the combustion stability [10]. Thus, the interest 

in the laminar burning velocity of primary reference fuels diluted with post-combustion products 

has increased. 

Metghalchi et al. [70] conducted one of the first studies on this topic and measured the 

laminar flame speeds of iso-octane/air mixtures at 0.4-50 bar and 298-700 K. In this study, 

Metghalchi et al. [70] investigated the effect of the combustion products on the laminar burning 

velocity of a stoichiometric mixture with diluent mass fractions from 0% to 20%. It should be 

noted that Metghalchi et al. [70] utilized the constant volume method for these experiments and 

did not have optical access to observe cellular formations and instead assumed that wrinkling did 

not increase the flame area or decrease the burning velocity by more than a few percent. 

More recently, Halter et al. [10] published a study on the effect of N2, CO2 and their 

mixtures on the laminar burning velocities of iso-octane/air mixtures at 1 bar and 300 K using the 

constant pressure method. With schlieren-aided constant-volume spherical flame measurements, 

Marshall et al. [17] calculated the SL values for iso-octane, n-heptane, toluene, ethylbenzene, and 

ethanol diluted with 0-30% combustion residuals at 310-450 K and 0.5-4 bar. Zhou et al. [84] 

studied how diluting air with up to 28% volume fraction of CO2 affected the SL of iso-octane at 

373 K and 1 bar. Subsequently, Galmiche et al. [85] investigated spherically expanding N2 diluted 

iso-octane flames at 1-10 bar and 323-473 K with 5% to 25% dilution volume fractions. 

Experimental studies focusing on the effect of dilution on the laminar burning velocity of 

commercial gasoline/air mixtures are rarer. Zhao et al. [278] studied N2 diluted gasoline/air flames 

at 1 bar and 353-500 K with up to a 30% dilution ratio. Jerzembeck et al. [279] employed the 
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spherically expanding flames under a constant pressure approach to understand how laminar 

burning velocities of standard gasoline at 10-25 bar and 373 K are affected by N2 dilution. Lastly, 

Bhattacharya et al. [280] measured the laminar flame speeds of gasoline/air mixtures diluted with 

N2 at 423 K and 1 bar with a heat flux burner. 

As legislation stemming from environmental concerns requires stricter emissions standards 

and more efficient operating conditions in internal combustion engines, predicting laminar burning 

velocities at high temperatures and dilution rates is becoming more and more important. Exhaust 

gas recirculation is one of the primary methods used by automakers to achieve these emissions 

standards, but the addition of exhaust gases affects thermodynamic properties and chemical 

reactivities during combustion [281]. Studies focusing on the impacts of exhaust gases on the 

laminar burning velocities of commercial gasoline and components of gasoline surrogate fuel 

blends at high temperatures are scarce. Thus, the CO2 dilution effect (a major component of 

exhaust gases) on the SL and Lb of iso-octane/air and high/low RON gasoline/air mixtures at 1 bar 

and 373-473 K was examined with 0-15% CO2 dilution. 

Three experiments were conducted to get the dataset of one test point. The uncertainty of 

the experimental data, which is shown as error bars in the following figures, was defined as the 

random uncertainty. The dilution ratio is specified as the concentration of CO2 by mass within the 

oxidizer. A custom gas mixture with mole percentages of 10.41% CO2 + 18.81% O2 + 70.78% N2 

was used for 15% CO2 dilution tests rather than mixing CO2 with air in a mixing tank in order to 

minimize the uncertainty in the dilution ratio. At the experimental test conditions, numerical 

analyses were conducted with the Chemkin-Pro software [215] using the chemical mechanisms of 

Chaos et al. [239], Kelley et al. [78], and Jerzembeck et al. [240] to assess the accuracies of the 
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mechanisms for iso-octane/air mixtures. Numerical analyses were also utilized to quantify the 

dilution, thermal-diffusion, and chemical effects of CO2 on the SL. 

4.2 High Temperature Tests 

High temperature tests of iso-octane/air and high/low RON gasoline/air mixtures were 

completed at 373-473 K and 1 bar. The SL data with random error bars are shown in Figure 4-1. 

At 373 K and 1 bar, high and low RON gasolines have almost the same SL for ϕ=1.0-1.1 while 

laminar flame speeds of iso-octane/air mixtures are slightly slower. The laminar burning velocities 

of low RON gasoline flames are 2.39 cm/s lower and 4.29 cm/s higher than the SL values of high 

RON gasoline at 1 bar, 373 K, and equivalence ratios of 0.85 and 1.3, respectively. Iso-octane has 

even slower laminar burning velocities at 373 K, 1 bar, and equivalence ratios of 0.85-1.30, so the 

difference between the laminar flame speeds of iso-octane and commercial gasoline flames can be 

as high as 9.44%. 

 

Figure 4-1. Laminar burning velocities of iso-octane/air and high/low RON gasoline/air mixtures 

at 1 bar and 373-473 K. 
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The temperature increase by 100 K resulted in a 51-56%, 50-54%, and 48-51% increases 

in SL values of high RON gasoline, low RON gasoline, and iso-octane, respectively, over 

equivalence ratios of 0.85-1.30. The main causes for the increase in the SL include enhanced 

dissociation reactions and the higher burned to unburned gas density ratio [85]. High temperatures 

improved the dissociation reaction rates, which are responsible for increased production of 

radicals, which initiate combustion reactions [85]. The increase in the initial temperature lowered 

the unburned gas density more than the decrease in the burned gas density due to the higher 

combustion temperature. As a result, the ratio of the burned to unburned gas density increased at 

higher temperatures. 

Since high and low RON gasolines experienced similar increases in the laminar burning 

velocity due to the change in the initial temperature, the general trends in SL values of both 

commercial gasolines remained the same. While laminar burning velocities of high and low RON 

gasolines are very close at ϕ=1.0-1.1, the high RON gasoline has 2.47 cm/s higher and 5.70 cm/s 

lower laminar burning velocity than the low RON gasoline at 1 bar, 473 K, and ϕ=0.85 and 1.30, 

respectively. On the other hand, the increase in the laminar burning velocities of iso-octane flames 

due to the temperature increase by 100 K was less than those for the high and low RON gasolines. 

Consequently, the difference between the laminar flame speeds of iso-octane and commercial 

gasoline flames increased at 473 K. The maximum difference in the SL that was achieved between 

iso-octane and low RON gasoline was 11.65 cm/s at ϕ=1.3. 

Markstein length is an essential indicator of flame stretch and stability [68], and mildly 

stretched unstable flames have small Lb values [21]. Thus, according to Figure 4-2, iso-octane/air 

and high/low RON gasoline/air flames get less stable and less prone to the flame stretch at 373 K 

and 1 bar with increasing ϕ. In fact, earlier onset of the preferential cellularity for very rich iso-
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octane flames, Lb of which is less than zero, can be observed in Figure 4-3. As seen in Figure 4-2, 

burned gas Markstein lengths of high and low RON gasolines are almost the same for ϕ<1.3 while 

low RON gasoline is slightly more stable than high RON gasoline at ϕ=1.3. Iso-octane/air flames 

have slightly higher burned gas Markstein lengths than the two commercial gasolines at 1 bar, 373 

K, and ϕ<1.1, which suggests that iso-octane is more stable but at the same time more vulnerable 

to flame stretch at these conditions. However, for ϕ≥1.1, iso-octane has burned gas Markstein 

lengths very close to those of the two commercial gasolines. 

 

Figure 4-2. Burned gas Markstein lengths for iso-octane/air and high/low RON gasoline/air 

mixtures at 1 bar and 373-473 K. 

 

Figure 4-3. Schlieren images of iso-octane/air flames at 1 bar and 373 K. 
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Shown in Figure 4-2, the initial temperature increase by 100 K does not change the burned 

gas Markstein lengths of iso-octane/air and high/low RON gasoline/air flames considerably. 

Burned gas Markstein lengths slightly decrease for ϕ≤1.0 and remain almost the same for ϕ>1.0 

with the 100 K increase in initial temperature. Therefore, it can be concluded that the stability of 

lean iso-octane/air and high/low RON gasoline/air flames deteriorates slightly while there is 

almost no change in the flame stability of rich mixtures with increasing temperature. Similar to the 

373 K case, high and low RON gasolines have almost the same burned gas Markstein lengths for 

ϕ<1.3, and the burned gas Markstein length of low RON gasoline is slightly higher than that of 

high RON gasoline for ϕ=1.3 at 473 K and 1 bar. Lb values of iso-octane/air flames are consistently 

higher than those of the high/low RON gasolines for ϕ<1.0, whereas the flame stability 

characteristics of iso-octane are very similar to those of the two commercial gasolines for ϕ≥1.0. 

4.3 Numerical Results 

Numerical analyses were performed with the Chemkin-Pro software [215] using the 

chemical mechanisms of Chaos et al. [239], Kelley et al. [78], and Jerzembeck et al. [240] in order 

to assess the accuracies of the mechanisms for iso-octane flames at the experimentally investigated 

conditions. Figure 4-4 shows that the general trends of the experimental findings at 373 and 473 

K are best captured with the first mechanism with a slight underestimation of the SL values for 

ϕ>1.2. The maximum deviation between the kinetic scheme of Chaos et al. [239] and the 

experimental results is observed as 6.93 cm/s at 373 K and ϕ = 1.4. Chaos et al. [239] and Kelley 

et al. [78] also noticed similar discrepancies between the model and experimental data and 

concluded that this mechanism provided slower SL values for rich iso-octane flames compared to 

experimental findings at 1-10 bar and 298-353 K. 
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Figure 4-4. Experimental (points) and numerical (lines) laminar flame speeds of iso-octane/air 

mixtures at 1 bar and 373-473 K. 

The kinetic scheme of Kelley et al. [78], and therefore the original Lawrence Livermore 

detailed mechanism [243-245], provides substantially higher laminar burning velocities for iso-

octane/air mixtures at 1 bar and 373-473 K, except for ϕ=0.8-0.9 at 1 bar and 373 K. Differences 

up to 15.61 cm/s (23%) were obtained between the experimental findings and the laminar burning 

velocities predicted by the chemical mechanism of Kelley et al. [78] at 473 K and ϕ=1.2. Kelley 

et al. [78] also observed that the kinetic scheme of Kelley et al. [78] significantly overpredicted SL 

values of iso-octane at 298-353 K and 1-10 bar. 

Jerzembeck et al. [240] suggested that the laminar flame speeds predicted by their high 

temperature kinetic scheme are in good agreement with the experimental data for iso-octane flames 

at 298-373 K and 1-25 bar with a notable underestimation at ϕ>1.0 and a slight overestimation at 

ϕ<1.0. However, Figure 4-4 shows the high-temperature chemical mechanism of Jerzembeck et 

al. [240] underpredicts the laminar burning velocities for iso-octane/air mixtures at 1 bar and 373- 
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473 K relative to the experimental findings over the entire range of equivalence ratios. In fact, the 

laminar flame speeds predicted by the chemical mechanism of Jerzembeck et al. [240] are 18-40% 

and 15-29% slower than the present experimental results at 373 and 473 K, respectively. 

4.4 The CO2 Dilution Effect 

The exhaust gas recirculation effect on the SL and Lb was investigated by diluting the 

high/low RON gasoline and iso-octane mixtures at 473 K and 1 bar with CO2 (15% by mass within 

the oxidizer) for ϕ=0.9-1.4. It should be noted that higher dilution levels (30%) and lower 

temperature conditions (Tu=373K) were tested, but a sustained laminar flame could not be 

established at these conditions. 

Figure 4-5 shows 15% CO2 dilution decreases the SL values of high and low RON gasolines 

by 41-46 and 42-44%, respectively, while the decrease in the SL of iso-octane/air flames is slightly 

higher at 46-49%. This causes a difference of 4.41-8.33 cm/s between the laminar burning 

velocities of the iso-octane and high RON gasoline and a difference of 5.06-10.94 cm/s between 

the iso-octane and low RON gasoline. CO2-diluted iso-octane flames are consistently slower than 

high/low RON gasoline flames at 473 K with 15% CO2. On the other hand, high and low RON 

gasoline/air mixtures have almost the same SL values for ϕ=1.0-1.1 and the laminar flame speeds 

of low RON gasoline for ϕ=0.9 and 1.3 are slightly faster than those of high RON gasoline. 

Numerical results obtained by the chemical mechanisms of Chaos et al. [239], Kelley et al. 

[78], and Jerzembeck et al. [240] for diluted iso-octane flames at 473 K are also presented in Figure 

4-5. Similar to the nondiluted 373 K and 473 K cases, the diluted iso-octane results match best 

with the laminar burning velocities estimated by the chemical mechanism of Chaos et al. [239] 

and the discrepancy previously observed between the model and experimental data was observed 

to be slightly smaller for the dilution case, although the mechanism still underestimates the laminar 
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flame speeds for ϕ≥1.2 slightly. The kinetic scheme of Kelley et al. [78] provides laminar burning 

velocities 11-27% higher than the experimental findings, and the laminar flame speeds predicted 

by the high temperature kinetic scheme of Jerzembeck et al. [240] are 20-40% slower than the 

experimental data shown in Figure 4-5. 

 

Figure 4-5. Experimental (points) and numerical (lines - iso-octane/air only) laminar burning 

velocity (left) and burned gas Markstein length (right) results for iso-octane/air and high/low 

RON gasoline/air mixtures with 15% CO2 dilution by mass within the oxidizer at 1 bar and 473 

K. 

The addition of CO2 lowers the SL primarily because of the dilution, thermal-diffusion, and 

chemical effects [282]. The dilution effect is defined as the decrease in the net reaction rate (and 

thus the laminar burning velocity) due to the reduced fuel/oxidizer concentration in the presence 

of the diluent [283]. Therefore, the dilution effect gets stronger as the diluent concentration 

increases [284]. The thermal-diffusion effect is due to the change in thermodynamic properties 

and thermal/mass diffusivities of the mixture with the addition of a diluent [282]. For instance, the 

addition of CO2 as a diluent increases the specific heat capacity of the iso-octane/air mixture, and 

therefore, decreases the flame temperature, reaction rates, and flame speed by acting like a heat 
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absorber, which decreases the probability of achieving the activation energy for reactions to occur 

[283-284]. 

The chemical, or kinetic, effect is a result of the change in reaction kinetics (and thus the 

laminar flame speed) due to the participation of the diluent in chemical reactions [282]. Mazas et 

al. [9] and Xie et al. [19] observed that CO2 participates in an elementary chain-carrying 

dissociation reaction CO2 + H = CO + OH and competes for H radicals with the chain-branching 

reaction H + O2 = O + OH and, by doing so, impedes the iso-octane/air combustion. This last 

reaction is important as it is the dominant reaction that produces reactive radicals, which in part 

control the laminar flame speed. Halter et al. [10] investigated these three effects and concluded 

that the CO2 dissociation becomes less important in decreasing the iso-octane laminar flame speed 

as the dilution rate is increased. 

To quantify the chemical effect alone, iso-octane/air mixtures at 1 bar, 473 K, and ϕ=0.9, 

1.0, and 1.3 were diluted with chemically inactive CO2, i.e. FCO2, and the laminar burning 

velocities of these mixtures were numerically calculated with the Chemkin-Pro software [215] 

using the chemical mechanism of Chaos et al. [239]. FCO2 has the same thermal and transport 

properties as CO2 but does not participate in any chemical reaction. Therefore, the difference 

between the numerical laminar burning velocities of iso-octane/air mixtures diluted with CO2 and 

FCO2 indicates the decrease in the laminar flame speed due to the chemical effect of CO2. 

As shown in Figure 4-6, the thermal-diffusion and dilution effects are dominant because of 

the lower flame temperatures at high dilution rates. The chemical effect of the diluent CO2 caused 

a 23-25% reduction in SL at ϕ=0.9-1.0. Its contribution on the reduction in laminar flame speed 

decreases from 25% to 15% as the equivalence ratio is increased from 1.0 to 1.3. Due to the more 

pronounced chemical effect around stoichiometry, and therefore greater reduction in the SL, the 
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addition of CO2 to iso-octane/air mixtures at 1 bar and 473 K flattens the SL vs. ϕ plot. In fact, 

while the variation in the SL for nondiluted iso-octane/air flames at 1 bar and 473 K was 22.96 

cm/s, only a 13.19 cm/s difference was observed between the maximum and minimum values of 

the laminar burning velocity of iso-octane/air mixtures with 15% CO2 dilution. 

 

Figure 4-6. Contributions of the dilution and thermal-diffusion effects (yellow) and the chemical 

effect (red) on the decrease in the laminar burning velocities of iso-octane/air mixtures at 1 bar 

and 473 K due to the addition of 15% CO2. 

Figure 4-5 shows burned gas Markstein lengths of iso-octane/air and high/low RON 

gasoline/air mixtures with 15% CO2 dilution at 473 K and 1 bar. The addition of CO2 generally 

raised the Lb, which can be attributable to its thermal-diffusion effect. This suggests that iso-octane 

and high/low RON gasoline flames are more stable than nondiluted mixtures in terms of the 

thermal-diffusive instabilities. Similar to nondiluted 373 K and 473 K cases, burned gas Markstein 

lengths of high and low RON gasolines are almost the same for ϕ<1.3 while the burned gas 

Markstein length of low RON gasoline is slightly higher than that of high RON gasoline for ϕ=1.3. 

With higher burned gas Markstein lengths, iso-octane flames appear to be more stretched than high 

and low RON gasoline flames with 15% CO2 dilution for ϕ<1.1 at 473 K and 1 bar. Figure 4-5 

suggests the flame stability and flame stretch characteristics of iso-octane are very similar to those 

of the two commercial gasolines for ϕ≥1.1. 
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4.5 Conclusions 

The strict regulation of internal combustion engine emissions has pushed vehicle 

manufacturers to explore alternative fuels and emission reduction techniques. Exhaust gas 

recirculation technology has been proposed as an effective way of reducing emissions in IC 

engines. Among main exhaust gases, CO2 has the greatest influence on the laminar flame speed 

due to its higher specific heat capacity, lower thermal diffusivity, and active participation in 

dissociation reaction by competing for the H atom, i.e. CO2 + H = CO + OH [281, 285-286]. 

Therefore, in order to investigate effects of EGR on the laminar burning velocity and flame 

stability of commercial gasolines and iso-octane, a spherically expanding flame approach under 

constant pressure was employed for iso-octane/air and high/low RON gasoline/air mixtures with 

and without 15% CO2 dilution at 1 bar and 373-473 K. All experimental results with uncertainties 

and numerical data obtained with the Chemkin-Pro software [215] are provided in Appendix K. 

High temperature tests showed that the SL of commercial gasolines does not vary 

significantly with RON. At 1 bar and 373-473 K, the only noticeable differences between the 

laminar flame speeds of high and low RON gasolines were observed at very lean conditions where 

the low RON gasoline has a slightly lower flame speed and at rich conditions where the low RON 

gasoline has a faster burning velocity. On the other hand, the SL of iso-octane/air flames is 

consistently slower than those of the two commercial gasolines. The differences between the SL 

values of the iso-octane/air and high/low RON gasoline/air mixtures increase with temperature. 

This observation is consistent with the findings of Stanglmaier et al. [277], who stated that at high 

temperatures and pressures the SL values of iso-octane and gasoline can be appreciably different. 

At 1 bar and 373-473 K, earlier onset of thermal-diffusive instabilities was observed as 

cellular formation for very rich iso-octane/air and high/low RON gasoline/air flames. Increase in 
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the measurement temperature did not significantly change the Lb values of the experimentally 

investigated mixtures. High and low RON gasolines have almost the same burned gas Markstein 

lengths for ϕ<1.3, and the Lb of low RON gasoline is slightly higher than that of high RON gasoline 

for ϕ=1.3. Iso-octane/air flames have slightly higher burned gas Markstein lengths than the two 

commercial gasolines at lean conditions and the burned gas Markstein lengths of iso-octane at rich 

conditions are very close to those of the high/low RON gasoline/air mixtures. 

Numerical analysis was performed for iso-octane flames at the experimentally investigated 

conditions using the kinetic schemes of Chaos et al. [239], Kelley et al. [78], and Jerzembeck et 

al. [240]. Excellent agreement was observed between the current experimental data and the 

numerical results of the mechanism of Chaos et al. [239] with slightly slower SL values observed 

at ϕ>1.2. The chemical mechanism of Kelley et al. [78], which is a skeletal kinetic scheme of the 

Lawrence Livermore detailed mechanism [243-245], predicted significantly higher laminar 

burning velocities, while the numerical results of the chemical mechanism of Jerzembeck et al. 

[240] were substantially slower than the experiment’s. 

The unburned gas temperature increase from 373 K to 473 K at 1 bar yielded 51-56%, 50-

54%, and 48-51% increases in the laminar burning velocity of the high and low RON gasolines 

and the iso-octane, respectively, because of improved dissociation reactions and larger expansion 

ratios. The addition of 15% CO2 resulted in 41-46%, 42-44%, and 46-49% decreases in the laminar 

burning velocities of the high and low RON gasolines and iso-octane, respectively, due to the 

dilution, thermal-diffusion, and chemical effects of CO2. The chemical effect caused 23-25% 

reduction in the SL of iso-octane flames at ϕ=0.9-1.0. For ϕ=1.3, where the combustion temperature 

is lower, it dropped to 15%, which is the cause of the flatter SL vs. ϕ plot for iso-octane flames 

with CO2. 
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While the diluted high and low RON gasoline flames have very similar SL values at ϕ=1.0-

1.1, the CO2-diluted iso-octane flames are consistently slower. The laminar flame speeds of the 

low RON gasoline with 15% CO2 dilution for ϕ=0.9 and 1.3 are slightly faster than those of the 

high RON gasoline. The addition of CO2 in iso-octane/air and high/low RON gasoline/air mixtures 

slightly increased the Lb because of the thermal-diffusion effect of CO2. With higher burned gas 

Markstein lengths for ϕ<1.1, iso-octane flames are more stretched than those of the high and low 

RON gasolines which have almost the same burned gas Markstein lengths at ϕ<1.3. For ϕ≥1.1, the 

burned gas Markstein lengths for the low RON gasoline are slightly higher than those for the high 

RON gasoline and the flame stability and flame stretch characteristics of iso-octane are very 

similar to those of the two commercial gasolines. 
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5 LAMINAR FLAME CHARACTERISTICS OF PREMIXED METHANE/AIR 

FLAMES DILUTED WITH COMBUSTION RESIDUALS 

5.1 Introduction and Literature Review 

As the main component of natural gas, methane has drawn attention in flame speed studies 

because of its usage for power production, heating applications, and internal combustion engines. 

Therefore, there are many studies on laminar flame characteristics of methane/air mixtures at low 

temperatures and pressures [21, 86-92, 224, 230, 287-290] while there is only limited information 

available at higher temperatures and pressures [71, 75-76, 154, 232]. 

Due to their high load flexibility and air-quality benefits, axial (sequential) stage 

combustion systems have become more popular among ground-based power gas turbine 

combustors. However, inert combustion residuals passing from the initial stage onto the secondary 

stage affect the reactivity and stability of the flame in the second stage of the combustor [10]. 

Because of this phenomenon, investigating the effect of dilution with post-combustion products 

on laminar flame characteristics of methane is imperative. In fact, over the years, the dilution effect 

on laminar burning velocities of methane/oxidizer flames has been examined extensively. 

One of the earliest studies was published by Stone et al. [72] who deduced laminar flame 

speed data from pressure time measurements for methane/air mixtures over the range of 0.5-10.4 

bar and 293-454 K. The effect of the diluents CO2, N2, and their mixtures was investigated near 

zero-gravity conditions, but the flame-front cellular instabilities were overlooked due to the lack 

of visual observation. As a result of their study, Stone et al. [72] proposed a correlation for the SL 

values of CH4/air flames at tested initial conditions. Elia et al. [73] examined the dilution effect of 

a mixture of CO2 and N2 on the SL of methane/air mixtures at 0.75-70 bar and 298-550 K for 

combustion residuals at a volume fraction of 0-15% with the constant volume method. Like Stone 
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et al. [72], Elia et al. [73] also derived an empirical laminar flame speed correlation. For laminar 

flame speed measurements of methane/air mixtures at 1 bar and 298-388 K, Ponnusamy et al. [74] 

used the constant volume method. Flue gas recirculation was simulated using dilution with a CO2 

and N2 mixture. 

In the last decade, the dilution effect on laminar flame speeds of methane/oxidizer flames 

has received increasing attention. Halter et al. [10] studied the effect of CO2 and N2 dilution on 

laminar burning velocities of methane/air mixtures at 1 bar and 300 K with the constant pressure 

method and concluded that a larger reduction in the SL can be attained with CO2 dilution than N2 

due to the higher heat capacity and chemical reactivity of CO2. Qiao et al. [285] examined Ar and 

He as diluents, in addition to CO2 and N2 for stoichiometric CH4/air flames at NTP by using the 

same method. The results of numerical analysis conducted by Qiao et al. [285] showed that the 

chemical effect of CO2 is more prominent than that of N2, Ar, and He. Mazas et al. [9] measured 

the laminar burning velocities of CH4/O2 mixtures diluted with CO2 and H2O at 1 bar and 373 K 

with Bunsen burner flames. By comparing their experimental data with numerical results obtained 

by GRI-Mech 3.0 [223], Mazas et al. [9] concluded that laminar flame speed values of weakly 

diluted mixtures (the dilution ratios less than 10%) are underestimated by the GRI-Mech 3.0 

mechanism [223]. 

Galmiche et al. [281] investigated the effect of CO2, N2, and H2O dilution on the laminar 

flame speed of premixed methane/air flames at 1 bar, 393 K, and stoichiometric conditions. Results 

of the study [281] pointed out the importance of the heat capacity of the diluent to the reduction 

of the SL. Mazas et al. [291] ran Bunsen flame experiments and numerical analysis consisting of 

water vapor dilution in CH4 flames enriched with oxygen at 1 bar and 373 K. Mazas et al. [291] 

observed that H2O has a noteworthy chemical impact on the SL due to its high efficiency in third-
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body reactions. Hu et al. [292] conducted numerical analysis to quantify the chemical effects of 

diluents, CO2, N2, Ar, and He, on the laminar burning velocity of methane/air mixtures at 1 bar 

and 303 K. Hu et al. [292] stated that the adiabatic flame temperature plays a significant role in 

the SL reduction while the thermal diffusivity of the diluent has less importance for the SL. 

Mendieta et al. [283] performed similar numerical simulations to calculate laminar flame speeds 

of methane/air mixtures with up to 50% CO2 dilution at 1 bar and 298 K. 

Xie et al. [19], Zahedi et al. [282], and Chan et al. [284] investigated the effect of CO2 

dilution on the laminar burning velocity of premixed methane/oxidizer mixtures at 1 bar and 298 

K using the constant pressure approach, heat flux method, and flat flame burner, respectively. 

Khan et al. [286] measured laminar burning velocities of spherically expanding CH4/O2 flames 

diluted with N2 and CO2 mixtures at 1 bar and 300 K. Khan et al. [286] explained the reduction in 

the SL with decreased energy content of the reactants, increased specific heat capacity, and 

decreased flame temperature and thermal diffusivity. 

As mentioned above, in the past, almost all experimental studies have examined the effect 

of combustion residuals on laminar flame characteristics of a combustible mixture by using one of 

the main exhaust gases (N2, H2O, and CO2) or a mixture of two; former experimental studies on 

the SL of diluted CH4/oxidizer mixtures are summarized in Table 5-1. However, N2, H2O, and CO2 

have very different thermodynamic properties and chemical reactivities (active participation in 

elementary reactions and third body reaction efficiency). Therefore, simulating post combustion 

products, which are used to dilute the fuel/air mixture, with only one or two of the main exhaust 

gases may cause critical errors in experimental laminar burning velocity data. Almost all of the 

limited existing studies investigating actual flue gas content (N2+H2O+ CO2) is either based on the 

numerical results or measurements of stoichiometric mixtures at atmospheric pressure. 



134 

 

Table 5-1. Past experiments on laminar flame speed of diluted methane/oxidizer mixtures. 

Reference Oxidizer 

P T ϕ 

Diluent 

[bar] [K] [-] 

Stone et al. [72] Air 0.5-10.4 293-454 0.4-1.6 
0-15% CO2, N2, and (85% N2+15% 

CO2) dilution by volume 

Elia et al. [73] Air 0.75-70 298-550 0.8-1.2 
0-15% (86% N2+14% CO2) dilution 

by volume 

Ponnusamy et al. [74] Air 1 298-388 1.0 
0-22% (81.5% N2+18.5% CO2) 

dilution by volume 

Halter et al. [10] Air 1 300 1.0 

0-20% CO2, 0-30% N2, and 0-25% 

(71.6% N2+28.4% CO2) dilution by 

volume 

Qiao et al. [285] Air 1 298 1.0 
0-35% He, 0-48% Ar, 0-35% N2, and 

0-22% CO2 dilution by volume 

Mazas et al. [9] O2 1 373 0.5-1.5 

0-79% CO2 and N2 dilution by volume 

within oxidizer + 0-45% H2O dilution 

by volume within reactants 

Galmiche et al. [281] Air 1 393 1.0 

0-35% N2, 0-20% CO2, 0-25% H2O, 

and 0-30% (71.6%  N2+18.9% 

H2O+9.5% CO2) dilution by volume 

Mazas et al. [291] Air to O2 1 373 0.5-1.5 0-50% H2O dilution by volume 

Xie et al. [19] O2 1-3 300 0.4-1.6 
40-70% CO2 dilution by volume 

within the oxidizer 

Zahedi et al. [282] Air 1-5 298 0.7-1.3 
0-20% CO2 and N2 dilution by volume 

within the fuel 

Chan et al. [284] Air 1 298 0.8-1.4 
0-15% CO2 dilution by volume within 

the fuel 

Khan et al. [286] O2 1 300 0.6-1.4 
30-50% CO2 and 50-70% N2 dilution 

by volume 

 

After determination of laminar flame speed data of a fuel/oxidizer mixture at various 

pressures (P), temperatures (T), and equivalence (ϕ) and dilution (X) ratios with a great amount of 

experimental or numerical analyses, an empirical correlation can be derived for SL(P,T,ϕ,X) with 

data fitting. This analytical correlation, which is a single equation depending on pressure, 
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temperature, and sometimes equivalence and dilution ratios, is quite useful since it enables one to 

calculate SL with only one equation within a wide range of pressures and temperatures. 

Consequently, laminar burning velocity correlations have frequently been used in the numerical 

analysis of engineering applications in order to evaluate the SL due to the significant computational 

effort needed for solving detailed chemical kinetic models. 

The most commonly utilized form of SL correlations is the power law of Metghalchi and 

Keck [112], i.e. Equation 5-1. In this expression, SL,o, α, and β coefficients are determined 

according to the experimental or numerical results of the investigated fuel/oxidizer mixture. These 

coefficients can be a function of equivalence ratio or the ϕ effect can be included in the correlation 

by adding another term for it. While Tu represents the unburned gas temperature, Tu,o and Po are 

the reference temperature and pressure values, which are usually assumed as 298-300 K and 1 bar-

1 atm, respectively. 

SL = SL,o (
Tu
Tu,o
)

α

(
P

Po
)
β

 5-1   

Experimental laminar flame speed findings were highly scattered before establishing the 

presence of flame stretch in 1985 [13]. Therefore, the attention is focused on SL correlations for 

methane/air flames that were published after 1990. With spherically expanding flames propagating 

at constant pressure, Gu et al. [21] determined the power law coefficients for methane/air mixtures 

at initial temperatures between 300 and 400 K, pressures between 1 and 10 bar, and equivalence 

ratios of 0.8, 1.0, and 1.2. Tu,o and Po values were chosen as 300 K and 1 bar. For the calculation 

of the SL in cm/s, SL,o, α, and β coefficients were found to be 25.9, 2.105, and -0.504 for ϕ=0.8; 

36.0, 1.612, and -0.374 for ϕ=1.0; and 31.4, 2.000, and -0.438 for ϕ=1.2, respectively. Han et al. 

[293] optimized the power law coefficients with spherically expanding flames of stoichiometric 

methane/air mixtures at constant volume. Tu,o, Po, SL,o, α, and β values were specified as 298 K, 1 
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atm, 36.11, 1.5365+0.1165P, and -0.37, respectively, which are valid for Tu=298-473 K and P=1-

5 atm. 

Instead of the power law, Dirrenberger et al. [267] used the formulation proposed by 

Gulder [294], i.e. SL = Wϕ
ηexp(−ξ(ϕ − σ)2), for methane/air flames at 1 bar, 298 K, and ϕ=0.7-

1.6. The values of coefficients in this expression were deduced from an adiabatic heat flux burner 

as W=38.638, η=-0.15, ξ=6.2706, and σ=1.1. Moccia and D’Alessio [295] analyzed stoichiometric 

methane spherically expanding flames at 3-18 bar and 293-305 K with the shadowgraph optical 

technique. In this study, Metghalchi and Keck’s power law [112] was used, but only the pressure 

dependence was evidenced with β=-0.45 and SL,o equal SL at 3 bar and 298 K. 

Another study employing the power law formulation was conducted by Hu et al. [76], who 

measured the SL of methane/air mixtures at 1-5 bar and 298-443 K in a constant volume 

combustion chamber. Hu et al. [76] noticed that the USC Mech II chemical mechanism [224] 

showed a high level of agreement with experimental data at stoichiometric conditions. Therefore, 

the mechanism was used to calculate SL to represent the experimental data at the extended 

pressures and temperatures. Subsequently, Hu et al. [76] proposed a power law based on 

experimental measurements and numerical calculations with Tu,o=300 K, Po=1 bar, SL,o~37 cm/s, 

α=1.39+0.0006Tu, and β=0.226*exp(-P/0.841)-0.511 for stoichiometric methane/air mixtures at 

300-700 K and 1-60 bar. 

Hinton et al. [296] developed a quartic laminar burning velocity correlation for methane/air 

mixtures at 394-652 K, 0.64-16.4 bar, and ϕ=0.7-1.4 with the spherically expanding flame 

approach. Recently, Amirante et al. [297] derived an empirical power law for methane/air mixtures 

at 1-50 atm, 298-800 K, and ϕ=0.6-1.7 from previously published SL data in the literature. In this 

study, the SL,o coefficient was defined with Gulder’s exponential formulation [294] with W= 38.85, 
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η=-0.20, ξ=6.45, and σ=1.08. Other coefficients were found to be Tu,o=298 K, Po=1 atm, 

α=4.9199ϕ2-10.287ϕ+6.9258, and β=-1.3712ϕ2+2.6808ϕ-1.7492. 

As explained above, there are only a few correlations revealing effects of pressure, 

temperature, and equivalence ratio on the laminar burning velocity of methane/air mixtures. 

Analytical correlations taking the dilution effect into account are rarer still. To the best of the 

author’s knowledge, there are only two methane laminar burning velocity correlations accounting 

for effects of pressure, temperature, equivalence and dilution ratios published in the present 

literature. 

The first correlation was proposed by Stone et al. [72] in 1998. This quartic power law 

formulation was based on SL data deduced from spherically expanding flames at constant volume 

and valid at Tu=295-454 K, P=0.5-10.4 bar, ϕ=0.6-1.4, and X=0-15%. Stone et al. [72] studied the 

dilution effect with CO2, N2, and a mixture of 85% N2+15% CO2. Elia et al. [73] also utilized the 

constant volume method for SL measurements since this approach allows for the determination of 

the SL over a wide range of temperatures and pressures from a single test. In this study, a power 

law correlation was developed for the SL of methane/air flames at Tu=298-550 K, P=0.75-70 atm, 

ϕ=0.8-1.2, and X=0-15%. Elia et al. [73] used a mixture of 86% N2+14% CO2 for dilution.  

Both Stone et al. [72] and Elia et al. [73] assumed a smooth spherical flame front while 

ignoring the possibility of cellularity on the flame surface, which may lead an overprediction of 

SL values. However, in the present study, a severe cellular formation was observed with a mere 

2% pressure increase during the stoichiometric methane/air combustion at an initial pressure and 

temperature of 5 bar and 373 K. Schlieren images presented in Figure 5-1 suggest that increasing 

the equivalence and dilution ratios suppresses the flame instabilities, whereas earlier onset of the 

cellularity was observed with increasing pressure. Increasing unburned gas temperature from 373 
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K to 423 K did not significantly alter the flame front stability of a stoichiometric methane/air 

mixture at 3 bar. 

 

Figure 5-1. Schlieren images showing the flame front instabilities. 

Stone et al. [72] also ignored the effect of flame stretch by anticipating its impact on the SL 

as less than 1 cm/s. On the other hand, to remove stretch effects from the burning velocity data, 

Elia et al. [73] used the LS model [149], which has been shown to provide faster SL for mixtures 

with a Lewis number appreciably different than one [160-161]. Moreover, instead of real flue gas 

content (N2+H2O+CO2), Stone et al. [72] and Elia et al. [73] utilized a mixture of 85-86% N2+15-

14% CO2 for dilution of methane/air mixtures. 

P=5 bar, T
u
=373 K, ϕ=0.8, and 

X=0% 
2% pressure increase 

P=5 bar, T
u
=373 K, ϕ=1.0, and 

X=0% 
2% pressure increase 

P=5 bar, T
u
=373 K, ϕ=1.0, and 

X=10% 
2% pressure increase 

P=3 bar, T
u
=373 K, ϕ=1.0, and 

X=0% 
2% pressure increase 

P=3 bar, T
u
=423 K, ϕ=1.0, and 

X=0% 
2% pressure increase 

P=5 bar, T
u
=373 K, ϕ=1.2, and 

X=0% 
2% pressure increase 



139 

 

In the present study, first, the effects of equivalence ratio, temperature, and pressure on the 

laminar methane/air flame characteristics, namely laminar flame speed and burned gas Markstein 

length, were experimentally investigated with spherically expanding flames under constant 

pressure at 1-5 bar and 373-473 K. A wide range of equivalence ratios was experimentally tested, 

but only the equivalence ratios where the SL was greater than 15 cm/s were reported, due to the 

buoyancy effect limitation [126]. Three measurements were performed for each initial condition. 

The overall uncertainty in the SL and Lb, shown as error bars in the following figures, is equivalent 

to the random uncertainty. 

As mentioned above, although simulating combustion residuals with one of the main 

exhaust gases or a mixture of two can lead to significant errors in the SL and Lb data due to their 

different chemical reactivities and thermodynamic and transport properties, almost all studies in 

the past imitated flue gases with one of N2, H2O, and CO2 or a mixture of two. To address this 

problem, the SL and Lb values of CH4/air mixtures diluted with N2, H2O, and CO2 individually as 

well as with a mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2 by volume, which corresponds 

with the percentage of core products that result from stoichiometric CH4/air combustion, were 

measured at 1 bar and 473 K. Dilution ratios of 0%, 5%, 10%, and 15% by mole within reactants 

were tested. 

Experimental results showed that an accurate simulation of the actual combustion residuals 

with one of the main exhaust gases is impossible. Even using a mixture of two main exhaust gases 

to mimic combustion residuals by achieving the same expansion ratio may lead to significant error 

in the laminar burning velocity calculations, as thermodynamic properties and chemical 

reactivities of the combustion residuals can change considerably with temperature, pressure, and 

equivalence and dilution ratios. 
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Subsequently, the SL and Lb values of methane/air flames diluted with a mixture of 71.49% 

N2 + 19.01% H2O + 9.50% CO2 by volume were deduced at 1-5 bar, 373-473 K, and a dilution 

level of 0-15% in an optically accessible constant volume combustion chamber in order to develop 

correlations for the SL and Lb of methane/air mixtures in the form of Metghalchi and Keck’s power 

law [112] by including extra terms for equivalence and dilution ratios. The diluent level is specified 

as the concentration of the diluent mixture by mole within reactants. 

At experimentally investigated initial conditions, computational analyses were conducted 

with the GRI-Mech 3.0 [223], USC Mech II [224], San Diego [225], HP-Mech [226], NUI Galway-

CH4/DME [227], and AramcoMech 1.3 [228] mechanisms in the Chemkin-Pro software [215] to 

assess the performance of these kinetic schemes. Furthermore, the contribution from each of the 

dilution, thermal-diffusion, and chemical effects on the decrease in the laminar burning velocity 

due to the combustion residuals was determined with a series of numerical analyses with the GRI-

Mech 3.0 [223]. 

5.2 The Equivalence Ratio Effect 

To examine the effect of equivalence ratio on the SL and Lb of methane/air mixtures, 

experiments were conducted at 1 bar and 373 K, 423 K, and 473 K; 3 bar and 373 K and 423 K; 

and 5 bar and 373 K with an increment of 0.1 in the ϕ. The SL results over a wide range of 

equivalence ratios were presented in Figure 5-2 and Figure 5-3 for different pressures and 

temperatures. As shown in these figures, peak laminar burning velocities were observed at ϕ=1.0-

1.1, where the adiabatic flame temperature is at a maximum, which yields improved chemical 

reactivity, and the burned to unburned gas density ratio is at a minimum. The laminar flame speed 

is slower at both lean and rich conditions. 
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Figure 5-2. Experimental SL data for methane/air mixtures at 1, 3, and 5 bar. 

 

Figure 5-3. Experimental SL data for methane/air mixtures at 373, 423, and 473 K. 

The Lb values for methane/air mixtures were plotted against the equivalence ratio in Figure 

5-4 and Figure 5-5 for different pressures and temperatures. The Lb generally grows with 

increasing equivalence ratio, which suggests that the thermal-diffusive instabilities are less 

profound for rich methane/air flames, which are also more stretched than lean flames [21]. This 

phenomenon was observed most clearly at high pressures where some of the Lbs of very lean 

methane/air flames are negative. Furthermore, enhanced reaction rates around stoichiometry 

reduce the laminar flame thickness, which fosters the hydrodynamic cellular formation as shown 

in Figure 5-1. 
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Figure 5-4. Experimental Lb data for methane/air mixtures at 1, 3, and 5 bar. 

 

Figure 5-5. Experimental Lb data for methane/air mixtures at 373, 423, and 473 K. 

5.3 The Unburned Gas Temperature Effect 

Effect of the unburned gas temperature on the SL and Lb of methane/air mixtures at 1 bar 

can be observed, together with the equivalence ratio effect, in Figure 5-6, which contains SL and 

Lb hill charts. The SL increased by 23-29% and 22-34% with temperature increases from 373 K to 

423 K and from 423 K to 473 K, respectively, due mainly to the enhanced dissociation reactions 

and higher expansion ratios. Elevated unburned gas temperatures boost the dissociation reaction 

rates, which augments the radical production and therefore increases the combustion temperature 

and laminar burning velocity [298]. Increased temperatures of reactants and products decrease 

burned and unburned gas densities. However, the unburned gas density was lowered more than the 
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burned gas density, which results in higher expansion ratios. As shown in Figure 5-2, the highest 

percentile increases in the SL due to the temperature elevation were seen away from stoichiometry. 

 

Figure 5-6. Contour plots of the SL (left) and Lb (right) of methane/air mixtures with respect to 

temperature and equivalence ratio at 1 bar. 

The impact of the unburned gas temperature on the Lb is almost insignificant for 

methane/air mixtures, see Figure 5-4 and Figure 5-6. Similarly, in the previous chapter, any 

considerable change in the Lb of iso-octane/air and high/low RON gasoline/air mixtures due the 

change in initial temperature from 373 K to 473 K could not be detected. The unburned gas 

temperature increase resulted in a thinner methane flame, which causes more intense 

hydrodynamic instabilities. On the contrary, higher expansion ratios at elevated unburned gas 

temperatures suppressed the hydrodynamic instabilities. The earlier onset of the hydrodynamic 

cellularity at elevated unburned gas temperature suggests that the former effect is more dominant 

than the latter. 

5.4 The Initial Pressure Effect 

Effect of pressure on the SL and Lb of methane/air mixtures at 373 K can be observed, 

together with the equivalence ratio effect, in Figure 5-7, which contains 2D contour plots of the SL 
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and Lb. The SL lowered by 27-33% and 17-25% with pressure increases from 1 bar to 3 bar and 

from 3 bar to 5 bar, respectively, due mainly to decreased dissociation. With increasing pressure, 

H + O2 + M = HO2 + M consumes H radicals at a higher rate, inhibits H + O2 = O + OH, and 

therefore decreases the overall oxidation reaction, which yields slower laminar burning velocities 

at elevated pressures [298]. As shown in Figure 5-3, the highest percentile decreases in the SL due 

to the pressure increase were seen away from the stoichiometry. 

 

Figure 5-7. Contour plots of the SL (left) and Lb (right) of methane/air mixtures with respect to 

pressure and equivalence ratio at 373 K. 

The pressure increases from 1 bar to 3 bar and from 3 bar to 5 bar resulted in 0.22-0.42 

mm and 0.05-0.21 mm reductions in the Lb, respectively. Smaller Lb values at elevated pressures 

suggests that methane/air flames are less stable with respect to the thermal-diffusive instabilities 

and less stretched at high pressures [21]. Moreover, the pressure rise decreases the methane flame 

thickness and slightly lowers the expansion ratio, which enhances the intensity of the 

hydrodynamic flame instabilities, see Figure 5-1. 
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5.5 The Dilution Effect 

First, the SL and Lb values of methane/air mixtures diluted with N2, H2O, CO2, and a 

mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2 by volume, which represents the actual 

concentrations of the main stoichiometric methane/air combustion residuals, were measured in 

order to investigate effects of different combustion residuals on the laminar methane flame 

characteristics at 1 bar and 473 K. Table 5-2 and Figure 5-8 show the decreases in the laminar 

burning velocities at ϕ=0.8, 1.0, and 1.2 due to the addition of different diluents. The most dramatic 

reduction in the methane laminar flame speed were observed for CO2 dilution and H2O dilution 

caused larger decreases than N2 dilution. In fact, the SL values of methane/air mixtures diluted with 

10% H2O were similar to those diluted with 15% N2. For all equivalence and dilution ratios, the 

reduction in the SL due to CO2 dilution was approximately double the reductions caused by N2 

dilution. 

Table 5-2. Percentage reduction in laminar burning velocities of methane/air mixtures diluted 

with N2, H2O, CO2, and a mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2 at 1 bar, 473 K, 

and ϕ=0.8, 1.0, and 1.2. 

Dilution 

Ratio 

N2 dilution H2O dilution CO2 dilution 

71.49% N2 + 19.01% 

H2O + 9.50% CO2 

dilution 

ϕ=0.8 ϕ=1.0 ϕ=1.2 ϕ=0.8 ϕ=1.0 ϕ=1.2 ϕ=0.8 ϕ=1.0 ϕ=1.2 ϕ=0.8 ϕ=1.0 ϕ=1.2 

5% 12% 12% 12% 23% 21% 16% 30% 30% 30% 18% 14% 10% 

10% 27% 25% 24% 41% 37% 32% 53% 51% 51% 38% 26% 28% 

15% 41% 37% 37% 61% 51% 51% 68% 66% 68% 52% 45% 43% 

 

While the percentile reductions for different equivalence ratios at the same dilution ratio 

did not vary significantly for N2 and CO2 dilutions, the percentile reductions of H2O dilution varied 

by up to 10%. This similarity is a result of higher reductions in the SL near stoichiometry, where 

maximum laminar burning velocity and combustion temperature are achieved. As seen in Figure 
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5-8, at ϕ=0.8, the laminar burning velocities of methane flames diluted with the actual combustion 

residuals are slightly faster than the ones with H2O dilution at 5% and 10% dilution ratios. For 5% 

and 10% dilution ratios at ϕ=1.0 and 5%, 10%, and 15% dilution ratios at ϕ=1.2, N2 dilution and 

actual combustion residuals mixture provided very close SL values. This can be attributable to high 

N2 concentration within the methane/air flue gases (71.49%). While the SL values for methane/air 

mixtures diluted with actual combustion residuals always lie between the ones diluted with N2 and 

H2O, the laminar flame speeds of methane flames diluted with CO2 are considerably slower. This 

finding is consistent with low CO2 concentration of the combustion residuals (9.50%). 

 

Figure 5-8. Laminar burning velocities of methane/air mixtures diluted with N2, H2O, CO2, and a 

mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2 at 1 bar, 473 K, and ϕ=0.8, 1.0, and 1.2. 

Regardless of which diluent is used, Figure 5-9 shows that methane flames stabilize with 

increasing equivalence and dilution ratios and become more susceptible to stretch. The Lb 

generally increases with diluent addition and increasing equivalence ratio. Although the Lb values 

for all diluents reported in the present study are similar, CO2 dilution provided the largest Lb values 

- as high as 1.31 mm at ϕ=1.2 and 15% dilution. The Lb for 71.49% N2 + 19.01% H2O + 9.50% 

CO2 mixture is generally very similar to the one for N2 dilution. This can be attributed to high N2 

concentration within the initial fuel/oxidizer mixture and combustion residuals, which leads to 

similar thermal and mass diffusivities, and therefore Lewis number, which is the controlling 

parameter for flame stretch. From the experimental results presented in Figure 5-9, it can be 
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concluded that the effects of different combustion residuals on the burned gas Markstein length 

are not significantly distinctive. 

 

Figure 5-9. Burned gas Markstein lengths of methane/air mixtures diluted with N2, H2O, CO2, 

and a mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2 at 1 bar, 473 K, and ϕ=0.8, 1.0, and 

1.2. 

As mentioned in the previous chapter, the main reasons for the decrease in the laminar 

burning velocity attributable to the combustion residuals can be explained through their dilution, 

thermal-diffusion, and chemical effects [282]. When combustion residuals are introduced into the 

combustible mixture, the concentration of fuel/oxidizer decreases, which causes a reduction in the 

SL [284]; this effect is called the dilution (DI) effect. The use of combustion residuals also causes 

changes in the mass/thermal diffusivities, and thus the Le, and the mixture’s specific heat capacity 

[282], i.e. the thermal-diffusion (TD) effect. Moreover, the combustion residuals usage introduces 

CO2, N2, and H2O into the reactant mixture, and in turn alters the reaction kinetics and, thus, the 

SL [282]; this phenomenon is called the chemical (CH), or kinetic, effect. The total chemical effect 

can be viewed as the combination of two factors; the chemical effect due to the active participation 

of the flue gas components in the dissociation reactions (CH1) and the chemical effect due to the 

participation of the flue gas components in the third body reactions (CH2). 

In order to specify the dilution, thermal-diffusion, and chemical effects individually, four 

different computational models were used with the GRI-Mech 3.0 chemical mechanism [223], as 
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shown in Table 5-3. Model 1 consists of the dilution, thermal-diffusion, and chemical effects, as 

it corresponds to the conventional numerical analysis with actual flue gas content added to 

methane/air mixtures. In Model 2, the reactants were diluted with chemically inactive diluent with 

zero third body efficiency. The chemically inactive combustion residuals were added to the 

chemical mechanism, as well as the thermodynamic and transport datasets in addition to their 

actual correspondent. Chemically inactive diluent with zero third body efficiency has the same 

thermal and transport properties as the actual diluent used in Model 1 but it does not participate in 

any chemical reactions, including the third body reactions. Consequently, Model 2 does not 

contain the CH1 and CH2 effects and the comparison of the SL results of Models 1 and 2 yields 

the decrease in the SL due to the chemical effect. 

Table 5-3. Description of the diluent properties and effects for different computational models. 

 Model 1 Model 2 Model 3 Model 4 

Properties 

of the 

diluent 

Dilution with the 

actual diluent 

Dilution with 

chemically inactive 

diluent with zero third 

body efficiency 

Dilution with 

chemically inactive 

diluent with actual 

third body efficiency 

Dilution with 

chemically inactive 

N2 with zero third 

body efficiency 

Effects of 

the diluent 
DI+TD+CH1+CH2 DI+TD DI+TD+CH2 DI 

 

Similar to Model 2, numerical analyses for Model 3 were conducted with CH4/air mixtures 

diluted with chemically inactive diluent, which has the same thermal and transport properties as 

the actual diluent in Model 1. However, in Model 3, the chemically inactive combustion residuals 

added to the chemical mechanism and thermodynamic and transport datasets have the same third 

body efficiencies as the actual combustion residuals used in Model 1. This means that while Model 

3 has the CH2, DI, and TD effects, Model 2 has only the DI and TD effects. Therefore, the 

comparison of the SL results of Models 1, 2, and 3 gives the CH1 and CH2 effects separately. For 
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Model 4, chemically inactive N2 with zero third body efficiency was added to the chemical 

mechanism, as well as the thermodynamic and transport datasets, and used for dilution. By 

assuming that the transport and thermodynamic properties of the initial CH4/air mixture were very 

similar to those of N2, Model 4 has only the DI effect. In fact, this assumption is highly realistic 

because the reactants contain 70-73% of N2. By comparing Models 2 and 4, the reduction in the 

SL due to the TD effect can be calculated. 

Figure 5-10 presents the percentiles of the reduction in the SL of methane/air flames due to 

the DI, TD, CH1, and CH2 effects of different diluents at 1 bar, 473 K, and ϕ=0.8, 1.0, and 1.2. 

Numerical results in Figure 5-10 reveal that the dilution effect is the most dominant effect for all 

diluents at all equivalence and dilution ratios. It reaches its maximum of 98% for methane/air 

flames diluted with 5%, 10%, and 15% N2 at ϕ=0.8, 1.0, and 1.2. The remaining 2% reduction in 

the SL is a result of the chemical effect, which can be attributed to the CH2 effect. 66-71% of the 

decrease in the SL values of H2O-diluted mixtures is because of the dilution effect. In addition, the 

thermal-diffusion effect lowered the SL by 10-13% by increasing the specific heat capacity and 

therefore decreasing the combustion temperature and the reaction rate. The chemical effect of H2O 

dilution heavily depends on the participation of H2O in the third body reactions for ϕ=1.0 and 1.2. 

At ϕ=0.8, contributions of the CH1 and CH2 effects to the decrease in the SL are similar. 

For methane/air flames diluted with CO2, the dilution effect dropped down to 41-46% at 

ϕ=0.8, 46-51% at ϕ=1.0, and 52-57% at ϕ=1.2. Consequently, the laminar flame speed vs. dilution 

ratio graphs in Figure 5-8 have a curved shape for CO2 dilution whereas the same plots for N2 and 

H2O dilutions are almost linear due to the strong dominance of the dilution effect, which scales 

linearly with increasing dilution ratio. CO2 has a greater impact on the laminar burning velocity 

than N2 and H2O due to its higher specific heat capacity and lower thermal diffusivity [286], i.e. 
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the TD effect ranging from 26% to 29%. In fact, CO2 dilution reduces flame temperature by 

behaving as a heat sink, which lowers the chance of reaching the activation energy needed for a 

reaction to take place [284]. 

 

Figure 5-10. Contributions of the dilution, thermal-diffusion, and chemical effects of different 

combustion residuals to the decrease in the laminar burning velocity of methane/air/diluent 

mixtures at 1 bar and 473 K. 

The chemical effect of 5%, 10%, and 15% CO2 dilution, which depends mostly on the 

active participation of CO2 in dissociation reactions, i.e. the CH1 effect, caused a decrease in the 
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laminar burning velocity by 25-33%, 20-27%, and 15-22%, respectively. Greater percentile 

reductions in the SL due to the chemical effect were observed near stoichiometry and at low 

dilution ratios because of the higher combustion temperatures at these conditions, which leads to 

improved elementary dissociation reaction rates. 

Detailed sensitivity analysis was performed to gain a better understanding of the most 

important elementary reactions that affect the burning velocity. The sensitivity analysis showed 

that CO2 is involved in an elementary chain-carrying dissociation reaction CO2 + H = CO + OH 

and inhibits the combustion of methane/air mixtures by competing for H radicals with the chain-

branching reaction H + O2 = O + OH, which is the dominant reaction for the production of reactive 

radicals that promote the laminar flame speed with the largest positive sensitivity factor as seen in 

Figure 5-11. With increases in the dilution ratio, the sensitivity coefficients of the elementary 

reactions shown in Figure 5-11 increase, except for CO + OH = CO2 + H, whose reverse reaction 

is considered as the main pathway in which CO2 participates in chemical reactions. This can be 

attributed to the decreased H radical production due to the excessive CO2 and also suggests that 

the chemical effect of CO2 is less dominant at high dilution ratios. 

As shown in Figure 5-10, the most dominant effect of the 71.49% N2 + 19.01% H2O + 

9.50% CO2 mixture is the dilution effect with a 79-84% contribution to the methane laminar 

burning velocity reduction at 1 bar and 473 K. The percentile dilution effect slightly decreases 

near stoichiometry and at low dilution ratios because of the higher combustion temperatures at 

these conditions, which leads to an increased chemical effect. The thermal-diffusion effect 

contributes the least to the decrease in the SL, which can be attributed to relatively low H2O and 

CO2 concentrations within the combustion residuals of methane/air flames. The variation in the 
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thermal-diffusion effect relative to the dilution and chemical effects over different equivalence or 

dilution ratios is negligible. This is similar to the H2O and CO2 dilutions shown in Figure 5-10. 

 

Figure 5-11. Methane sensitivity factors at 1 bar, 473 K, and ϕ=1.0 for 5%, 10%, and 15% CO2 

dilution. 

The chemical effect of the 71.49% N2 + 19.01% H2O + 9.50% CO2 mixture is slightly more 

dominant than the thermal-diffusion effect but gets slightly weaker when the dilution ratio is 

increased or the equivalence ratio moves away from stoichiometry, due to the lower flame 

temperatures. For ϕ≤1.0, the CH1 effect is slightly more dominant than the CH2 effect, which can 

be attributed to the high reactivity of CO2 within the combustion residuals. At fuel rich conditions, 

the CH1 and CH2 effects have almost the same contributions to the decrease in the SL, which can 

be explained by improved chemical activity of H2O in the third body reactions at ϕ=1.2. 

In brief, while CO2 has the strongest CH1 effect due to its active participation in the 

dissociation reactions and H2O has the strongest CH2 effect due to the third body reactions, N2 is 

the least chemically active main combustion residual resulting from the methane/air combustion. 

Moreover, CO2 dilution causes the largest decrease in the laminar burning velocity due to its 

superior thermal-diffusion effect relative to N2 and H2O. The experimental findings in Figure 5-8 
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and the numerical results presented in Figure 5-10 suggest that N2, H2O, and CO2 have very 

different thermodynamic properties and chemical reactivities and therefore, simulating post 

combustion products with only one or two of the main exhaust gases may cause critical errors in 

experimental laminar burning velocity data. In fact, Figure 5-12 shows that these errors can be as 

high as 40% for stoichiometric methane/air flames at 1 bar and 473 K with 15% dilution. For the 

same mixture, Figure 5-12 illustrates that reduction in the laminar burning velocity due to the 

chemical effect of CO2 is almost 18 times more than that of N2. 

 

Figure 5-12. Laminar flame speed comparison of stoichiometric methane/air mixtures diluted 

with different diluents at 1 bar and 473 K with a diluent level of 15%. 

After observing significant differences between the laminar flame characteristics of 

methane/air mixtures diluted with different combustion residuals, the SL and Lb of methane/air 

flames diluted with simulated flue gas content were measured at 1 bar and 373 K, 423 K, and 473 

K; 3 bar and 373 K and 423 K; and 5 bar and 373 K. The combustion residuals content was 

simulated by a mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2 by volume, which represents 

the main post combustion product concentrations of stoichiometric methane/air. 0%, 5%, 10%, 

and 15% diluent levels were tested. 
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As shown in Figure 5-13, 5%, 10%, and 15% dilutions led to 5.66-8.85 cm/s, 7.38-8.42 

cm/s, and 6.35-7.07 cm/s reductions in the SL at 1 bar and 373 K; 7.46-11.74 cm/s, 6.20-10.40 

cm/s, and 5.81-8.01 cm/s reductions in the SL at 1 bar and 423 K; 6.78-12.40 cm/s, 9.15-13.61 

cm/s, and 8.30-15.00 cm/s reductions in the SL at 1 bar and 473 K; 6.18-7.78 cm/s, 4.96-6.51 cm/s, 

and 5.01-5.78 cm/s reductions in the SL at 3 bar and 373 K; 6.32-8.84 cm/s, 5.78-8.82 cm/s, and 

5.75-6.86 cm/s reductions in the SL at 3 bar and 423 K; and 4.55-7.28 cm/s and 5.47-5.85 cm/s 

reductions in the SL (15% dilution was not possible due to the buoyancy effect) at 5 bar and 373 

K, respectively, due to decreased methane/air concentration, increased specific heat capacity, and 

reduced active radicals and effective collisions. 

 

Figure 5-13. Experimental SL data for methane/air mixtures with 0%, 5%, 10%, and 15% diluent 

levels. 

At each initial condition, the trend of the SL drop over the dilution ratio is almost linear. 

This may be due to the large N2 concentration in the exhaust gas mixture (71.49%) as it was already 

shown that N2 is the least chemically-active species among the major flue gas components. 
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Besides, since thermodynamic properties of N2 highly resemble those of initial methane/air 

mixtures, almost the only impact of N2 on the SL as a diluent is the reduction of the fuel/oxidizer 

concentration due to the N2 addition, which scales linearly with increasing diluent level. However, 

the decreasing trend of SL over the dilution ratio is not perfectly linear. In fact, slightly smaller 

decreases in the SL were observed at higher diluent levels. This can be attributed to reduced 

chemical reactivity of CO2 at high dilution ratios due to lower flame temperatures, which slow 

down the inhibition of the overall combustion reaction. 

While the highest percentile decreases in the SL because of the dilution were seen away 

from stoichiometry, percent reductions in the SL for the same equivalence ratio at different 

temperatures, pressures, and dilution ratios are very similar. This situation can be explained by the 

low chemical reactivity of the diluent mixture due to the low concentration of CO2 within the main 

exhaust gases (9.50%), which makes the dilution impact of the flue gases the most dominant effect 

on the SL reduction. While the chemical effect depends on temperature, pressure, and diluent level, 

the dilution effect, i.e. the reduction of the fuel/oxidizer concentration, is almost insensitive to 

these parameters. 

The addition of combustion residuals to the methane/air mixtures not only decreases the 

laminar flame speed but also leads to a flattening of the laminar burning velocity vs. equivalence 

ratio plots, shown in Figure 5-13, as the dilution rate is increased. This observation is due to a more 

pronounced decrease in the laminar flame speed near ϕ=1.0 relative to rich and lean conditions, 

which leads to less variation in the laminar burning velocity over the entire range of equivalence 

ratios for high dilution rates. Figure 5-10 suggests that the chemical effect is strongest near 

stoichiometric conditions where the combustion temperature is highest, which results in higher 

elementary dissociation reaction rates leading to a larger reduction in laminar burning velocity in 
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the presence of combustion residuals. Consequently, there are greater decreases in the laminar 

flame speed near stoichiometric conditions compared to rich and lean conditions as the dilution 

rate is increased. 

Figure 5-14 exhibits experimental Lb results of methane/air mixtures at 1-5 bar and 373-

473 K with 0%, 5%, 10%, and 15% dilution ratios. The diluent addition changed the Lewis number 

of the reactants by varying mass as well as thermal diffusivities. As a result, the flame stability and 

stretch characteristics were changed. Combustion residuals mostly suppressed the thermal-

diffusive as well as the hydrodynamic flame instabilities and caused more stretched flames by 

slightly increasing the Lb and increasing the methane laminar flame thickness and expansion ratio, 

as shown in Figure 5-1. 

 

Figure 5-14. Experimental Lb data for methane/air mixtures with 0%, 5%, 10%, and 15% diluent 

levels. 

While there was no significant change in the Lb due to dilution at lean conditions, higher 

increases in the Lb due to dilution were observed when the equivalence ratio increased. The minor 
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impact of the flue gases on the Lb is attributable to high N2 concentrations within the main exhaust 

gases (71.49%) and the reactants (70-73%). Therefore, the addition of combustion residuals did 

not change thermal and mass diffusivities of initial methane/air mixtures considerably, which 

resulted in an only slightly increased Lewis number and Lb. Since N2 concentration of the reactants 

reduces with increasing ϕ, greater changes could be seen in the thermodynamic properties of fuel 

rich mixtures with diluent addition yielding higher increases in the Lb at ϕ>1.0. 

5.6 Laminar Flame Speed Correlation 

Semi-empirical SL correlations, many of which are in the Arrhenius form [297], are based 

either on Zeldovich and Frank-Kamenetsky’s theory for thermal propagation of a flame [299] or 

on Lewis and von Elbe’s diffusion theory [300]. These correlations are very sensitive to the 

thermodynamic model utilized to compute the adiabatic flame temperature [70]. Moreover, the 

Arrhenius parameters change with the ϕ irregularly [70]. On the other hand, completely empirical 

SL correlations derived from the data fit to experimental or numerical results allow smooth 

variation of the SL across temperature and equivalence ratio [297]. Therefore, the most commonly 

used form of the completely empirical correlations, Metghalchi and Keck’s power law [112] - 

Equation 5-1, was adopted in the present study. 

As suggested by Stone et al. [72], additional terms were included for equivalence and 

dilution ratio effects instead of defining power coefficients as a function of ϕ and X in order to 

lower errors in the data fitting. For simplicity, quadratic expressions were preferred for ϕ and X 

dependencies in the initial nonlinear regression model, which is shown in Equation 5-2. Tu and P 

were nondimensionalized by division with Tu,o=298 K and Po=1 bar. Coefficients of b1-b9 were 

adjusted to minimize the root mean square error (RMSE). 
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SL = b1 ∗ (
Tu
Tu,o
)

b2

∗ (
P

Po
)
b3

∗ (b4 + b5ϕ + b6ϕ
2) ∗ (b7 + b8X + b9X

2) 5-2   

Nonlinear regression model coefficients (b1-b9) were initially estimated from the SL 

correlation of Elia et al. [73]. The RMSE was defined as the standard deviation of the residuals, 

which is the difference between the experimental data and the SL values predicted by the 

correlation. The model coefficients were optimized with the generalized reduced gradient (GRG) 

method proposed by Lasdon et al. [301]. The GRG method is an extension of the reduced gradient 

method by allowing nonlinear constraints and arbitrary bounds on the variables. The method 

searches for a local optima for an objective variable in the vicinity of the initial estimation by 

screening partial derivatives. In the present study, the objective variable was set as the root mean 

square of the residuals. A forward difference formula was used for derivatives. The convergence 

criteria was defined as a change in the objective variable less than 0.0001 between two consecutive 

iterations.  

As a result of the nonlinear optimization of the model coefficients, a completely empirical 

SL correlation with an RMSE of 2.34 cm/s was derived from 133 experimental test points (399 

measurements in total). Subsequently, detailed sensitivity analysis was performed for each 

term/coefficient in the correlation. It was found that SL values were least sensitive to the quadratic 

term of the dilution ratio (b9X
2), which suggests that there is almost a linear relation between the 

SL and X. This finding is also consistent with the conclusion drawn from Figure 5-8 and Figure 

5-13, which show that the trend of the SL drop over the dilution ratio is almost linear due to high 

N2 concentration within the main exhaust gases. Therefore, the regression model was updated by 

omitting the quadratic term of the dilution ratio. 

Optimization of the model coefficients was repeated and the final SL correlation, i.e. 

Equation 5-3, was obtained with an RMSE of 2.40 cm/s. Equation 5-3 is valid at 1 bar and 373-
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473 K, 3 bar and 373-423 K, and 5 bar and 373 K for 0-15% dilution ratios (except at 5 bar and 

373 K, where the maximum diluent level is 10% due to the buoyancy effect). Like Stone et al. [72] 

and Hinton et al. [296], a higher degree of polynomials (cubic and quartic) for the ϕ effect were 

also investigated, but a significant improvement in the correlation accuracy was not achieved. 

SL = b1 ∗ (
Tu
Tu,o
)

b2

∗ (
P

Po
)
b3

∗ (b4 + b5ϕ + b6ϕ
2) ∗ (b7 + b8X) 5-3   

where SL is in cm/s, Tu in K, P in bar, ϕ - dimensionless, X - dimensionless (e.g. 0.10 – not 10%), 

Tu,o=298 K, Po=1 bar, b1=30.53, b2=2.035, b3=-0.352, b4=-2.686, b5=6.778, b6=-3.272, b7=1.234, 

and b8=-3.997. 

The newly proposed SL correlation, Equation 5-3, has an excellent agreement with current 

experimental data with an RMSE of 2.40 cm/s. The correlation accuracy is not affected by a change 

in pressure, temperature, and dilution ratio whereas it slightly deteriorates at very lean conditions. 

The maximum deviation between the experimental and correlation results was detected as 8.77 

cm/s at 1 bar, 473 K, ϕ=0.6, and X=0%. SL values provided by the correlation were plotted in 

Figure 5-15 with current experimental findings at 1 bar and 373 K, 1 bar and 473 K, and 5 bar and 

373 K to visualize the differences between the SL results. As seen in Figure 5-15, SL predictions 

of the correlation are highly consistent with the experimental data. However, dissimilarities can be 

observed at very low/high equivalence ratios. 

Current measurements and the newly developed correlation were compared with the 

correlations proposed by Stone et al. [72], Gu et al. [21], Elia et al. [73], Han et al. [293], Hu et al. 

[292], Amirante et al. [297], and Hinton et al. [296] at the designated test conditions shown in 

Table 5-4. The RMSE value of each correlation is presented in Table 5-4 together with the RMSE 

of the current SL correlation at the given test conditions. The correlations of Gu et al. [21] and 

Stone et al. [72] were modified so that they provide SL values in cm/s like the other correlations. 
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While temperature is in K for all correlations in Table 5-4, the unit of the pressure is either bar or 

atm depending on the definition of the authors, which can be found in 5.1 Introduction and 

Literature Review. 

 

Figure 5-15. Comparison of measured and predicted SL data for methane/air mixtures. 

Only two SL correlations considering the diluent effect, i.e. Stone et al. [72] and Elia et al. 

[73], represent the dilution effect with extra terms, which are not linear. However, the present 

study prove that there is almost a linear relation between the SL and X as a result of a large N2 

concentration in the exhaust gas mixture. The reason behind Stone et al. [72] and Elia et al. [73] 

not observing the same trend of the SL drop over the dilution ratio may be because of the fact that 

they used a mixture of 85-86% N2 + 15-14% CO2 for dilution. The present study revealed that CO2 

is much more chemically active than N2 and H2O and it affects thermodynamic properties of initial 

methane/air mixture more than these two. Therefore, replacing H2O with N2 and CO2 and almost 

doubling the normal CO2 concentration within the flue gases can cause a nonlinear relation 

between the SL and X, which does not truly represent the effects of combustion residuals on the 

SL. Apart from that, high RMSE values of these two correlations can be attributed to ignoring the 

possibility of cellularity on the flame surface and the improper treatment of the flame stretch. 
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Table 5-4. Comparison of various SL correlations against the current experimental results. 

Reference Correlation Test Conditions RMSE 

RMSE of 

the Present 

Correlation 

Present 

Work SL = 30.53 ∗ (
Tu
298

)
2.035

∗ (
P

1
)
−0.352

∗ (−2.686 + 6.778ϕ − 3.272ϕ2) ∗ (1.234 − 3.997X) 

• 1-5 bar 

• 373-473 K 

• ϕ=0.6-1.4 

• X=0-15% 

2.40 2.40 

Stone et al. 

[72] 

SL = 100 ∗ (
Tu
298

)
1.42−1.98(ϕ−1)

∗ (
P

1
)
−0.314+0.608(ϕ−1)

∗ [0.376 + 0.151(ϕ − 1) − 2.21(ϕ − 1)2 − 0.458(ϕ − 1)3

+ 3.58(ϕ − 1)4] ∗ (1 − 2.046X(0.730+0.447(ϕ−1))) 

• 1-5 bar 

• 373-423 K 

• ϕ=0.6-1.4 

• X=0-15% 

3.34 1.96 

Gu et al. 

[21] 

SL = 25.9 (
Tu
300

)
2.105

(
P

1
)
−0.504

    for ϕ = 0.8 

SL = 36.0 (
Tu
300

)
1.612

(
P

1
)
−0.374

    for ϕ = 1.0 

SL = 31.4 (
Tu
300

)
2.000

(
P

1
)
−0.438

    for ϕ = 1.2 

• 1-5 bar 

• 373 K 

• ϕ=0.8, 1.0, and 1.2 

• X=0% 

2.84 1.96 

Elia et al. 

[73] 
SL = 37.5 ∗ (

Tu
298

)
1.857

∗ (
P

1
)
−0.435

∗ (−5.883 + 14.003ϕ − 7.115ϕ2)

∗ [1 − (4.829X − 7.778X2 + 0.003X3)] 

• 1-5 bar 

• 373-473 K 

• ϕ=0.8-1.2 

• X=0-15% 

5.17 2.01 

Han et al. 

[293] SL = 36.11 (
Tu
298

)
1.5365+0.1165P

(
P

1
)
−0.37

 

• 1-5 bar 

• 373-473 K 

• ϕ=1.0 

• X=0% 

0.87 2.14 

Hu et al. 

[292] SL = 37 (
Tu
300

)
1.39+0.0006Tu

(
P

1
)
0.226exp(−P 0.841⁄ )−0.511

 

• 1-5 bar 

• 373-473 K 

• ϕ=1.0 

• X=0% 

5.26 2.14 

Amirante et 

al. [297] 

SL
= 38.85ϕ−0.20exp(−6.45(ϕ

− 1.08)2) (
Tu
298

)

(6.9258−10.287ϕ+4.9199ϕ2)

(
P

1
)

(−1.7492+2.6808ϕ−1.3712ϕ2)

 

• 1-5 bar 

• 373-473 K 

• ϕ=0.6-1.4 

• X=0% 

4.32 2.34 

Hinton et 

al. [296] 

SL = (
Tu
298

)
2.0879+0.17135(ϕ−1)+5.4338(ϕ−1)2

∗ (
P

1
)
−0.3463−0.0419(ϕ−1)−0.9067(ϕ−1)2

∗ [30.799 + 1.6141(ϕ − 1) − 241.19(ϕ − 1)2

− 22.214(ϕ − 1)3 + 680.84(ϕ − 1)4] 

• 1-3 bar 

• 423-473 K 

• ϕ=0.7-1.4 

• X=0% 

3.69 1.60 

 

The performance of the correlations proposed by Gu et al. [21] is satisfactory, but using 

different correlations for different equivalence ratios is not convenient. In addition, these 

correlations are not valid at high temperatures (higher than 400 K) and for diluted methane/air 

flames. The power law correlation of Han et al. [293] is the only correlation in Table 5-4 having 

superior accuracy over the present correlation at designated test conditions. However, it can only 

be employed for stoichiometric methane/air mixtures without dilution. High RMSE of the 
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correlation developed by Hu et al. [292] may be a result of using numerical data obtained by the 

USC Mech II [224] to extend the correlation to elevated pressures and temperatures, which are 

beyond experimentally tested points. Amirante et al. [297] developed an empirical correlation for 

non-diluted methane/air mixtures by collecting, comparing, and analyzing previously published 

experimental SL data. In their paper, Amirante et al. [297] mentioned the need of a deeper analysis 

due to scarce data for rich and lean mixtures at elevated initial temperatures and pressures. Finally, 

the correlation of Hinton et al. [296] shows that using higher order terms for the ϕ effect does not 

assure a better correlation accuracy. 

5.7 Burned Gas Markstein Length Correlation 

A similar approach used for the SL correlation development was employed for data fitting 

to experimental Lb findings at 1 bar and 373-473 K, 3 bar and 373-423 K, and 5 bar and 373 K for 

0-15% dilution ratios (except at 5 bar and 373 K, where maximum diluent level is 10% due to the 

buoyancy effect). An initial nonlinear regression model was defined as Equation 5-4 in the form 

of Metghalchi and Keck’s power law [112]. Tu and P were nondimensionalized by division with 

Tu,o=298 K and Po=1 bar. Coefficients of b1-b9 were optimized with the GRG method [301] and 

the RMSE was minimized to 0.11 mm. 

Lb = b1 ∗ (
Tu
Tu,o
)

b2

∗ (
P

Po
)
b3

∗ (b4 + b5ϕ+ b6ϕ
2) ∗ (b7 + b8X + b9X

2) 5-4   

Nonlinear optimization of the model coefficients was followed by the detailed sensitivity 

analysis for each term/coefficient in the regression model. Similar to sensitivity results of the SL 

correlation, Lb values were least sensitive to the quadratic term of the dilution ratio (b9X
2), which 

suggests that there is almost a linear relation between the Lb and X. Therefore, the regression model 

was updated by omitting the quadratic term of the dilution ratio. Then, optimization of the model 

coefficients was repeated and the RMSE value did not change, i.e. RMSE=0.11 mm. Accuracies 



163 

 

of cubic and quartic expressions for the dilution effect were also assessed but no improvement was 

achieved in the correlation accuracy. On the other hand, adding a cubic term to the expression 

accounting for the ϕ effect improved the correlation accuracy by 9%, i.e. new RMSE=0.10 mm. A 

quartic expression was also evaluated for the ϕ effect but the correlation accuracy remained 

unchanged. In the light of aforementioned investigations, the final Lb correlation was set as 

Equation 5-5. 

Lb = b1 ∗ (
Tu
Tu,o
)

b2

∗ (
P

Po
)
b3

∗ (b4 + b5ϕ+ b6ϕ
2 + b7ϕ

3) ∗ (b8 + b9X) 5-5   

where Lb is in mm, Tu in K, P in bar, ϕ - dimensionless, X - dimensionless (e.g. 0.10 – not 10%), 

Tu,o=298 K, Po=1 bar, b1=2.848, b2=-0.363, b3=-1.031, b4=-0.738, b5=2.816, b6=-3.198, b7=1.250, 

b8=1.487, and b9=5.913. 

The Lb values decrease with increasing pressure. Similarly, increasing temperature 

generally lowers the Lb very slightly. Therefore, both b2 and b3 coefficients are negative and b2 is 

35% of b3. The newly proposed Lb correlation, Equation 5-5, has good agreement with current 

experimental data with an RMSE of 0.10 mm. The correlation accuracy is not affected by a change 

in pressure, temperature, or equivalence and dilution ratios. However, the correlation accuracy 

slightly deteriorates at 473 K. The maximum deviation between the experimental and correlation 

results was detected as 0.28 mm at 1 bar, 473 K, ϕ=1.3, and X=5%. 

To visualize the performance of the correlation at different equivalence and dilution ratios, 

Lb values provided by the correlation were plotted at ϕ=0.8, 1.0, and 1.2 for X=0-15% in Figure 

5-16 with current experimental findings at 1 bar and 373 K, 1 bar and 473 K, and 3 bar and 373 

K. As can be seen in Figure 5-16, the burned gas Markstein length predictions of the correlation 

are consistent with the experimental data. However, deviation of experimental points from the 
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linear Lb-vs-X trend line can be observed especially at very lean/rich conditions for high dilution 

ratios. 

 

Figure 5-16. Comparison of measured and predicted Lb data for methane/air mixtures. 

5.8 Numerical Laminar Flame Speed Results 

Initially, numerical analyses were performed in the Chemkin-Pro software [215] with the 

GRI-Mech 3.0 [223], USC Mech II [224], San Diego [225], HP-Mech [226], NUI Galway-

CH4/DME [227], and AramcoMech 1.3 [228] mechanisms for methane/air mixtures at 3 bar and 

423 K with and without dilution. Numerical results were compared with the experimental SL data 

to evaluate performances of these chemical mechanisms. As shown in Figure 5-17, The numerical 

results obtained by the GRI-Mech 3.0 [223] and HP-Mech [226] mechanisms and the current 

experimental results at 3 bar and 423 K were in excellent agreement overall, yet experimental 

results differed from those predicted by the HP-Mech [226] by as much as 7% at very rich initial 

conditions. The biggest discrepancy between GRI-Mech 3.0 [223] and experimental results was 

9% for very rich mixtures diluted by 5%. 
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Figure 5-17. Comparison of experimental, numerical, and predicted SL data for methane/air 

mixtures at 3 bar and 423 K. 

The GRI-Mech 3.0 [223] and HP-Mech [226] provided very close SL values for mixtures 

with ϕ≤1.0, which are slightly slower than the experimental findings. Mazas and coworkers made 

similar observations for CH4/O2 mixtures slightly diluted with CO2 and H2O at a temperature of 

373 K and a pressure of 1 bar [9] and for CH4/air mixtures diluted with <10% of H2O at 373 K and 

1 bar [291]. Laminar flame speeds obtained with the HP-Mech [226] are consistently faster than 
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those of the GRI-Mech 3.0 [223] and experimental data at ϕ>1.0. The average deviations of the SL 

data provided by the GRI-Mech 3.0 [223] and HP-Mech [226] mechanisms from current 

measurements are 2% and 3%, respectively. The accuracy of the HP-Mech [226] in predicting the 

SL values of diluted methane/air mixtures is attributable to the fact that it has been tailored for C0-

C2 hydrocarbon fuels with exhaust gas dilution [235]. As the dilution ratio increases, the GRI-

Mech 3.0 accuracy improves, suggesting that the GRI-Mech 3.0 [223] is competent in third body 

and elementary dissociation reactions of combustion residuals. 

Numerical results of the USC Mech II [224], NUI Galway-CH4/DME [227], and 

AramcoMech 1.3 [228] mechanisms in Figure 5-17 are in good agreement with experimental 

findings with an average deviation of 4%. The USC Mech II [224] overpredicted the SL at lean 

conditions by as much as 11% and underestimated the SL for rich mixtures diluted with 0% and 

5% of combustion residuals. The USC Mech II [224] was highly accurate in its predictions, except 

at very lean conditions. This accuracy may be a result of the mechanism undergoing 

optimization/validation for C1-C4 hydrocarbons at a temperature of 300 K and at pressures in the 

range of 1-5 bar [224]. 

The SL results of the NUI Galway-CH4/DME [227] and AramcoMech 1.3 [228] 

mechanisms are almost identical, which makes the NUI Galway-CH4/DME kinetic scheme [227] 

more practical than the AramcoMech 1.3 [228] for the SL prediction of diluted CH4/air mixtures 

at 3 bar and 423 K since the NUI Galway-CH4/DME [227] consists of 710 reactions and 113 

species while the AramcoMech 1.3 [228] contains 1542 reactions and 253 species. Both 

mechanisms performed well at ϕ≤1.0 but started to overpredict the SL for fuel rich mixtures. 

The San Diego detailed kinetic scheme [225] provided flame speed predictions similar to 

the experimental results in Figure 5-17 for equivalence ratios less than or equal to 0.9, but the 
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mechanism’s results differed from experimental data by up to 20% for higher equivalence ratios. 

Similar to the Figure 5-17 results, Akram and Kumar [232], Park et al. [233], and Ren et al. [234] 

found that the San Diego mechanism [225] underestimated the SL for rich CH4/air flames at 1 bar 

and 298 K.  

For methane/air mixtures at 3 bar and 423 K with and without dilution, satisfactory 

agreement was observed between the experimental data and computational results obtained by the 

GRI-Mech 3.0 [223], USC Mech II [224], HP-Mech [226], NUI Galway-CH4/DME [227], and 

AramcoMech 1.3 [228] mechanisms. However, the San Diego chemical mechanism [225] showed 

poor performance in predicting the SL at these conditions. Furthermore, the AramcoMech 1.3 [228] 

predicted almost identical SL values with the NUI Galway-CH4/DME [227], which contains 

considerably less chemical reactions compared to the AramcoMech 1.3 [228]. Therefore, 

numerical analyses for methane/air mixtures with 0%, 5%, 10%, and 15% dilution at 1 bar and 

373 K, 423 K, and 473 K; 3 bar and 373 K; and 5 bar and 373 K were performed only with the 

GRI-Mech 3.0 [223], USC Mech II [224], HP-Mech [226], and NUI Galway-CH4/DME [227] 

chemical mechanisms. 

Numerical results were compared with the SL data provided by experimental measurements 

and the newly developed correlation in this study, which is summarized in Table 5-5 and visualized 

for CH4 flames at 1 bar and 423 K in Figure 5-18. The RMSEexp and RMSEcorr values in Table 5-5 

represents the RMSE of each mechanism relative to the experimental measurements and the RMSE 

of each mechanism relative to the newly developed correlation, respectively. 
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Figure 5-18. Comparison of experimental, numerical, and predicted SL data for methane/air 

mixtures at 1 bar and 423 K. 
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Table 5-5. Comparison of various chemical mechanisms against current experimental results and 

SL correlation. 

Mechanism RMSEexp RMSEcorr General Trend 

GRI-Mech 3.0 [223] 2.74 cm/s 3.20 cm/s 

• Overprediction at high temperatures and low 

pressures 

• Underestimation at high pressures 

USC Mech II [224] 2.78 cm/s 2.93 cm/s 

• Deteriorated accuracy (overprediction) at 

lean conditions 

• Slight underestimation at rich conditions 

HP-Mech [226] 2.21 cm/s 2.62 cm/s 

• Overprediction at high temperatures and low 

pressures 

• Slight underestimation at high pressures 

NUI Galway-

CH4/DME [227] 
1.82 cm/s 2.38 cm/s 

• Deteriorated accuracy (overprediction) at low 

pressures, low temperatures, and ϕ≥1.0 

• Improved accuracy at high temperatures and 

pressures 

 

The overall trends of the numerical results obtained by testing the four mechanisms are 

highly consistent with that of the experimental data. The NUI Galway-CH4/DME kinetic scheme 

[227] provided the closest SL values to the experimental findings with an RMSE of 1.82 cm/s. 

While it overpredicted rich CH4 laminar burning velocities at low pressures and temperatures, its 

accuracy improved at elevated initial conditions. The HP-Mech [226] has superior performance 

over the other three mechanisms at high dilution ratios, which can be attributed to its optimization 

for the exhaust gas dilution effect on C0-C2 fuels [235]. The mechanism generally overpredicted 

the SL at high temperatures and low pressures while it slightly underestimated the SL at elevated 

pressures. The GRI Mech 3.0 [223] showed a similar trend to the HP-Mech [226] but its RMSE 

value is 2.74 cm/s, which is higher than that of the HP-Mech [226], i.e. 2.21 cm/s. The USC Mech 

II [224] predictions were very similar to experimental data around stoichiometry; however, its 

accuracy deteriorated when moving further from ϕ=1.0. The USC Mech II [224] overpredicted the 

SL at lean conditions and slightly underestimated the SL for rich mixtures. 
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5.9 Conclusions 

With the increasing role of renewable energy sources in power production, contemporary 

natural gas-fired power plants should exhibit high load flexibility [25]. Consequently, axial 

(sequential) stage combustion systems for stationary gas turbines have been gaining in popularity 

since they can provide lower emissions, higher combined cycle efficiency, and enhanced 

operational and fuel flexibilities [26]. However, hot inert combustion residuals transferred from 

the first to second stage of the sequential two-stage combustor affect the flame reactivity and 

stability [10]. In order to investigate these effects, the SL and Lb of CH4/air mixtures with flue 

gases at 1-5 bar and 373-473 K were measured, as these laminar flame characteristics are 

associated with the reactivity and stability of the flame [12]. All experimental results with 

uncertainties and numerical data obtained with the Chemkin-Pro software [215] are provided in 

Appendices L and M. 

Experimental results showed that the SL at 1 bar increased by 23-29% and 22-34% with 

temperature increases from 373 K to 423 K and 423 K to 473 K, respectively, which was due 

mainly to the enhanced dissociation reactions and higher expansion ratios. The SL at 373 K 

decreased by 27-33% and 17-25% with pressure increases from 1 bar to 3 bar and from 3 bar to 5 

bar, respectively, due mainly to the decreased dissociation. Peak laminar burning velocities were 

observed at ϕ=1.0-1.1, where the adiabatic flame temperature is at a maximum, which yields 

improved chemical reactivity, and where the expansion ratio is at a minimum. The SL reduced at 

both lean and rich conditions. 

Experimental and numerical SL data of methane/air mixtures diluted with N2, H2O, CO2, 

and a mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2 at 1 bar and 473 K showed that an 

accurate simulation of the actual combustion residuals with one of the main exhaust gases is 
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impossible. Even using a mixture of two main exhaust gases to mimic combustion residuals by 

achieving the same expansion ratio may lead to significant error in the laminar burning velocity 

calculations, as thermodynamic properties and chemical reactivities of the combustion residuals 

can change considerably with temperature, pressure, and equivalence and dilution ratios. For 

instance, while CO2 has the strongest CH1 effect and H2O has the strongest CH2 effect, N2 is the 

least chemically active main combustion residual resulting from methane/air combustion. CO2 

dilution causes the largest reduction in the SL as a result of its superior thermal-diffusion effect 

relative to N2 and H2O. 

After observing significant differences between the laminar flame characteristics of 

methane/air mixtures diluted with different combustion residuals, the actual combustion residuals 

content was simulated by a mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2 by volume, which 

represents the main post combustion product concentrations of stoichiometric methane/air, for the 

SL and Lb measurements of methane/air flames at 1-5 bar and 373-473 K. Due to a combination of 

decreased methane/air concentration, increased specific heat capacity, and reduced active radicals 

and effective collisions, the combustion residuals addition lowered the SL almost linearly because 

of the high N2 concentration within the main exhaust gases. For the same reason, the percent 

reduction in the SL due to the dilution is nearly insensitive to the temperature, pressure, and dilution 

ratio changes at the same equivalence ratio. 

The Lb increased with increasing equivalence ratio and decreased at high pressures, which 

suggests that rich methane/air flames at low pressures are more stable and stretched than lean ones 

at high pressures. Moreover, the pressure rise decreased the methane flame thickness and slightly 

lowered the expansion ratio, which enhances the intensity of the hydrodynamic flame instabilities. 

The temperature effect on the Lb is almost negligible. Increasing the unburned gas temperature 
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generally lowered the Lb very slightly and caused a thinner flame thickness and greater expansion 

ratio. The cellular formation was delayed with the addition of flue gases to the reactants by slightly 

increasing the Lb and increasing the flame thickness and expansion ratio. The small effect of 

combustion residuals on the Lb was found to be due to the high N2 concentrations within the main 

exhaust gases and reactants. 

Due to their easier usage in computational fluid dynamic codes than tabulated data, laminar 

flame speed correlations are essential for many combustion models [302]. Therefore, in the present 

study, the SL and Lb correlations for methane/air mixtures with 0-15% dilution at 1-5 bar and 373-

473 K were developed in the form of Metghalchi and Keck’s power law [112] with extra terms for 

equivalence and dilution ratio effects. The newly proposed SL correlation has an excellent 

agreement with current experimental data with an RMSE of 2.40 cm/s. The correlation accuracy 

is not affected by a change in pressure, temperature, and dilution ratio whereas it slightly 

deteriorates at very lean conditions. A similar approach was followed for the Lb correlation. The 

newly proposed Lb correlation is consistent with present experimental findings with an RMSE of 

0.10 mm. Pressure, temperature, and equivalence and dilution ratios do not have a noteworthy 

impact on the correlation accuracy. However, the accuracy of the Lb correlation slightly worsens 

at 473 K. 

In combination with the experimental results, the accuracies of the GRI-Mech 3.0 [223], 

USC Mech II [224], HP-Mech [226], and NUI Galway-CH4/DME [227] mechanisms were 

assessed. The general trends of numerical results obtained by the four tested mechanisms are very 

similar to the experimental findings. The NUI Galway-CH4/DME [227] was most consistent with 

the current measurements. The HP-Mech [226] predictions were very similar to experimental data 

consisting of high dilution ratios. The USC Mech II [224] had superior performance over the other 
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three mechanisms around stoichiometry. The GRI-Mech 3.0 [223] generally overpredicted the SL 

at high temperatures and low pressures whereas it slightly underestimated the SL at elevated 

pressures. 
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6 SUMMARY AND CONCLUDING REMARKS 

The main goal of this research is to advance understanding of fundamental characteristics 

of fuel/air/diluent flames that occur in modern stationary gas turbine combustors and internal 

combustion engines. Although conclusions regarding the experimental and numerical results are 

presented as a part of each chapter, remarks addressing the general aspects of this research are 

presented as answers to the research questions posed in Chapter 1. Before the concluding remarks, 

the experimental and modeling research achievements are highlighted. 

An optically accessible high pressure and high temperature constant volume combustion 

chamber was designed and constructed to employ the spherically expanding flame approach. An 

experimental procedure and a post-processing/data analysis methodology were established for the 

laminar flame speed measurement. The experimental apparatus and flame speed calculation 

methodology were validated by comparing current measurements for hydrogen/air, methane/air, 

propane/air, and iso-octane/air mixtures to previously published experimental data. Numerous 

high pressure and high temperature experiments (~1000) were completed to examine the dilution 

effect on laminar flame characteristics of petroleum-derived liquid fuels and natural gas. 

A 1-dimensional kinetic model of the combustion reactions occurring in the constant 

volume combustion chamber was developed using the Chemkin-Pro software [215] in conjunction 

with several kinetic mechanisms in order to test the performance of these mechanisms at high 

pressures, temperatures, and dilution ratios. A new chemical kinetic modeling approach was 

introduced to quantify effects of combustion residuals on the laminar burning velocity reduction 

separately. Numerous computational simulations (~300) were performed to investigate impacts of 

a diluent on laminar flame characteristics of petroleum-derived liquid fuels and natural gas. 
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1. What is the effect of the measurement range on the stretch model accuracy?  

The effect of the measurement range on the stretch model accuracy was 

investigated with spherically expanding flames of methane/air mixtures at 1 bar and 298 

K, hydrogen/air mixtures at 1 bar and 298 K, propane/air mixtures at 1 bar and 298 K, and 

iso-octane/air mixtures at 1 bar and 373 K. Experimental results show that there is a critical 

lower radius limit for the laminar flame speed calculation (RL,critical), where all SL and Lb 

values obtained by the extrapolation of the LS, NQ, and LC stretch models in Table 2-3 

converge to the same SL and Lb. Therefore, the choice of the extrapolation expression plays 

no role in the stretch model accuracy as long as the measurements are started at the RL,critical. 

The value of the RL,critical strongly depends on the Lb and δL, i.e. Mab = Lb/δL, and 

this dependency can be expressed with |Mab|=0.8424*RL,critical for fuel/oxidizer mixtures 

with -0.62 ≤ Mab ≤ 2.60. The correlation between Mab and RL,critical presented in this study 

provides not only a potential remedy to scattered experimental SL data due to the utilization 

of different stretch models and lower radius measurement limits for the same mixtures, but 

also a lower limit for the measurement range for spherically expanding flames where the 

flame stretch is weak and the assumptions of the LS, NQ, and LC stretch models are 

satisfied so that these three models provide the same SL and Lb values. 

The effect of the upper radius limit for the laminar flame speed calculation on 

RL,critical, SL, and Lb was also studied. For fuel/air mixtures with RL,critical≤1.58 cm, no 

significant change in the RL,critical, SL, and Lb values was observed when the Rup changed 

from 4.36 cm to 3.0-3.5 cm. Therefore, it can be concluded that the RL,critical does not depend 

on the Rup at these conditions. 
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2. How different are the effects of various diluents on the laminar burning velocity and 

flame stability of a combustible mixture? 

Almost all experimental studies in the past that have examined how combustion 

residuals affect the laminar flame characteristics of fuel/oxidizer mixtures have only used 

one or a mixture of two main exhaust gases (N2, H2O, and CO2). In order to address this 

problem, SL and Lb values of methane/air mixtures diluted with N2, H2O, CO2, and a 

mixture of 71.49% N2 + 19.01% H2O + 9.50% CO2, which corresponds with the percentage 

of core products that result from stoichiometric CH4/air combustion, were measured at 1 

bar and 473 K. 

Experimental results and numerical analyses show that simulating post combustion 

products used to dilute a fuel/air mixture with only one or two of the main exhaust gases 

may result in erroneous data since N2, H2O, and CO2 have vastly dissimilar thermodynamic 

properties and chemical reactivities. For instance, CO2 actively participates in elementary 

dissociation reactions and H2O has a high third body collision efficiency. On the other 

hand, N2 is the least chemically active main combustion residual resulting from methane/air 

combustion. 

CO2 dilution caused the largest reduction in the SL as a result of its higher specific 

heat capacity and lower thermal diffusivity relative to N2 and H2O. The laminar burning 

velocity of methane/air mixtures diluted with actual combustion residuals always lie 

between the ones for N2 and H2O dilutions. Post combustion products curbed the 

hydrodynamic and thermal-diffusive flame instabilities for methane/air mixtures by 

increasing the Lb and laminar flame thickness. However, the effects of different 

combustion residuals on the burned gas Markstein length are not significantly distinctive. 
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3. How do combustion residuals affect the laminar burning velocity and the flame 

stability of various fuel/oxidizer mixtures at elevated pressures and temperatures? 

The effect of combustion residuals on laminar burning velocity and flame stability 

was analyzed with spherically expanding flames of iso-octane/air, high/low RON 

gasoline/air, and methane/air mixtures diluted with combustion residuals at high pressures 

and temperatures. The laminar flame speeds of the high and low RON gasolines and the 

iso-octane at 1 bar and 473 K decreased by 41-46%, 42-44%, and 46-49%, respectively, 

due to the EGR. Similar to the experimental results without the diluent, EGR-diluted high 

and low RON gasolines had almost the same SL while the SL of the diluted iso-octane 

flames was consistently slower than those of the two commercial gasolines. Similarly, the 

Lb of commercial gasolines did not vary significantly with RON. The EGR improved the 

flame stability and stretch by increasing the Lb and suppressing the cellular formation. 

5%, 10%, and 15% combustion residuals additions to the methane/air mixtures lead 

to 5.66-8.85 cm/s, 7.38-8.42 cm/s, and 6.35-7.07 cm/s reductions in the SL at 1 bar and 373 

K; 7.46-11.74 cm/s, 6.20-10.40 cm/s, and 5.81-8.01 cm/s reductions in the SL at 1 bar and 

423 K; 6.78-12.40 cm/s, 9.15-13.61 cm/s, and 8.30-15.00 cm/s reductions in the SL at 1 bar 

and 473 K; 6.18-7.78 cm/s, 4.96-6.51 cm/s, and 5.01-5.78 cm/s reductions in the SL at 3 

bar and 373 K; 6.32-8.84 cm/s, 5.78-8.82 cm/s, and 5.75-6.86 cm/s reductions in the SL at 

3 bar and 423 K; and 4.55-7.28 cm/s and 5.47-5.85 cm/s reductions in the SL at 5 bar and 

373 K, respectively. Combustion residuals mostly suppressed the thermal-diffusive as well 

as the hydrodynamic methane/air flame instabilities and caused more stretched methane/air 

flames by slightly increasing the Lb and increasing the laminar flame thickness and 

expansion ratio. 
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4. What are the main causes for the change in the laminar burning velocity and burned 

gas Markstein length of a combustible mixture due to the diluent addition? 

The main causes for the change in the laminar burning velocity and burned gas 

Markstein length of a combustible mixture due to the diluent addition include (1) the 

decrease in the net reaction rate due to the reduced fuel/oxidizer concentration in the 

presence of a diluent, i.e. the dilution effect, (2) the change in the mass/thermal diffusivities 

and the specific heat capacity of the mixture with the addition of a diluent, i.e. the thermal-

diffusion effect, and (3) the change in reaction kinetics because of the participation of a 

diluent in chemical reactions, i.e. the chemical effect. A series of numerical analyses was 

performed for diluted methane/air mixtures using the GRI-Mech 3.0 mechanism [223] to 

quantify each of these effects separately. 

Chemical kinetic modeling results show that the primary effect for the decrease in 

the laminar flame speed is the dilution effect over the entire range of pressure, temperature, 

and equivalence and dilution ratios. The thermal-diffusion effect of the flue gases 

contributes the least to the decrease in flame propagation speed. However, it is vital for 

flame stability and stretch since it alters the thermal and mass diffusivities, and therefore 

Lewis number. The chemical effect of combustion residuals is slightly stronger than the 

thermal-diffusion effect and becomes very slightly weaker as the dilution ratio is increased 

or the equivalence ratio moves away from stoichiometry as a result of lower flame 

temperatures. The chemical effect of the flue gases can be attributed to the high reactivity 

of CO2 within the combustion residuals and the high third body collision efficiency of H2O. 
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5. How accurately can currently available chemical mechanisms predict the effect of 

dilution on the laminar burning velocity at elevated pressures and temperatures? 

For diluted iso-octane flames, numerical analyses were conducted at the 

experimentally investigated conditions using the chemical mechanisms of Chaos et al. 

[239], Kelley et al. [78], and Jerzembeck et al. [240] in order to test the performance of 

these mechanisms at high temperatures and dilution ratios. The results from the current 

experiments and the numerical data obtained by the mechanism of Chaos et al. [239] 

showed good agreement with slightly slower numerical SL values at ϕ>1.2. The chemical 

mechanism of Kelley et al. [78], which is a skeletal kinetic scheme of the Lawrence 

Livermore detailed mechanism [243-245], predicted significantly higher laminar burning 

velocities, while the numerical results of the chemical mechanism of Jerzembeck et al. 

[240] were substantially slower than the experiment’s. 

Numerical results for diluted methane/air flames were obtained with the GRI-Mech 

3.0 [223], USC Mech II [224], HP-Mech [226], and NUI Galway-CH4/DME [227] 

chemical mechanisms and compared with experimental flame speed results. The general 

trends of numerical results obtained by the four tested mechanisms are very similar to the 

experimental findings. The NUI Galway-CH4/DME [227] performed best. The HP-Mech 

[226] predictions were very close and in good agreement with experimental findings at 

high dilution ratios. The USC Mech II [224] provided the most accurate simulation of the 

experimental data around stoichiometry. The GRI-Mech 3.0 [223] generally overpredicted 

the SL at high temperatures and low pressures whereas it slightly underestimated the SL at 

elevated pressures. 
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APPENDIX A: Technical Drawing of Main Cylindrical Body 

 

Figure A-1. Technical drawing of main cylindrical body.
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APPENDIX B: Technical Drawing of Bolted End Cap 

 

Figure A-2. Technical drawing of bolted end cap. 
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APPENDIX C: Technical Drawing of Fused Quartz Window 

 

Figure A-3. Technical drawing of fused quartz window.
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APPENDIX D: Technical Drawing of Window Cap 

 

Figure A-4. Technical drawing of window cap. 
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APPENDIX E: Safety Factor Calculation for the Clamp between Bolted End Cap 

and Window Cap 

According to Table 8-7 in [186] and Figure 3-2, effective grip (LG
′ ), threaded length (LT), 

length of useful unthreaded portion (ld), and length of useful threaded portion (lt) of the screws 

between the bolted end caps and window caps can be calculated as follows. 

LG
′ = h + d 2⁄ = 5.45 +

1.91

2
= 6.41 cm  

LT = 2d + 0.635 = 2 ∗ 1.91 + 0.635 = 4.46 cm  

ld = l − LT = 8.89 − 4.46 = 4.43 cm  

lt = LG
′ − ld = 6.41 − 4.43 = 1.98 cm  

Estimated effective stiffness of the bolt in the clamped zone (kb) and joint-member stiffness 

(km) were calculated below [186]. Major-diameter area of the screw (Ad) is 2.865 x 10-4 m2 

(=π/4*0.01912). Tensile-stress area of fastener (At) and elastic modulus of steel bolts, washers, and 

members (EM) are obtained from Tables 8.2 and 8.8 in [186]. 

kb =
Ad ∗ At ∗ EM

Ad ∗ lt + At ∗ ld
=

2.865x10−4 ∗ 2.406x10−4 ∗ 2.068x1011

2.865x10−4 ∗ 0.0198 + 2.406x10−4 ∗ 0.0443

= 8.72 x 108
N

m
 

 

km =
0.5774 ∗ π ∗ EM ∗ d

2 ln (2.2
0.5774 ∗ l + 1.5 ∗ d
0.5774 ∗ l + 3.5 ∗ d

)
=

0.5774 ∗ π ∗ 2.068x1011 ∗ 0.0191

2 ln (2.2
0.5774 ∗ 0.0889 + 1.25 ∗ 0.0191
0.5774 ∗ 0.0889 + 2.75 ∗ 0.0191

)

= 7.87 x 109
N

m
 

 

Resultant load on the connected members (Fm) equals to fraction of the external load 

carried by members ((1-C)*Fext) subtracted by clamp load or preload of the fastener (Fp) [186]. To 

ensure a safe joint, the external load is required to be smaller than the load needed to cause the 
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joint separate. If separation does occur, then the entire external load will be imposed on the bolt, 

i.e. Fm=0. Subsequently, maximum external load, which can be handled by one of the screws, was 

calculated below by using a clamp force of 149,460 N [303]. By considering 10 of the grade 8 

steel 3/4"-16 threaded hex head screws with grade 8 steel washers and pressure rating of the 

chamber, safety factor for the clamp between the bolted end caps and window caps was calculated 

as 3.94. 

Fm = (1 − C) ∗ Fext − Fp      
separation(Fm=0)
→                 Fext =

Fp
(1 − C)

=
149460 

(1 − 0.10)

= 1.66x105 N 

where    C =
kb

kb + km
=

8.72 x 108

8.72 x 108 + 7.87 x 109
= 0.10 

 

Safety Factor =
10 ∗ Fext,m
Pm ∗ Aeff

=
10 ∗ 1.66x105

1.3x107 ∗ 0.0324
= 3.94  
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APPENDIX F: Technical Drawing of Riser Support  

 

Figure A-5. Technical drawing of riser support. 
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APPENDIX G: Technical Drawing of Gas Manifold  

 

Figure A-6. Technical drawing of gas manifold. 
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APPENDIX H: Technical Drawings of Fuel Injector Assembly 

 

Figure A-7. Technical drawing of fuel injector cartridge. 
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Figure A-8. Technical drawing of fuel injector hold down. 
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Figure A-9. Technical drawing of fuel injector hold down cap.
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APPENDIX I: Laminar flame speeds, burned gas Markstein lengths, burned gas 

Markstein numbers, and critical lower radius limits for the measurements with 

uncertainties.  

Table A-1. Experimental laminar flame speed, burned gas Markstein length, and burned gas 

Markstein number data at critical lower radius limit for methane, propane, iso-octane, and 

hydrogen. 

Fuel 
P T ϕ RL,critical SL 

Uncertainty 

of SL 
Lb 

Uncertainty 

of Lb 
Mab 

[bar] [K] [-] [cm] [cm/s] [cm/s] [mm] [mm] [-] 

Methane 1 298 

0.70 0.50 18.83 0.18 0.505 0.039 0.759 

0.80 0.62 26.72 0.33 0.463 0.074 0.869 

1.00 1.43 37.45 0.73 0.709 0.204 1.603 

1.10 1.58 37.34 0.35 0.540 0.121 1.247 

Propane 1 298 

0.70 2.75 20.46 0.15 1.229 0.169 2.040 

0.80 2.60 27.48 0.29 0.884 0.139 1.853 

0.90 2.21 33.88 0.28 0.846 0.140 2.038 

1.00 2.21 37.15 0.23 0.682 0.101 1.783 

1.10 2.18 38.76 0.32 0.573 0.138 1.576 

1.20 1.56 37.08 0.20 0.410 0.054 1.124 

1.30 0.88 31.46 0.21 0.234 0.036 0.570 

1.40 0.73 23.45 0.24 -0.237 0.060 -0.435 

Iso-Octane 1 373 

0.80 2.75 36.94 0.51 1.101 0.182 2.575 

0.90 2.98 42.28 0.56 1.012 0.214 2.602 

1.00 2.55 46.09 0.72 0.767 0.250 2.069 

1.10 2.17 48.63 0.55 0.761 0.206 2.087 

1.20 1.27 46.43 0.24 0.434 0.075 1.152 

1.30 0.61 40.79 1.18 0.226 0.059 0.530 

1.40 0.63 33.59 0.78 -0.210 0.076 -0.386 

1.50 0.47 25.92 0.55 -0.477 0.061 -0.624 

Hydrogen 1 298 

0.70 0.67 138.66 3.13 0.113 0.106 0.335 

0.80 0.26 165.92 2.30 0.084 0.042 0.253 

1.30 0.12 256.01 5.19 0.003 0.031 0.010 

2.00 2.34 273.94 3.24 0.635 0.247 2.006 

3.50 2.34 184.73 1.40 0.713 0.104 1.777 

4.00 1.84 157.55 1.26 0.886 0.076 1.983 
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APPENDIX J: Experimental and numerical laminar flame speeds and burned gas 

Markstein lengths for methane/air, hydrogen/air, propane/air, and iso -octane/air 

mixtures for the validation of experimental apparatus and procedure.  

Table A-2. Experimental and numerical laminar flame speed and burned gas Markstein length 

data of methane/air mixture for the validation of experimental apparatus and procedure. 

P T ϕ SL 
Uncertainty 

of SL 
Lb 

Uncertainty 

of Lb 

SL,GRI-Mech 

3.0 
SL,USC Mech II SL,San Diego 

[bar] [K] [-] [cm/s] [cm/s] [mm] [mm] [cm/s] [cm/s] [cm/s] 

1 298 

0.70 18.83 0.18 0.51 0.04 19.10 19.86 19.64 

0.80 26.72 0.33 0.46 0.07 26.88 27.07 27.25 

0.90 33.71 0.68 0.55 0.17 33.41 32.54 32.96 

1.00 37.45 0.73 0.71 0.20 37.42 35.52 35.89 

1.10 37.34 0.35 0.54 0.12 37.75 35.30 35.24 

1.20 34.36 0.62 0.93 0.17 32.98 30.96 29.97 

1.30 24.53 1.36 0.97 0.40 23.09 22.59 20.37 

 

Table A-3. Experimental and numerical laminar flame speed and burned gas Markstein length 

data of propane/air mixture for the validation of experimental apparatus and procedure. 

P T ϕ SL 
Uncertainty 

of SL 
Lb 

Uncertainty 

of Lb 
SL,USC Mech II SL,San Diego SL,Qin et al. 

[bar] [K] [-] [cm/s] [cm/s] [mm] [mm] [cm/s] [cm/s] [cm/s] 

1 298 

0.70 20.46 0.15 1.23 0.17 22.52 25.49 19.60 

0.80 27.48 0.29 0.88 0.14 29.66 33.19 27.77 

0.90 33.88 0.28 0.85 0.14 35.07 38.91 34.78 

1.00 37.15 0.23 0.68 0.10 38.19 41.11 39.63 

1.10 38.76 0.32 0.57 0.14 38.56 40.89 41.48 

1.20 37.08 0.20 0.41 0.05 35.66 37.09 39.53 

1.30 31.46 0.21 0.23 0.04 29.18 29.22 33.07 

1.40 23.45 0.24 -0.24 0.06 20.67 19.73 23.30 

 

 



194 

 

Table A-4. Experimental and numerical laminar flame speed and burned gas Markstein length 

data of iso-octane/air mixture for the validation of experimental apparatus and procedure. 

P T ϕ SL 
Uncertainty 

of SL 
Lb 

Uncertainty 

of Lb 
SL,Chaos et al. SL,Kelley et al. 

SL,Jerzembeck et 

al. 

[bar] [K] [-] [cm/s] [cm/s] [mm] [mm] [cm/s] [cm/s] [cm/s] 

1 373 

0.80 36.94 0.51 1.10 0.18 37.29 37.61 28.00 

0.90 42.28 0.56 1.01 0.21 43.80 46.80 34.47 

1.00 46.09 0.72 0.77 0.25 47.49 53.79 38.76 

1.10 48.63 0.55 0.76 0.21 47.82 57.38 39.87 

1.20 46.43 0.24 0.43 0.08 44.25 56.20 36.98 

1.30 40.79 1.18 0.23 0.06 36.60 48.88 29.70 

1.40 33.59 0.78 -0.21 0.08 26.69 35.99 20.09 

 

Table A-5. Experimental and numerical laminar flame speed and burned gas Markstein length 

data of hydrogen/air mixture for the validation of experimental apparatus and procedure. 

P T ϕ SL 
Uncertainty 

of SL 
Lb 

Uncertainty 

of Lb 
SL,Li et al. SL,Konnov 

SL,NUI Galway-

H2 

[bar] [K] [-] [cm/s] [cm/s] [mm] [mm] [cm/s] [cm/s] [cm/s] 

1 298 

0.70 138.66 3.13 0.11 0.11 131.68 129.68 125.77 

0.80 165.92 2.30 0.08 0.04 168.56 168.14 163.43 

0.90 197.95 3.01 0.44 0.06 201.35 202.59 197.18 

1.00 219.96 9.62 0.58 0.69 229.50 231.96 226.59 

1.10 238.20 2.22 0.43 0.18 252.98 256.11 251.18 

1.20 246.49 3.95 0.37 0.28 271.83 275.18 271.02 

1.30 265.93 6.46 0.43 0.17 286.25 289.55 286.14 

1.40 264.67 6.93 0.38 0.46 296.53 299.62 296.91 

1.50 267.90 3.79 0.30 0.27 303.11 305.87 303.80 

1.60 277.44 4.34 0.49 0.19 306.56 308.86 307.43 

1.70 283.27 3.98 0.43 0.28 307.43 309.18 308.31 

1.80 273.42 7.26 0.31 0.47 306.24 307.39 307.18 

1.90 275.53 5.07 0.47 0.30 303.48 304.03 304.34 

2.00 273.94 3.24 0.63 0.25 299.45 299.42 300.26 

2.20 259.37 2.39 0.54 0.22 289.00 287.90 289.59 

2.40 245.81 2.48 0.42 0.18 276.48 274.51 276.86 

2.60 235.04 4.37 0.44 0.28 262.96 260.34 263.12 

2.80 229.10 1.22 0.76 0.08 249.08 245.95 248.96 

3.00 214.85 1.62 0.69 0.07 235.16 231.71 234.80 

3.50 184.73 1.40 0.71 0.10 201.55 197.65 200.93 
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Table A-5 (cont’d) 

1 298 
4.00 157.55 1.26 0.89 0.08 170.78 166.73 170.06 

4.50 130.25 1.13 1.05 0.11 143.25 139.20 142.59 
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APPENDIX K: Numerical and experimental laminar burning velocity and 

burned gas Markstein length results for iso-octane/air and high/low RON 

gasoline/air mixtures with and without 15% CO 2 dilution at 1 bar and 373-473 

K. 

Table A-6. Experimental and numerical laminar flame speed and burned gas Markstein length 

data of iso-octane/air mixture. 

P T XCO2 ϕ SL 
Uncertainty 

of SL 
Lb 

Uncertainty 

of Lb 

SL,Chaos et 

al. 

SL,Kelley et 

al. 

SL,Jerzembeck 

et al. 

[bar] [K] [%] [-] [cm/s] [cm/s] [mm] [mm] [cm/s] [cm/s] [cm/s] 

1 

373 0 

0.80 37.60 0.55 1.42 0.07 37.29 37.61 28.00 

0.85 40.76 0.67 1.30 0.12 40.86 42.41 31.43 

0.90 43.29 1.26 1.32 0.14 43.80 46.80 34.47 

1.00 47.19 0.81 1.10 0.11 47.49 53.79 38.76 

1.10 48.75 0.47 0.80 0.08 47.82 57.38 39.87 

1.20 47.18 0.51 0.62 0.06 44.25 56.20 36.98 

1.30 40.51 0.61 0.15 0.16 36.60 48.88 29.70 

1.40 33.61 1.55 -0.20 0.13 26.69 35.99 20.09 

473 0 

0.80 56.22 0.98 1.24 0.17 58.41 59.55 45.16 

0.90 65.28 0.99 1.06 0.10 67.00 72.12 54.09 

1.00 70.46 0.57 0.87 0.05 71.78 81.52 59.88 

1.10 72.20 0.93 0.71 0.14 72.16 86.31 61.45 

1.20 69.38 0.54 0.48 0.06 67.57 84.99 57.86 

1.30 61.19 2.04 0.14 0.16 57.68 75.96 48.50 

1.40 49.24 1.36 -0.28 0.32 44.18 59.14 35.03 

473 15 

0.90 34.71 1.49 1.65 0.01 35.41 38.68 27.17 

1.00 37.61 0.27 1.32 0.25 38.18 44.10 30.11 

1.10 38.80 0.48 1.04 0.17 38.20 46.69 30.50 

1.20 36.89 0.38 0.66 0.07 35.22 45.52 27.91 

1.30 31.36 0.88 0.02 0.26 29.30 39.80 22.44 

1.40 25.61 1.68 -0.54 0.31 21.54 29.93 15.46 
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Table A-7. Experimental laminar flame speed and burned gas Markstein length data of high 

RON gasoline/air mixture. 

P T XCO2 ϕ SL Uncertainty of SL Lb Uncertainty of Lb 

[bar] [K] [%] [-] [cm/s] [cm/s] [mm] [mm] 

1 

373 0 

0.85 45.02 0.90 1.12 0.06 

1.00 50.41 0.59 0.87 0.02 

1.10 51.84 0.36 0.66 0.08 

1.30 43.15 1.96 0.01 0.04 

473 0 

0.85 68.07 0.53 0.96 0.05 

1.00 77.50 1.42 0.69 0.05 

1.10 79.35 0.53 0.68 0.04 

1.30 67.14 1.96 0.15 0.05 

473 15 

0.90 39.42 0.68 1.31 0.01 

1.00 42.02 0.35 0.99 0.06 

1.10 44.05 0.20 0.89 0.04 

1.30 39.69 0.76 0.24 0.09 

 

Table A-8. Experimental laminar flame speed and burned gas Markstein length data of low RON 

gasoline/air mixture. 

P T XCO2 ϕ SL Uncertainty of SL Lb Uncertainty of Lb 

[bar] [K] [%] [-] [cm/s] [cm/s] [mm] [mm] 

1 

373 0 

0.85 42.63 0.31 1.15 0.05 

1.00 50.10 1.93 0.94 0.03 

1.10 51.54 1.25 0.67 0.16 

1.30 47.43 0.20 0.22 0.01 

473 0 

0.85 65.61 0.73 0.95 0.04 

1.00 75.78 2.41 0.77 0.06 

1.10 77.40 1.49 0.63 0.15 

1.30 72.84 0.73 0.31 0.05 

473 15 

0.90 40.70 2.15 1.26 0.10 

1.00 42.67 0.40 1.11 0.03 

1.10 44.28 0.51 0.89 0.09 

1.30 42.30 1.35 0.44 0.09 
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APPENDIX L: Dilution effect of different combustion residuals on laminar 

burning velocities and burned gas Markstein lengths of premixed methan e/air 

mixtures at 1 bar and 473 K. 

Table A-9. Experimental laminar flame speed and burned gas Markstein length data of diluted 

methane/air mixture. 

ϕ Diluent X SL 
Uncertainty of 

SL 
Lb 

Uncertainty of 

Lb 

[-] [-] [%] [cm/s] [cm/s] [mm] [mm] 

0.8 

N2 

0 60.75 0.47 0.48 0.07 

5 53.38 0.90 0.39 0.09 

10 44.48 1.02 0.51 0.09 

15 35.62 1.09 0.54 0.08 

H2O 

0 60.75 0.42 0.48 0.04 

5 46.68 0.11 0.58 0.04 

10 35.98 0.96 0.49 0.13 

15 23.63 0.53 0.71 0.06 

CO2 

0 60.75 0.19 0.48 0.03 

5 42.28 0.30 0.52 0.02 

10 28.56 0.28 0.57 0.06 

15 19.53 0.15 0.71 0.06 

71.49% N2 + 

19.01% H2O + 

9.50% CO2 

0 60.75 0.19 0.48 0.03 

5 49.53 0.06 0.68 0.08 

10 37.70 1.68 0.48 0.21 

15 29.40 0.75 0.74 0.19 

1.0 

N2 

0 77.51 0.36 0.55 0.00 

5 68.00 0.75 0.63 0.05 

10 58.21 0.26 0.70 0.04 

15 48.46 1.03 0.74 0.03 

H2O 

0 77.51 0.78 0.55 0.02 

5 61.39 1.09 0.61 0.11 

10 48.50 0.16 0.55 0.08 

15 37.63 0.52 0.73 0.04 

CO2 

0 77.51 0.35 0.55 0.03 

5 54.31 0.52 0.58 0.04 

10 37.81 0.26 0.72 0.04 

15 26.49 0.10 0.89 0.05 
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Table A-9 (cont’d) 

1.0 

71.49% N2 + 

19.01% H2O + 

9.50% CO2 

0 77.51 0.35 0.55 0.03 

5 66.69 0.22 0.53 0.08 

10 57.54 0.15 0.86 0.02 

15 42.54 0.73 0.85 0.09 

1.2 

N2 

0 71.43 0.13 0.65 0.00 

5 62.67 0.58 0.79 0.03 

10 54.57 0.60 0.84 0.08 

15 44.99 0.22 0.94 0.02 

H2O 

0 71.43 2.63 0.65 0.03 

5 60.18 0.82 0.82 0.09 

10 48.45 0.29 0.87 0.07 

15 35.18 0.82 1.25 0.14 

CO2 

0 71.43 0.43 0.65 0.03 

5 49.96 1.04 0.74 0.16 

10 34.74 0.16 1.03 0.06 

15 22.90 0.18 1.31 0.02 

71.49% N2 + 

19.01% H2O + 

9.50% CO2 

0 71.43 0.43 0.65 0.03 

5 64.10 0.39 0.59 0.06 

10 51.64 0.66 0.84 0.20 

15 40.66 1.09 0.97 0.12 
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APPENDIX M: Experimental and numerical laminar flame speed and burned gas 

Markstein length for diluted methane/air mixtures at 1-5 bar and 373-473 K. 

Table A-10. Experimental and numerical laminar flame speed and burned gas Markstein length 

data of methane/air mixture. 

P T X ϕ SL,exp SL,exp-error Lb Lb-error SL,corr Lb,corr 
SL,GRI-

Mech 3.0 

SL,USC 

Mech II 

SL,HP-

Mech 

SL,NUI 

Galway-

CH4/DME 

[bar] [K] [%] [-] [cm/s] [cm/s] [mm] [mm] [cm/s] [mm] [cm/s] [cm/s] [cm/s] [cm/s] 

1 373 

0 

0.70 27.07 0.74 0.26 0.04 27.09 0.37 29.56 30.45 28.54 27.58 

0.80 37.67 0.33 0.35 0.05 38.21 0.42 40.08 40.06 39.12 38.41 

0.90 46.42 0.20 0.51 0.03 45.45 0.46 48.59 47.17 47.54 47.08 

1.00 51.35 0.12 0.62 0.04 48.79 0.50 53.70 50.96 52.69 52.41 

1.10 50.78 0.29 0.57 0.05 48.24 0.60 54.08 50.61 53.55 53.34 

1.20 45.46 0.16 0.71 0.01 43.79 0.76 48.30 45.14 49.02 48.67 

1.30 34.69 0.50 1.05 0.03 35.46 1.03 35.97 34.47 38.61 37.93 

5 

0.70 21.40 0.76 0.35 0.07 22.70 0.44 23.62 24.83 22.68 21.93 

0.80 31.03 0.55 0.41 0.04 32.02 0.50 32.78 33.33 31.87 31.41 

0.90 37.80 0.57 0.52 0.02 38.09 0.55 40.36 39.70 39.32 39.11 

1.00 42.50 0.13 0.68 0.08 40.89 0.60 44.99 43.07 43.88 43.86 

1.10 42.37 0.06 0.72 0.09 40.42 0.72 45.28 42.64 44.52 44.55 

1.20 36.79 0.25 0.86 0.06 36.70 0.91 39.62 37.31 40.07 39.92 

1.30 27.50 0.34 1.34 0.05 29.71 1.23 27.90 27.19 30.28 29.73 

10 

0.80 23.64 0.68 0.37 0.09 25.83 0.59 26.18 27.15 25.36 25.05 

0.90 30.01 0.79 0.52 0.03 30.73 0.64 32.77 32.74 31.81 31.78 

1.00 34.08 0.15 0.69 0.02 32.98 0.70 36.88 35.69 35.78 35.94 

1.10 34.25 0.19 0.79 0.07 32.61 0.83 37.04 35.15 36.20 36.38 

1.20 29.28 0.48 1.09 0.06 29.61 1.06 31.48 29.94 31.81 31.78 

15 

0.90 23.67 0.38 0.64 0.05 23.37 0.73 25.91 26.38 25.08 25.14 

1.00 27.01 0.32 0.82 0.05 25.08 0.81 29.45 28.89 28.45 28.71 

1.10 27.19 0.21 0.96 0.03 24.80 0.95 29.46 28.22 28.65 28.92 

1 423 0 

0.60 20.70 0.58 0.32 0.05 15.59 0.26 25.10 26.15 23.57 22.10 

0.70 34.13 0.33 0.31 0.12 34.99 0.35 38.49 39.30 37.28 36.00 

0.80 47.64 0.60 0.43 0.06 49.36 0.40 51.01 50.61 49.87 48.87 

0.90 57.43 0.53 0.43 0.08 58.70 0.43 60.89 58.84 59.71 58.97 

1.00 63.34 0.39 0.58 0.02 63.02 0.48 66.66 63.12 65.63 65.10 

1.10 62.54 0.45 0.49 0.08 62.31 0.57 66.98 62.66 66.60 66.16 

1.20 57.46 0.22 0.70 0.04 56.57 0.73 60.39 56.40 61.45 60.91 

1.30 44.70 0.13 0.85 0.07 45.80 0.98 46.36 44.17 49.57 48.71 

1.40 28.99 1.04 1.42 0.11 30.00 1.36 29.70 29.85 34.31 33.28 
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Table A-10 (cont’d) 

1 423 

5 

0.70 26.67 0.54 0.37 0.04 29.32 0.42 31.18 32.46 30.04 29.06 

0.80 37.92 0.42 0.48 0.08 41.36 0.48 42.18 42.54 41.08 40.42 

0.90 46.47 0.39 0.53 0.05 49.19 0.52 51.07 49.95 49.86 49.48 

1.00 51.61 0.25 0.69 0.07 52.81 0.58 56.36 53.81 55.15 54.97 

1.10 51.64 0.44 0.72 0.06 52.22 0.68 56.61 53.25 55.89 55.77 

1.20 46.30 0.35 0.92 0.06 47.40 0.87 50.21 47.19 50.85 50.58 

1.30 34.35 0.27 1.19 0.03 38.38 1.18 36.80 35.54 39.62 38.93 

1.40 21.28 0.66 1.82 0.21 25.14 1.63 22.49 22.66 25.98 25.18 

10 

0.70 20.48 1.14 0.43 0.17 23.65 0.49 24.67 26.21 23.61 22.84 

0.80 29.51 0.62 0.39 0.04 33.37 0.56 34.12 35.06 33.13 32.68 

0.90 37.84 0.54 0.63 0.08 39.69 0.61 41.95 41.63 40.79 40.66 

1.00 41.51 0.21 0.73 0.02 42.61 0.67 46.70 45.03 45.44 45.52 

1.10 41.28 0.63 0.75 0.05 42.12 0.80 46.85 44.38 45.94 46.06 

1.20 35.90 0.74 1.00 0.12 38.24 1.02 40.58 38.46 41.01 40.91 

15 

0.80 23.70 0.47 0.53 0.05 25.38 0.64 26.91 28.23 26.02 25.71 

0.90 30.08 0.17 0.63 0.11 30.18 0.69 33.62 33.95 32.60 32.61 

1.00 33.50 0.23 0.81 0.03 32.40 0.77 37.77 36.87 36.58 36.82 

1.10 33.76 0.12 0.93 0.05 32.03 0.91 37.76 36.10 36.84 37.11 

1.20 28.23 0.88 1.17 0.16 29.08 1.16 31.61 30.31 31.99 31.99 

1 473 

0 

0.60 28.33 0.12 0.36 0.02 19.56 0.25 33.20 34.30 31.39 29.51 

0.70 45.65 0.53 0.42 0.05 43.92 0.34 49.22 49.81 47.77 46.09 

0.80 60.75 0.19 0.48 0.03 61.96 0.39 63.81 62.87 62.48 61.09 

0.90 71.81 0.93 0.50 0.11 73.68 0.42 75.05 72.21 73.76 72.65 

1.00 77.51 0.35 0.55 0.03 79.10 0.46 81.44 76.96 80.46 79.60 

1.10 78.09 0.47 0.59 0.07 78.21 0.55 81.64 76.33 81.50 80.78 

1.20 71.43 0.43 0.65 0.03 71.00 0.70 74.21 69.26 75.71 74.93 

1.30 58.26 0.17 0.94 0.09 57.49 0.94 58.52 55.47 62.36 61.27 

1.40 40.06 0.40 1.37 0.10 37.66 1.31 39.52 38.81 44.61 43.32 

5 

0.60 20.17 0.51 0.42 0.00 16.40 0.30 26.50 27.92 24.81 23.30 

0.70 35.03 0.90 0.33 0.04 36.80 0.41 40.38 41.63 39.03 37.74 

0.80 49.53 0.06 0.68 0.08 51.92 0.46 53.32 53.36 52.03 51.09 

0.90 59.41 1.30 0.38 0.06 61.75 0.50 63.54 61.84 62.17 61.53 

1.00 66.69 0.22 0.53 0.08 66.29 0.55 69.44 66.15 68.18 67.78 

1.10 69.76 0.69 0.54 0.17 65.54 0.66 69.60 65.43 69.00 68.69 

1.20 64.10 0.39 0.59 0.06 59.50 0.84 62.43 58.60 63.37 62.93 

1.30 51.48 2.28 0.84 0.15 48.18 1.13 47.38 45.42 50.69 49.84 

1.40 30.08 0.36 1.57 0.25 31.56 1.57 30.25 30.18 34.61 33.56 
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Table A-10 (cont’d) 

1 473 

10 

0.70 21.42 1.56 0.69 0.01 29.69 0.47 32.41 34.09 31.15 30.15 

0.80 37.70 1.68 0.48 0.21 41.89 0.54 43.68 44.48 42.47 41.84 

0.90 47.82 0.28 0.74 0.05 49.82 0.58 52.77 52.04 51.41 51.12 

1.00 57.54 0.15 0.86 0.02 53.48 0.65 58.14 55.88 56.74 56.69 

1.10 56.85 0.84 0.85 0.04 52.88 0.76 58.22 55.08 57.32 57.33 

1.20 51.64 0.66 0.84 0.20 48.00 0.98 51.23 48.44 51.82 51.63 

15 

0.80 29.40 0.75 0.74 0.19 31.85 0.61 34.93 36.28 33.84 33.42 

0.90 37.38 0.55 0.75 0.15 37.88 0.67 42.83 42.92 41.60 41.53 

1.00 42.54 0.73 0.85 0.09 40.67 0.74 47.59 46.26 46.22 46.39 

1.10 44.38 0.70 1.01 0.18 40.21 0.87 47.53 45.35 46.54 46.75 

1.20 40.66 1.09 0.97 0.12 36.51 1.11 40.71 38.88 41.16 41.11 

3 373 

0 

0.70 17.94 0.27 -0.10 0.13 18.40 0.12 17.44 19.79 17.13 17.04 

0.80 26.85 0.12 0.13 0.03 25.96 0.14 24.94 27.10 24.98 25.37 

0.90 33.72 0.24 0.26 0.04 30.87 0.15 31.22 32.45 31.35 32.22 

1.00 37.54 0.20 0.31 0.07 33.14 0.16 35.16 35.02 35.20 36.40 

1.10 36.37 0.10 0.24 0.03 32.77 0.19 35.25 33.98 35.45 36.70 

1.20 30.32 0.38 0.29 0.11 29.75 0.25 29.40 28.16 30.73 31.59 

1.30 20.30 0.13 0.31 0.03 24.09 0.33 19.11 18.89 21.58 21.78 

5 

0.80 20.67 0.12 0.11 0.04 21.76 0.16 19.76 21.92 19.68 19.95 

0.90 26.80 0.18 0.22 0.03 25.87 0.18 25.08 26.54 25.14 25.84 

1.00 29.75 0.17 0.25 0.04 27.78 0.19 28.40 28.67 28.40 29.41 

1.10 28.69 0.07 0.25 0.02 27.46 0.23 28.24 27.48 28.39 29.44 

1.20 23.21 0.34 0.37 0.06 24.93 0.29 22.44 21.81 23.71 24.39 

10 

0.80 15.71 0.09 0.10 0.08 17.55 0.19 15.25 17.29 15.04 15.20 

0.90 20.59 0.25 0.24 0.06 20.87 0.21 19.64 21.20 19.63 20.16 

1.00 23.25 0.17 0.30 0.09 22.41 0.23 22.34 22.89 22.32 23.13 

1.10 22.34 0.07 0.35 0.05 22.16 0.27 21.93 21.59 22.07 22.93 

1.20 17.22 0.25 0.55 0.03 20.11 0.34 16.30 16.15 17.46 18.02 

15 

0.90 15.58 0.17 0.24 0.05 15.87 0.23 14.92 16.46 14.83 15.20 

1.00 17.63 0.09 0.36 0.06 17.04 0.26 17.03 17.74 16.98 17.61 

1.10 16.56 0.84 0.46 0.09 16.85 0.31 16.39 16.33 16.52 17.20 

3 423 0 

0.70 23.33 0.16 0.02 0.08 23.77 0.11 23.03 25.86 22.77 22.70 

0.80 33.12 0.64 0.12 0.09 33.53 0.13 32.11 34.57 32.24 32.75 

0.90 40.90 0.53 0.14 0.08 39.88 0.14 39.61 40.88 39.61 40.90 

1.00 45.42 0.51 0.21 0.14 42.81 0.16 44.24 43.88 44.36 45.82 

1.10 44.59 0.10 0.08 0.06 42.33 0.18 44.39 42.69 44.71 46.22 

1.20 37.90 0.24 0.03 0.11 38.43 0.23 37.86 36.08 39.42 40.49 

1.30 26.92 0.54 0.08 0.17 31.11 0.32 25.70 25.15 28.78 29.03 
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Table A-10 (cont’d) 

3 423 

5 

0.80 26.65 0.38 0.01 0.09 28.10 0.15 25.74 28.28 25.73 26.11 

0.90 32.06 1.65 0.09 0.05 33.42 0.17 32.15 33.75 32.27 33.17 

1.00 37.12 0.28 0.14 0.08 35.88 0.19 36.10 36.25 36.15 37.40 

1.10 36.53 0.95 0.18 0.22 35.47 0.22 35.98 34.92 36.21 37.50 

1.20 29.81 0.58 0.17 0.12 32.21 0.28 29.50 28.46 30.96 31.84 

1.30 20.60 0.61 0.42 0.10 26.08 0.38 18.78 18.67 21.21 21.45 

10 

0.80 20.87 1.13 0.11 0.08 22.67 0.18 20.14 22.60 19.97 20.23 

0.90 26.03 0.29 0.10 0.09 26.96 0.20 25.49 27.27 25.53 26.23 

1.00 29.27 0.04 0.20 0.04 28.95 0.22 28.74 29.28 28.76 29.78 

1.10 27.71 0.65 0.02 0.08 28.62 0.26 28.36 27.81 28.55 29.62 

1.20 22.01 1.09 0.37 0.12 25.98 0.33 22.00 21.58 23.37 24.08 

15 

0.90 20.28 0.44 0.18 0.12 20.50 0.22 19.65 21.46 19.59 20.10 

1.00 22.41 0.76 0.12 0.26 22.01 0.25 22.23 23.01 22.22 23.02 

1.10 21.34 0.89 0.29 0.05 21.76 0.29 21.59 21.43 21.76 22.63 

5 373 

0 

0.80 21.53 0.15 -0.02 0.07 21.69 0.08 19.35 21.57 19.81 19.93 

0.90 27.53 0.19 0.08 0.02 25.80 0.09 24.55 26.04 25.30 25.84 

1.00 30.59 0.21 0.13 0.05 27.69 0.10 27.78 27.97 28.52 29.34 

1.10 30.05 0.53 0.29 0.16 27.38 0.11 27.61 26.59 28.44 29.24 

1.20 22.87 0.23 0.09 0.10 24.86 0.14 21.96 20.94 23.63 24.05 

5 

0.80 16.98 0.37 0.15 0.15 18.18 0.10 15.11 17.16 15.28 15.29 

0.90 22.24 0.18 0.24 0.05 21.62 0.10 19.43 20.94 19.93 20.29 

1.00 24.20 0.38 0.17 0.10 23.21 0.12 22.05 22.45 22.60 23.21 

1.10 22.76 0.53 0.24 0.14 22.94 0.14 21.62 20.97 22.26 22.90 

1.20 16.95 0.18 0.26 0.06 20.83 0.17 16.23 15.68 17.56 17.93 

10 

0.90 16.40 0.19 0.07 0.13 17.44 0.12 14.97 16.41 15.23 15.43 

1.00 18.73 0.19 0.29 0.05 18.72 0.13 17.01 17.53 17.38 17.82 

1.10 17.18 0.35 0.23 0.13 18.51 0.16 16.36 15.99 16.82 17.33 
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