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1 Introduction 

Nowadays, the energy sector is in a state of transition and governments are more concerned about global 

greenhouse emissions and their environmental impact with regard to climate change. In 2016, the average 

concentration of CO2 equivalent was about 40% higher than 1990 levels [1]. This. study is directly related 

to the transport sector, it represents 15.9% of the global greenhouse gas emissions in 2016 [2]. In order to 

reach the net zero by 2050 (European union objective) all innovation and development efforts are mandatory 

and internal combustion engines still make sense for decades to come [3]. In Spark ignition engines, many 

developments are focused on downsizing or rightsizing methods in order to reduce fuel consumption and to 

increase engine efficiency. However, this technology promotes knock occurrence. As knock is related to 

fuel physical and chemical characteristics, developing knock resistant fuels helps take full advantage of the 

before mentioned technique. In this context, the objective of this work is to generate reliable laminar flame 

speed measurements for correlation development. Detailed mechanisms are often too large to perform 

laminar flame simulations for which convergence is rarely achieved. The alternative proposed in this work 

is to generate an experimental/numerical based flame speed correlation. The validated mechanism for 

ignition delay time and the correlation will help generate look up tables [4] to use for 3D CFD Simulations. 

The latter will be used to perform mono-parametric variations of fuel characteristics, impossible to achieve 

in real engine tests, using an advanced RANS methodology [5] in order to determine key-parameters 

regarding knock phenomena. 

2 Materials and methods 

The main fuel used in this study is composed of 79.57% mole fraction of Toluene and 20.43% mole fraction 

of 1-hexene. This composition has been specifically chosen because of its RON, MON properties and, more 

importantly, fuel octane sensitivity. Another reason behind the choice of these specific compounds is that 

their chemical kinetics models are widely developed in literature. This fuel of reference will be used to 

validate a global CFD methodology consisting of evaluating fuel physical and chemical properties regarding 

knock occurrence. The spherical bomb used in the current study for laminar flame speed measurements was 

described in previous studies [6, 7, 8]. The current experimental study was conducted at two initial 

temperatures, 375 and 475 K (Δ𝑇𝑢 = ±1 𝐾). Equivalence ratios are ranging from 0.7 to 1.2 (Δ𝜑 =
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±0.07%), at a pressure of 1 bar (Δ𝑃 = ±0.14 𝑚𝑏𝑎𝑟). Figure 1 exemplifies the flames recorded are spherical 

smooth and only very minor cracks can be observed on the surface of the flame due to the presence of the 

electrodes. 
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Figure 1: A series of flame snapshots for different flame radii and at different equivalence ratios. The mixture is 

constituted of {20.43% 1-Hexene + 79.57% Toluene}/air at 1 bar and 375K. 

Eschenbach and Agnew [9] have given the expression of laminar flame velocity at zero stretch:  𝑆𝐿
0 =

𝑉𝑠
0

𝜎
 𝑤𝑖𝑡ℎ 𝜎 =

𝜌𝑢

𝜌𝑏
 where 𝜌𝑢 and 𝜌𝑏 are respectively the density of fresh and burned gases at equilibrium. Once 

Vs0 is determined the previous equation is used to calculate the laminar flame speed. The spatial velocity 

is then calculated with the following equation Vs = (𝑑𝑅𝑓)/dt. Nevertheless, the spherical shape of the flame 

must be considered because the curvature of the latter induces a stretch. The stretch is defined by the 

equation1: 𝜅 = 2 ∗ (𝑉𝑠 𝑅𝑓⁄ ) Where κ is the stretch, 𝑅𝑓 the radius of the spherical flame and 𝑉𝑠 the spatial 

velocity. Subsequently, Ronney and Sivashinsky [10] have shown that for a weak stretch, a non-linear 

relationship exists between laminar flame velocity and stretching: (
𝑉𝑠
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0) In fact, a linear 

relation leads to an overestimation of 𝑉𝑠0. The points extracted from image processing can be used to 

calculate the spatial velocity at zero stretch and consequently the laminar flame speed. However, the stretch 

induced by flame propagation affects the laminar flame speed calculated value. [11] presented non-linear 

formulations relating spatial velocity to the stretch. The curve of the spatial velocity is plotted as a function 

of the stretch Figure 2(a) 
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Figure 2: (a) Flame speed as a function of stretch of {20.43% 1-Hexene + 79.57% Toluene}/air at 1 bar, 375K and an 

equivalence ratio of 0.994; (b) Su values 3D mapping, (c): distribution of Su values. 

Where LS [12] is a linear model based on stretch, LC [13] is a linear model based on curvature, NE [14] is 

a non-linear model on expansion form, N3P [11] is a non-linear model with 3 fitting parameters, NQ [15] 
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is a quasi-steady non-linear model and finally, NQ-ICARE and NQchen are NQ solutions using respectively 

ICARE ODE [16] and linear regression. The filled points represent smooth data considered in building up 

the different models and only points acquired at a constant pressure were considered. The data fits well with 

the different linear and non-linear approaches. However, the V0 values are different at zero stretch. ICARE 

and Chen ODE have nearly similar V0 values, ICARE ODE was chosen to calculate flame speed at zero 

stretch. For each extrapolation, a specified minimum and maximum flame radius were defined for 

illustration purpose. A mis-choice of the radii range for flame speed extraction can lead to additional error. 

In order to avoid this, the extrapolation method is performed for various minimum radii ranging from 10 to 

25 mm, and maximum radii ranging from 25 to 45mm with a 1mm step for both radii and a constraint of 

15mm between the two values. For each maximum and minimum, radii flame speed at zero stretch is 

determined. Figure 2(b) represents a 2D mapping of flame speed values as function of minimum and 

maximum radii. 200 values were considered, as a result the mean laminar flame speed value for this specific 

example is 49,4 cm/s with a standard deviation of 0.5cm/s as a result the error is about two times the standard 

deviation which is less than 2%. 

3 Experimental results 

3.1 Laminar flame speed and Markenstein length 

Wu et al. [17] showed that in order to minimize extrapolation errors, experiments should be conducted in 

the range of −0.05 < Ma linear. Ka middle < 0.15 as it is shown in Figure 3(c) results are within these limits. 

The Markstein length was determined using the same methodology for laminar flame speed using the linear 

model, whilst Karlovitz number was determined at the middle of the domain considered for flame speed 

extrapolation. Furthermore, Radiative heat losses lead to a decrease of the fame speed value. The equation 

proposed in [18] was used to calculate the radiation-corrected fame speed. Figure 3(a) illustrates the laminar 

flame speed mean values and the difference between the latter and the corrected values considering radiative 

effects. In this case study, two experimental conditions of 375K and 475K at 1atm have been chosen. The 

difference between the corrected value and the mean experimental one has a minimum near stochiometric 

conditions and a maximum in the rich and lean conditions. For 375K, the mean value is about 0.6 cm/s 

while for 475K the mean value is about 0.73 cm/s. these corrections are considered while comparing to 

mechanisms. 
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Figure 3: (a) Laminar flame speed measurements versus simulation; (b) Markenstein length; (c) Ma 

linear. Ka middle parameter; all of {20.43% 1-Hexene + 79.57% Toluene}/air at 1 bar, 375K and 475K 
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The observations show that the laminar flame speed increases with higher temperatures. The resulting curve 

is parabolic, with an equivalence ratio range from 0.7 to 1.3 with a maximum value around the value of 

1.07. The results obtained will be used to validate the mechanism used in building-up a numerical correlation 

for CFD usage. Using the Equation 3 the burned gases Markstein length Lb is calculated then the un- burned 

gases Markstein length L ’ is determined using the following expression Lu = Lb/ σ. L’ values are reported 

in Figure 3(b), one can see that for each initial condition on the entire range of equivalence ratio studied 

flames are stable (L’ > 0). Lu values are nearly identical at iso-equivalence ratio which means that the initial 

temperature does not affect the response of the flame to the stretch. 

3.2 Numerical simulation  

The comparison between simulated Sl°obtained using the Polimi mechanism [19] and experimental data 

obtained is illustrated in Figure 3(a). The numerical solution is in good agreement with the experimental 

results in lean and stoichiometric conditions. While it overestimates the Sl0 value in rich conditions. The 

simulation work was performed using the premixed laminar flame speed calculation module in the Chemkin 

PRO software. A large computational domain of 10 cm was selected to avoid boundary effects. Very 

constrained grid parameters were used to ensure that the results obtained are grid-independent. Thus, the 

grid parameters used in this work are: GRAD: 0.05, CURV: 0.05 and a maximum grid point of 1800. The 

Soret diffusion effect and mixture averaged transport properties hypothesis was considered. 

3.3 Correlation development 

Numerical modeling of combustion plays a crucial role in optimizing processes and predicting physical and 

chemical behaviors. Although encouraging progress has been made in developing detailed chemical kinetic 

mechanisms, they are still extremely complex and require significant computational resources. Analytical 

correlations are more practical for industrial numerical usage. Various forms of empirical and semi-

empirical functional relationships have been proposed for the laminar burning velocity [20] [21] [22]. The 

simplest and the most widely used form of the empirical correlation is the power law formula: 𝑆𝐿
0(𝜑, 𝑇, 𝑃) =

 𝑆𝐿
0(𝜑) (

𝑇

𝑇0
)

𝛼
(

𝑃

𝑃0
)

𝛽
 where 𝑆𝐿

0(𝜑) is the laminar flame speed measured at 𝑇 = 𝑇0 and 𝑃 = 𝑃0. Gülder [21] 

proposed the following expression for 𝑆𝐿
0(𝜑):   𝑆𝐿

0(𝜑) =  𝑍𝑊𝜑𝜂𝑒−𝜉(𝜑−𝜎)2
 where Z = 1 for single constituent 

fuels. W, 𝜂, 𝜉 and 𝜎 are constant for a given fuel. In the current study, the binary mixture is considered as a 

single component for correlation development. Liao et al. [23] have investigated the dependence of alpha 

and beta constant to the equivalence ratio. They proposed the following second-order polynomial 

form: 𝛼(𝜑) = 𝑎2𝜑2 − 𝑎1𝜑 + 𝑎0  and 𝛽(𝜑) = −𝑏2𝜑2 + 𝑏1𝜑 − 𝑏0. A new approach is used in order to build up 

a numerical correlation. It consists in combining experimental and numerical results obtained by 

computation using detailed mechanisms. The objective is to use a large sample of laminar flame speed 

values as an objective function to optimize the different correlation coefficients. First, W, 𝜂, 𝜉 and 𝜎 are 

optimized to capture the equivalence ratio effect, thirteen experimental points at P0=1bar and T0=375K 

were fed to optimize the four coefficients. Figure 4(a) represent a comparison between correlation and 

experimental data. Coefficients values are reported in supplementary materials. 
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Figure 4: (a) Laminar flame speed correlation versus experimental data (b) Correlation results versus Experimental 

and simulation results, (c) Correlation results versus simulation using ChemkinPro (d) Correlation versus simulation 

and experimental data not used as an objective function. 
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The second step consists in fitting the temperature dependence coefficients. In order to do so, fifty-nine 

combined experimental and numerical SL values were chosen at 1bar, with temperature ranging from 350 

to 800K and equivalence ration ranging from 0.7 to 1.3. The form of Liao et al. [23] of the coefficient alpha 

which represents the temperature dependence is considered. Figure 4(b) represents the correlation results 

versus the objective values. A correlation coefficient of 0.928 is obtained. The third and final step of the 

optimization is to capture the pressure dependence. The form of coefficient beta is also used from [23]. The 

database used contains fifty-six numerical SL values at 600K, ranging from 1 to 35 bar in terms of pressure. 

The optimization results are presented in Figure 4(c). A correlation coefficient of 0.907 is obtained. Finally, 

another database is used to validate the correlation results. It is composed of mixed experimental 

measurements and numerical calculations that were not used as an objective function, corresponding to 

conditions that were not covered by the optimization study. Fifty-one SL values are used and a correlation 

coefficient of 0.989 is obtained presented in Figure 4(d). 

4 Conclusion 

The aim of this study is to prepare the 3D CFD inputs in the most accurate way in terms of ignition delay 

time and laminar flame speed. New Laminar flame speed measurements were presented while highlighting 

the importance of well choosing an accurate minimum and maximum flame radius. A new 2D statistical 

approach is proposed for minimum and maximum radius selection. Furthermore, several mechanisms were 

analyzed for this specific fuel mixture. Polimi mechanism was chosen for laminar flame speed correlation 

development. Experiments and simulation results were used for building up laminar flame speed correlation. 

Finally, experiments and simulations result also were used for validating the developed correlation.  
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