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Experimental Investigation and Modeling of Early Flame Propagation Stages in 

Operating Conditions Representative of Modern High Efficiency Spark Ignition 

Engines 

Abstract 

The present social context imposes effective reductions of transport 

greenhouse gases and pollutant emissions. To answer to this demand, 

car manufacturers adopted technologies such as downsizing, 

turbocharging, intense in-cylinder aerodynamics  and diluted 

combustion process. In this context, to master mixture ignition is 

crucial to ensure an efficient heat release. To get to a clearer 

knowledge about the physics holding early stages of premixed 

mixture combustion, the PRISME institute in the framework of the 

French government research project ANR MACDOC generated a 

consistent experimental database to study ignition and spherical 

flame propagation processes in a constant volume vessel in laminar 

and turbulent environment. This allows to have a detailed description 

of the flame dynamics of an air / isooctane mixture depending on 

thermochemical properties of the mixture and nature of the diluent 

(O2, H2O, CO2 and synthetic stoichiometric Exhaust Gas 

Recirculation (EGR)), as well as on turbulent intensity and ignition 

energy. A system simulation model based on the Coherent Flame 

Model (CFM) approach was then setup at IFP Energies nouvelles 

(IFPEN) accounting for the influence of the flame stretch, through 

the integration of a non-linear formulation of the mixture Markstein 

number, and the flame wrinkling due to turbulence. The model 

allowed to have a deeper insight in the interpretation of experiments 

and to dissociate the interacting phenomena holding the combustion 

process. This modeling improving seems to be a necessary step to 

model next generation Spark Ignition engines operating under steady 

and transient conditions. 

Introduction 

One of the most important factors in premixed combustion modeling, 

and in particular in the CFM approach, is the laminar flame speed. 

This variable can be measured experimentally and it varies depending 

on the fuel nature, mixture temperature, pressure, equivalence ratio, 

dilution rate and dilution type. In literature several mathematical 

correlations fitting experiments are available for unstretched laminar 

flames. Nevertheless, the most extremes operating conditions 

attainable experimentally are quite far from what can be encountered 

when operating an Internal Combustion Engine (ICE), especially in 

terms of pressure and temperature. Furthermore, in engines, flames 

are stretched and it is known that stretched laminar flames velocities 

can be quite different of the corresponding unstretched values [13]. 

Experimental works available in literature on the determination of the 

laminar flame speeds for different thermochemical conditions, 

attaining extremes conditions of 20 bar in terms of pressure [21], and 

450 K in terms of temperature [8], mainly relative to isooctane fuel, 

come from different research teams all around the world 

[8,10,21,35,16,24]. Regarding the impact of the stretch on the 

laminar flame speed, the above mentioned works consider a linear 

dependence between the two variables. This assumption is 

controverted in literature especially when dealing with diluted 

mixtures [23]. To go beyond the limitations encountered in 

experimental works and determine the behavior of the laminar flame 

speed of different fuel compositions [5] or extrapolate the 

understanding given by experiments to more severe thermochemical 

conditions, nowadays it is common to use complex chemistry solvers, 

which allow to determine species reaction rates of chemical 

mechanism accounting for hundreds of species and thousands of 

reactions [39]; nevertheless, this approach remains a pure 

speculation, being the chemical mechanisms themselves validated on 

intervals of pressure and temperature which are quite far from real 

conditions inside ICE combustion chambers. Furthermore, in ICEs 

flame propagates in a turbulent flow field and flame is wrinkled by 

turbulence. Usually, in literature, when dealing with turbulent flame 

propagation, flame stretch is commonly not accounted for. The goal 

of this paper is to introduce in the turbulent combustion modeling 

approach adopted within the CFM1D combustion model [53] a 

consistent description of the effective flame speed behavior 

accounting for stretch for laminar and turbulent propagating 

conditions. In details, after a short remind regarding premixed flame 

propagation theory, the experimental setup and generated database, 

used to identify the model correlations as well as for validation 

purposes, are presented [17,45]. Then, it will be presented in a first 

time the modeling approach adopted to account for the flame stretch 

impact on laminar flame propagation, by using a theory based on a 

non-linear dependence of these two variables, and in a second time 

the modeling approach adopted to account for the flame stretch 

impact on turbulent flame propagation, by maintaining the non-linear 

theory.  

Remind about premixed propagating flames 

theory 

In this section, the basics of the theory relative to premixed divergent 

flame combustion, which is the common confirmation in Spark 

Ignition (SI) ICE, are reminded. 

Laminar flame speed of divergent flames 

Different definitions of flame velocity can be given to deal with 

laminar flame speed [3,30]. A brief remind is given below. 

Absolute Velocity 

The absolute velocity, Sb, represents the flame front velocity with 

respect to the burned gas coordinate system, which stay immobile. Sb 

is defined as: 

Alessio Dulbecco, Gregory Font, Fabrice Foucher, Pierre Brequigny
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dt

dR
S b

b 
 (1) 

Where Rb is the burned gas volume radius, here supposed as being a 

spherical region. This is an interesting variable as it can be directly 

compared to experimental observations obtained by means of 

techniques such as shadowgraph [18], Schlieren [9], Raman [27] or 

tomography [9], both by following an iso-value of temperature, or the 

maximum value of the derivative of one of the above-mentioned 

variables. 

Displacement Velocity 

The displacement velocity, Sd, represents the flame velocity with 

respect to the local flow field: 

 nuSS bd   (2) 

where u  is the gas velocity and n  is the flame front surface normal 

vector pointing towards the fresh gas. For a spherical diverging 

flame, this variable is very hard to measure because fresh gas is 

moving and the flow field is accelerated by the flame front. 

According to [30] by means of the continuity equation, it is possible 

to write the displacement velocity as the product of the absolute 

velocity and the ratio of burned and unburned gas densities, 

respectively 
b  and 

u : 

 
u

b
bd SS



  (3) 

Consumption Velocity 

The consumption velocity, Sc, represents the speed at which reactants 

are consumed. For a spherical flame configuration it holds: 
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where 
uFY  is the fuel mass fraction in unburned gas and 

F  is the 

fuel reaction rate. By knowing Sc, it is possible to compute the 

evolution of the burned gas mass, mb, in time by mean of the relation 

below [3]: 

 
24 bcu

b RS
dt

dm
  (5) 

where: 

 
bV

bbb dVm
0
  (6) 

in which Vb represents the burned gas volume. For infinitely thin 

flame fronts and a burned gas density which does not vary in time, it 

holds: 
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(7) 

The burning velocity of a free planar flame is the called unstretched 

laminar flame speed, Sl
0. 

Stretch impact on laminar flame speed 

The stretch is defined by the fractional rate of change of the flame 

surface, A: 

 
dt

dA

A
K

1
  (8) 

In the specific case of a spherical flame configuration of radius R and 

surface 3

3

4
RA  , the stretch expression holds: 

 bS
Rdt

dR

R
K

22
  (9) 

The influence of the stretch, K, on the unstretched laminar flame 

speed, 0

lS , is defined by means of the Markstein length, Lu or Lb 

depending on if defined with respect to unburned or burned gas, 

respectively. This influence can be expressed by means of a non-

linear relation relying the flame displacement speed, 
bS , relative to 

burned gas to the stretch as: 
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  (10) 

For little values of flame stretch, the relation above can be simplified 

and approximated by means of a linear formulation of the laminar 

flame speed dependence on stretch as it follows: 

 KLSS bbb  0
 (11) 

Figure 1 compares the non-linear and linear formulations to 

experiments, for two different flame propagation conditions, [37]. As 

shown, the two approximations can give a quite accurate 

representation of experiments for certain conditions (top), but for 

other conditions (bottom) the linear approximation can become a raw 

approximation for both high and low stretch values when compared 

to experiments. 
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Figure 1. Evolution of the stretched propagation speed with stretch for two 

equivalence ratios: f = 0.8 (top) and f = 1.3 (bottom) relative to reactive 
mixtures of CH4/air at the pressure of 1 bar and a temperature of 300 K, [37]. 

Turbulent divergent flames 

This section introduces the notion of flame surface density in the case 

of a spherical flame front by means of simple geometrical 

considerations. As shown in Figure 2, the flame radius of the burned 

gas region corresponds to the radius of the sphere having a volume Vb 

and a surface Am. The mean flame surface, Am, is related to the total 

surface, A, by means of the flame wrinkling, , according to the 

following relation: 

 mAA   (12) 

Accordingly: 

 24 bm R

A

A

A


  

(13) 

The total burned gas mass, mb, is related to the flame volume by 

means of the following relation: 

 
3

3

4
bbbbb RVm    (14) 

 

Figure 2. Definitions of the flame variables : burned gas volume radius, Rb, 

total flame surface, A, mean flame surface, Am, turbulent flame speed, St, 

laminar flame speed, Sl, flame wrinkling, . 

The evolution of the burned gas mass can be expressed through the 

mass conservation equation as: 

 
 

 2

bLu
bbb RS

dt

Vd

dt

dm



 (15) 

By using Equation (14), the evolution of the burned gas mass can be 

expressed also as: 

 
dt

d
R

dt

dR
R
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dm b
b

b
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b 
 32

3

4
4   (16) 

By combining Equation (15) and Equation (16), the evolution of the 

burned gas radius in time holds: 

 
dt

dR
S

dt

dR b

b

b
l

b

ub 





3
  (17) 

By supposing an isentropic process and neglecting the variation of 

pressure, the above equation holds: 

    l
b S

dt

dR
1  (18) 

in which: 

 1
b

u




  

(19) 

where  represents the thermal expansion rate. 

Experimental Setup 

Setup description. 

Experimental Database 

Database structure description. 

Table 1. Investigation conditions for turbulent isooctane/air. 

Temp. Press.  Diluent u’ [m/s] 
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[K] [bar] [%] 0.7 1.04 1.39 1.73 2.08 2.43 

323 1 1 0   X    

373 1 1 0   X    

423 

1 

0.8 0   X    

0.9 0   X    

1 

0 X X X X X X 

5-N2   X    

10-N2   X    

15-N2   X    

5-H2O   X    

10-H2O   X    

5-H2O   X    

10-H2O   X    

5-EGR   X    

10-EGR   X    

15-EGR   X    

1.1 0   X    

1.2 0   X    

1.3 0   X    

1.4 0   X    

1.5 0   X    

1.6 0   X    

3 1 0   X    

5 1 0   X    

10 1 0   X    

473 1 1 0   X    

 

Simulation Approach 

In this section the focus is on the understanding and representation of 

the premixed flame propagation within a reactive mixture by 

accounting for major factors impacting the flame behavior such as 

temperature, pressure, mixture equivalence ratio, dilution rate and 

diluent composition. For this, the developments are based and 

validated on experiments representative of the multi-dimensional 

domain in which such major factors vary. 

State of the art 

The CFM1D combustion model [53] allows to adopt, depending on 

the fuel nature, different correlations for laminar flame speed 

available in literature. Available flame correlations for isooctane, 

which is the fuel concerned by this study, are: 

 The flame speed correlation for isooctane proposed by [49], 

 The flame speed correlation for isooctane-ethanol mixture 

proposed by [50]. 

The major limitation is that the present approach does not account for 

any flame stretch impact on combustion. 

Laminar combustion modeling 

As introduced above, flame speed correlations are obtained by fitting 

mathematical expressions on the set of experimental results. The 

experimental database represented by the set of data collected in [18] 

and [45] is rich in terms of information and exhaustive in terms of 

operating condition parametric variations. For these reasons the flame 

correlation for unstretched laminar flame speed based on nonlinear 

flame speed dependence on stretch proposed in [45] was integrated in 

the combustion model. This flame correlation allows to account for 

flame sensitivity to mixture thermodynamic conditions expressed in 

terms of pressure, Pini, temperature, Tini, equivalence ratio, , and 

molar fraction of oxygen in ambient air, O2: 
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(20) 

where Pref and Tref are respectively the reference pressure and 

temperature taken at Pref = 1 bar and Tref = 423 K. 0

reflS  correspond at 

the laminar burning velocity under these reference conditions in 

terms of pressure and temperature. All values of correlation 

parameters A, B, C, D, E, α1, α2, β1, β2 and ϕm are given in Table 2. In 

this correlation, temperature is expressed in K, pressure in bar and 

laminar burning velocity in cm/s. 

Table 2. Numerical values of the parameters in Equation (20). 

Parameter Value 

A 55.42 

B -2.22e-14 

C -171.90 

D 74.61 

E 153.70 

m 1.10 

1 1.58 

2 0.04 

1 -0.203 

2 -9.44e-7 

 

Dilution effect of CO2, H2O and synthetic EGR on the laminar flame 

speed is accounted for by adding an additional term to the laminar 

flame speed correlation, Equation (20); this new contribution is 

detailed in Equation (21): 
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(21) 

where i represents the diluent composition and the coefficients 
i_1  

and 
i_2  are given in Table 3. 

2O  corresponds to the oxygen 

volume in the synthetic ambient air used during experiments, 
ref

O2  is 

equal to 20.9 % in volume and corresponds to the oxygen volume 

fraction in air. 

Table 3. Numerical values of the parameters in Equation (21); index i 

represents the diluent composition. 

i = CO2 H2O EGR 

1 7.523 3.786 4.079 

2 0.365 0.473 -1.354 

 

The Markstein length represents the dependence of the laminar flame 

propagation velocity on the stretch rate K, Equation (10) and 

Equation (11). Here a nonlinear method is used to determine the 

Markstein length. The following correlation, Equation (22), gives the 

value of Markstein length for non-diluted mixtures; the correlation is 

valid for pressures lower than 5 bar and equivalence ratios varying in 

the interval between 0.9 and 1.2: 

 

LL

ref

ref

ini

ref

ini
bb

P

P

T

T
LL






























  

NML
refb    

(22) 

where coefficients M, N, αL and βL are given in Table 4. 
refbL  

represents the Markstein length at the reference pressure of 1 bar and 

temperature of 423 K. In this correlation, temperature is expressed in 

K, pressure in bar and the Markstein length in mm. 

Table 4. Numerical values of the parameters in Equation (22). 

Parameters M N L L 

Value -1.45 2.23 -0.58 -0.71 

 

Dilution effect of CO2, H2O and synthetic EGR on the Markstein 

length is accounted for by means of the equations below: 
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(23) 

where  is the dilution rate defined as above-mentioned and the 

values of coefficients 
iL _1  and 

iL _2  are given Table 5. The 

Markstein length correlation is considered valid only for dilution 

rates where flames development was observed (especially at 1 bar). 

Table 5. Numerical values of the parameters in Equation (23); index i 
represents the diluent composition. 

i = CO2 H2O EGR 

L11 -7.44 -5.619 -2.721 

L2i 0.95 0.997 1.547 

 

Available useful information recorded during experiments for 

numerical approach development and validation is: 

 unstretched laminar flame speed, 

 Markstein length,. 

 evolution of the mean flame radius in time, 

 uncertainty on the mean flame radius, 

 evolution of the mean flame velocity in time, 

 uncertainty on the mean flame velocity, 

 flame stretch, 

 shot by shot experimental results. 

The flame speed dependence on unburned gas temperature, pressure, 

equivalence ratio, diluent composition and dilution rate was 

integrated into the CFM1D combustion model. It has to be noted that 

the correlation fits experimental results on the investigated domain; 

accordingly, all extrapolation have to be managed consciously in 

order to retrieve the physics phenomenology and avoid non-physical 

interpretations. For what concerns the correlation detailed by 

Equations (20) and Equation (21), no measure was taken to manage 

extrapolations related to temperature, pressure and dilution rate; this 

because, for the these variables, phenomenology was retrieved and no 

other experimental evidences were available to modify them; 

furthermore, for the dilution rate variable, as the tested limits 

approach the maximum dilution rate adopted in ICEs, the 

extrapolation of the correlation behavior will be generally relatively 

reduced. In what concerns the extrapolation of the flame correlation 

vis-à-vis the equivalence ratio, it must be guaranteed that flame speed 

tends to zero when approaching the inflammability limits of the 

mixture; for this, for a given equivalence ratio out of the domain of 

the correlation validity domain, a linear interpolation of the laminar 

flame speed value given by the correlation for its limit equivalence 

ratio and zero, related to the lower/higher inflammability limit, is 

performed; lower and high inflammability limits were supposed to be 

unique for every operating condition. Furthermore, these 

inflammability limits were considered as being less restrictive than 

what can be expected by simply extrapolating the experimental 

laminar flame speed curve, the reason being to guarantee a more 

robust behavior of the combustion model, from a numerical 
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viewpoint; in details the retained values are 0.3 for the lower 

inflammability equivalence ratio and 2.3 for the higher 

inflammability equivalence ratio, Figure 3 to Figure 5. 

 

Figure 3. Evolution of the unstretched laminar flame speed as a function of the 

equivalence ratio for different temperatures; pressure is equal to 1 bar; there is 

no dilution. Greyed regions refer to the extrapolated behavior of the 
correlation. 

 

Figure 4. Evolution of the unstretched laminar flame speed as a function of the 

equivalence ratio for different dilution rates; pressure is equal to 1 bar; 

temperature is equal to 423 K. 

 

Figure 5. Evolution of the unstretched laminar flame speed as a function of the 
equivalence ratio for different diluent compositions; pressure is equal to 1 bar; 

dilution rate is equal to 10 % in volume. 

All the assumptions listed in the previous paragraph are illustrated by 

Figure 6 to Figure 9, in which the behavior of the laminar flame 

speed correlation is shown as a function of the different operating 

conditions covering all the operating domain that can be encountered 

in engine applications. 

 

Figure 6. Evolution of the unstretched laminar flame speed as a function of the 
equivalence ratio for different temperatures; pressure is varied for the different 

plots from 1 to 140 bar; there is no dilution. 
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Figure 7. Evolution of the unstretched laminar flame speed as a function of the 

equivalence ratio for different pressures; temperature is varied for the different 
plots from 300to 1300 K; there is no dilution. 

 

Figure 8. Evolution of the unstretched laminar flame speed as a function of the 

dilution rate for different temperatures; pressure is varied for the different 

plots from 1to 140 bar; mixture equivalence ratio is 1.1; diluent is composed 
by H2O. 

 

Figure 9. Evolution of the unstretched laminar flame speed as a function of the 

dilution rate for different dilution compositions; pressure is 5 bar; mixture 

equivalence ratio is 1.1; temperature is 423 K. 

Turbulent combustion modeling 

The database relative to turbulent flame speed was generate by 

measuring spherical expanding flames by means of a shadowgraph 

method [17]. Isooctane/air mixtures at different temperature (from 

323 to 473 bar K), different pressures (from 1 to 10 bar), different 

equivalence ratios (from 0.8 to 1.6), different dilution rates (from 0 to 

15 % in volume), different dilution composition (N2, H2O, CO2 and 

synthetic EGR) and different turbulence intensities, expressed in 

terms of turbulent velocity fluctuation, u’, (from 0.7 to 2.4 m/s) were 

investigated. CO2, H2O and EGR were used as diluent over dilution 

range from 5 to 25 % in volume. The characterization of turbulence 

in the constant volume combustion chamber was performed and 

detailed in [19]. All the variations were performed around a reference 

point, which is characterized by the following operating conditions: 

temperature 423 K, pressure 1 bar, equivalence ratio 1.0, dilution rate 

0 %, turbulent intensity 1.4 m/s. The complete set of experiments is 

presented in Table 1. 

Available useful information recorded during experiments for 

numerical approach development and validation is: 

 evolution of the mean flame radius in time,  

 uncertainty on the mean flame radius, 

 evolution of the mean flame velocity in time, 

 uncertainty on the mean flame velocity, 

 shot by shot experimental results. 

The CFM1D modeling approach to account for the impact of 

turbulence on combustion is detailed in [46]. According to this 

approach, turbulence vortices impact the flame front by wrinkling it 

with an efficiency which depends on turbulent field characteristics, 

namely the integral length scale, lt, and the turbulent velocity 

intensity, u’, and the premixed flame properties, namely the flame 

thickness, l, and the laminar flame speed, Sl; the wrinkling 

efficiency function describing the turbulence-flame interaction is the 

one proposed in [47]. The turbulent flame surface A is written as the 

product of a mean surface Am and the flame front wrinkling factor , 

Equation (10). The flame wrinkling factor evolution is given by a 

physical equation describing the progressive transition from the 
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laminar kernel to the fully turbulent flame. This equation was 

obtained by reduction of the 3D equation for the flame surface 

density [46] and includes the unsteady effect of the turbulent flow on 

the flame stretch through the efficiency function  proposed in [47]: 
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u’ is the instantaneous velocity fluctuation, lt is the integral length 

scale, l is the laminar flame thickness estimated using Blint's 

correlation [55], 
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   is the thermal expansion rate, 
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V
R  is the current mean radius of burnt gases and equ 

corresponds to the  value when an equilibrium is reached between 

turbulence and flame wrinkling  [33]. The main unknowns of the 

problem finally correspond the turbulent flow field properties u’ and 

lt. No specific turbulence modeling was adopted in this study: it was 

supposed that, at least for the time interval during the observed flame 

propagation, turbulent intensity remain constant as well as integral 

length scale. It was shown in [48] that mean flame stretch must be 

accounted for correctly estimating the laminar flame speed 

propagating in a turbulent flow field. Accordingly, to adapt the 

approach presented in [46] to spherical outward propagating 

premixed flames in a turbulent flow field, regarding the inputs of the 

wrinkling efficiency function, the following hypothesis were done: 

 the mean flame surface can be assimilated to an expanding 

sphere,  

 the mean stretch depends on the radius of the mean flame 

surface, 

 the flame wrinkling has global effect on the computation of the 

mean laminar flame speed that is negligible; that is the related 

positive and negative curvature effects compensate with each 

other.  

Simulation Results 

In this section simulation results are plotted against experiments to 

highlight the importance to account for stretch impact on flame 

propagation. 

Flame stretch impact 

In what follow, from Figure 10 to Figure 13 are shown results of 

simulations reproducing the laminar combustion processes taking 

place in a constant volume combustion vessel with the same 

characteristics of that used in experiments; results are compare to 

experimental data. The operating conditions refer to the reference 

conditions that were retained to generate the experimental database, 

that is temperature=423 K, pressure=1 bar, =1.1 and no dilution. 

According to [17], the ignition device, in this case two electrodes, 

and the ignition energy transferred to the reactive mixture at sparking 

time do not have a neutral impact on the development of the very 

early flame kernel and the flame propagation, especially in the 

interval of time interesting flame radii lower than 5 to 6 mm; this 

evolution, more related to ignition physics than to flame propagation 

physics, becomes negligible for flame radii higher than 5 mm, Figure 

10. As this work mainly focuses on flame propagation, the model 

development and validation were focused on the free flame-

propagation regime. 

 

Figure 10. Experimental evolution of the flame propagation velocity as a 
function of the flame radius for different ignition energy values, [17]. 

In this study, the work is focused on the free propagation phase of the 

flame. Accordingly, to judge the quality of the modeling approach, 

the analysis will be focused on the flame radius evolution out of the 

region concerned by ignition. Accordingly, to have an easier 

comparison of experiments with simulation results, a time offset is 

applied to experimental results for shifting in time the measured 

variables, in order to have a superposition of simulated and measured 

flame radii at a given value of the radii. In what follows, taking into 

account that each experiment has its own minimum radius value 

which can differ from the others, in order to fix a general rule for all 

experiments analysis, it was decided to proceed as it follows: 

 to determine the maximum among the minimum radii recorded 

experimentally, 

 to use this value as radius coordinate to quantify the temporal 

shift of each experiment. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 11. Evolution of: (a) flame radius as a function of the time, (b) flame 

velocity as a function of the time, (c) flame stretch as a function of the flame 

radius and (d) flame propagation velocity as a function of the flame stretch: 
experiments are compared to simulation. In this modeling approach, the 

laminar flame speed is not impacted by the flame stretch. 

As shown in Figure 11 (a) and (b), by not accounting for the stretch 

impact on the laminar flame speed, the simulation overestimates the 

laminar flame speed and, accordingly, the flame radius increases 

faster with respect to experiments. It was possible, a posteriori, to 

reconstruct the flame stretch, Figure 11 (c): as shown, simulation 

overestimates this variable, being the flame velocity overestimated. 

Figure 11 (d) illustrates the fact that stretch does not have any impact 

on the laminar flame speed in simulation results, which is not the 

case for experiments. Flame speed and flame stretch mutually depend 

the one from the other through Equation (9) and Equation (10); by 

adopting a non-linear formulation, for positive Markstein lengths and 

very little flame radius, the propagation flame speed can reach very 

low values (cf. lower flame-propagation-speed branch of Figure 1 

(top and bottom). As stated above, the flame speed propagation 

related to little flame radius is strongly impacted by the ignition 

process: this implies that the trajectory described by the nonlinear 

relation, it is not followed for those conditions. Accordingly, in this 

work it was necessary to fix a minimum flame radius for which the 

nonlinear relation becomes effective. Here, it was done the 

hypothesis that this radius, when dealing with positive Markstein 

length, corresponds to the flame radius giving the maximum flame 

stretch value on the nonlinear curve; this hypothesis, for given 

operating conditions which on the base of available database cannot 

be discriminated by means of the considered initial conditions, could 

have a non-negligible impact on the early flame development, just 

outside the ignition-sensitive flame-propagation region. Nevertheless, 

this manipulation becomes necessary from a numerical point of view 

for the following reasons: 

 Because of the absence of an ignition model able to describe the 

very early flame propagation phase, 

 Because of the non-one-to-one relationship between flame speed 

and flame stretch, 

 To make the software robust enough to simulate all operating 

conditions. 



Page 10 of 20 

10/19/2016 

No action was necessary for dealing with negative Markstein 

numbers, as for those conditions the flame speed increases 

monotonically with the flame stretch. In details, to identify the 

maximum-flame-stretch velocity, the maximum of the flame stretch 

as a function of the flame propagation speed, as described by the non-

linear relationship, was identified by mean of the following equation: 

 01ln
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The value of maximum flame speed satisfying Equation (24), 
max

bS , 

is then used to retrieve the corresponding flame stretch, Kmax, by 

mean of Equation (10), and the corresponding flame radius, Rmin, 

which is the one satisfying the following relation: 

 
max

max

min

2
bS

K
R   (25) 

Figure 12 shows, for each available experiment, that is for 166 

operating conditions, the minimum radius value for which it would 

be possible to compute the flame propagation speed by adopting the 

nonlinear formulation once introduced the hypothesis formulated 

above. 

 

Figure 12. Minimum flame radius on the database. 

As shown in Figure 12, only five operating conditions could be 

concerned by a bad estimation of the propagation flame-speed out of 

the ignition concerned flame propagation region by adopting the 

proposed approach; furthermore, the concerned radii remain very 

close to the 6 mm value indicated as the discriminant value between 

ignition-dependent and free-flame propagation regions, in [17]. This 

make the retained approach suitable for the present investigation 

work. 

Figure 13 shows the simulation results, obtained by using the 

stretched dependent laminar flame speed approach, compared to 

experimental results, referring to the reference operating conditions 

used to generate the laminar flame speed database, the same 

operating conditions adopted to generate Figure 11. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 13. Evolution of: (a) flame radius as a function of the time, (b) flame 
velocity as a function of the time, (c) flame stretch as a function of the flame 

radius and (d) flame propagation velocity as a function of the flame stretch: 

experiments are compared to simulation. In this modeling approach, the 
laminar flame speed is impacted by the flame stretch. 

As shown Figure 13 (a) and (b), the laminar flame speed is much 

better estimated and, accordingly, the evolution of the flame radius in 

time is more accurate and representative of the experience. It follows 

that, in turn, the flame stretch is better estimated, Figure 13 (c), and 

accordingly it is possible to retrieve the nonlinear relation between 

flame propagation speed and flame stretch. 

Laminar Flame Propagation 

In this section the simulation results relative to laminar flames will be 

compared to experiments. Starting from the reference condition, test 

condition #0 in Table 6, single parameter variations of initial 

condition variables will be shown. 

In this phase, no calibration parameters are available to tune 

simulation results to match with experiments. 

Table 6. Operating conditions representative of single parametric variations 

around the experimental laminar reference operating condition. 

Test condition [-] T [K] p [bar]  Dilution rate [%] 

#0 423 1 1.1 0 

#1 373 1 1.1 0 

#2 423 5 1.1 0 

#3 423 10 1.1 0 

#4 423 1 0.9 0 

#5 423 1 1.0 0 

#6 423 1 1.3 0 

#7 423 1 1.3 5 H2O 

#8 423 1 1.3 10 H2O 

#9 423 1 1.3 5 CO2 

#10 423 1 1.3 10 CO2 

#11 423 1 1.3 5 EGR 

#12 423 1 1.3 10 EGR 

 

Figure 14 to Figure 25 show the complete set of results. 
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Figure 14. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #1 of Table 6: evolution of 
the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame stretch (bottom). 

 

 

Figure 15. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #2 of Table 6: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame stretch (bottom). 

 

 

Figure 16. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #3 of Table 6: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 
versus flame stretch (bottom). 
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Figure 17. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #4 of Table 6: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 
versus flame stretch (bottom). 

 

 

Figure 18. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #5 of Table 6: evolution of 
the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame stretch (bottom). 

 

 

Figure 19. Comparison of simulation results with experiments, for the 
experimental condition relative to test condition #6 of Table 6: evolution of 
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the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame stretch (bottom). 

 

 

Figure 20. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #7 of Table 6: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 
versus flame stretch (bottom). 

 

 

Figure 21. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #8 of Table 6: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 
versus flame stretch (bottom). 
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Figure 22. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #9 of Table 6: evolution of 
the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame stretch (bottom). 

 

 

Figure 23. Comparison of simulation results with experiments, for the 
experimental condition relative to test condition #10 of Table 6: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame stretch (bottom). 

 

 

Figure 24. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #11 of Table 6: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 
versus flame stretch (bottom). 
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Figure 25. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #12 of Table 6: evolution of 
the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame stretch (bottom). 

As shown in Figure 14 to Figure 25, the model fairly represents 

variation of temperature, pressure, equivalence ratio, and dilution 

rates of H2O, CO2 and synthetic stoichiometric EGR; nevertheless, it 

was observed that for high values of dilution rates, higher than 15%, 

the model begin to underestimate the flame propagation speed. This 

is possibly due to the fact at high equivalence ratios and in presence 

of diluent, the burned gas composition computed by the model, which 

accounts for a limited number of gases (fuel, O2, N2, CO2, CO, 

H2O, H2, NO, NO2) is not as accurate as it should be to be 

representative of the reality. 

Turbulent Flame Propagation 

Two calibration parameters are available to tune the CFM1D 

simulation results to match experiments; the parameters: 

 , gain on the turbulent strain rate related to 

turbulence/flame interaction given by the efficiency 

function proposed in [47], 

 kwrink, gain acting on the flame wrinkling derivative 

allowing to calibrate the transient phase of adaptation of the 

flame front to the turbulence field, [46]. 

For the sake of clarity it is worth to remind that experiments were 

conducted under mastered turbulent flow conditions for which the 

characteristics of turbulence were known [19]; accordingly, no 

calibration parameters were available to act on turbulence, which was 

considered as an experiment boundary condition. After the 

calibration of the two parameters, aiming to minimize the errors 

between simulation results and experiments, the parameterization of 

the model was kept unchanged for all the simulations. The retained 

values of the calibration parameters are given in Table 7. 

Table 7. Operating conditions representative of single parametric variations 

around the experimental reference operating condition. 

Calibration parameter Unit Value 

 - 0.8 

kwrink - 0.9 

 

The calibration parameters mainly acting on the turbulence/flame 

interaction, particular attention was paid during the calibration 

process to be representative of variations of the turbulent flow field, 

that is to variations of the turbulent intensity. The simulation results 

relative to turbulent flames will be compared to experiments. Starting 

from the reference condition, test #0 in Table 8, single parameter 

variations of initial conditions were performed. 

Table 8. Operating conditions representative of single parametric variations 

around the experimental turbulent reference operating condition. 

Test condition 

[-] 

T 

[K] 

p 

[bar] 
 Dilution rate 

[%] 

u’ 

[m/s] 

#0 423 1 1.0 0 1.39 

#1 423 1 1.0 0 0.69 

#2 423 1 1.0 0 2.43 

 

Figure 26 to Figure 28 show the complete set of results. 
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Figure 26. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #0 of Table 8: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 
versus flame radius (bottom). 

 

 

Figure 27. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #1 of Table 8: evolution of 

the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame radius (bottom). 

 

 

Figure 28. Comparison of simulation results with experiments, for the 

experimental condition relative to test condition #2 of Table 8: evolution of 
the flame radius versus time (top), evolution of the flame propagation velocity 

versus flame radius (bottom). 

As shown in Figure 26 to Figure 28, the model fairly represents 

variations of turbulent intensity. 

Conclusion 

In this study a premixed combustion model able to give a reliable 

representation of the effective laminar flame speed accounting for 

flame stretch impact, dilution and dilution composition (in the 

specific, O2, H2O, CO2 and synthetic stoichiometric EGR 

(CO2+H2O+N2)) was developed and integrated into the 0D CFM 

combustion model, available in the IFP-Engine library of the multi-

physics simulation platform Simcenter Amesim software, the 

CFM1D. For this, the experimental databases generated at the 

PRISME laboratory referring to laminar and turbulent flames 

propagating in a closed vessel at different initial thermo-chemical 

conditions were used to extract valuable information and validate the 

model performance. 
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In a first time, the model was validated by mean of the experimental 

database relative to laminar expanding spherical flames taking place 

in a closed constant volume vessel. Globally it was possible to 

retrieve numerically the qualitative and quantitative physical 

behavior of the flame, as a function of the initial conditions of the 

reactive mixture. Nevertheless, it was observed that some 

discrepancies appeared for high values of ambient pressure and high 

values of dilution rate. The reasons of these discrepancies were 

possibly associated to the fact that the phenomenological correlations 

for the laminar flame speed and the Markstein number, developed on 

the base of the experimental data, apply to a more reduced domain, 

and to the fact that in simulation the burned gas composition is 

described by a reduced number of chemical species, while in reality, 

much more species are required to accurately describe it, especially 

for complex-fuels, rich and diluted combustions. In a second time, 

the model was validated by mean of the experimental database 

relative to turbulent expanding spherical flames taking place in a 

closed constant volume vessel. Once again, globally, it was possible 

to retrieve numerically the qualitative and quantitative physical 

behavior of the flame, as a function of the initial conditions of the 

turbulent reactive mixture.  
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