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The purpose of this study is to present a new tool for extracting the laminar burning velocity in the case of
spherically outward expanding flames. This new procedure makes it possible to determine the laminar
burning velocity directly based on the flame displacement speed and the global fresh gas velocity near
the preheat zone of the flame front. It therefore presents a very interesting alternative to the standard
method (commonly used in the literature), which is based on the flame front displacement and the ratio
of unburned and burned gas densities. The influence of external flame stretching on the burning velocity
can be characterized and the Markstein length relative to the unburned gases (i.e., fresh gases) can be
deduced by using this new tool. Contrary to the standard procedure, the unstretched laminar burning
velocity is determined directly without using the fuel mixture properties. The temporal evolution of
the flame front is visualized by high-speed laser tomography and the algorithm, based on a tomographic
image correlation method, makes it possible to accurately measure the fresh gas velocity near the preheat
zone of the flame front. The measurements of laminar flame speeds are carried out in a high-pressure and
high-temperature constant-volume vessel over a wide range of equivalence ratios for methane, ethanol,
and isooctane/air mixtures. To validate the experimental facility and the postprocessing of the flame
images, fresh gas velocities and unstretched laminar burning velocities, as well as Markstein lengths rel-
ative to burned and unburned gases, are presented and compared with experimental and numerical
results of the literature for methane/air flames. New results concerning ethanol/air and isooctane/air
flames are presented for various experimental conditions (373 K, equivalence ratios range 0.7–1.5,
pressure range 0.1–5 MPa).

� 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction used in the automotive industry (either pure or blended with gas-
The laminar burning velocity plays an important role in study-
ing the combustion process because it contains fundamental infor-
mation regarding the reactivity, diffusivity, and exothermicity of a
combustible mixture. In automotive engineering, knowledge of the
unstretched laminar burning velocity provides the information
necessary to estimate the fuel-burning rate in spark-ignition (SI)
engines, as well as the engine’s efficiency and its exhaust gas emis-
sions. The ability to produce accurate measurements of the laminar
burning velocity is also essential for turbulent combustion model-
ing and the validation of chemical kinetic mechanisms for conven-
tional and alternative fuels, as well as for the understanding of the
combustion process at high pressure and temperature.

At present, experimental measurements of burning velocity are
increasingly applied to biofuels such as ethanol, which is widely
ion Institute. Published by Elsevier
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oline or diesel fuels). When used in internal combustion engines,
ethanol leads to an increase in the octane number of the blended
fuel, resulting in the ability to increase the compression ratio and
the engine’s performance. The effect of ethanol on pollutant emis-
sions is varying and depends on the fuel blend: in the case of eth-
anol–gasoline fuel blends, engine tests indicated that carbon
monoxide (CO) and unburned hydrocarbon (HC) emissions
decrease as a result of the leaning effect caused by the ethanol
addition [1]. However, the results are different for ethanol–diesel
fuel blends: CO and HC emissions increase and depend on ethanol
blending ratio and engine operating conditions (injection timing,
engine load) [2]. In diesel engines, ethanol blending reduces
particulate matter also.

There is much demand for chemical kinetic mechanisms that are
capable of representing a wide range of ethanol–gasoline blends.
The use of experimental measurements of the unstretched laminar
burning velocity to optimize these mechanisms is therefore very
advantageous. In the present paper, the primary reference fuel
isooctane is used as a surrogate component of gasoline.
Inc. All rights reserved.
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Nomenclature

k flame stretch rate (s�1)
Lu unburned gas Markstein length (mm)
Lb burned gas Markstein length (mm)
P pressure (MPa)
r flame radius (cm)
s laminar flame speed (cm s�1)
s0 unstretched laminar flame speed (cm s�1)
T temperature (K)
un laminar burning velocity (cm s�1)
u0

n unstretched laminar burning velocity (cm s�1)

u0
s unstretched laminar burning velocity in the case of adi-

abatic condition (cm s�1)
u�g fresh gas velocity along the normal to the flame front

(cm s�1)
ug fresh gas velocity at the entrance of the flame front

(cm s�1)
qb burned gases density (kg m�3)
qu unburned gases density (kg m�3)
U equivalence ratio
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The laminar burning velocity can be determined via several
experimental approaches using different flame configurations such
as spherical expanding flames using closed vessels [3–25], counter-
flow or stagnation flames [26–30], burner flat flames stabilized
using the heat flux method [31–36], and Bunsen flames [37–39].
Among these various techniques, the spherically outward
expanding flame configuration shows greater similarity to flame
propagation in spark-ignition engines and enables us to reach ther-
modynamic conditions (elevated pressures and temperatures)
close to those encountered in internal combustion (IC) engines.
These experimental conditions are very difficult to reach using
steady-state methods (flat flame burner, rim-stabilized conical
flame, counterflow), which have operational ranges limited to a
few atmospheres due to flame stability problems [12].

In the case of spherically expanding flames, two different for-
mulations are generally presented to calculate the unstretched
laminar burning velocity: the burning velocity can either be esti-
mated from the displacement of the flame front and the ratio of
unburned and burned gas densities [40] or determined directly
from the difference between the flame propagation speed and
the fresh gas velocity [40–42].

The first method is the one most commonly employed in previ-
ous works [3–24] using spherically expanding flame configura-
tions. This method, which is based on the rate appearance of
burned gas (expressed by the flame speed), describes the dynamic
expansion of the burned gas behind the flame front, the temporal
evolution of which is recorded by Schlieren or shadow photogra-
phy with a high-speed camera. Theoretical and experimental stud-
ies have proposed different models based on linear [43] or
nonlinear [44–47] relationships between the flame propagation
speed and the flame stretch rate. The sensitivity of the flame prop-
agation to the stretch rate is characterized by a constant, the
burned gas Markstein length, Lb, whose values are widely detailed
in the literature for many fuel mixtures. However, the sensitivity of
the burning velocity, un, in relation to the flame stretch rate cannot
be described by this approach.

To extract the unstretched burning velocity, u0
n, using this meth-

od, the flame speed must be linearly or nonlinearly extrapolated to
a zero stretch rate and it must be divided by the ratio of unburned
and burned gas densities at chemical equilibrium for an adiabatic
combustion. Therefore, this last expression is dependent on the
physicochemical properties of the burning mixture which that
are estimated using several assumptions: perfect gases, isobaric,
adiabatic, and equilibrium conditions. These strong assumptions
may be valid not always and especially for fuel blends such as iso-
octane–ethanol or for hydrocarbon mixtures diluted by compo-
nents like carbon dioxide (CO2), carbon monoxide (CO), and
water vapor (H2O), which have strong spectral radiation absorp-
tion. Because of the thermal, transport, and chemical effects of
these components on the combustion mechanism, the real flame
temperature differs from the adiabatic temperature and thus the
unstretched burning velocity, calculated using adiabatic assump-
tions, is erroneous. For example, in the case of CH4/CO2 planar
propagating flames, the computational study of Yu et al. [48]
shows that radiation absorption leads to a higher flame tempera-
ture and a higher burning velocity than in the case of the adiabatic
flame.

The second method used to extract the unstretched burning
velocity is based on the rate of disappearance of cold unburned
gas and depends on two factors: the entrainment of cold unburned
gas by the flame front (expressed by the fresh gas velocity) and the
expansion of completely burned gas behind the flame front (ex-
pressed by the flame speed). The difference between flame speed
and fresh gas velocity allows us to determine the laminar burning
velocity accurately without using the properties of the fuel mix-
ture, and it enables us to relate the burning velocity to the flame
stretch rate. In this case, the influence of external stretching on
the burning velocity is characterized by the Markstein length rela-
tive to the unburned gases (i.e., fresh gases), Lu. It is very important
to know the values of the unburned gas Markstein length and the
laminar burning velocity in turbulent combustion modeling be-
cause the sensitivity of the burning velocity (or the burning rate)
and its relation to flame stretch can be directly characterized. But
in the case of spherically expanding flames, very few studies
[41,42,49] have experimentally determined both of these thermo-
physical parameters. The reason for this omission is that the prin-
cipal difficulty of this technique lies with the accuracy of the fresh
gas velocity measurement near the preheat zone of the flame front,
whose thickness is less than a millimeter. One of the main objec-
tives of the present study is to propose an algorithm to postprocess
high-speed tomographic recordings to simultaneously achieve a
measurement of the flame speed and of the fresh gas velocity at
the entrance of the flame front. The laminar burning velocity, un,
is extracted from both of these quantities (depending on the global
flame stretch). Values of the unburned gas Markstein length, Lu,
and unstretched burning velocity, u0

n, are extrapolated using linear
and nonlinear methods.

To test the validity of this new procedure, the measurements
are applied to methane/air flames over a broad range of equiva-
lence ratios (0.6–1.2) at atmospheric pressure (0.1 MPa) and at
ambient temperature (298 K). Values of unstretched burning
velocity and burned gas Markstein length, Lb, calculated with both
formulations are compared to experimental and numerical results
from the literature. To conclude, values of unburned gas Markstein
length, Lu, are detailed for these experimental conditions. In a sec-
ond part of this paper, this new procedure is applied to isooctane
and ethanol/air flames, for which very few data are available in
the literature for the following experimental conditions: 373 K,
an equivalence ratio range of 0.7–1.5 and a pressure range of
0.1–5 MPa.
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2. Experimental apparatus

To measure the laminar burning velocity, experiments are con-
ducted in a high-pressure and high-temperature constant–volume
vessel (Fig. 1), equipped with different sensors and an optical
system.
2.1. High-pressure and high-temperature facility

The experimental facility enables us to reach thermodynamic
conditions close to those encountered in internal combustion en-
gines; the maximum operating pressure is limited to 2 MPa and
the maximum temperature is 573 K. The radius of the inner cham-
ber is 85 mm and the inner volume of the stainless steel combus-
tion chamber is 2.6 l. Two types of fuels, gaseous or liquid, can be
used in this experimental device. Fuels that are gaseous under
ambient conditions are charged directly from bottles through mass
controllers. Liquid fuels are first vaporized in a heated chamber by
using a ‘‘controlled evaporator mixer (CEM)’’ (Bronkhorst) and then
charged through heated lines into the vessel. During the experi-
ments, the liquid fuel vaporization system showed no coking inside
the vaporization chamber, no recondensation, and no flow rate
oscillation. To obtain a homogeneous mixture, all gases are pre-
mixed in a tank before injection into the combustion chamber
and the equivalence ratio of the mixture is measured and regulated
by Coriolis or thermal mass flow controllers connected to a
computer. An electrical heating system, which is monitored by a
proportional integral derivative (PID) controller, regulates the tem-
perature of the mixing tank and of the combustion chamber. The
temperature is controlled inside the chamber by two thermocou-
ples that ensure uniformity of the temperature field. The com-
pressed fuel/air mixture is supplied continuously from the
bottom of the combustion chamber. The pressure level, which is
checked in the vessel with a piezoelectric pressure sensor, is kept
constant by adjusting the control valve. Once both the composition
of the fuel mixture and the thermodynamic conditions are
achieved and unchanging, two stop valves are used to close the
combustion chamber. Ignition takes place 1 min later to avoid
any flow perturbation during the flame propagation. The combus-
tible mixture is spark-ignited at the center of this chamber by two
Fig. 1. Experime
stainless steel electrodes linked to a capacitive discharge ignition
system using minimum spark energies to avoid ignition distur-
bances. The electrode diameter is 0.5 mm and the gap between
electrodes is kept constant of 1.5 mm. During the combustion pro-
cess, the evolution of the chamber pressure is acquired by a dy-
namic pressure transducer (Kistler). Once combustion is
complete, the chamber is ventilated and purged with nitrogen to
remove condensed water vapor.

2.2. Optical diagnostics

The chamber is equipped with three transparent windows for
optical diagnostics. Flame speed and fresh gas velocity are obtained
from high-speed laser tomography recordings. A double cavity
Nd:YLF laser (Darwin Dual, Quantronix), delivering pulses of 6 mJ
at 527 nm and at 5 kHz, is used to illuminate seeding particles. The
laser sheet is created by associating one cylindrical lens of focal
length – 13 mm and one spherical lens of focal length 254 mm. A
high-speed camera (Photron Fastcam SA1.1) records an 8-bit image
couple of 1024 � 1024 pixels at a frequency of 5 kHz. The camera,
which is mounted with a 105-mm macro-Nikon lens (f/2.8), has a
field of view of 50.2 � 50.2 mm2, which leads to a magnification ra-
tio of 0.049 mm/pixels. An interferential pass band filter
(527 ± 10 nm) is used to remove the flame chemiluminescence. To
capture the tomography images, the chamber is seeded with silicone
oil droplets (Rhodorsil), which vaporize at an isotherm of about
580 K. This boiling point temperature is high enough for the seeding
droplets to exist well into the preheat zone and can be used to cap-
ture the minimum velocity point upstream of the flame. The seeding
particles do not survive in the postflame zone; nevertheless this type
of silicone fluid does not have any observable effect on the flame.
Several tests with different seeding particle concentrations have
shown that the effect of particle concentration on the measured
flame speed is quite no-insignificant. This finding has been verified
for the experimental conditions that are detailed in our study.

2.3. Experimental conditions

To exclude the influence of the ignition energy [40] and the
chamber confinement effects, only spherical flame images with ra-
ntal setup.



Table 1
Experimental conditions.

Equivalence ratio
U

Pressure P
(MPa)

Temperature T
(K)

Methane CH4 0.6–1.3 0.1 298
Ethanol

C2H5OH
0.7–1.5 0.1–0.5 373

Isooctane
C8H18

0.8–1.4 0.1 373
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dii larger than 6.5 mm and smaller than 19 mm were used to
determine the flame speeds. This value of 19 mm corresponds to
a flame radius that is approximately 22% of the radius of the inner
chamber. The effect of confinement can be neglected for flame radii
of less than 30% of the wall radius, based on results of Burke et al.
[5]. Moreover, within this region, dynamic pressure measurements
and temperature measurements show that the total chamber pres-
sure, as well as the temperature ahead of the flame, can be consid-
ered constant and to be those of the initial state. Laminar burning-
velocity measurements are performed for methane, ethanol, and
isooctane/air mixtures. Table 1 summarizes the ranges of equiva-
lence ratios U, pressure P, and temperature T that we tested in this
study. Throughout the experiments, these parameters are
measured with the following uncertainties: DT/T = 0.5% (thermo-
couple accuracy), DP/P = 0.5% (pressure sensor accuracy), and
0.056% < DU/U < 0.07% (mass flow controller accuracy). For each
experimental condition, experiments were performed five times
and all values of laminar burning velocity and Markstein length
presented in this paper are averages based on this series of five
experiments.

3. Laminar burning speed extraction and Markstein lengths

In the case of a spherically expanding flame at constant pres-
sure, two methods are used to extract the laminar burning velocity.

3.1. First approach (developed in this work)

The first approach to extracting the burning velocity is based on
the rate of disappearance of cold, unburned gas. It involves the
knowledge of two factors:

– The rate of entrainment of cold unburned gas by the flame front
(expressed by the fresh gas velocity at the entrance of the flame
front, ug).

– The temporal evolution of the flame front (expressed by the
flame speed, s).

The laminar burning velocity, un, is directly determined by the
flame speed and the fresh gas velocity at the entrance of the flame
front using the following expression [40,41]:

un ¼ S� ug : ð1Þ

In the case of a spherically outward expanding flame, the flame
speed, s, is defined as the temporal derivative of the flame radius
evolution, r(t):

S ¼ dr
dt
: ð2Þ

During this temporal evolution, the flame front is affected by the
stretch rate, k, which influences the flame dynamic and which is ex-
pressed, in the case of a spherically expanding flame front, as
follows:

K ¼ 2
r
� dr

dt
¼ 2

r
� S: ð3Þ
Asymptotic developments have initially shown a nonlinear rela-
tionship between the flame stretch rate and the laminar burning
velocity [50],

un

u0
n

� �2

� In un

u0
n

� �2
 !

¼ �2 � Lu � k
u0

n
; ð4Þ

where u0
n is the unstretched laminar burning velocity and Lu is the

Markstein length relative to the unburned gases (i.e., fresh gases).
This length scale is very important in combustion because it can di-
rectly characterize the flame response (in terms of reaction rate) to
the flame stretch. Within the limits of weakly stretched flames, the
ratio (un=u0

n) is close to unity and the following linear relationship
between flame stretch and burning velocity can be obtained:

un ¼ u0
n � Lu � k: ð5Þ

In this study, both methods (linear and nonlinear) will be applied to
flame images. Results in terms of unburned gas Markstein length
and unstretched laminar burning velocity will be compared. Mea-
surements of the unstretched laminar burning velocity will be com-
pared with results obtained via the second approach based on flame
speed evolution.

3.2. Second approach (most commonly used in the literature)

In the second method, the flame speed is related to the flame
stretch rate through a nonlinear relationship [44]:

S

S0

� �2

� In S

S0

� �2
 !

¼ 2 � Lb � k
S0 ; ð6Þ

where s0 is the unstretched flame speed and Lb is the burned gas
Markstein length. Far from the extinction limit, the ratio (s/s0) is
close to unity and the linear model initially proposed by Clavin
[43] is retrieved:

S ¼ S0 � Lb � k: ð7Þ

The unstretched flame speed, s0, is extrapolated as follows:

S0 ¼ limk!0
dr
dt

� �
: ð8Þ

Depending on the experimental conditions (flame affected or not by
stretch, Lewis number of the fuel/air mixture, range of equivalence
ratios), the linear method will result in an overprediction of the un-
stretched flame speed [44–47], in which case the nonlinear method
must be applied to extrapolate this quantity. For constant-pressure
flame propagation, the unstretched laminar burning velocity, u0

n,
can be extracted from the unstretched flame speed, s0, and from
the density ratio using the approximation

u0
n ffi u0

s ¼
qb

qu
� S0; ð9Þ

where qb and qu are the densities of the adiabatically burned gas
and the unburned gas, respectively. The density ratio is dependent
on the burned-to-unburned gas temperature ratio, and the burned
gas temperature is estimated for adiabatic conditions. Thereby, u0

s

is the unstretched laminar burning velocity calculated for adiabatic,
isobaric and perfect gas conditions. For some experimental condi-
tions (blended fuels, effects of radiation absorption in CO�2 or
H2O-diluted flames), the real flame temperature can differ from
the adiabatic temperature and thus the unstretched laminar burn-
ing velocity calculation may be inaccurate if we use the expression
(9). Moreover, the linear or nonlinear extraction of the unstretched
flame speed also affects the values of the unstretched burning
velocity. This definition is the one most commonly employed in
the literature [3–24] to calculate the unstretched burning velocity.
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It is based on the rate of formation of burned gases and it describes
their dynamic expansion behind the flame front (the displacement
of which is usually visualized by laser tomography or the Schlieren
method). Using this second approach, the influence of stretch on the
flame response is expressed by the Markstein length relative to
burned gases, but contrary to the first method, the definition (9)
is not capable of characterizing the sensitivity of the burning rate
as it relates to the flame stretch. The advantage of the first approach
is its ability to determine the Markstein length relative to fresh
gases.
4. A new tool for flame images postprocessing

To directly determine the burning velocity using the Eq. (1), two
quantities must be known: the flame propagation speed and the
fresh gas velocity at the entrance of the flame front. The major dif-
ficulty of this technique is in measuring the fresh gas velocity at
the entrance of the preheat zone of the flame front. An accurate
measurement of local fresh gas velocity must be obtained in a zone
with a typical length of 1 mm. Therefore, the reliability of this mea-
surement depends on the flame front detection (which must be
achieved with subpixel accuracy) and on the capacity of the tech-
nique to determine the fresh gas velocity. To accomplish this, a
new tool for tomographic image postprocessing has been devel-
oped, which will be presented in the following section.

4.1. Flame speed estimation

The laser tomography technique provides a visualization of the
flame front propagation. The fresh gas mixture is seeded with sili-
con oil particles, which evaporate at the entrance of the flame front
(Tevaporation = 580 K). The flame surface is obtained by differentia-
tion of the dark and bright areas on the flame images, representing
burned and unburned states, respectively. To determine the flame
speed, the contours of tomographic images, which are captured at
several stages of flame development, are extracted using postpro-
cessing functions. On each spherical flame image, a single contigu-
ous region representing burned gases is isolated with subpixel
resolution and its contour is then accurately detected using an
algorithm based on the method of Suzuki and Abe [51]. The de-
tected raw flame boundaries are smoothed by a lowpass filter to
remove noise from the digitization steps and a least squares algo-
rithm [52] calculates the circle best fit to the raw contour and the
corresponding flame radius. The flame speed is then calculated
from the temporal evolution of the flame front using Eq. (2).

4.2. Measurement of fresh gas velocity at the entrance of the flame
front

Balusamy et al. [42] have recently presented an experimental
approach to directly measure the fresh gas velocity from PIV
images. The determination of the fresh gas velocity near the pre-
heat zone of the flame front is solved by taking into account the lo-
cal topology of the flame front. The PIV images are analyzed with
an algorithm using an adaptive interrogation window scheme.
Using this technique, the fresh gas velocity is measured locally at
the entrance of the flame front. The aim of this present work is
to complete the PIV approach of Balusamy et al. [42] by proposing
a new algorithm that can take into consideration the overall topol-
ogy of the flame front, assuming that the flame is homogeneous in
the specific case of a laminar spherical expansion. This approach
therefore enables us to determine a global value of the fresh gas
velocity. This method is applied to flame front contours, which
were extracted and filtered with the detection procedure described
previously. For two successive tomographic images, the algorithm
defines a region of interest (ROI), which fits the flame front contour
as depicted in Fig. 2. In these experiments, the ROI is defined by the
angle h, which can be adjusted to fit the spherical flame in its en-
tirety or not, and by its width, which is fixed at 5 mm (�100 pix-
els). As presented in Fig. 3, this ROI is then transformed into a
Cartesian coordinate system using a bilinear interpolation scheme.
An interrogation window with a typical width of 4 pixels
(�0.2 mm) is located within this ROI defined by its length (r � h).
The width of the interrogation window has been minimized to
reach the physical size of the particle image, which is close to 4
pixels. A wider interrogation window will decrease the spatial res-
olution of ug and thinner interrogation will introduce more errone-
ous values of ug. The interrogation window length can be adjusted
to achieve the best correlation between both successive tomo-
graphic images. Once both interrogation windows are well defined,
a matching method based on a two-dimensional normalized cross-
correlation is used between windows of the two successive ROI.
Two steps are necessary to determine the fresh gas velocity value
at the entrance of the flame front based on the two successive
tomographic images. The first stage consists of finding the best cor-
relation between both interrogation windows by shifting only the
second interrogation window in increments of one pixel in the
direction normal to the flame front. With a fixed position of the
first interrogation window, the evolution of the correlation peak
intensity can be plotted against the shift of the second interroga-
tion window. This correlogram is constructed with a maximum
displacement of 80 pixels (�4 mm) along the normal to the flame
front. The intensity of the correlation peak increases up to an opti-
mum displacement (which is calculated using subpixel interpola-
tion by a Gaussian five-points fit) and then decreases. This
optimum displacement, which is designated by Dropti

2 in Fig. 4, cor-
responds to a maximum correlation. We will use this value to cal-
culate the fresh gas velocity ahead of the flame front.

To characterize the velocity profile ahead of the flame, the sec-
ond stage of postprocessing consists of moving the first interroga-
tion window pixel by pixel in the direction normal to the flame
front. For each position (expressed by Dr1) of this window, the first
step of the template matching procedure is restarted. This proce-
dure thereby associates each position (Dr1) of the first interroga-
tion window with an optimum displacement (Dropti

2 ) of the
second interrogation window, corresponding to the best correla-
tion for both particle images. The fresh gas velocity along the nor-
mal to the flame front, u�g , is then calculated using both these
parameters in the relationship

u�g ¼
r2 � r2

Dt
þ Dropti

2 � Dr2

Dt
¼ Sþ Dropti

2 � Dr2

Dt
; ð10Þ

where r1 and r2 are radii of a flame image pair at time t and t + Dt
(Dt: time between two successive images), respectively, s is the
flame speed, Dropti

2 is the optimum displacement of the second inter-
rogation window, and Dr1 is the displacement of the first interroga-
tion window. This relationship allows us to describe the movement
of particles (i.e. fresh gases) pushed by the flame front expansion.
Using this procedure, the fresh gas velocity profile along the normal
to the flame front can be recorded from a distance of 150 lm
(�3 pixels) up to 4 mm (�80 pixels). An example of an instanta-
neous fresh gas velocity profile calculated from methane/air flame
images is presented in Fig. 5. In the case of spherically expanding
flames, heat diffusion in the preheat zone influences the fresh gas
velocity, u�g , which has a maximal value at the entrance of the flame
front (expressed by ug) and then decreases ahead of the flame front.
This decrease occurs due to temperature and gas density variations
through the flame front (Groot and De Goey [53]). In Fig. 5, the max-
imum fresh gas velocity, ug, is obtained by fitting the velocity profile
by a 10th order polynomial fit. For a particle image couple, postpro-



Fig. 2. Localization (in polar coordinates) of the region of interest (ROI) for a tomographic image couple.

Fig. 3. Localization and displacement of both interrogation windows within the ROI (expressed in Cartesian coordinates) to find the maximum correlation.

Fig. 4. Evolution of the correlation peak intensity as a function of the displacement
between the two interrogation windows.

Fig. 5. Profile of the normal component of fresh gas velocity (10th order polynomial
fit) calculated from two successive tomographic images; time of flame propagation
after ignition: 5.8 ms (CH4/air mixture, U = 1, P = 0.24 MPa, T = 298 K).
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cessed with the new algorithm, the maximum of the fresh gas
velocity profile (ug) is located around 7–8 pixels (�350–400 lm)
ahead of the evaporation isotherm of the particles. For each image
pair, the maximal value of the fresh gas velocity (ug) at the entrance
of the flame front is calculated and the laminar burning velocity is
extracted using Eq. (1). The laminar burning velocity is then plotted
as a function of the flame stretch rate; the unstretched burning
velocity and the Markstein length relative to fresh gases are extrap-
olated from nonlinear or linear formulations (cf. Eqs. (4) and (5)).
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5. Experimental results

Three fuels are investigated in this work: methane, isooctane,
and ethanol (cf. Table 1).

The new postprocessing procedure is applied to flame images to
extract the laminar flame speed and the fresh gas velocity at the
entrance of the flame front. The unstretched laminar burning
velocity is then determined using both approaches described in
Section 3. First, the new postprocessing procedure is applied to
methane/air flames for which values of unstretched laminar burn-
ing velocity are well known in the literature. Values of burned gas
Markstein length are reported and compared with data from the
literature. Second, new values of Markstein length relative to fresh
gases are presented. To conclude, isooctane and ethanol/air
mixtures are studied using this new procedure.
Fig. 7. Relationship between unstretched laminar burning velocity
(u0

s ¼ ðqb=quÞ � s0) and equivalence ratio (CH4/air mixture, P = 0.1 MPa, T = 298 K).
5.1. Methane/air flames

5.1.1. Laminar flame speed measurements – comparison with
literature

Laminar flame speed measurements of methane/air flames are
carried out for various equivalence ratios at atmospheric pressure
and room temperature (298 K). For each test, around 80 images are
taken covering the duration of flame propagation, free from igni-
tion energy and wall effects. The unstretched flame speed is line-
arly and nonlinearly extrapolated. The nonlinear extraction of the
unstretched flame speed, which is used in this work, is derived
from the methodology of Halter et al. [46] based on a minimization
of the expression (6).

In order to validate the accuracy of our experimental measure-
ments, a comparison with results from the literature is carried out
and is presented in Fig. 6. The unstretched laminar burning velocity
values are deduced from the laminar flame speed using Eq. (9). This
figure compares our experimental values for the unstretched lam-
inar burning velocity with other recent data [3,4,6,8–10,12–
14,25,54] (which are acquired by employing a combustion vessel
and are determined by linear extrapolation to a zero strain rate)
and numerical results using GRI-Mech 3.0 [55] and GRI-Mech
2.11 [56]. For an equivalence ratio range of 0.6–1.3, experimental
data of the present work are in good agreement with those of other
studies, especially with results of Tahtouh et al. [54]. A good agree-
ment with numerical results is also found, particularly using the
mechanism GRI-Mech 3.0. This agreement suggests the accuracy
of the algorithm used for the flame front extraction and the flame
Fig. 6. Unstretched laminar burning velocity (u0
s ¼ ðqb=quÞs0) (linearly extracted)

plotted against equivalence ratio. (CH4/air mixture, P = 0.1 MPa, T = 298 K). Com-
parison with experimental data of previous works and calculations with GRI-MECH
3.0 and GRI-MECH 2.11.
speed calculation. Fig. 7 illustrates the influence of linear and non-
linear extrapolation of the unstretched flame speed on the un-
stretched burning velocity. The two methods provide similar
results in the case of lean and stoichiometric methane/air mix-
tures, but for rich mixtures some differences appear. In fact,
according to the results of Tahtouh et al. [45] and Halter et al.
[46], the nonlinear method is more suitable to extract the un-
stretched flame speed in the case of rich methane/air mixtures.

To illustrate the influence of linear and nonlinear extrapolation
on the unstretched flame speed, the evolution of flame speed as a
function of flame stretch is presented in Figs. 8 and 9 for two dif-
ferent equivalence ratios, 1 and 1.2, respectively. As shown in these
figures, the linear approximation is no longer valid for equivalence
ratios higher than 1 and overestimates the unstretched flame
speed and thus the unstretched burning velocity. The assumption
s/s0 � 1, which allows the formulation (7), is not satiesfied and
therefore the nonlinear extrapolation must be used. Hereafter, all
experimental data in this study will be nonlinearly extracted.
5.1.2. Fresh gas velocity and Markstein length measurements
The main advantage of the new postprocessing procedure is its

ability to determine a global value of the fresh gas velocity, ug, at
the entrance of the flame front. This procedure is now applied to
methane/air flame images for various equivalence ratios at
0.1 MPa and 298 K. Variations of the fresh gas velocity and flame
Comparison of linear and nonlinear methodologies.

Fig. 8. Evolution of flame speed as a function of flame stretch. Comparison of linear
and nonlinear extrapolations of experimental data (CH4/air mixture, U = 1,
P = 0.1 MPa, T = 298 K).



Fig. 11. Variation of laminar flame speed, s, as a function of flame stretch. (CH4/air
mixture, P = 0.1 MPa, T = 298 K).

Fig. 12. Variation of flame speed, fresh gas velocity and burning velocity as a
function of flame stretch. Comparison between the two procedures of burning
velocity calculation (CH4/air mixture, U = 1, P = 0.1 MPa, T = 298 K).

Fig. 9. Evolution of flame speed as a function of flame stretch. Comparison of linear
and nonlinear extrapolations of experimental data (CH4/air mixture, U = 1.2,
P = 0.1 MPa, T = 298 K).
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speed as a function of the stretch rate are shown in Figs. 10 and 11,
respectively. In order to show the reproducibility of each experi-
ment, data of five consecutive measurements are regrouped in
these figures. For all investigated mixtures, decreasing the stretch
rate accelerates fresh gases and flame front. As in the relationship
between flame speed and stretch rate, linear and nonlinear varia-
tions of the fresh gas velocity versus the flame stretch can be ex-
pected. Moreover, the equivalence ratio has the same influence
on the evolution of fresh gas velocity and flame speed versus the
stretch. The burning velocity is then directly calculated using the
difference between values of fresh gas velocity and flame speed
(cf. Eq. (1)). In Fig. 12, the laminar burning velocity and the flame
speed divided by the ratio of the densities of unburned to adiabat-
ically burned gas are plotted as a function of flame stretch for a
stoichiometric methane/air mixture at 0.1 MPa and 298 K. In this
graph, the two expressions (un = s � ug and (qb/qu) � s) present
two very different evolutions versus the stretch, but in the case
of methane/air flames they give nearly the same laminar burning
velocity as when they are extrapolated to a zero stretch rate:
u0

n = 35.5 ± 0.5 cm s�1. As detailed in the computational study of
Bradley et al. [40], the relation ((qb/qu) � s) assumes zero flame
thickness and it does not describe the sensitivity of the burning
rate to the flame stretch. This relation is only valid to determine
the unstretched laminar burning velocity when the flame radius
tends to infinity:
Fig. 10. Variation of fresh gas velocity, ug, as a function of flame stretch. (CH4/air
mixture, P = 0.1 MPa, T = 298 K).
u0
n ffi u0

s ¼ limr!1
qb

qu
� S

� �
¼ qb

qu
� S0 ð11Þ

The direct determination of the burning velocity based on flame
speed and fresh gas velocity measurements enables us to character-
ize the relationship between the burning rate and the flame stretch
and to accurately determine the unstretched laminar burning veloc-
ity without the use of fuel properties:

u0
n ¼ limr!1ðS� ugÞ: ð12Þ

Flame response in terms of flame speed and burning velocity to
flame stretch is quantified by the burned gas Markstein length, Lb,
and the unburned gas Markstein length, Lu, respectively. Thanks
to the new postprocessing procedure, this is the first time (to our
knowledge) that experimental values of Lu have been presented in
the literature for spherical laminar methane/air flames. The values
of Lu and Lb are deduced using linear and nonlinear formulations
and they are summarized in Table 2 for an equivalence ratio range
of 0.7–1.2. For all the mixtures investigated, the flame speed in-
creases when the stretch rate decreases; therefore all the values
of burned gas Markstein length, Lb, are positive. In Fig. 13, values
of burned gas Markstein length, which are deduced from the linear
relation, are compared to data found in the literature [13,40,46].
The burned gas Markstein length increases when the equivalence
ratio increases. This evolution is consistent with all previous results,
but in our case the influence of the equivalence ratio on the flame
sensitivity to stretch is much more accentuated. In Fig. 14, values



Table 2
Values of burned gas Markstein length Lb and unburned gas Markstein length Lu. Comparison of linear and nonlinear methodologies
(CH4/air mixture, T = 298 K, P = 0.1 MPa).

U Lb (mm) linear method Lb (mm) nonlinear method Lu (mm) linear method Lu (mm) nonlinear method

0.7 0.16 0.11 �0.31 �0.35
0.8 0.40 0.40 �0.20 �0.22
0.9 0.59 0.52 �0.19 �0.20
1 0.90 0.70 �0.11 �0.13
1.1 1.7 0.73 0.10 0.04
1.2 2.7 1.1 0.25 0.13

Fig. 13. Burned gas Markstein lengths for methane/air mixture (P = 298 K,
T = 0.1 MPa).

Fig. 14. Burned gas Markstein lengths for methane/air mixture. Comparison of
linear and nonlinear methodologies (P = 298 K, T = 0.1 MPa).

Fig. 15. Unburned gas Markstein lengths for methane/air mixture. Comparison of
linear and nonlinear methodologies (P = 298 K, T = 0.1 MPa).

Fig. 16. Linear and nonlinear relationships between laminar burning velocity and
flame stretch. Comparison between the two procedures of burning velocity
calculation (CH4/air mixture, U = 1, P = 0.1 MPa, T = 298 K).
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of burned gas Markstein length are deduced from the nonlinear
relation and they are in very good agreement with the data of Halter
et al. [46]. Comparison between linear and nonlinear methods
shows that for rich mixtures the burned gas Markstein length eval-
uated with the linear formulation is overestimated and therefore, as
presented in the previous section, the corresponding flame speed is
overstated as well.

In Table 2, the unburned gas Markstein length, Lu, is negative for
an equivalence ratio range of 0.7–1 and changes sign for equiva-
lence ratios higher than 1. The negative value of the unburned
gas Markstein length, Lu, indicates that the burning rate decreases
when of the flame stretch decreases (i.e., when the flame radius
tends to infinity). The evolution of the unburned gas Markstein
length as a function of the equivalence ratio is plotted in Fig. 15.
Increasing the equivalence ratio increases Lu. The use of a linear
method is valid up to an equivalence ratio of 1, but for richer mix-
tures linear values of Lu are two times those obtained with the
nonlinear method. This overestimation in Lu will result in an over-
estimation of the unstretched laminar burning velocity. This obser-
vation is illustrated in Figs. 16 and 17, in which linear and
nonlinear extrapolations of the unstretched burning velocity are
plotted and compared for the case of stoichiometric and rich meth-
ane/air mixtures. In Fig. 16, for an equivalence ratio of 1, linear and
nonlinear values of unstretched burning velocity are similar. Addi-
tionally, this observation is verified for both approaches of the un-
stretched burning velocity calculation (cf. Eqs. (11) and (12)). In
Fig. 17, for an equivalence ratio of 1.2, some substantial differences
appear at a zero stretch rate between linear and nonlinear formu-
lations of burning velocity and overestimation by 12% is observed



Fig. 17. Linear and nonlinear relationships between laminar burning velocity and
flame stretch. Comparison between the two procedures of burning velocity
calculation (CH4/air mixture, U = 1.2, P = 0.1 MPa, T = 298 K).

Fig. 19. Unstretched laminar burning velocity (nonlinearly extracted) plotted
against equivalence ratio. Comparison between the two approaches of unstretched
burning velocity calculation (C8H18/air mixture, P = 0.1 MPa, T = 373 K).
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in the case of the linear extrapolation. Therefore, the nonlinear
determination must be systematically applied in order to obtain
more accurate values of the unstretched burning velocity. In the
following sections of this study, describing our experimental re-
sults of isooctane and ethanol/air mixtures, all data will be exclu-
sively nonlinearly extrapolated.

To conclude, Fig. 18 compares nonlinear values of the un-
stretched laminar burning velocity that were extracted using both
processing approaches for an equivalence ratio range of 0.7–1.2. In
the case of a methane/air mixture, both approaches provide similar
results, which suggests the new postprocessing procedure’s accu-
racy in extracting the fresh gas velocity at the entrance of the flame
front as well as attesting to the validity of assumptions used to cal-
culate the burned gas density.
5.2. Isooctane/air flames

First, in the case of isooctane/air mixtures, nonlinear values of
the unstretched laminar burning velocity (u0

s ) (extracted using
Eq. (11)) are plotted against the equivalence ratio in Fig. 19 for
the following experimental conditions: 373 K, 0.1 MPa. The isooc-
tane burning velocity exhibits a slight shift toward the fuel-rich re-
gion similar to the behavior of methane/air flames, where the
maximal burning velocity peaks at 1.05. This trend is the same as
those observed in previous studies [46,57], whose values of burn-
Fig. 18. Unstretched laminar burning velocity (nonlinearly extracted) plotted
against equivalence ratio. Comparison between the two approaches of unstretched
burning velocity calculation (CH4/air mixture, P = 0.1 MPa, T = 298 K).
ing velocity were also nonlinearly extracted. A comparison be-
tween the two approaches to the unstretched burning velocity
calculation is also presented in this Figure. The equivalence ratio’s
influence on the unstretched burning velocity is the same for both
approaches but values of the unstretched burning velocity ob-
tained directly using Eq. (12) are 5–12% higher than those calcu-
lated using Eq. (11). Therefore, in the case of isooctane/air
mixtures, the formulation (11) underestimates the unstretched
laminar burning velocity and involves inaccurate results because
u0

s differs from u0
n. Recently, this difference has also been pointed

out by Balusamy et al. [42] for propane/air mixtures at various
equivalence ratios, in which case the underestimation of u0

s is
due to confinement effects of the wall, which tend to reduce the
flame speed for the larger flame radius. In our study, this explana-
tion does not apply to methane/air flames, in which there is no dif-
ference between u0

s and u0
n. We therefore conclude that the

principal reason for this difference in the case of isooctane/air
flames lies in the burned gas density calculation that is used to
determine the value of u0

s . We will present some explications of
this difference in the next section for ethanol/air flames where
similar results are observed also.

Nonlinear values of Lu and Lb are also determined by the new
approach; they are summarized in Table 3 and are plotted against
the equivalence ratio in Fig. 20. The decrease of Lu and Lb with U is
associated with a decreasing Lewis number. This is an evolution
opposite to that previously observed in the case of methane/air
mixtures, whose Lewis number increases with U. Our experimen-
tal values of burned gas Markstein length, Lb, are in good agree-
ment with data of Halter et al. [46]. For an equivalence ratio
range of 0.8–1.3, the values of Lb are positive and change sign for
higher equivalence ratios corresponding to a decrease of the flame
speed when the flame radius tends to infinity. Concerning the un-
burned gas Markstein length, all the values of Lu are negative for
Table 3
Values of burned gas Markstein length Lb and unburned gas Markstein length Lu.
(C8H18/air mixture, P = 0.1 MPa, T = 373 K).

U Lb (mm) nonlinear method Lu (mm) nonlinear method

0.8 1.1 0.04
0.9 0.89 �0.07
1 0.74 �0.09
1.1 0.60 �0.20
1.2 0.40 �0.26
1.3 0.08 �0.36
1.4 �0.63 �0.50



Fig. 20. Nonlinear values of burned and unburned gas Markstein lengths for
isooctane/air mixture. (P = 0.1 MPa, T = 373 K). Comparison with previous work. Fig. 22. Unstretched laminar burning velocity (nonlinearly extracted) plotted

against equivalence ratio. Comparison between the two approaches of unstretched
burning velocity calculation (C2H5OH/air mixture, P = 0.1 MPa, T = 373 K).
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equivalence ratios higher than 0.8, indicating that the burning
velocity decreases when the flame stretch decreases.

5.3. Ethanol/air flames

In Fig. 21, nonlinear values of the unstretched laminar burning
velocity (u0

s ) are plotted against the equivalence ratio and com-
pared to data of Broustail et al. [57]. Because of the temperature
difference between the two experiments, unstretched laminar
burning velocities of Broustail et al. [57] are higher than the data
of our study, but they present the same trend against the equiva-
lence ratio and the maximum velocity is close to U = 1.1. The
two approaches to unstretched burning velocity calculations are
compared in Fig. 22, and they have different magnitudes, particu-
larly at equivalence ratios lower than 1. In this pressure range, val-
ues of u0

s are 13–19% lower than values of u0
n. This difference

decreases by 2.5–6% for richer mixtures. As in the previous case
of isooctane/air mixtures, the formulation (11) underestimates
the unstretched laminar burning velocity for ethanol/air flames.

The main reason of this difference comes from the burned gas
density estimation (generally computed for burned gases at chem-
ical equilibrium for an adiabatic combustion) in Eq. (9). So, if differ-
ences are observable between these two methods, it means either
that the experimental flame is subjected to radiative effects (emis-
sion and absorption) or that the burned gases have not reached a
chemical equilibrium state, for the propagation times investigated
in the experiments.
Fig. 21. Unstretched laminar burning velocity (u0
s ¼ ðqb=quÞ � s0) (nonlinearly

extracted) plotted against equivalence ratio. Comparison with previous work
(C2H5OH/air mixture, P = 0.1 MPa).
The first effect concerns radiative emission and absorption,
which are not taken into account in the adiabatic and equilibrium
temperature. In the literature [48], this effect was numerically stud-
ied when the mixture was diluted by vapor or by CO2. It was found
that reabsorption of emitted radiation led to substantially higher
burning velocities, particularly when CO2, a strong absorber, was
present in the unburned gas. For our experimental conditions, the
IR spectra of isooctane and ethanol do not present any absorption
in the wavelengths of CO2 and H2O emissions. In this way, radiative
effects would not be the dominant effect of this difference.

The second point could be linked to the equilibrium state of the
burned gases in the experiments. Indeed, due to the finite size of
the flame kernels (maximum radius 2 cm), it may possible that
the time or the distance to reach the equilibrium state cannot be
obtained in the experimental configuration. To evaluate this effect,
we use a kinetic modeling using the COSILAB package. The pre-
mixed flame is modeled by a ‘‘freely propagating flame’’ code, with
GRI 3.0 kinetic mechanism for methane and a Konnov (release 0.5)
mechanism for ethanol.

For atmospheric conditions, the temperature profiles normal-
ized by equilibrium temperature across the flame front are re-
ported in Fig. 23. For methane/air flames, the distance to reach
equilibrium is less than 1 cm, which corresponds to a typical flame
radius at a small propagation time. This also has been observed by
Bradley [40], who has computed the temporal evolution of the
Fig. 23. Temperature profiles for stoichiometric mixtures of methane and ethanol.
(For each case, the temperature is normalized by the equilibrium temperature of
burned gases).



Table 4
Values of burned gas Markstein length Lb and unburned gas Markstein length Lu.
(C2H5OH/air mixture, P = 0.1 MPa, T = 373 K).

U Lb (mm) nonlinear method Lu (mm) nonlinear method

0.7 1.14 0.07
0.8 0.89 0.06
0.9 0.66 �0.04
1 0.77 �0.15
1.1 0.66 �0.16
1.2 0.62 �0.18
1.3 0.46 �0.22
1.4 0.27 �0.24
1.5 0.04 �0.26
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flame temperature of freely propagating flames. One can observe
that the temperature profiles according to time show the reaction
to take some time (few ms) to be completed and to reach chemical
equilibrium. At the end of propagation (i.e., for large flame radius),
the temperature profiles in the burned gases are globally flat and
equal to the equilibrium temperature. In this way, for the measure-
ments (methane/air flames), both methods give globally the same
results.

For ethanol and isooctane (P = 0.1 MPa), the differences are lar-
ger. In Fig. 23, it clearly appears that the distance to reach the equi-
librium state in the burned gases is higher than for the methane/air
flames and also larger than for the typical flame of the experiments
at the end of the propagation time. An equilibrium solver for the
density ratio could produce some error for these conditions, be-
cause it artificially decreases the density ratio and then decreases
the unstretched burning velocity.

The pressure effect on the laminar burning velocity is then stud-
ied for a stoichiometric ethanol/air mixture at 373 K in Fig 24. The
pressure influence is characteristic of hydrocarbon/air mixtures
and increasing the pressure from 0.1 to 0.5 MPa decreases the
burning velocity by 33%. For this pressure range, no cellular struc-
ture appears during the flame front propagation.

It is worth noting also that for high pressure conditions, the
difference between the two methods decreases and becomes neg-
ligible at 0.4 MPa (Fig. 24). This can be explained by the Figs. 23
and 25, where it clearly appears that the equilibrium state of the
burned gases is obtained faster when the pressure increases.
Fig. 24. Unstretched laminar burning velocity (nonlinearly extracted) plotted
against pressure. Comparison between the two approaches of unstretched burning
velocity calculation (C2H5OH/air mixture, U = 1, T = 373 K).

Fig. 25. Temperature profiles for stoichiometric mixture of ethanol. For each case,
the temperature is normalized by the equilibrium temperature of burned gases.
In this way, the method proposed in this paper does not require
any assumption of adiabaticity or full equilibrium state of the
burned gases to experimentally determine the unstretched laminar
burning velocity.

Nonlinear values of Lu and Lb are presented in Table 4 and they
are plotted against equivalence ratios at 0.1 MPa and 373 K in
Fig. 26. As for the isooctane/air mixture, increasing the equivalence
ratio decreases Markstein lengths, Lu and Lb. This trend agrees well
with results of Broustail et al. [57] and it can also be associated
with a decreasing Lewis number with U. For the ethanol/air mix-
ture, all values of Lb are positive and values of Lu are negative for
equivalence ratios higher than 0.8.
Fig. 26. Nonlinear values of burned and unburned gas Markstein lengths for
ethanol/air mixtures. (P = 0.1 MPa, T = 373 K). Comparison with previous work.

Fig. 27. Nonlinear values of burned and unburned gas Markstein lengths plotted
against pressure. (C2H5OH/air mixture, U = 1, T = 373 K).



Table 5
Values of burned gas Markstein length Lb and unburned gas Markstein length Lu.
(C2H5OH/air mixture, U = 1, T = 373 K).

P (MPa) Lb (mm) nonlinear method Lu (mm) nonlinear method

0.1 0.77 �0.15
0.2 0.43 �0.18
0.3 0.38 �0.21
0.4 0.33 �0.20
0.5 0.34 �0.25
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Nonlinear values of Lu and Lb are also plotted against pressure
(Fig. 27) and detailed in Table 5. The pressure effect is most signif-
icant from 0.1 to 0.2 MPa and strongly influences values of Lb,
which decreases by 44% in this pressure range. Lu is less affected
by the pressure influence.

6. Conclusion

A new tool for extracting the laminar burning velocity has been
detailed and validated in the case of spherically outwardly expand-
ing flames. This postprocessing procedure directly determines the
laminar burning velocity from the flame speed and the global fresh
gas velocity near the preheat zone of the flame front; furthermore,
it characterizes the influence of external flame stretching on the
burning velocity by measuring the Markstein length for the un-
burned gases, Lu. Thus, this direct approach gives more information
in terms of burning rate sensitivity to flame stretch and more accu-
rate measurements than the standard approach that is commonly
used in the literature and that requires knowledge of the fuel mix-
ture properties.

In this work, methane, isooctane, and ethanol/air flames have
been studied under various experimental conditions (0.6 6
U 6 1.5, 298 6 T 6 373 K, 0.1 6 P 6 0.5 MPa). The influence of lin-
ear and nonlinear extrapolation on the unstretched burning veloc-
ity has been tested and, as previously presented in the literature,
linear extrapolation results in overestimation of the unstretched
burning velocity. Next, the unstretched laminar burning velocity
has been nonlinearly extracted using the two processing ap-
proaches and results have been compared. In the case of meth-
ane/air mixtures, the two methods give nearly the same results,
but some differences appear for isooctane and ethanol/air mixtures.

The main reason for the difference between the two methods
comes from the burned gas density estimation (computed for
burned gases at chemical equilibrium for adiabatic combustion).
In the case of the isooctane and ethanol/air mixture, the burned
gases have not reached a chemical equilibrium state for the prop-
agation times investigated in the experiments. Indeed, due to the
finite size of the flame kernels (maximum radius 2 cm), the time
or the distance to reach the equilibrium state cannot be obtained
in the experimental configuration for these mixtures.

So an equilibrium solver for the density ratio could produce
some error for these conditions because it artificially decreases
the density ratio and thus decreases the unstretched burning
velocity.

Values of Lu, which represents the sensitivity of the burning rate
to the flame stretch, have been determined and two opposite evo-
lutions have been observed, depending on the equivalence ratio:
for methane, Lu increases with U and for isooctane and ethanol,
Lu decreases with U. These evolutions can be correlated with the
Lewis number of the respective mixtures.
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