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Abstract

Laminar burning velocities of hydrogen/air mixtures can show discrepancies up to 30%, making chem-
ical mechanism validation and improvement difficult. The source of uncertainties may come from different
factors influencing at each processing and post-processing steps the final value. Considering a spherically
expanding flame configuration, reflection on the accuracy of the formulations, used to derive the desired
quantity, is proposed. Starting from the exact definition of the laminar burning velocity, two formulations
– direct and indirect flame speeds formulations – are derived for spherical flames. Each single source of
uncertainty involved in the formulations is pointed out. The emphasis is focused on a specific mixture
at an equivalence ratio of 0.50, atmospheric pressure, and an initial temperature of 300 K. This point rep-
resents the best tradeoff between low ratio of flame velocity and recording sampling rate and the occurrence
of cellular flames (Le < 1). An extensive experimental and numerical study (1D spherically expanding
flames) of this mixture is carried out. As a result, the experimental laminar burning velocities determined
by using the direct flame speed or the indirect flame speed formulae depict different values. However, when
numerically determined, both formulae yield the same value. This paves the way to understand and identify
the experimental error sources. Stretch and Lewis numbers effects (super-adiabatic temperatures) as well as
radiation processes (burned gas motion) are studied. Nonetheless, they do not show to be the main source
of uncertainty. The extrapolation procedure (linear or non-linear) according to the limited number of
experimental points (rapid apparition of cellular structure) appears as the main factor influencing the dis-
crepancy in laminar burning velocities.
� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Laminar burning velocity is a fundamental
property in the description of combustion pro-
cesses regarding reactivity, diffusivity, and
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1 In Kelley and Law [12] and Halter et al. [7], the non-
linear formulation was used on the propagation speed
Sf , the time derivative of the flame radius, and not
directly on Sl. See 2.2 for further explanations.
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exothermicity of a combustible mixture. The
laminar burning velocities is a global kinetic
parameter used for validating chemical kinetic
mechanisms [1,2]. Furthermore, it is one key
parameter in turbulent combustion modeling,
where in many combustion models turbulent
flame speed depends on the laminar burning
velocity. Since the demand on accurate modeling
is growing, accurate measurements of this funda-
mental value have to be provided from
experiments.

The laminar burning velocity is defined by con-
sidering a one-dimensional, stationary, adiabatic,
and unstretched propagating flame. It corresponds
to the velocity with which the fresh premixed gases
approach the stationary flame front [3]. It is gener-
ally referred to as S0

l , where the superscript refers to
as zero stretch. This quantity is universal and only
depends on the initial thermodynamic conditions
(pressure and temperature) as well as the type of
fuel and the composition of the premixed gases.
This concept is based on the kinematic definition,
where S0

l is expressed with respect to the unburned
gas [4]. It can be easily shown that under these con-
sideration, the laminar burning velocity can be writ-
ten also as consumption speed, S0

c , which considers
the reaction rates, _wk , of a species k during the reac-
tion process [4,5]

S0
c ¼

1

quðY b
k � Y u

kÞ

Z þ1

�1
_xkdx; ð1Þ

where Y k is the mass fraction of species k; qu is
the unburned density, and superscripts b and u
denote burned and unburned gas, respectively.
This relation obviously only holds for species for
which Y b � Y u – 0. This velocity corresponds to
the mass of species k that is converted in the
region between the burned and unburned zones.
However, it is not possible to determine laminar
burning velocities experimentally using this for-
mulation. It represents a global quantity, directly
linked to _xk , and must be modeled, since its evo-
lution over the flame front cannot be measured.

Considering non-stationary conditions, the
flame moves in the laboratory frame of reference
with a velocity that is called here the propagation
speed. Hence, the difference of the propagation
speed and the velocity of the fresh gases results
in the laminar burning velocity [6].

Different experimental techniques have been
used to measure laminar burning velocities, such
as spherically expanding flames in a closed vessel
[7], counterflow premixed twin-flames [8], and
the heat flux burner [9]. Considering spherically
expanding flames, numerous studies have been
done for improving the determination of S0

l .
Stretch modifies the laminar burning velocity.
However, this parameter has not been taken into
account until Wu and Law in 1984 [10]. The
stretch factor j appeared as the scalar controlling
the flame speed. The theory predicts a linear scal-
ing of the stretched flame speed as Sl ¼ S0

l � ‘j,
where ‘ denotes the Markstein length. With exper-
imental data for different stretch factors, the
Markstein length can be determined and an
extrapolation to zero stretch can be performed.
Discrepancies among different experimental data
sets considerably reduced after that [11]. However,
to overcome the inherent difficulty associated to small
radius range available in experiments, Kelley and Law
[12] and Halter et al. [7] found that a non-linear rela-
tion must be used for the extrapolation to zero stretch
as for instance ½Sl=S0

l �
2
ln½Sl=S0

l �
2 ¼ �2‘j=S0

l .1

Recently, Kelley et al. [13] improved the non-lin-
ear relation by relaxing the quasi-steady state
behavior. This reduced extrapolation errors on
the Markstein length, but extrapolations of the
flame speed showed no significant improvement.
Chen [14] showed with an analysis of data from
1D simulations of spherically expanding flames
that depending of the Lewis number Le of the
mixture, the non-linear formulation of Kelley
and Law [12] or Frankel and Sivashinsky [15] give
the best results. He found that Sivashinsky’s for-
mulation is the most accurate for mixtures with
large Lewis numbers, while at small Lewis num-
bers, Kelley’s should be used. In addition to the
extensive work on extrapolation techniques, the
formulation used for determining the flame speed
Sl from the observed flame dynamics should also
be reconsidered. Indeed, different assumptions in
the typically used formulations might lead to pos-
sible sources of uncertainty.

In the past, Fiock and Marvin [16], Linnett [17],
Andrew and Bradley [3], and more recently Varea
et al. [18,19] and Bonhomme et al. [20], have pro-
vided and improved different formulations to pro-
vide more reliable ways to extract information on
burning velocities from spherically expanding flames.

In this work, two formulations for laminar
burning velocities are investigated, namely S0

l;d
and S0

l;i, where d and i subscripts refer to as the
direct and indirect measurement methods, see Sec-
tions 2.1 and 2.2, respectively. It focuses on the case
of a lean hydrogen/air flame (Le < 1). Figure 1
compares the unstretched laminar burning veloci-
ties (from [21–24] over a range of equivalence ratios
/ from 0.40 to 0.75. Burning velocities differ up to
20 cm/s. For the identical experimental setup, the
two formulae, here called S0

l;d and S0
l;i, show differ-

ences up to 10 cm/s. Therefore, in this work we:

� Identify and discuss the assumptions involved
in the formulations that are commonly used
for laminar burning velocity determination.



Fig. 1. Comparison with literature of unstretched indi-
rect flame speeds (non-linearly extrapolated) S0

l;i and
direct flame speeds S0

l;d for hydrogen/air flames,
p = 0.1 MPa. Vagelopoulos et al. [21], Dowdy et al.
[22], Aung et al. [23], Bradley et al. [24].
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� Compare the stretched and unstretched veloci-
ties extracted from the experiments (Tomogra-
phy and Schlieren) for lean hydrogen air flame
at / = 0.50.
� Extend the analysis by numerical simulations

of spherical 1D flames.
2. Flame speed formulations

One commonly used way to measure laminar
burning velocities observes spherically expanding
flames in constant volume combustion vessels.
Different ways to extract the unstretched laminar
burning velocities from this experiment have been
proposed and used in the literature. Here, two dif-
ferent formulations for flame speeds are discussed,
the direct and indirect formulations, Sl;d and Sl;i,
respectively.

2.1. Direct formulation for laminar flame speed, Sl;d

A propagating expanding spherical flame
develops from the ignition point into the fresh
gases and can be recorded, for instance, by a
tomographic or a Schlieren optical diagnostic
method. The time rate of change of Rf is measured
in the laboratory frame. The time derivative of
the radius provides the propagation speed Sf as
Sf ¼ dRf =dt. Considering a chamber with a large
radius, it was found that there is a quasi-steady
state stage, where the flame is almost not affected
by the ignition energy, such as in the early stage,
or by pressure rise, as in the later stage. In this
view, pressure and temperature rise due to com-
pression are null and the flame is affected only
by stretch caused by strain and curvature. When
the observer is positioned on the flame, it is possi-
ble to evaluate the velocity at which fresh gases
pass through the flame. It corresponds in the lab-
oratory frame of reference to the difference of the
propagation speed and the velocity of the fresh
gases in that frame of reference, U g. This is called
here direct flame speed and is evaluated as

Sl;d ¼ Sf � U g: ð2Þ
For their review, Andrews and Bradley [3] used
hot wire anemometry to measure the fresh gas
velocity. Nonetheless, measurements of the direct
flame speed have rarely been done, because of the
inherent difficulty in the experimental determina-
tion and post-processing of the flow velocity
ahead of the flame. With the improvement of tech-
nology and computer-aided post-processing algo-
rithms, it is nowadays possible to measure the
fresh gas velocity profile in the first millimeters
ahead of the flame front with high accuracy
[18,19,25,26]. According to Groot and De Goey
[27], for spherically expanding flames, heat diffu-
sion in the preheat zone influences the fresh gas
velocity, U g, which has a maximal value at the
entrance of the flame front. This is the procedure
to experimentally and numerically identify the
velocity U g used in Eq. (2). Note that experimen-
tally, Sf is measured at an isothermal of the tracer
evaporation (tomography) or at a specific optical
gradient index (Schlieren). Numerically, Sf is
derived from radii measured at the maximum of
the total heat release rate. Therefore, Sf and U g

are not measured at exactly the same position,
and the physical meaning of Sl;d is slightly differ-
ent than that of the above-defined ideal quantity
Sl. However, it should be noted that this difference
goes away for infinitely large radius, which corre-
sponds to zero stretch.

2.2. Indirect formulation for laminar flame speed
and consumption speed

An alternative method to determine the lami-
nar burning velocity is by only using the propaga-
tion speed in combination with the jump
condition across the flame. As the propagation
speed is associated to the burned side, formulat-
ing the jump conditions across the flame for
evaluating the flame speed, Sl, which is associated
to the fresh side, results in the following
assumptions:

� The burned gas is motionless, U b ¼ 0.
� The flame thickness is small compared to the

flame radius.
� The burned gas density is constant and equal

to the equilibrium value.



714 E. Varea et al. / Proceedings of the Combustion Institute 35 (2015) 711–719
Then, applying the jump conditions yields

Sl;i ¼
qeq

b

qu

dRf

dt
ð3Þ

This leads to the following used formulation for
laminar burning velocity determination for the
spherically expanding flame configuration.

For their work, Bonhomme et al. [20] expressed
a consumption speed with respect to a product spe-
cies, Sp

c . They derived Eq. (1) for spherical coordi-
nates [5] and found

Sp
c ¼

qb

qu

dRf

dt
þ Rf

3qu

dqb

dt
; ð4Þ

where qb is the burnt gas density (spatially aver-
aged) and Rf is identified as a flame radius based
on the mass of products. The calculation is done
knowing the total mass of products and the spa-
tially averaged product density, see reference [20]
for further details. From Eq. (4), assuming that
the burned gas density is constant and equal to
the equilibrium value, the indirect flame speed
Sl;i is recovered. Assuming an isentropic compres-
sion for the fresh gases, Bonhomme et al. [20] also
derived Eq. (1) for the fuel, Sf

c , yielding

Sf
c ¼

dRf

dt
�

R3
0 � R3

f

3R2
f

1

cup
dp
dt
; ð5Þ

where cu is the ratio of the heat capacities in the
fresh gases, p the pressure and Rf is the flame
radius based on the fuel mass. In Eq. (5), the pres-
sure trace and its derivative are needed during the
time before the pressure increase impacts the reac-
tion kinetics. Experimentally, this measurement is
quite challenging. Therefore, this formula is not
used in the experiments described below.

One can see that from these developments, the
flame speed can be extracted from the direct flame
speed, Sl;d , by an evaluation of the velocity field
ahead of the flame front combined with the prop-
agation speed. Flame speed is directly measured.
Using the indirect formulation, important
assumptions are involved on the thermodynamic
state of the burned gases. In both cases, extrapo-
lation procedures to zero stretch are needed, and
one can ask whether S0

l;d and S0
l;i are equal. Previ-

ous studies reported the lack of accuracy of the
indirect method [18–20,25,28]. Recently, Jaya-
chandran et al. [29] showed that for flames sub-
jected to radiation processes, the direct method
remains the only valid formula.

2.3. Connection between the direct and indirect
flame speed

One remaining question should concern the
way the two formulations, Sl;d and Sl;i are con-
nected. Assuming jump conditions and burned
gases at equilibrium, Poinsot and Veynante [5]
expressed the velocity of fresh gases ahead of the
flame front as:

U g ¼
0 if 0 < r < Rf

Rf

r

� �2

1� qeq
b

qu

� �
dRf

dt otherwise

8<
: ð6Þ

Then, combining Eqs. (2) and (6) calculated at
r ¼ Rf , the indirect flame speed formulation, Sl;i,
is retrieved. This shows the coherence between
the two formulations and also highlights the
degree of assumptions involved in the indirect
flame speed formulation.
3. Experimental setup and numerical simulation

In this section the experimental spherical ves-
sels for the flame speed measurements are briefly
described. Hereafter, the setups are refereed to
as CORIA and ITV, as they refer to as the labo-
ratories’ names where the experiments were per-
formed. Details on the numerical simulations
performed with the A-SURF code are also
presented.

3.1. Experimental setup

The CORIA’s apparatus is described in [18,26].
The principal difficulty in extracting the direct
flame speed (Eq. (2)) lies with the accuracy of
the fresh gas velocity measurement near the pre-
heat zone of the flame front [27]. The algorithm
has been detailed and validated in [18,19,26].

Experimental propagation speeds (Sf ¼ dRf

dt )
also are extracted from Schlieren recordings per-
formed at ITV. The experimental setup is
described in detail in [30]. Since lean hydrogen
air flames are known for becoming quickly cellu-
lar while expanding, the Schlieren technique can
provide useful information concerning the global
wrinkling of the flame shape.

3.2. Numerical simulation

A-SURF [31,32], is used to simulate the one-
dimensional outwardly propagating spherical
flames. Details on the governing equations,
numerical schemes and code validation of A-
SURF can be found in [31,32]. The spherically
expanding flame is initiated by a hot pocket of
burned product surrounded by fresh mixture at
300 K. The size of the hot pocket is chosen to min-
imize the effects of ignition, according to [31,33].
The initial wall temperature, pressure and velocity
at each grip point prior to ignition are 300 K,
1 atm and 0 cm/s, respectively. The chamber
radius is 50 cm large. The detailed hydrogen
mechanism of Burke et al. [34] is used. The chem-
ical reaction rates as well as thermodynamic and
transport properties are evaluated using the
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CHEMKIN and TRANSPORT packages [35]
interfaced with A-SURF. To assess the radiation
effects, two models are used, the adiabatic model
(ADI) and the optically thin model (OTM) that
includes the radiation emission from H2O, CH4,
CO, and CO2 [36].

The experiments as well as the simulation are
performed in constant volume chambers. How-
ever, for small radius range, less than a third of
the chamber radius, confinement effects are
negligible and the flame propagates at constant
pressure [33,37]. Consequently, one can conclude
that the flame is only affected by stretch.
Fig. 2. Visualization sequence (tomography and Schlie-
ren) of a hydrogen/air flame at / = 0.50, p = 0.1 MPa,
T = 300 K, and corresponding propagation speeds Sf .

Fig. 3. Comparison of stretched velocities obtained
from experiments and simulation as mentioned. Simu-
lations are using radiative model (OTM). H2/air flame at
/ = 0.50, p = 0.1 MPa, T = 300 K.
4. Results and discussion

Lean hydrogen air flames are chosen, since a
large scatter of data is observed in the literature
as shown in Fig. 1. To improve the quality of
propagation speed measurement, a low ratio of
flame velocity and recording sampling rate (lim-
ited at 5 kHz for high speed PIV) is desired. This
is improved at low equivalence ratio, which, how-
ever, can also lead to the occurrence of cellular
flames. To optimize this tradeoff, equivalence
ratios in a range of / ¼ 0:45� 0:65 are studied
here. However, the detailed analysis will be pre-
sented here only for / ¼ 0:50.

4.1. Comparison of flame speed from tomography
and Schlieren techniques

Figure 2 shows sequences from tomography
and Schlieren techniques for the H2/air flame at
/ ¼ 0:50 and T = 300 K. From the Schlieren
images, the flame shape starts being cellular at
around 3 ms, when it starts at around 5 ms from
the tomography images. This difference may affect
the raw data of the propagation speed, since
cellular patterns make the flame burn faster. This
phenomenon is depicted in Fig. 2(i), where both
stretched propagation speeds from tomography
and Schlieren show a plateau for stretch below
450 s�1. The corresponding maximum radius
assumed to be free of cellular patterns is close to
14 mm corresponding to a time of 4 ms.

4.2. Comparison of experimental and numerical
data

The case of / ¼ 0:50 was also numerically
investigated. Figure 3 shows the results comparing
experimental data from the two setups (CORIA
and ITV) and simulations. From Fig. 3, we
observe that the propagation speed from simula-
tion is reproducing the experiments quite well.
The fresh gas velocity from the simulation and
from experiments are also in a good agreement.
As a result, the simulation can be used for further
analysis, since both flow dynamics and flame
stretch dynamics are well reproduced.

In Fig. 1 for / ¼ 0:50, we observe that the non-
linearly extrapolated value of the indirect flame
speed Sl;i yields a higher value than that obtained
as the direct flame speed, Sl;d . In previous studies,
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Varea et al. [18] demonstrated that in case of
methane/air flames, where the Lewis number is
close to unity, no differences are observed between
the indirect an the direct flame speed formula-
tions. However, for propane/air flames (Le > 1),
Balusamy et al. [25] pointed out differences
between both methodologies. That study attrib-
uted these differences to the confinement effect,
which tends to reduce the propagation speed.
Nevertheless, according to the Schlieren record-
ings, the maximum radius used is only 14 mm cor-
responding to 16% of the inner radius, which is
much less than the 30%, as recommended in
[33,37], where it was found that the chamber con-
finement effects start disturbing the flame. Then,
the differences between both methodologies can-
not only be explained by confinement effects.

In the next section, essential parameters that
could explain the differences observed between
the measured values of Sl;i and Sl;d are
investigated.
Fig. 4. Focusing effect of the reactant H2 due to stretch
and non-unity Lewis number from numerical simula-
tion. Flame radius is positioned at Rf = 0.98 cm. Top:
Temperature profile. Bottom: Equivalence ratio. H2/air
flame at / = 0.50, p = 0.1 MPa, T = 300 K.
5. Parameters influencing the stretched flame
speeds and unstretched laminar burning velocities

This section focuses on the effect of stretch,
non-unity Lewis numbers as well as radiative pro-
cesses and extrapolation procedures. These
parameters could be potential sources of errors
in the estimation of the stretched flame speeds
and unstretched laminar burning velocities.

5.1. Radiation processes

As mentioned above, Sl;i cannot be determined
without burned gas density, which is always
assumed to be at equilibrium condition. Radiative
losses may have an impact on the burnt gas density.
Radiation would imply the burned gas temperature
to be lower than the adiabatic flame temperature,
even for the unstretched flames. As shown in Chen
[32], a back flow in the burned side is generated.
This is highlighted by a non-zero value of the term
Rf

3qu

dqb
dt in Eq. (4) that would lower the indirect flame

speed. This point was also found from asymptotic
studies in [38]. Santner et al. [38] provided a solver
to estimate the error induced by radiation processes.
The impact of the back flow using their numerical
tool is supposed to be lower than 0.5% on S0

l . For
the present case, simulations were performed for
the adiabatic case and the non-adiabatic case con-
sidering a thin, gray gas approximation for radiative
heat losses. No differences were observed for the
velocity profiles as well as for the temperature pro-
files. Presentation of the results is therefore omitted.

5.2. Stretch and Lewis number effects

For a stretched flame, differential thermal/
mass diffusivity can affect the flame’s properties
and dynamics. Thermodynamic conditions of the
gases within the flame and on the burned side
[20,39] differ from a planar flame. In stretched
flames, the equilibrium state is not satisfied, since
the flame’s temperature is affected by stretch as
shown by Clavin and Williams [40], Matalon
and Matkowsky [41], and Law et al. [42]. Assum-
ing that qb does not vary in space and flames are
subjected to small stretch, the burned gas flame
temperature can, from the theory, be expressed as

T b � T ad

T ad
¼ 1

Le
� 1

� �
D

ðS0
l Þ

2
j; ð7Þ

where D is the thermal diffusivity of the mixture.
This equation clearly shows that stretch and

non-unity Lewis numbers deviate flame tempera-
tures from the adiabatic value. The aforemen-
tioned deviation in flame temperature directly
modifies burned gas density. For Lewis numbers
lower than unity, as for instance hydrogen at
/ ¼ 0:50 with Le � 0.51, the burned gas tempera-
ture reaches a super-adiabatic value such that
T b > T ad , as shown in the top panel in Fig. 4.
As a consequence of the super-adiabatic flame
temperature, the density takes lower values. The
combination of stretch and non-unity Lewis num-
ber creates a focusing effect of the reactant species
H2. The fuel H2 diffuses into the stretched flame
faster than O2, changing the equivalence ratio at
the position of the flame. As shown in Fig. 4,
the fresh gases are exactly at / = 0.50, whereas
the equivalence ratio on the burned side is close
to / = 0.58. The temperature on the burnt side
is consequently shifted to the adiabatic tempera-
ture at / = 0.58, which is Tad ¼ 1806 K. As a
result, a correction can be applied to Sl;i to take



Fig. 6. Non-linear extrapolation of the full simulation.
H2/air flame at / = 0.50, p = 0.1 MPa, T = 300 K.
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into account the super-adiabatic effects, yielding
S�l;i ¼ q�b=quSf , where q�b is the burned density that
includes the stretch effects (Eq. (7)). Although,
when stretch is null, according to Eq. (7), the adi-
abatic temperature is recovered so that burned
gases are at equilibrium. To that point, S0

l deter-
mined by Sl;i or S�l;i should not be different. This
point is discussed hereafter.

5.3. Extrapolation models

To compare extrapolation procedures on
experimental and numerical data, simulated
flames are reduced to the experimental radius
range (0.8 cm < Rf < 1.4 cm). Results are shown
in Fig. 5, where extrapolation of Sl;d ; Sl;i and S�l;i
are considered. The determination of Sl;d by sub-
tracting two large quantities, Sf and U g, may lead
to scattered data. However, as in [19], the statisti-
cal error is found to be less than 5% (�2.5 cm/s).
Moreover, as the mixture exhibits a Lewis number
below unity, non-linear extrapolations are calcu-
lated according to Kelley and Law [12], based
on investigations by Chen [32]. Since linear
extrapolations of Sl;i and S�l;i are very close to
the non-linear extrapolations, linear extrapola-
tions are only reported for Sl;d .

From the experimental results, the extrapo-
lated values of S0

l;i and S�0l;i show similar
unstretched velocities (<2 cm/s). As previously
mentioned in Section 5.2, a misestimation of the
flame’s dynamic given by the indirect flame speed
formula Sl;i is shown. The real Markstein length
from the indirect flame speed formulation must
be corrected using the correct temperature, if the
indirect flame speed dynamic is of interest. How-
ever, in agreement with the theory, Eq. (7), both
formulae give the same laminar burning velocity.
Fig. 5. Extrapolation models applied on Sl;d ; Sl;i and
S�l;i flame speeds. Top: Experiments. Bottom: Simula-
tions. H2/air flame at / = 0.50, p = 0.1 MPa, T = 300 K.
Nonetheless, non-linear extrapolation of Sl;d is
almost 10 cm/s below S0

l;i and S�0l;i .
From the simulations, we observe that S0

l;d ; S0
l;i

and S�0l;i are ranging from 54 to 58 cm/s. This
agreement corroborates the expected behavior
predicted by the theory that all formulae should
lead to an identical unstretched value.

To point out the importance of the available
data points for the extrapolation procedure, a full
simulation for radii up to 4.5 cm was also per-
formed. Results are shown in Fig. 6. The three
velocities seem to point to a value that is close
to 50 cm/s, which is 5–8 cm/s below the
unstretched values extracted according to the
experimental radius range. It is worth noting that
even though the flame is large, this unstretched
value is still away from the 1D planar flame sim-
ulation performed with the same mechanism,
which is 46.74 cm/s. Hence, the remaining error
results from inaccuracies of the non-linear extrap-
olation formula.

These results show that on the one hand, for
experimental flames subjected to long ignition dis-
turbances or to cellular patterns, the extrapolation
procedure might lead to errors, on the other hand,
the extrapolation formula might also lead to large
errors. The reason for the latter is that these
extrapolation formulations (linear or non-linear)
come from asymptotic developments and are
mostly valid for restricted conditions, low
stretched flames and close to unity Lewis number,
which are not fulfilled for lean H2 flames.
6. Conclusion

Detailed analysis of formulations to extract
stretched and unstretched burning velocities in
the spherically expanding flame configuration is
conducted. The direct flame speed and indirect
flame speed formulations are presented, and the
assumptions involved in the derivation processes
are pointed out. These two flame speeds are inves-
tigated experimentally and numerically (1D prop-
agating spherical flames) for a lean H2/air flame
(Le < 1), for which considerable differences
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between the two formulations are observed.
Therefore, the main conclusions are:

� From the experiments, cellular patterns appear
for a small radius of Rf � 1.4 cm. As a conse-
quence, the raw experimental data range is
reduced to highly stretched values.
� Radiation processes have shown to be negligi-

ble and no back flow appears in the burned
side is observed, which would lower the indi-
rect flame speed.
� Stretch and non-unity Lewis numbers create a

focusing effect of H 2. As a result, the local equiv-
alence ratio within the reaction zone rises up to
16%. Consequently the burned gas temperature,
and as a result the density in the burned region,
differs form the adiabatic value. The response to
stretch of Sl;i is affected. However, from the sim-
ulation, both Sl;d and Sl;i point to a same value,
which is consistent with the theory.
� Uncertainties due to the extrapolation proce-

dure are pointed out. The full DNS (radii up
to 4.5 cm) is used for the extrapolation to zero
stretch. As a result, the extrapolation using
only the experimental range of stretch values
overestimates the extrapolated value from the
full DNS range by about 10–12%. Nonetheless,
the full DNS unstretched value is still 10%
above the one from the 1D planar flame. This
latter error only comes from the extrapolation
formula, which consequently contributes to a
large fraction of the error.
� Several of the errors in the actual evaluation

methods, for instance the Lewis number effects,
depend on stretch. That is why the stretched
burning velocities are different depending on
how they are evaluated, which also implies that
they have different physical meaning. However,
it is interesting that these stretch effect vanish
when extrapolated to zero stretch.

This demonstrates that for experimental flames
subjected to long ignition disturbances or to cellular
patterns, the extrapolation procedure leads to
errors. Further, also the extrapolation formula
can lead to errors of about the same magnitude.For
their recent study, Jayachandran et al. [29] men-
tioned as well the issue of the extrapolation proce-
dure and the incapability of using extrapolated
data to validate kinetic models. As discussed and
presented in the present work, Jayachandran et al.
[29] propose to compare raw experimental data
from spherically expanding flames against spherical
1D flames. Therefore, uncertainty associated with
extrapolation procedure is removed.
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