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Laminar flame speed correlations for
methane, ethane, propane and their
mixtures, and natural gas and gasoline
for spark-ignition engine simulations
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Abstract
The laminar flame speed plays an important role in spark-ignition engines, as well as in many other combustion applica-
tions, such as in designing burners and predicting explosions. For this reason, it has been object of extensive research.
Analytical correlations that allow it to be calculated have been developed and are used in engine simulations. They are
usually preferred to detailed chemical kinetic models for saving computational time. Therefore, an accurate as possible
formulation for such expressions is needed for successful simulations. However, many previous empirical correlations
have been based on a limited set of experimental measurements, which have been often carried out over a limited range
of operating conditions. Thus, it can result in low accuracy and usability. In this study, measurements of laminar flame
speeds obtained by several workers are collected, compared and critically analyzed with the aim to develop more accu-
rate empirical correlations for laminar flame speeds as a function of equivalence ratio and unburned mixture tempera-
ture and pressure over a wide range of operating conditions, namely f=0:6�1:7, pu =1�50 atm and
Tu =298�800K. The purpose is to provide simple and workable expressions for modeling the laminar flame speed of
practical fuels used in spark-ignition engines. Pure compounds, such as methane and propane and binary mixtures of
methane/ethane and methane/propane, as well as more complex fuels including natural gas and gasoline, are considered.
A comparison with available empirical correlations in the literature is also provided.
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Introduction

A crucial aspect for the reliability of many multidimen-
sional combustion models for spark-ignition engines
simulations is represented by the laminar flame speed esti-
mation, which is essential for the accurate prediction of
the turbulent burning velocity of the fuel–air mixture1–5

and, hence, for an adequate representation of the whole
combustion process taking place within the engine.

Flame propagation in spark-ignition engines
involves time and spatial scales which cannot be typi-
cally captured with practical finite volume methods.1,2,6

Therefore, several dedicated numerical models have
been implemented to evaluate the turbulent burning
velocity once the spark has been triggered.7–9 These
models rely on empirical or semi-empirical correlations
of laminar flame speeds which are derived from experi-
mental measurements.1,5,10

Several combustion phenomena depend on the lami-
nar flame speed, such as the turbulent flame structure

and speed, various modes of flame front instabilities,
flame extinction through heat loss and stretch and flame
stabilization.11 In addition to engine applications, it plays
a primary role in many other combustion applications,
such as in the design of burners and in the prediction of
explosions.7,9 For these reasons, it has long been the sub-
ject of extensive experimental and theoretical investiga-
tion, over a wide range of operating conditions.11

In an internal combustion engine, the laminar burn-
ing velocity plays a crucial role in determining the spark
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advance and influences the cycle-to-cycle fluctuations,
the thickness of wall quench layers (which are the pri-
mary source of unburned hydrocarbons), as well as the
minimum energy to ignite the charge, which affects the
range of equivalence ratio over which an engine can
operate.12

The laminar flame speed is an intrinsic property that
is a function of the unburnt mixture composition, tem-
perature and pressure. Although encouraging progress
has been made in developing detailed chemical kinetic
models for its prediction, such models are still extremely
complex and require significant computational effort
for solving the mass, species and energy conservation
equations coupled with chemistry.1,13 In addition, they
can fail outside the range in which they have been vali-
dated against experimental data, or if the grid resolu-
tion chosen for the simulation is not appropriate for the
specific case.14

Thus, analytical correlations of the laminar flame
speeds as a function of equivalence ratio, pressure and
temperature are preferred in engine practical simula-
tions. Moreover, they are more easily implemented in
CFD codes than tabulated data. Their use in spark-
ignition engine simulations still allows the use of
detailed chemical kinetics for modeling the post-flame
chemistry and the end-gas chemistry, which does not
require high resolution, thus saving computational
time.1,2,6

In order that an analytical formulation (as well as a
chemical kinetics mechanism) can be considered reli-
able for many possible conditions, it must be validated
against a large body of data. Thus, in this work, experi-
mental measurements of laminar flame speeds carried
out by several workers are compared and critically
evaluated. As Ranzi et al.11 pointed out when summar-
ized the experimental laminar burning velocities of
methane/air mixtures for the previous 60 years, it was
not until the mid-1980s that Wu and Law15 noted the
importance of the stretch effects in the experimental
determination of laminar flame speeds and proposed a
rational approach toward their elimination. Therefore,
the attention was focused only on recent experimental
studies (when available) in which a higher accuracy is
guaranteed by the fact that they consider the stretch
effects in the determination of the laminar flame speed.
In addition, published predictions of empirical correla-
tions derived by other workers have also been consid-
ered and compared with those proposed in this work
for a more exhaustive analysis.

In the present study, empirical correlations are
presented for laminar flame speeds as functions of
equivalence ratio and unburned mixture temperature
and pressure over a wide range of operating
conditions, namely f=0:6� 1:7, pu =1�50 atm and
Tu =298�800K. The fuels considered include promis-
ing cleaner alternatives to gasoline for the future,
including natural gas. However, since pure compounds
represent a good starting point, correlations for
methane and propane are also provided. Then, together

with natural gas, binary mixtures of methane/ethane
and methane/propane are also considered. Finally, an
empirical correlation for gasoline is also provided. The
aim is to offer a simple, but accurate method for deter-
mining the laminar burning velocity for a wide range of
equivalence ratios, temperatures and pressures that it is
suitable for engine simulation applications.

Overview of empirical correlations
available in the literature

In the last 60 years, various forms of empirical and
semi-empirical functional relationships have been pro-
posed for the laminar burning velocity. These semi-
empirical relationships are based either on the thermal
flame propagation theory of Zel’dovich/Frank-
Kamenetsky/Semenov12,16–22 or on the active species
diffusion theory.23–26 Wholly empirical correlations are
instead exclusively derived from the interpolation of
experimental measurements within the operating range
over which they were carried out.

The ‘‘Arrhenius form,’’ upon which many semi-
empirical formulations are based, is very sensitive to
the adiabatic flame temperature, which is in turn sensi-
tive to the thermodynamic model used to calculate it.20

In addition, it seems that the Arrhenius parameters do
not depend consistently on the equivalence ratio, but
rather they vary erratically with it.20 As a consequence,
sometimes the interpolation and extrapolation process
can be very difficult, with a possible inability to pro-
duce smooth variations with equivalence ratio or
temperature.10,20

The simplest alternative and the most widely used
form of the wholly empirical correlation is the so-called
power law formula, adopted by many investigators10,12–
14,19,27–33

SL f,Tu, puð Þ=SL0
Tu

T0

� �a
pu
p0

� �b

ð1Þ

where SL0 is the velocity measured at Tu =T0 and
pu = p0 for a given equivalence ratio f, and a and b

are constants or mixture strength-dependent terms.
One of the most known studies in which such a form

was employed is the work by Metghalchi and Keck.20

It was derived from measurements carried out in a
constant-volume vessel for fuel-to-air equivalence ratios
u=0:8�1:5, over pressure and temperature ranges of
pu =0:4�50 atm and Tu =298�750K. After testing
their correlation against experimental measurements of
the laminar burning velocity of methanol, propane, iso-
octane and indolene, they concluded that the tempera-
ture and pressure exponents a and b were independent
of fuel type within their estimated experimental error
and could be represented by the expressions

a fð Þ=2:18� 0:8 f� 1ð Þ
b fð Þ=0:16+0:22 f� 1ð Þ ð2Þ
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In addition, they found that the reference velocities
SL0 were a weak function of fuel type and could be fit
by a second-order polynomial of the form

SL0 fð Þ=Bm +B2 f� fmð Þ2 ð3Þ

where the parameters Bm, B2 and fm are given in Table
1 for propane, which is also of interest in the present
study. In equation (1), they considered p0 =1 atm
and T0 =298K and recommended its use for
applications in the ranges: pu =1�50 atm and
Tu =350�700K. However, at room temperature that
interpolation underestimated burning velocities.
Therefore, they proposed different and more appropri-
ate values for coefficients Bm and B2 for room condi-
tions, which are reported as well in Table 1.

Beside the fact that two sets of coefficients must be
provided for each fuel, another major limitation is that
equation (3) predicts negative flame speeds for lean
(f \ 0:6) and rich (f . 1:6) mixtures. It is acceptable
for simulations of premixed flames near stoichiometric
conditions, but is not applicable for stratified charge
combustion in direct injection spark-ignition engines
with gasoline or gaseous fuels, that is, natural gas.34–37

An alternative formulation for evaluating the term
SL0(f) of equation (1) was derived by Elia et al.28 They
developed a correlation by fitting their experimental
data of the laminar burning velocity of methane/air
mixtures, obtained using a spherical constant-volume
combustion vessel with fuel-to-air equivalence ratio
varying from 0.8 to 1.2, as

SL0 fð Þ=Su0 a0 +a1f+a2f2
� �

ð4Þ

where Su0 =37:5 cm=s,a0 = � 5:883, a1 =14:003,
a2 = � 7:115. In the same study, after analyzing mea-
surements in which the unburned gas pressure was var-
ied from 0:75 to 70 atm and the temperature from 298
to 550K, they suggested the use of a fixed value for the
coefficients a and b, namely 1:857 and �0:435, respec-
tively. The results appeared to be in good agreement
with their experimental data, but some discrepancies
with other works have been recorded. In addition, it is
widely recognized that the exponents a and b vary with
equivalence ratio and a possible dependence on pres-
sure and the temperature could exist too.10,29,38,39

Therefore, for a more appropriate formulation, expres-
sions for a and b, at least as functions of only f, are
also needed. Furthermore, the correlation proposed by
Elia et al.28 for SL0 shows a problem similar to that
highlighted for Metghalchi and Keck,20 regarding the

generation of negative values outside the tested equiva-
lence ratio range.

Another work in which the power law formulation
was employed was carried out by Gu et al.,19. It was
based on measurements of laminar spherical expanding
flames of methane/air mixtures. In this work reference
values of p0 =1 atm and T0 =300K were assumed.
What the authors of this study suggested were three
expressions for equation (1) in which the parameters
Su0, a and b were optimized in the ranges of
300�400K and 1� 10 atm for three different equiva-
lence ratios, namely f=0:8, 1:0 and 1:2. The values
that they proposed are reported in Table 2.

Other researchers developed correlations for stoi-
chiometric mixtures, including Han et al.29 and more
recently Hu et al.13 The first29 used a preheated cylind-
rical combustion chamber to measure the laminar
burning velocity of methane/air mixtures, with initial
temperatures ranging from 298 to 498K and initial
pressures from 1 to 5 atm. The derived empirical for-
mulation was

SL =36:11
Tu

T0

� �a
pu
p0

� ��0:37
ð5Þ

where p0 =1 atm and T0 =300K and the temperature
exponent a depends on pressure as

a puð Þ=1:5365+0:1165pu ð6Þ

Hu et al.13 quantified the laminar flame speed depen-
dence upon pressure and temperature as

SL puð Þ=0:133 puð Þ�0:461,
Tu =300K, 1 atm4pu460 atm

SL Tuð Þ=325e �
9439

Tu +1089ð Þ,
pu =1atm, 300K4Tu4700K

ð7Þ

In addition, they found that the exponent a

increased linearly with increase of initial temperature,

Table 1. Coefficients of equation (3) proposed by Metghalchi and Keck20 for propane/air mixtures.

Fuel T (K) P (atm) Fm Bm (cm/s) B2 (cm/s)

C3H8 298 1 1.08 34.22 –138.65
350�700 1�50 1.08 40.11 –186.48

Table 2. Coefficients for equation (1) by Gu et al.19 for
methane/air mixtures in the ranges of 300–400 K and 1–10 atm
for three different equivalence ratios, namely f = 0.8, 1.0 and
1.2.

f Su0(cm=s) a b

0.8 25.9 2.105 –0.504
1.0 36.0 1.612 –0.374
1.2 31.4 2.000 –0.438

Amirante et al. 3



while the exponent b decreased exponentially with
increase of initial pressure. Consequently, they formu-
lated the following correlations for the two exponents,
as

a Tuð Þ=1:39+0:0006Tu, 300K4Tu4700K

b puð Þ=0:226e�
pu

0:841 � 0:511, 1 atm4pu460 atm

ð8Þ

The last expressions were validated by Hu et al.13 at
high temperatures and pressures by comparison with
numerical simulations. A similar strategy was adopted
by Ouimette and Seers30 who calculated numerically
the laminar flame speed for both methane and a syn-
thetic gas using PREMIX. For both fuels, they pro-
vided a correlation in the form of equation (1)
exclusively based on the calculations. Although the cal-
culations were performed at different equivalence ratios
and pressures and the explored range of the initial mix-
ture temperatures is the largest available in the litera-
ture (300�850K), the technique used for the numerical
simulations was validated by means of comparisons
with experimental data for methane only for the room
pressure case and for two different unburnt tempera-
tures, namely 300 and 400K. The following expressions
for calculating methane’s laminar flame speed based on
work by Liao et al.31 (which is discussed later in this
section) were suggested

SL0 fð Þ= � 204:6f3 +428:9f2 � 220:2f+33:3

a fð Þ=4:3f2 � 9:0f+6:6

b fð Þ= � 0:7f2 +1:4f� 1:1

ð9Þ

A completely different approach for determining the
term SL0(f) in equation (1), which represents a practi-
cal solution to the intrinsic problem of polynomial
forms, was proposed by Gülder,10 who chose the fol-
lowing empirical expression to represent the room tem-
perature burning velocity of methane, propane and
other fuels considered in his work

SL0 fð Þ=ZWfhe�j f�sð Þ2 ð10Þ

where W, h and j are constants for a given fuel, and
Z=1 for single constituent fuels. The constants for
methane/air and propane/air mixtures proposed in
Gülder10 are listed in Table 3. In such work, the power
law dependence of the laminar burning velocity on the
unburnt mixture pressure and temperature was used,

but a practical analytical expression for the exponents
a and b, as functions of the equivalence ratio, was not
proposed. Instead, constant values for a and b were
proposed, namely, respectively, 2 and �0:5 for methane
and 1:77 and �0:2 for propane.

Gülder’s formulation for the evaluation of SL0 has
also been adopted in the correlations proposed in the
present work, since it appears to be the most promising
expression among all the analyzed solutions. The power
law formula is then chosen for taking into account the
influence of pressure and temperature.

Recently, Dirrenberger et al.32 adopted such a for-
mulation for the prediction of the laminar flame velo-
city of the components of natural gas, methane,
ethane, propane and n-butane, as well as for binary
and tertiary mixtures of these compounds, which had
been proposed as surrogates for natural gas. In that
study, the measurements were performed using the
heat flux method at atmospheric conditions. The mix-
ture strength covered the largest range available in
the literature, namely from 0.6 to 2.1. The values of
the parameters that they proposed for pure methane
and propane are given in Table 3. For the methane
case, their parameters were far from those previously
proposed by Gülder, but are very close to those found
by other researchers, that is, Coppens et al.,40 which
are reported as well in Table 3. They proposed a cor-
relation valid for a natural gas surrogate mixture of
methane, ethane and propane. This ternary mixture
correlation was a combination of the expressions
obtained for binary methane/ethane and methane/
propane mixtures, which used the correlation, derived
from Coppens et al.40

SL0 f, xð Þ= 1+ nxtð ÞWfhe�j f�s�Oxð Þ2 ð11Þ

The term Z, present in Gülder’s formulation (equa-
tion (10)), assumes the value (1+ nxt) to take into
account the presence of other compounds in methane.
x is the amount of the other gas in the fuel mixture. The
additional term Ox in the exponent allows to reproduce
the shift of the maximum of the laminar flame velocity’s
dependence with the additional gas concentration.
When x is zero, the original Gülder’s formulation for
pure compounds is obtained. The coefficients n, t and
O derived from the experimental data interpolation are
reported in Table 4. Good agreement was found for
lean and rich mixtures, but the correlation overesti-
mated flame velocities near stoichiometry.

Table 3. Coefficients for Gülder’s exponential formulation for different fuels.

Ref. Authors Year Fuel Z W (cm=s) h j s

10 Gülder 1984 CH4 1 42.2 0.15 5.18 1.075
C3H8 1 44.6 0.12 4.95 1.075

32 Dirrenberger et al. 2011 CH4 1 38.638 –0.15 6.2706 1.1
C3H8 1 42.2012 –0.3104 5.1455 1.1

40 Coppens et al. 2007 CH4 1 39.0542 –0.4333 6.0157 1.1

4 International J of Engine Research 00(0)



By combining these results, they formulated the fol-
lowing correlation for ternary mixtures

SL0 f, x1, x2ð Þ= 1+ n1x
t1
1

� �
1+ n2x

t2
2

� �
Wfhe�j f�s�O1x1�O2x2ð Þ2 ð12Þ

where subscript 1 refers to parameters calculated for
one component, that is, ethane, and subscript 2 to the
other one, that is, propane. Once again, if x1 = x2 =0,
the correlation for pure fuels is obtained. If either
x1 =0 or x2 =0, then the previous binary mixtures
formulation is derived.

Liao et al.31 studied the dependence of the exponents
a and b upon the equivalence ratio of a Chinese
Natural Gas (from the north of Shaanxi Province),
when the mixture strength was varied from 0:6 to 1:4,
in the case of spherically expanding flames of natural
gas/air mixtures. Initial pressures of 0:05, 0:1 and
0:15MPa, and preheat temperatures ranging from 300
to 400K were considered. They proposed the following
second-order polynomial form

a fð Þ=5:75f2 � 12:15f+7:98

b fð Þ= � 0:905f2 +2f� 1:473
ð13Þ

A simple third-order polynomial expression was
used to fit their data at ambient conditions
(Tu =T0 =300K and pu = p0 =1 atm), namely

SL0 fð Þ= � 177:43f3 +340:77f2 � 123:66f� 0:2297

ð14Þ

which does not consider the influence of the natural gas
composition, since was not varied during the tests.

The expressions provided by Liao et al.31 for the
exponentials a and b appear to be the most convincing
among the forms analyzed so far, since they can well
reproduce influence of pressure and temperature on the
lean and rich sides, in comparison to the stoichiometric
case. This is appreciable from Figure 1 in which the
various solutions proposed for the calculation of a and
b developed by Metghalchi and Keck,20 Gu et al.19 and
Liao et al.31 are compared. The results by Gu et al.19

and Liao et al.31 look very close to each other, coher-
ently with the fact that the natural gas investigated by
Liao et al.31 was composed of 96.16% of methane.
Metghalchi and Keck’s20 expression was derived for
propane, and therefore, no direct comparisons can be
done with the other two. However, the expression pro-
posed by Metghalchi and Keck20 has a linear form,
since it was derived by considering only three different
equivalence ratios near stoichiometric conditions.
Thus, the temperature influence is overestimated for
rich and lean mixtures and underestimated for near-
stoichiometric conditions (Figure 1(a)). For the same
reason, the opposite is true for the pressure influence
(Figure 1(b)).

The laminar burning velocity of gasoline, similarly
to natural gas, has not been investigated as extensively
as other pure compounds. Gasoline is a complex fuel
mixture, with large variations in compositions between
different commercial gasolines. As a result, there is no
fixed laminar burning velocity. This also explains why
it is currently not possible to represent the complex
chemistry of gasoline in a chemical kinetic model and
surrogates are usually used.14,41 However, Sileghem
et al.14 recently measured the laminar burning velocities
for a gasoline (Exxon 708629-60) using the heat flux
method on a flat flame adiabatic burner and they found
good agreement both with the data of Dirrenberger
et al.,42 who used the same method to measure the lami-
nar burning velocity, and with Zhao et al.43 (at 353K)

Table 4. Coefficients proposed by Dirrenberger et al.32 for
binary mixtures.

Fuel n t O

CH4/C2H6 0.2103 0.545 –0.0191
CH4/C3H8 0.2129 0.8312 –0.0439

Figure 1. Dependence of exponents a (a) and b (b) upon equivalence ratio u. Comparison between the solutions proposed by
Metghalchi and Keck20 (red line), Gu et al.19 (green dots) and Liao et al.31(blue line).

Amirante et al. 5



who used the stagnation jet-wall flame configuration
and particle image velocimetry.

In the same study, the temperature dependence of
the laminar burning velocity was also shown for gaso-
line, for equivalence ratios varying from 0:7 to 1:3 and
for temperatures between 298 and 358K. The tempera-
ture dependence of gasoline was compared to the
empirical formulations by Gülder10 and Metghalchi
and Keck20 and a correlation implemented in GT-
Power based on the publication by Takashi and
Kimitoshi44 The result was that none of the correla-
tions captured the temperature dependence of gasoline.
A second-order polynomial, as in Liao et al.31 (equa-
tion (13)), was then suggested to represent the power
exponent a

a fð Þ=3:28f2 � 7:52f+5:93 ð15Þ

Unfortunately, no correlation for SL0(f) or for pres-
sure dependence was provided. Experimental measure-
ments of laminar flame speeds obtained by various
workers are compared and analyzed next for each of
the fuels considered in this study. A comparison with
the above-discussed empirical correlations is then
reported.

Results and comparisons

The empirical correlations developed for pure methane
and propane, methane/ethane and methane/propane
mixtures, as well as for natural gas and gasoline, are
discussed next. Results for the considered studies are
listed in tables, together with the method that was used,
the range of the equivalence ratios, pressures and tem-
peratures that were explored, and the fuels that were
considered in the specific study.

As previously mentioned, all the correlations pro-
posed in this work have the ‘‘power law’’ form of equa-
tion (1), with p0 =1 atm and T0 =298K. For all the
fuels considered, the SL0(f) term is represented using
the ‘‘Gülder’s exponential formulation’’ of equation
(10), while the exponents a and b were considered to
be functions of the mixture strength f and the second-
order polynomial fitting proposed by Liao et al.31

(equation (13)) is considered, namely

a fð Þ= a2f2 � a1f+ a0

b fð Þ= � b2f
2 + b1f� b0

ð16Þ

An iterative reweighted least squares algorithm45

was performed for the parameter estimation. In particu-
lar, a nonlinear regression using ordinary least squares,
coupled with the Levenberg–Marquardt algorithm,46

was adopted.

Methane

Methane is often considered as a reference gas for com-
bustion studies and it has been studied for a large range

of conditions. However, the data start to become scarce
at high pressures and temperatures, due to experimental
difficulties.

The literature experiments and empirical correlations
for methane are listed in Table 5. Figure 2 shows the
results of curve fitting for the methane laminar flame
speed at 1 atm and 298K, for equivalence ratio ranging
from 0.6 to 1.7. The black solid line represents SL0(f)
when the coefficients proposed in Table 6 are adopted.

Figure 2 also offers a comparison between the pres-
ent and other empirical correlations. Gülder10 and
Dirrenberger et al.32 used the same form that is consid-
ered in the present study (equation (10)), but with dif-
ferent coefficients (listed in Table 3). The correlation
proposed by Elia et al.28 (equation (4)) does not repro-
duce the trend in a satisfactory way, while that pro-
posed by Ouimette and Seers30 (equation (9)) is closer
to the best fit, although it overestimates the flame speed
on the rich side and does not follow the trend for
equivalence ratios larger than 1.3 (above 1.4 it gives
negative results, which must be avoided).

Figure 3 summarizes pressure effects over the range
of equivalence ratios considered. The obtained coeffi-
cients for the exponents a and b in equation (16) are
listed in Table 7. Figure 3(a) shows good agreement
with the various experiments and with pressures rang-
ing from 1 to 20 atm. Figure 3(b) and (c) depicts the
above-mentioned limitations shown by Elia and
Ouimette’s correlations. In addition, the latter overesti-
mates the laminar burning velocity for all equivalence
ratios at higher pressures.

Figure 4(a) summarizes the effect of the pressure for
the stoichiometric case. In this case, it was also possible
to compare the result with the correlations proposed by
Han et al.29 (equations (5) and (6)), Gu et al.19 (Table
2) and Hu et al.13 (equations (7) and (8)). The results
appear to be close for ambient temperature conditions.
Han, Gu and Ouimette’s correlations underestimate
the pressure influence, while Hu’s correlation overesti-
mates it in the low-pressure range. More problems arise
when the correlations are compared with available data
at higher initial temperatures. Han’s correlation is not
able to match the trend anymore, while Ouimette’s for-
mulation produces too high values at all considered ini-
tial pressures and highlights the limits of a correlation
exclusively based on numerical results. Elia’s correla-
tion shows good agreement with their own data, but
some discrepancies with other experiments start to
appear.

In Figure 4(b), results for the case of f=1:2 are
shown. This is one of the most studied high pressure
cases, as can be inferred from the data reported in
Table 5. Analogous conclusions to those derived for
the stoichiometric case regarding the correlations pro-
posed by Gu and Ouimette can be made and Elia’s cor-
relation produces too low values at lower pressures.

Figure 5 reports the effects of an increase of unburnt
mixture temperature, considering different initial pres-
sures. For the case of room pressure (Figure 5(a)), a
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comparison with Ouimette’s correlation is also
reported, which is not able to reproduce the pressure
influence in any of the equivalence ratios considered.
However, the present correlation shows good agree-
ment in all considered cases.

The initial temperature effects are summarized for
the stoichiometric case in Figure 6. Different unburnt
mixture pressures are considered as well. At room pres-
sure, the agreement with the experimental data is good,

while the other empirical correlations considered tend
to overestimate the temperature influence. At higher
pressures, the agreement can be considered satisfactory.

However, the data become scarce when lean and rich
mixtures are considered. Therefore, measurements that
consider high initial pressures and temperatures are
needed for a deeper analysis.

Propane

Propane is usually used in many applications, for exam-
ple, laboratory studies of oxidation processes and

Table 6. Coefficients proposed for the term SL0(f) in equation
(10) for methane, propane and gasoline.

Fuel Z W (cm=s) h j s

CH4 1 38.85 20.20 6.45 1.08
C3H8 1 42.11 20.25 5.24 1.10
Gasoline 1 36.82 20.22 4.86 1.11

Figure 2. Methane laminar flame speed at room conditions.
Marks: experimental data; dashed lines: correlations available in
the literature; solid line: empirical correlation proposed in this
work.

Table 7. Coefficients proposed for exponents a and b in
equation (16) for methane, propane, natural gas and gasoline.

Fuel a2 a1 a0 b2 b1 b0

CH4 4.9199 10.287 6.9258 1.3712 2.6808 1.7492
C3H8 2.7620 5.8808 4.9221 0.9250 2.0000 1.3560
Natural gas 5.7500 12.150 7.9800 0.9250 2.0000 1.3650
Gasoline 3.2800 7.5200 5.9300 0.9250 2.0120 1.3650

Figure 3. Methane laminar flame speed at room temperature and different pressures. Correlation in this work (a) and correlations
of Elia et al.28 (b) and Ouimette and Seers30 (c). Marks: experimental data; solid line: empirical correlation proposed in this work;
dashed lines: other correlations.
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internal combustion engines. Unlike hydrocarbons fuel
with simple structures such as methane and ethane, the
thermochemical and combustion properties of propane
are similar in many ways to those of a more complex
practical fuel.10 For this reason, a considerable body of
studies has been focused on the measurement of its
laminar burning velocity. As previously done for
methane, the literature considered for propane in the
present work is summarized and listed in Table 8.

The result of the curve fitting for propane at 1 atm
and 298K is reported in Figure 7 and the coefficients
for propane are listed in Table 6. Some of the empirical
correlations available in the literature are also plotted.
Similar findings as those for methane are seen for the
correlations proposed by Gülder10 and Dirrenberger
et al.32 The well-known Metghalchi’s correlation (equa-
tion (3)) is not far from the best fit, but cannot be
adopted for equivalence ratios lower than 0.8 and
larger than 1.5 due to its second-order polynomial
form. The correlation proposed by Huzayyin et al.33

consisted of a fourth-order polynomial expression for
SL0(f) and although it shows reasonable agreement
with the measurements from which it was developed, a
large discrepancy appears when it is compared with all
the other data considered, since their experimental

Figure 4. Initial pressure influence on methane laminar flame
speed, considering an equivalence ratio equal to 1 (a) and 1.2
(b). Marks: experimental data; dashed lines: correlations
available in the literature; solid line: empirical correlation
proposed in this work.

Figure 5. Methane laminar flame speed at high temperatures and pressures at different equivalence ratios. Comparisons with
experimental data available at (a) 1 atm, (b) 5 atm and (c) 10 atm. Marks: experimental data; dashed lines: correlations available in the
literature; solid line: empirical correlation proposed in this work.
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measurements gave values considerably higher than all
the others.

The effects of initial pressure are provided in Figure
8. The obtained coefficients for the exponents a and b

in equation (16) are listed in Table 7. Figure 8 shows
good agreement with all the various literature experi-
ments in which the pressure was varied for 1–5 atm.
Since Gülder10 proposed constant values for both a

and b, his correlation is not able to reproduce pressure
effects at different equivalence ratios, as shown in
Figure 8(a). Metghalchi and Keck20 proposed a linear
expression for both a and b, and the comparison with
experimental data (Figure 8(a)) makes visible the
above-discussed limitations of such an expression.

Figure 9 summarizes the effect of pressure for stoi-
chiometric propane. Experiments carried out before the
80s give a faster laminar burning velocity, since they
did not consider stretch effects. In addition, Figure 9
shows that the value chosen by Gülder10 for exponent
b, which was in perfect agreement with his experiments,
gives the fastest laminar flame speed among those that

Figure 6. Initial temperature influence on methane laminar
flame for the stoichiometric case and for different initial
pressures. Marks: experimental data; dashed lines: correlations
available in the literature; solid line: empirical correlation
proposed in this work.
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Figure 7. Propane laminar flame speed at room conditions.
Marks: experimental data; dashed lines: correlations available in
the literature; solid line: empirical correlation proposed in this
work.
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are proposed in this study. Conversely, the linear form
by Metghalchi and Keck20 tends to underestimate the
pressure effects in stoichiometric conditions.

Figure 10(a) depicts the effects of an increase of
unburnt mixture temperature, for initial pressure equal
to 1 atm. In Figure 10(b), the effects are summarized for
three different equivalence ratios, namely 0.8, 1 and 1.5,
and good agreement is obtained by the present correla-
tion. The Gülder10 value for b is inappropriate when the
initial temperature is increased, and with the linear form
of Metghalchi and Keck,20 the temperature influence is
overestimated for rich mixtures and underestimated for
near-stoichiometric and slightly lean conditions.

Methane/propane and methane/ethane mixtures

A study of binary mixtures of methane with ethane and
propane allows the development of empirical correla-
tions to reproduce the laminar flame speed of different
types of natural gas, since the methane volume fraction
can vary between 55.8% and 98.1%, ethane can vary
between 0.5% and 13.3% by volume, and propane can
vary between 0% and 23.7% by volume.62

Dirrenberger et al.32 proposed a modified version of
Gülder’s expression to take into account the presence
of another compound with methane. They found that
their correlation reproduced the experimental results
for lean and rich mixtures in a satisfactory way, but it
overestimated flame velocities near stoichiometry. This
is because their modifications considered only the

Figure 8. Initial pressure influence on propane laminar flame speed at room temperature (a) and 305 K (b). Marks: experimental
data; solid line: empirical correlation proposed in this work; dashed lines: other correlations.

Figure 9. Initial pressure influence on propane laminar flame
speed at stoichiometric conditions. Marks: experimental data;
dashed lines: correlations available in the literature; solid line:
empirical correlation proposed in this work.

Figure 10. Initial temperature influence on propane laminar
flame speed at room pressure, considering an equivalence ratio
ranging from 0.7 to 1.7 (a). Comparison with other available
data for equivalence ratio equal to 0.8, 1 and 1.5 (b). Marks:
experimental data; solid line: empirical correlation proposed in
this work; dashed lines: other correlations.
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influence on the peak amplitude and position. From
their experimental data, it seems that the lean and the
rich side are more sensitive to the addition of another
compound. Therefore, in order to take into account
such behavior, the coefficient h in equation (11) has

been multiplied by the term (1� x)e, resulting in the
following expression

SL0 f, xð Þ= 1+ nxtð ÞWfh 1�xð Þee�j f�s�Oxð Þ2 ð17Þ

The coefficients n, t, e and O derived in this study
for methane/ethane and methane/propane mixtures are
reported in Table 9. The terms h, j and s refer to pure
methane (Table 6).

The works that were considered for the analysis are
reported in Table 10. Figure 11 shows the results for
different fractions of ethane in methane, while Figure
12 refers to methane/propane mixtures. From Figures

Table 9. Coefficients of equation (17) for binary mixtures.

Fuel n t e O

CH4/C2H6 0.20 1.50 0.95 0.09
CH4/C3H8 0.10 1.50 1.30 0.20

Table 10. Literature considered for methane/ethane and methane/propane mixtures.

Ref. Authors Year Fuels Phi Tu (K) pu (atm) Method

63 Kishore et al. 2008 Methane, ethane, methane/
ethane mixtures

0.7–1.3 307 1 Heat flux

52 Lowry et al. 2011 Methane, ethane, propane
methane/ethane, methane/
propane

0.7–1.3 298 1–10 Constant-volume vessel with
schlieren optical setup

32 Dirrenberger et al. 2011 Methane, ethane, propane,
n-butane, methane/ethane,
methane/propane, natural gas

0.6–2.1 298 1 Heat flux method with flame
adiabatic burner/correlations

Figure 11. Laminar flame speed of methane/ethane mixtures at room conditions, considering different ethane contents in methane.
Marks: experimental measurements carried out by Dirrenberger et al.32 (a), Lowry et al.52 and Dirrenberger et al.32 (b), Kishore
et al.63 (c), Lowroy et al.52 (d); dashed lines: correlation proposed by Dirrenberger et al.32; solid line: empirical correlation proposed
in this work.
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11(a) and 12(a), it is seen that the proposed correlation
reproduces the experimental trends better than the for-
mulation proposed by Dirrenberger et al.,32 for all
equivalence ratios considered. It captures the greater

sensitivity to the addition of other compounds in
methane for lean and rich mixtures.

Figure 11(b)–(d) offers a comparison with other
experimental measurements for methane/ethane, and
Figure 12(b) compares methane/propane mixtures. The
overall agreement can be considered satisfactory.

Natural gas

Natural gas is increasingly used as an alternative to
petroleum fuels in internal combustion engines and
industrial power plants64–68 because of its smaller envi-
ronmental effects compared to diesel and gaso-
line,4,66,69–72 as well as for economic reasons.73 New
combustion techniques37,74 are related to the use of nat-
ural gas, as well as their control strategies.75–78

Dirrenberger et al.32 proposed a correlation valid for a
natural gas surrogate mixture of methane, ethane and
propane, which was obtained by combining the expres-
sions derived for binary methane/ethane and methane/
propane mixtures. The same approach has been
adopted in this study, resulting in the following
expression

SL0 f, x1, x2ð Þ= 1+ nx1
t1ð Þ 1+ nx2

t2ð Þ

Wfh 1�x1ð Þe1 1�x2ð Þe2 e�j f�s�O1x1�O2x2ð Þ2 ð18Þ

in which the terms W, h, j and s refer to pure methane
(Table 6), while the coefficients n, t, e and O for ethane
and propane are the same as derived in the previous sec-
tion, and are reported in Table 9. The works considered
are listed in Table 11.

Dirrenberger et al.32 studied three surrogate mixtures
with compositions close to those of three representative
natural gases: Indonesia, Abu Dhabi and Pittsburgh;
Table 12 shows the exact composition of these natural
gases. In such study, they were represented by the

Figure 12. Laminar flame speed of methane/propane mixtures
at room conditions, considering different ethane contents in
methane. Marks: experimental measurements carried out by
Dirrenberger et al.32 (a), Lowry et al.52 (b); dashed lines:
correlation proposed by Dirrenberger et al.32; solid line:
empirical correlation proposed in this work.

Table 11. Literature considered for natural gas.

Ref. Authors Year Fuels Phi Tu (K) pu (atm) Method

31 Liao et al. 2004 Shaanxi natural gas 0.6–1.4 300–400 0.5–1.5 Spherical bomb
50 Bourque et al. 2010 Methane, natural gas 0.7–1.3 298 1–4 Cylindrical bomb with schlieren setup
32 Dirrenberger et al. 2011 Methane, ethane, propane,

butane, methane/ethane,
methane/propane, natural gas

0.6–2.1 298 1 Heat flux method with flame adiabatic
burner/correlations

Table 12. Composition of different natural gases (% volume) considered.

Ref. Authors Year Fuels CH4 C2H6 C3H8 i-C4H10 n-C4H10 i-C5H12 n-C5H12 CO2 N2 Others

32 Dirrenberger et al. 2011 Indonesia 89.91 5.44 3.16 1 0.75 0.03 – – 0.04 –
Abu Dhabi 82.07 15.86 1.89 – 0.06 – – – 0.05 –
Pittsburgh 85.00 14.0 – – – – – – 1.00 –

50 Bourque et al. 2010 NG2 81.25 10.0 5.0 – 2.50 – 1.25 – – –
NG3 62.50 20.0 10.0 – 5.00 – 2.50 – – –

31 Liao et al. 2004 Shaanxi 96.16 1.096 – – – – – 2.74
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following mixtures: 90% CH4, 6% C2H6 and 4% C3H8

Indonesia; 82% CH4, 16% C2H6 and 2% C3H8 Abu
Dhabi and 85% CH4 and 15% C2H6 Pittsburgh. The
results for each natural gas are reported in Figure 13,
together with a comparison with the empirical correla-
tion proposed by Dirrenberger et al.32 (equation (12)).
The dependence upon the equivalence ratio and the fuel
composition is well captured by the present proposed
correlation and it shows better agreement, especially
near stoichiometry.

Table 12 also reports the composition of the two
natural gas mixtures that were the focus of the study by
Bourque et al.;50 they were represented by the following
mixtures: 85% CH4, 10% C2H6 and 5% C3H8 for
NG2; 70% CH4, 20% C2H6 and 10% C3H8 for NG3.
The results for each natural gas are reported in Figure
14(a). The correlation proposed by Dirrenberger
et al.32 showed a good agreement with their own data,
but discrepancies start to appear when it is compared
with the measurements carried out by Bourque et al.50

In particular, it overestimates the maximum flame
speed. Therefore, the correlation proposed in this study
shows an overall better agreement with a larger set of
experiments.

Figure 14(b) reports results for the natural gas inves-
tigated by Liao et al.31 Its composition is reported in
Table 12 as well. It was represented by considering

98.9% CH4 and 1.1% C2H6. The values of the laminar
flame speed reported in this study appear to be higher
than those of the cases previously investigated, even
though the natural gas was composed almost exclu-
sively of methane. These experimental measurements
report values that are higher than those presented pre-
viously for pure methane. Therefore, it is hard to judge
the results shown in Figure 14(b).

Very few works have investigated the influence of
initial pressure and temperature on natural gas laminar
flame speed. Figure 15(a) shows results for different ini-
tial pressures and Figure 15(b) shows different initial
temperatures. Only the stoichiometric case has been
investigated. The derived values for the coefficients of
exponents a and b in equation (16) are listed in Table
7. Liao et al.31 investigated the temperature influence
(the coefficients of exponent a are the same proposed
by Liao et al.31).

Gasoline

Similarly to the case of natural gas mixtures, much less
data than for methane and propane are available
for fuels with low vapor pressure. Laminar flame speed
data of commercial gasoline are summarized in
Table 13.

Figure 13. Laminar flame speeds of different natural gases at room conditions. Marks: experimental measurements carried out by
Dirrenberger et al.32; dashed lines: correlation proposed by Dirrenberger et al.32; solid line: empirical correlation proposed in this
work.

14 International J of Engine Research 00(0)



For gasoline, the term SL0(f, x) is modeled in the
same way as for methane and propane. This is because
variations in the composition of gasoline have not
been taken into account in any flame speed measure-
ments. An approach similar to that adopted for natu-
ral gas would be preferable, but, to make it possible,
further experimental investigations are needed in
which a variety of gasolines is investigated. Figure 16
compares the present proposed correlation for gaso-
line (obtained using the coefficients reported in Table
6) with experimental measurements found in the

literature and carried out at 358 and 353 K and room
pressure.

Sileghem et al.14 investigated the influence of the ini-
tial temperature from 298 to 358K at room pressure.
Their experimental data are reported in Figure 17(a).
They used the same second-order polynomial form for
the exponents a and b of equation (16) for fitting the
data. However, the coefficients derived in the present
work differ from those suggested by Sileghem et al.14

and this is due to the fact that additional experimental
measurements were considered in this analysis, as
shown in Figure 17(b).

Jerzembeck et al.79 carried out measurements for
unburnt mixture pressures higher than 1 atm, as

Figure 14. Laminar flame speed of different natural gases
measured by Bourque et al.50 (a) and Liao et al.31 at room
conditions. Marks: experimental data; dashed lines: correlation
proposed by Dirrenberger et al.;32 solid line: empirical
correlation proposed in this work.

Figure 15. Initial pressure (a) and temperature (b) influence on
natural gas laminar flame speed at stoichiometric conditions.
Marks: experimental data; solid lines: empirical correlation
proposed in this work.

Table 13. Literature considered for gasoline.

Ref. Authors Year Fuels Phi T (K) p (atm) Method

43 Zhao et al. 2003 Gasoline (CR-87) 0.6–1.4 353 and 500 1 Single jet-wall stagnation flame
79 Jerzembeck et al. 2009 n-heptane, isooctane, PRF 87,

gasoline
0.7–1.2 373 10–25 Constant-volume bomb

80 Tian et al. 2010 2,5-Dimethylfuran, ethanol,
gasoline (EN228)

0.6–2.0 323–373 1 Constant-volume vessel and
high speed schlieren visualization

14 Sileghem et al. 2013 Isooctane, n-heptane, toluene,
TRF, gasoline (Exxon 708629-
60)

0.7–1.3 298–358 1 Heat flux method on a flat flame
adiabatic burner

42 Dirrenberger et al. 2014 Isooctane/n-heptane/toluene
mixture gasoline (TAE7000)

0.6–1.5 358 1 Heat flux method
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reported in Figure 17(c). Measurements were available
at three equivalence ratios and at an initial temperature
of 373K, and the resulting coefficients for exponents a

and b are reported in Table 7.

Conclusion

The present study provides simple and workable expres-
sions, suitable for spark-ignition engine simulations,

that allow laminar flame speed calculations of some prac-
tical fuels. Pure compounds, such as methane and pro-
pane, binary mixtures of methane/ethane and methane/
propane, as well as more complex fuels like natural gas
and gasoline, were considered. Knowing the behavior of
the laminar flame speed, as a function of the unburnt
mixture strength, temperature and pressure, is essential
for an efficient and reliable simulation of the combustion
process that occurs in a spark-ignition engine.

Measurements of laminar flame speeds in the litera-
ture were collected and used to develop empirical corre-
lations for the laminar flame speed for equivalence
ratios from 0:6 to 1:7, pressures between 1 and 50 atm
and temperature from 298 to 800K.

Empirical correlations available in the literature were
also considered and it was highlighted that many of
them were generally not able to give good agreement
with recent experimental data. This because they were
generally based on a single set of measurements and fail
outside the considered experimental range. The correla-
tions proposed in this study showed an overall better
agreement with a larger set of experiments and over a
wide range of operating conditions.

The correlations proposed in this work are here sum-
marized for the reader’s convenience. Each of them is
based on the ‘‘power law’’ form

Figure 16. Gasoline laminar flame speed at room pressure and
at two different temperatures. Marks: experimental data; lines:
empirical correlation proposed in this work.

Figure 17. Initial temperature influence on gasoline laminar flame speed at room pressure (a) and (b). Initial pressure influence at
three different equivalence ratios and at an initial temperature of 373 K (c). Marks: experimental data; lines: empirical correlation
proposed in this work.
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SL f,Tu, puð Þ=SL0
Tu

T0

� �a
pu
p0

� �b

with p0 =1 atm and T0 =298K.
For pure compounds, such as methane and propane,

the laminar flame speed at ambient condition SL0(f) is
represented using ‘‘Gülder’s exponential formulation,’’
as follows

SL0 fð Þ=Wfhe�j f�sð Þ2

The coefficients h, j and s derived from the experi-
mental data interpolation are reported in Table 14.

For binary and ternary mixtures, it was shown that
the influence that the amount of the secondary com-
pounds has on the mixture laminar flame speed is dif-
ferent at different equivalence ratios which has not
been considered in previous formulations. Therefore, in
the case of binary mixtures, the following modified
expression for the term SL0 was proposed and better
overall agreements with all the experimental data were
obtained

SL0 f, xð Þ= 1+ nxtð ÞWfh 1�xð Þee�j f�s�Oxð Þ2

The coefficients n, t, e and O derived in this study
for methane/ethane and methane/propane mixtures are
reported in Table 15, while the terms W, h, j and s

refer to pure methane (Table 14).

An improved formulation for SL0 was developed for
natural gas, which was modeled as a ternary mixture of
methane, ethane and propane. And it appears as
follows

SL0 f, x1, x2ð Þ= 1+ nx1
t1ð Þ 1+ nx2

t2ð Þ

Wfh 1�x1ð Þe1 1�x2ð Þe2 e�j f�s�O1x1�O2x2ð Þ2

where subscript 1 refers to parameters calculated for
ethane, and subscript 2 refers to propane (Table 15).
The terms W, h, j and s refer to pure methane (Table
14). Comparisons with experimental data on natural
gases having different compositions confirmed the
obtained improvements.

Gasoline was treated as a single component fuel.
However, the proposed correlation resulted in agree-
ment with all the available data taken from the litera-
ture. And, a good agreement was ensured over the
entire ranges of unburnt mixture pressure and tempera-
ture considered. Coefficients h, j and s obtained for
gasoline are reported in Table 14.

The exponents a and b for the ‘‘power law’’ were
functions of mixture strength f and a second-order
polynomial fitting was considered

a fð Þ= a2f2 � a1f+ a0

b fð Þ= � b2f2 + b1f� b0

The coefficients that appear in the previous formula-
tion for exponents a and b are reported in Table 16 for
each of the fuels considered in the present work.
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Appendix 1

Notation

b0, b1 and b2 coefficients for exponent b

Bm,B2,fm

andSu0

coefficients in Metghalchi et al.’s
correlations

pu unburned mixture pressure
p0 room pressure
SL laminar flame speed
SL0 laminar flame speed at room

conditions
Tu unburned mixture temperature
T0 room temperature
Z,W,h, j ands coefficients in ‘‘Gülder’s

formulation’’ for pure compounds
a temperature influence exponent
a0,a1 anda2 coefficients for exponent a

b temperature influence exponent
n, t, e andO coefficients in ‘‘Gülder’s

formulation’’ for fuel mixtures
f equivalence ratio
x volume fraction of other

compounds in methane fuel
mixtures
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