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Abstract

The laminar burning velocities and Markstein lengths for the methanol–air mixtures were measured at different
equivalence ratios, elevated initial pressures and temperatures, and dilution ratios by using a constant volume com-
bustion chamber and high-speed schlieren photography system. The influences of these parameters on the laminar
burning velocity and Markstein length were analyzed. The results show that the laminar burning velocity of the
methanol–air mixture decreases with an increase in initial pressure and increases with an increase in initial tem-
perature. The Markstein length decreases with an increase in initial pressure and initial temperature, and increases
with an increase in the dilution ratio. A cellular flame structure is observed at an early stage of flame propagation.
The transition point is identified on the curve of flame propagation speed against stretch rate. The reasons for the
cellular structure development are also analyzed.
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Due to the limited crude oil reserves, the investi-
gation on alternative fuels has attracted more attention
in recent years. For spark ignition engines, the alter-
native fuels include methanol, ethanol, compressed
natural gas (CNG) and liquid petroleum gas (LPG).
Sources of methanol are potentially abundant at an
acceptable price. Compared with gasoline, the regu-
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lated emissions with methanol are usually lower than
from engines fueled with pure methanol or gasoline–
methanol blends. Until now, many studies have been
conducted on the applications of methanol in internal
combustion engines. Most work has concentrated on
the combustion and emission characteristics of these
fuels in engines [1,2], with less emphasis on their
fundamental combustion characteristics, such as lam-
inar burning velocity, Markstein length, flammability
limits, and flame front instabilities. These fundamen-
tal combustion characteristics of methanol are neces-
sary for deepening our understanding of engine com-
bustion processes and this is the motivation for the
present study.
Published by Elsevier Inc. All rights reserved.

http://www.elsevier.com/locate/combustflame
mailto:zhhuang@mail.xjtu.edu.cn
http://dx.doi.org/10.1016/j.combustflame.2008.07.005


Z. Zhang et al. / Combustion and Flame 155 (2008) 358–368 359
Laminar burning velocity is a fundamental param-
eter of laminar premixed flames and can be used to
validate the chemical kinetic mechanism. It provides
basic data also for turbulent combustion. Previous
studies have measured the laminar burning veloc-
ity of hydrogen–air, iso-octane–air and natural gas–
hydrogen–air mixtures [3–6]. Various methods have
been employed involving stationary flames (counter-
flow double flames [7]) and non-stationary flames
(outwardly-propagating spherical flames [8]). The
counterflow double flames are convenient for mea-
suring laminar burning velocity of both liquid and
gaseous fuels with easy controlling mixture compo-
sitions, but this method is usually limited to atmo-
spheric pressure and room temperature. It is difficult
to use it for measurements at the elevated pressures
and the flame stretch rate must be measured [9]. For
spherically expanding flames, the stretch imposed on
the premixed flames is well defined and asymptotic
theories and measurements suggest a linear relation-
ship between flame speeds and flame stretch rate. In
addition, other laminar combustion properties, such
as Markstein lengths (or Markstein numbers), can be
obtained simultaneously from spherically expanding
flames. Markstein lengths characterize the variation
in the local flame speed with stretch rate, they can
also characterize flame instabilities and the stretch
rates for flame quenching. For these reasons, the
spherically expanding flame has been widely used
to determine the unstretched laminar burning veloci-
ties [10,11]. In this study, the outwardly-propagation
spherical flame was used to measure the laminar
burning velocity of the premixed methanol–air mix-
tures.

For gaseous fuels, such as methane and hydro-
gen [3,5,6,8,12], homogeneous fuel–air mixtures are
easily prepared. Some researches have reported the
premixed laminar combustion characteristics of the
liquid fuels like methanol, ethanol and gasoline.
Metghalchi and Keck [13], Gülder [14], Saeed and
Stone [9] have measured laminar burning velocities
of methanol–air mixtures using closed combustion
chambers, and have computed values based on com-
bustion models and pressure–time data. However,
their studies did not report the effect of flame stretch
on the flame propagation speed or analyse the cellu-
lar flame structure. Consequently their method may
lead to an overestimation of the laminar burning ve-
locity. Liao et al. [15] provided the laminar burning
velocity of the methanol–air mixtures at atmospheric
pressure and relatively low temperature using a con-
stant volume combustion chamber and high-speed
schlieren photography. The purpose of this study is
to remedy a dearth of data by measuring the lami-
nar burning characteristics of methanol–air mixtures
at elevated pressures and temperatures, over a wide
range of equivalence ratios, and with nitrogen as a
diluent. Flame front instabilities and cellular flame
structure are also discussed.

2. Experimental apparatus and procedures

Fig. 1 shows the experimental arrangement. This
includes a constant volume combustion chamber,
Fig. 1. Experimental arrangement.
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Fig. 2. Constant volume combustion chamber.
and systems for heating, ignition, data acquisition
and high-speed schlieren photography. The combus-
tion chamber is a cylinder with an inner diameter
of 180 mm and volume of 5.5 liter as shown in
Fig. 2. The centrally located electrodes ignite the
combustible mixture. The pressure transmitter, ther-
mocouple, pressure transducer, liquid fuel injection
valve, inlet and outlet valves are mounted on the
chamber body. Two quartz windows of 80 mm di-
ameter are mounted on the two sides of the vessel.
A high-speed digital camera (HG-100K) operating at
10,000 frames per second recorded the flame progres-
sion during the combustion. The partial pressures of
each component are regulated by a mercury manome-
ter when the initial pressure of the mixtures in the
vessel is less than or equal to 0.1 MPa. The partial
pressures are regulated by the pressure transmitter
at initial pressures greater than 0.1 MPa. The entire
vessel was heated by a 2.4 kW heating-tape wrapped
outside the chamber body. The thermocouple mea-
sures the initial temperature of mixtures in the vessel
to an accuracy of 1 K. The initial temperature is
adjusted by a thermo-regulator. When the mixture
reaches the designated initial temperature, the power
is switched off. The required liquid fuel is injected
into the chamber corresponding to the given initial
temperature, initial pressure, equivalence ratio and
dilution ratio. Bomb dry air and diluent are supplied
into the chamber through the inlet/outlet valve. A time
of 5 to 10 min elapsed before ignition.

The equivalence ratios ranges from 0.7 to 1.8, ni-
trogen dilution ratios are 0.05, 0.1 and 0.15, initial
temperatures are 373 K, 423 K and 473 K, and initial
pressures are 0.1 MPa, 0.5 MPa and 0.75 MPa. Dilu-
tion ratio φr is defined as the ratio of the dilution gas
partial pressure to that of the total mixture,

(1)φr = pdiluent

pdiluent + pair + pfuel
,

where Pair, Pfuel and Pdiluent are the partial pressures
for air, vaporized fuel and diluent, respectively.

3. Laminar burning velocity and Markstein
length

For a outwardly-propagating spherical flame, the
stretched flame velocity, Sn, reflecting the flame prop-
agation speed, is derived from the flame radius versus
time:

(2)Sn = dru

dt
,

where ru is the radius of the flame in Schlieren pho-
tograph and t is the elapsed time from spark ignition.

A general definition of stretch at any point on the
flame surface is the Lagrangian time derivative of the
logarithm of the area A of any infinitesimal element
of the surface:

(3)α = d(lnA)

dt
= 1

A

dA

dt
.

For the outwardly-propagating spherical flame, the
flame stretch rate can be simplified as,

(4)α = 1

A

dA

dt
= 2

ru

dru

dt
= 2

ru
Sn.

In respect to the early stage of flame expansion,
there exists a linear relationship between the flame
speeds and the flame stretch rate [8]; that is,

(5)Sl − Sn = Lbα,

where Sl is the unstretched flame propagation speed,
which is obtained as the intercept value of Sn at
α = 0 in the plot of Sn against α. Burnt-gas Mark-
stein length Lb is the slope of Sn vs. α curve. The
diffusional-thermal instability of the flame front is de-
pendent upon Lb. Positive values of Lb, which corre-
spond to Lewis numbers larger than unity, and that the
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flame speed decreases with the increase of the stretch
rate. A negative value of Lb corresponds to a Lewis
number smaller than unity, indicating that the flame
speed increases with the increase of flame stretch rate.
Negative values of Lb are associated with more unsta-
ble flames [6,16,17].

The characteristics of the igniter can influence the
measured value of burning velocity. Previous study
showed that the flame speeds were independent of ig-
nition energy when flame radius is greater than 6 mm
[6]. This phenomenon was also observed by Bradley
et al. [4], Lamoureux et al. [11] and Liao et al. [15].
Their studies gave the value approximately to 6 mm
so as to avoid possible effect caused by the spark ig-
nition disturbance completely. When the flame radii
is smaller than 25 mm, the pressure in the constant
volume combustion chamber varies little to ensure
the combustion process to be a constant-pressure one.
Considering both avoiding the effect of ignition en-
ergy and pressure rise, the flame photos during the
range of 6 mm to 25 mm are used in the analysis. In
addition, the measurements were also restricted by the
occurrence of the cellular structure due to the obvious
increasing of flame speed by the increased flame front
area [4,9,16].

If the rate of change of pressure is negligible,
a simple relationship links the unstretched flame
speed Sl and unstretched laminar burning velocity ul
is given as,

(6)ul = ρbSl/ρu,

where ρb and ρu are the densities for burned gases
and unburned gases.

Due to the finite flame thickness, there exist two
possible definitions for the stretched laminar burning
velocity depending on whether the burning velocity is
defined at the unburned gas side or burned gas side.
These two burning velocities, which are proposed by
Bradley et al. [4,12], are the stretched laminar burning
velocity un and the stretched mass burning velocity
unr, respectively. Stretched laminar burning velocity
un and the stretched mass burning velocity unr are
calculated by:

(7)un = S

[
Sn

ρb
]
,

ρu
(8)unr = ρb

ρb − ρu
(un − Sn),

where S is a function that depends upon the flame ra-
dius and density ratio [12]. It accounts for the effect of
the flame thickness on the mean density of the burned
gases. The expression of S in the study used the for-
mula given by Bradley et al. [4],

(9)

S = 1 + 1.2

[
δl

ru

(
ρu

ρb

)2.2]

− 0.15

[
δl

ru

(
ρu

ρb

)2.2]2
.

Here δ is the laminar flame thickness, given by δl =
ν/ul, in which ν is the kinetic viscosity of the un-
burned mixtures.

The flame thickness gives rise to the difference be-
tween the stretched laminar burning velocity un and
the stretched mass burning velocity unr. The differ-
ence between un and unr is most marked during the
early stage of flame propagation when the flame front
is relatively thick.

4. Results and discussions

4.1. Flame propagation speeds and Markstein length

Fig. 3 shows the schlieren photographs of the
methanol–air flames at an equivalence ratio, φ, of 1.0,
initial temperature of 373 K and initial pressure of
0.1 MPa. In this case, the smooth spherically expand-
ing flame propagates from the chamber center. At the
early stage of flame development, the cooling effect
of the electrodes on the flame propagation is observed
and this leads to slow flame propagation along the di-
rection of the electrodes comparing with the vertical
direction. When the flame radius has developed to a
certain value, there is little effect of the electrodes.
To avoid the influence from the electrodes, the flame
radius used in the calculation uses the radius in the
vertical direction.

Fig. 4 plots the flame radius versus the time for
methanol–air mixtures at three different φ. In the
early stage of flame development, the effects of ig-
nition energy and electrode cooling can be observed.
Fig. 5 shows the stretched flame propagation speed
Fig. 3. Schlieren photographs of methanol–air mixtures.
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Fig. 4. Flame radius versus time at various equivalence ra-
tios.

Fig. 5. Stretched flame speeds versus flame radius.

Fig. 6. Stretched flame speed versus the stretch rate.
versus the flame radius at three equivalence ratios,
initial temperature of 373 K and initial pressure of
0.1 MPa. The flame propagation speed increases grad-
ually with increase in spherical flame radius. In the
early stage of flame development, the flame propaga-
tion speeds give a decreasing trend and then changes
to an increasing trend with the increase of flame
radius. This phenomenon reveals that flame stretch
can be more important on flame propagation. The
stretched flame speeds show an increase with the in-
crease of initial temperature and a decrease with the
increase of initial pressure and dilution ratio. Mix-
ture dilution will reduce the chance for fuel–oxygen
combination and decreases the temperature as diluent
absorbs some of the released heat, resulting in the de-
crease of flame propagation speed.

Fig. 6 shows stretched flame speeds versus flame
stretch rate at different equivalence ratios, initial tem-
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Fig. 7. Unstretched flame speed and Markstein length at dif-
ferent initial temperatures.

peratures, initial pressures and dilution ratios. In the
early stage of the flame propagation when the flame
radius is small, the stretch rate of flame front sur-
face is large and the flame propagation speed gives
a low value. As the flame propagates outwardly, the
flame stretch rate is decreased and flame propagation
speed is increased. Removing the data affected by ig-
nition energy and electrodes during the early stage of
flame development gives a linear correlation line for
the stretched flame speed and the flame stretch rate as
shown in the figure. The unstretched flame propaga-
tion speed is obtained as the intercept value of Sn at
α = 0 in the plot of Sn vs. α. Importantly, this gives
the value of laminar burning velocity ul from Eq. (6).
For all cease in the study, the gradients of the lines
take the negative value, corresponding to a positive
value of Markstein length.

In the case of methanol–air–diluent mixture com-
bustion, dilution will decrease the flame propagation
speed, thus the flame stretch rate has the low value
with the increase of dilution ratio at the same flame
radius, and the data of Sn concentrates into a narrow
range of stretch rate while increasing the dilution ra-
tio.

Fig. 7 gives the Markstein lengths (Lb) and un-
stretched flame propagation speeds (Sl) versus the
Fig. 8. Unstretched flame speed and Markstein length at dif-
ferent initial pressures.

equivalence ratios. The Markstein length decreases
monotonously with increase in equivalence ratio and
decreases with the increase of initial temperature.
This suggests that rich mixtures and/or high initial
temperature will lead to instability of the flame front.
The diffusively-thermal stability of lean methanol–air
mixtures is stronger than that of rich mixtures. The
occurrence of wrinkled and cellular flame structure
develops more readily with rich mixtures and high
initial temperature. The unstretched flame propaga-
tion speed increases with the increase of the initial
temperature due to enhanced chemical reaction rate.
The peak value of the unstretched flame propagation
speed occurs at an equivalence ratio slightly larger
than unity and the position of the peak value shifts
to the richer mixture side as the initial temperature in-
creases.

Fig. 8 illustrates the variation of Markstein lengths
and unstretched flame propagation speeds with φ at
different initial pressures. The Markstein length de-
creases with the increase of the initial pressure, as
does the unstretched flame speed. This indicates that
flame stability decreases with the increase of the ini-
tial pressure. The peak values of the unstretched flame
propagation speed occur with φ slightly larger than
unity and show little variation with initial pressure.
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Fig. 9. Unstretched flame speed and Markstein length at dif-
ferent gas dilution ratios.

The Markstein lengths and unstretched flame
propagation speeds versus the equivalence ratio at dif-
ferent dilution ratios are demonstrated in Fig. 9. The
Markstein length increases with the increase of the di-
lution ratio. This suggests that addition of diluent into
the methanol–air mixtures can increase the stability
of the flame front. The unstretched flame propagation
speed decreases with the increase of the dilution ratio,
and the position of the peak value of the unstretched
flame propagation speed shows little variation with
dilution ratios.

4.2. Flame stability and cellular structure

Fig. 10 shows schlieren images of the flame at
a flame radius of 30 mm for different initial pres-
sures and equivalence ratios. At the initial pressure
of 0.1 MPa, a smooth flame front is observed at three
equivalence ratios. When the initial pressure increases
to 0.25 MPa, the cellular structure at the flame front
begins to occur, especially on the rich mixture side.
However, a smooth flame front is retained at small
flame radii. When further elevating the initial pres-
sure (0.5 MPa and/or 0.75 MPa), a strong cellular
flame front appears at smaller flame radii. For a spe-
cific equivalence ratio, the cellular flame structure de-
velops more easily with increase in initial pressure.
Fig. 11 shows the detailed development of cellular
flame structure with the expansion of the spherical
flame at an initial pressure of 0.5 MPa and φ = 1.2.
With the expansion of the spherical flame, the cellu-
lar structure at the flame front is developed, with the
decrease in the local stretch rate. Cellular structure oc-
curs in some positions at a small flame radius and it
cracks quickly and develops over the whole surface
of the flame front, creating a fully developed cellular
structure at larger flame radius. The flame front thick-
ness decreases with the increase of initial pressure,
and the hydrodynamic instability is increased as the
flame front becomes thinner. These two factors make
the early occurrence of the cellular structure for the
outwardly-propagating spherical flame with increase
of initial pressure. The cellular structure also occurs
earlier as the initial temperature is increased. The de-
crease of Markstein length leads to the decrease of the
diffusional-thermal stability, and the results are simi-
lar to those from Saeed et al. [9] and Bradley et al.
[17]. In the case of cellular flame front, the interface
between the unburned mixture and the burned mix-
ture will increases significantly, and this increases the
flame propagation speed. To eliminate the accelera-
tion effect in the presence of the cellular structure on
the flame propagation speed, flame radii should be
limited to radii before the occurrence of cellular struc-
ture.

For a clear illustration of the effect of the cellu-
lar structure on the flame propagation speed, Fig. 12
plots the flame speed against the stretch rate. There
is a rapid increase in Sn at large flame radii (cor-
responding to the small stretch rate). This transition
point marks the onset of the cellular structure. The
critical radius corresponds to the second Peclet num-
ber, which is defined by Bradley et al. [17]. There is
transition point at an initial pressure of 0.1 MPa, but
it clearly occurs at an initial pressure of 0.5 MPa or
higher for the stoichiometric methanol–air mixture. In
the case of initial pressure of 0.75 MPa, with φ = 1.0
and 1.2 there is a clear transition to a cellular struc-
ture. The information revealed from the Sn vs. α curve
is consistent with the photo observation.

4.3. Laminar burning velocity

Fig. 13 gives the stretched laminar burning veloc-
ity un and the stretched mass burning velocity unr
versus the stretch rate at different equivalence ra-
tios, initial temperatures, initial pressures and dilution
ratios, respectively. In all cases, the stretched lami-
nar burning velocity increases with the increase of
the stretch rate, while the mass burning velocity de-
creases. The difference between the stretched laminar
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Fig. 10. Schlieren images of laminar flame front at flame radius of 30 mm for different initial pressures and equivalence ratios.
burning velocity and the stretched mass burning ve-
locity can be clearly observed. The stretched laminar
burning velocity, which denotes the rate of mixture
entrainment, always increases as the stretch rate in-
creases. In contrast, the mass burning velocity, which
is the burning velocity related to the production of
burned gases, is usually decreased as the stretch rate
increases. The difference (un − unr) increases with
the increase of the stretch rate and this is attributed
to the influence of flame thickness on burning veloc-
ities. A large value of (un − unr) is seen at small
radii corresponding to high stretch rate, where the
flame thickness is of the same order as the flame ra-
dius.

A high stretch rate corresponds to a small flame
radius; thus the influence of flame thickness on the
burning velocity becomes great. As the stretch rate
tends to zero, the effect of flame thickness on burn-
ing velocity can be neglected, and un and unr will
attain the same value, ul, the unstretched laminar
burning velocity. As shown in Fig. 13a, the value of
(un − unr) is small at φ = 1.0 and the initial condi-
tions of 0.1 MPa and 373 K. This indicates that the
influence of flame thickness on the burning veloc-
ity becomes large. As shown in Fig. 13b, the value
of (un − unr) is large at the initial temperature of
373 K and it decreases with increase of the initial
temperature. The influence of flame thickness on the
burning velocity becomes large as the initial tem-
perature decreases. Shown in Fig. 13c is the value
of (un − unr) which is large at 0.1 MPa, and de-
creases with the increase of the initial pressure. The



366 Z. Zhang et al. / Combustion and Flame 155 (2008) 358–368
Fig. 11. Development of cellular flame structure with the expansion of the spherical flame.
Fig. 12. Stretched flame speed versus the stretch rate.

influence of flame thickness on the burning veloc-
ity becomes large as the initial pressure decreases.
Shown in Fig. 13d is the value of (un − unr) which
increases with increase in dilution ratio. This sug-
gests that the influence of flame thickness on the
burning velocity becomes large as the dilution ratio
increases.

Fig. 14 gives the unstretched laminar burning ve-
locity ul versus φ at different initial temperatures,
initial pressures and gas dilution ratios as well as
the comparison of the present result with those of
other researchers. No data were found for ul at cor-
responding elevated temperatures and pressures, and
the comparison is limited to room temperature and
atmospheric pressure. The literature values of Saeed
and Stone [9] and Metghalchi and Keck [13] are re-
calculated from correlations given in these papers for
comparison. The burning velocity decreases with the
decrease of the initial temperature and increase in ini-
tial pressure. It decreases with increase in dilution ra-
tio. Good agreement is found with the previous stud-
ies. The small difference is due to the different in the
initial temperature and/or the different method used.
Liao at al. [15] took the same method as the present
study, thus, the present study gives the best agreement
to that reported in [15]. Peak values of the unstretched
laminar burning velocities occur at φ = 1.1.
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Fig. 13. Stretched laminar burning velocity and stretched mass burning velocity versus stretch rate for different equivalence
ratios, initial temperatures and initial pressures, and dilution ratios.

Fig. 14. Unstretched laminar burning velocity versus equivalence ratios.
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5. Conclusions

The propagation characteristics of outwardly
spherical laminar premixed flame for the methanol–
air and methanol–air–diluent mixtures have been
studied by a high-speed schlieren photography in a
constant volume chamber. The laminar burning ve-
locity and Markstein length at different equivalence
ratios, initial pressures and temperature, and dilution
ratios are obtained. The main conclusions are:

(1) The flame speed and the laminar burning velocity
decrease with the increase of the initial pressure
and the dilution ratio, and increases with the in-
crease of the initial temperature. The Markstein
length decreases with the increase of equivalence
ratios, initial pressures and temperature, and it in-
creases with the increase of dilution ratio.

(2) Flame front instability increases with the in-
crease of equivalence ratio, the initial pressure
and temperature. The flame front stability in-
creases with the increase of dilution ratio. The
cellular flame structure is presented at the earlier
stage with the increase of the initial pressure. The
development of cellular flame front increases the
flame propagation speed due to the significant in-
crease in the flame front area.

(3) The transition point at Sn vs. α curve is found
and this transition point indicates the develop-
ment of the cellular structure at the flame front.
This is consistent to the analysis from the Mark-
stein length and direct image observation.
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