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Abstract−An experimental study of laminar combustion characteristics of ethanol-air premixed mixtures was con-
ducted with different ignition methods, including laser induced spark ignition (LISI) and electric spark ignition (SI) at
an initial condition of 358 K temperature and 0.1 MPa pressure. Flame propagation with the two different ignition
methods was analyzed and discussed. The laminar flame speed was extrapolated with a nonlinear extrapolation
method. Results indicate that the laminar speed of ethanol-air mixtures with LISI is faster than that with SI at lean mix-
tures, but slower at stoichiometric and rich mixtures. The peak values of the laminar burning velocity for SI and LISI
with nonlinear extrapolation are 50.1 cm/s and 47.6 cm/s at the equivalence ratio of 1.1, respectively. Laser-induced
spark ignition is able to ignite leaner ethanol-air mixtures.
Keywords: Laser Induced Spark Ignition (LISI), Electric Spark Ignition (SI), Laminar Flame Speed, Propagating Spheri-

cal Flame, Ethanol

INTRODUCTION

Due to increased environmental awareness, more rigorous emis-
sion regulations, and challenges of sustainable energy supply, the
development of internal combustion engines with high efficien-
cies and low emissions has become the focus of engine researchers.
To reduce greenhouse gases emission from transportation sectors,
promising alternative fuels such as methanol [1,2] and ethanol [3,4]
have been investigated. Ethanol, which is used as an octane booster
for gasoline [5], is known to have a higher flame propagation veloc-
ity than that of gasoline [6]. It has a lower combustion temperature,
which reduces the heat loss to the combustion chamber. There-
fore, ethanol potentially leads to high engine thermal efficiencies [7].
Lean combustion in internal combustion engines has the potential
to improve fuel economy and reduce emissions. However, there are
many challenges in applying lean combustion strategy into prac-
tice. Ignition-related problems, such as the sluggish flame initiation
and propagation, can lead to unstable combustion, and to some
extent, even engine misfire [8]. Thus, a new ignition technology is
vital to the successful implementation of the lean combustion tech-
nology.

Laser ignition [8-12] has become a hot research topic because
of its advantages over conventional electric spark ignition (SI), in-
cluding better controls over the timing and locations of ignition.
Laser-induced spark ignition systems have no electrodes, which
potentially leads to a longer lifetime. What’s more, laser-induced

spark ignition (LISI) can achieve multi-point ignition, accelerating
the combustion of lean mixtures. Dietmar Boker and Dieter Brug-
gemann [12] showed that it was possible to localize the laser igni-
tion adaptively to get optimum ignition conditions in an inhomo-
geneous mixture, which means that LISI allows for an adaptive
control of combustion for lower emissions and higher efficiency in
various engine operating conditions. However, one of the main
disadvantages of LISI is that energy conversion efficiency of a laser
system is still not high enough and only a part of the laser energy
is absorbed by the gaseous medium in the vicinity of the ignition
location [8].

To compare LISI and SI under laboratory conditions, Srivastava
et al. [10] conducted an experiment at an initial pressure of 3 MPa
and an initial temperature of 323 K in a constant volume combus-
tion chamber; the results showed that LISI led to a higher pres-
sure rise rate inside the combustion chamber, due to the absence
of a plasma quenching effect with laser ignition. Other research-
ers also found that laser ignition led to shorter ignition delay and
shorter combustion duration compared with SI [13,14]. Rahman
et al. [15] studied combustion characteristics of wet ethanol ignited
using a focused Q-switched Nd:YAG nanosecond laser. They con-
cluded that the flame luminosity, flame growth rate, and flame prop-
agation speed increased by the addition of 10 vol% and 20 vol%
water, indicating a potential positive effect of water addition. Ambrós
et al. [3] did experimental analysis and modeling of an internal
combustion engine operating with wet ethanol, proving that the
engine was capable of operating with mixtures of wet ethanol up
to 40 vol% water.

However, there are limited data or publications available for com-
paring the combustion characteristics of ethanol with LISI and SI.
Thus, our research objective was to investigate the combustion pro-
cess and laminar burning speeds of ethanol-air mixtures with LISI
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are used as a spark plug along with an ignition coil and a control
module. The laser beam is focused in the chamber by a spheri-
cally corrected convex lens with a focal length of 500 mm, and the
absorbed energy deposited in the plasma is calculated based on
the measurements of laser energy sensors. More details about the
parameters of the focused laser and formula of laser ignition energy
can be found in [16].
2. Experiment Procedures

Analytical grade ethanol used in this study was supplied by Sin-
opharm Chemical Reagent Co., Ltd. Experiments were conducted
at equivalence ratios of 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3 and 1.4.
Before fuel injection, the chamber was vacuumed to approxi-
mately 50 kPa absolute pressure, and heated to 358 K. Fuels were
then injected into the combustion chamber by micro syringes with
capacities of 500µL. Ethanol injection volumes of different equiva-
lence ratios φ at the experimental conditions are calculated by Eq.
(1):

and SI. The results of flame propagation progress, laminar flame
speed and the radiation effect on the flame propagation are dis-
cussed, and an assumption is given to explain the different etha-
nol-air premixed laminar flame speeds by LISI and SI.

EXPERIMENTAL SETUP AND PROCEDURES

1. Experimental Setup
Fig. 1 and Fig. 2 show schematics of the experimental appara-

tuses for SI and LISI, respectively. The temperature of constant
volume combustion chamber is controlled by six resistance heat-
ers in each walls and a proportional-integral-derivative (PID) con-
troller. The volumes of the constant volume combustion bomb
with SI and LISI are 1.94 L and 2.14 L, respectively. For the pur-
pose of optical access, three pairs of orthogonal windows with
diameters of 105 mm are available at six sides of the chamber. Two
opposing electrodes (platinum wires with a diameter of 0.4 mm)

Fig. 1. Schematic diagram of experimental setup of SI.

Fig. 2. Schematic diagram of experimental setup of LISI.
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(1)

where Vc, ME, ρE, and R are volume of constant volume com-
bustion bomb, ethanol molecular weight (46 g/mol), ethanol den-
sity (0.79 g/cm3) at 293 K, the universal gas constant (8.314 J∙mol−1∙
K−1), respectively. p0 and T0 represent initial pressure and initial
temperature, respectively.

After fuel injection, hydrocarbon-free air was introduced. To
obtain a homogeneous mixture, a standing time of at least five min-
utes was required before ignition. In this study, the ignition energy
was fixed at 20 mJ by LISI, while the spark ignition energy was ap-
proximately 15 mJ.

Flame propagation images were recorded through a typical high-
speed Schlieren photography system. The camera was operated at
6,000 fps with 512×512 pixels at a resolution of 0.237 mm/pixel.
Ignition, camera and oscilloscope were triggered by a digital delay/
pulse generator (SRS DG645).

All Schlieren images were processed using Photoshop software
to measure the flame front area, then the flame radii were deduced.
3. Extrapolation Methodology and Data Processing

The methodology in this study to determine the laminar burn-
ing velocity is widely used in many studies [17-19]. According to
the theory of outwardly propagating spherical flame, the stretched
laminar flame speed Sb, referred to as flame speed hereafter, is cal-
culated by Eq. (2):

(2)

where rf is the flame front radius, and t is the elapsed time after
ignition. The stretch rate of spherical flame κ representing the ex-
panding rate of flame front area (A) as defined in Eq. (3):

(3)

Because the flame propagation process is affected by the stretch,
and the stretch is nonlinear, we adopted the nonlinear extrapola-
tion method to derive the unstretched flame propagation speed Sb

0.
The widely used nonlinear equation, which is under an assump-
tion of adiabatic and quasi-steady propagation, is shown in Eq. (4)

[18,19]:

(4)

where Lb is the Markstein length. Generally, laminar flame speed
calculated from nonlinear extrapolation is slightly smaller than that
from linear extrapolation [19]. For comparing with the literature
value, linear extrapolation also was adopted to calculate the flame
propagation speed:

(5)

Because pressure during the combustion of quasi-steady period
can be considered as constant, the laminar burning velocity ul can
be calculated according to mass conservation by Eq. (6) [20,21]:

(6)

where ρb and ρu are adiabatically burned and unburned mixture
densities, which can be calculated directly from the EQUIL Code
of the Chemkin-Pro software.

EXPERIMENTAL RESULTS AND DISCUSSION

1. Ignition and Third Lobe Kernel
Morsy [8] and Phuoc [22] reviewed four different mechanisms

by which laser light can interact with a combustible mixture to ini-
tiate an ignition event: thermal initiation, photochemical ignition,
resonant breakdown, and non-resonant breakdown. The last one
is generally termed as laser-induced spark ignition (LISI), which is
the most frequently adopted ignition mode to initiate combustion
primarily. The initiation of the breakdown process of non-resonant
breakdown most likely derives from electron cascade ionization,
by which initial electrons absorb photons out of the laser beam via
the inverse Bremsstrahlung process [8].

Fig. 3 presents chronological Schlieren images of ethanol-air
mixture at an equivalence ratio of 1.0 under an initial condition of
358 K temperature and 0.1 MPa pressure. Because of the uncer-
tainty of LISI, the location of the ignition point is not always situ-
ated in the center of the combustion chamber. For the SI flame,

VE = 
p0VcME

ρERT0
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0.21φ
0.21φ  + 3
---------------------

Sb = 
drf

dt
------

κ  = 
d Aln( )
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Fig. 3. Chronological Schlieren images of ethanol at an equivalence ratio of 1.0 (Initial conditions: T0=358 K, p0=0.1 MPa).
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the flame front is near-spherical, due to reduced obstructing and
quenching effect by using extremely thin wires with diameters of
0.4 mm; while the flame front of LISI is not spherical due to the
existence of a third lobe kernel, as shown in Fig. 4. The shape of
the flame is asymmetric in the direction of the laser beam such
that two distinct segments are observed during the initial flame
kernel development: a torus-like shape propagating radially and a
third lobe propagating back toward the laser source. The evolu-
tion of the third lobe could be due to the initial flow field created
by the propagation of a radiation transport wave up the laser beam,
arising from the high rate of energy transfer at the leading edge of
the plasma [8,9].
2. Flame Propagation and Laminar Burning Speed

Fig. 5 presents the flame radius of ethanol ignited by SI and LISI.
LISI flame propagates faster than SI flame at an equivalence ratio
of 0.9 for ethanol-air mixture. At the same time, flame radius of
LISI is larger than that of SI.

Fig. 6 shows the relationship between flame speeds and stretch
rate with LISI and SI. The flame propagation trends are similar to
the lean n-butane-air flame studied by Kelly and Law [19], which
consists of three distinctive periods: an initial period dominated
and then influenced by the ignition energy, followed by a quasi-

steady period and final period influenced by chamber confinement.
Because the early stage of the flame was significantly affected by
the ignition energy, there were significant differences in flame size
among each equivalence ratio at early flame stage. As shown in
Fig. 6, flame stretch rate with LISI is greater than that with SI in
the initial period. Upon ignition, the flame is initially driven by
thermal conduction from the ignition kernel to the flame front.
The flame speed subsequently decreases as the influence of the
ignition kernel is dissipated. Then flame propagation is supported
by the heat released from burned zone [19,23]. This effect will im-
mediately diminish when the flame radius is larger than a critical
radius; therefore, by properly selecting time window for analysis,
the effects of ignition process are negligible in the flame propaga-
tion speed calculation. In this study, only the radius between 10
and 19 mm [19], between which the volume of burned gas is less
than 1.6% chamber volume [19], was chosen for analysis.

Fig. 7 indicates both the laminar burning velocity measurements

Fig. 5. Flame radius as a function of time for ethanol at equiva-
lence ratio 0.9 (Initial conditions: T0=358 K, p0=0.1 MPa).

Fig. 7. Evolution of laminar burning velocity for ethanol versus the
equivalence ratio and comparison of the laminar burning
velocities of ethanol from the current work and other studies.

Fig. 4. Illustration of third lobe kernel.

Fig. 6. Flame speed as a function of stretch for ethanol at equiva-
lence ratio 0.9 (Initial conditions: T0=358 K, p0=0.1 MPa).
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with LISI and SI. To compare with data reported in the literature,
the experiment data of SI were processed by linear and nonlinear
extrapolation methods. Laminar burning velocity with LISI is faster
than that with SI at a lean mixture, but slower at stoichiometric
and rich mixtures with nonlinear extrapolation. The peak values
of the laminar burning velocity for the SI and LISI of present work
with nonlinear extrapolation are 50.1 cm/s and 47.6 cm/s at the
equivalence ratio of 1.1, respectively. With linear extrapolation, the
maximum laminar burning velocity of ethanol-air mixture ignited
by electric spark by research of Bardley et al. [25], Liao et al. [26]
and Sileghem et al. [27] was 3.5 cm/s, 5 cm/s and 3 cm/s faster
than that of present work at the equivalence of 1.1 under identical
initial conditions, respectively. We assumed that a shock wave [9]
exists along with LISI contributing to the faster and slower flame
propagation at lean mixture and stoichiometric and rich mixtures,
respectively. Besides, LISI can ignite the ethanol-air mixture at an
equivalence ratio of 0.6 at this experiment condition; however,
when ignition energy of SI is increased to 20 mJ, the ethanol-air
mixture at an equivalence ratio of 0.6 cannot be ignited.
3. Radiation Effect

Chen [28] suggested that flame propagation could be affected
by radiation. The reduction of the flame propagation speed was
caused by the coupling between the thermal effect (change of flame
temperature or unburned gas temperature) and flow effect (inward
flow of burned gas) induced by radiation. Yu et al. [29] proposed
an empirical formula to correct the measured laminar burning speed
as follows:

(7)

where the values of S*, T*, p* are 1 cm/s, 298 K, 1 atm. From Eq.
(7), the relative deviation caused by radiation can determined:

(8)

Rdev depends on the ul, T0 and p0. The relative deviation increases
with increasing initial temperature T0, but decreases with increas-

ing measured laminar burning speeds ul and initial pressure p0.
For the present experiment, the initial condition was fixed, so the
contribution to Rdev from initial temperature and pressure is iden-
tical. The difference of the relative deviation at each test is derived
from the measured laminar burning speed of each test. The rela-
tive deviations at various equivalence ratios are shown in Fig. 8.
Rdev first decreases then increases with increasing equivalence ratio.
The maximum deviation is close to 3.25%, which means that the
radiation effect in this experiment can be neglected.

CONCLUSIONS

A comparative experimental study of ethanol-air premixed lami-
nar combustion characteristics by laser induced spark and electric
spark ignition was performed in a constant volume combustion
chamber at an initial temperature of 358 K and initial pressure of
0.1 MPa. Results show that the laminar speeds of ethanol-air with
LISI are faster than that with SI at lean mixture, but slower at stoi-
chiometric and rich mixtures; the peak values of the laminar burn-
ing velocity for SI and LISI with nonlinear extrapolation are 50.1
cm/s and 47.6 cm/s at the equivalence ratio of 1.1, respectively.
Besides, LISI can ignite leaner ethanol-air mixture at an equiva-
lence ratio of 0.6. It is assumed that a shock wave exists along with
the LISI, which leads to the faster and slower combustion at lean
mixture and stoichiometric and rich mixtures, respectively. In the
future, the shock wave along with LISI should be further studied
and verified. In this study, the radiation induced relative deviation
first decreased and then increased with increasing equivalence
ratio, and the maximum deviation was 3.25% corresponding to
equivalence ratio 0.6, which means that the radiation effect in this
experiment can be neglected.
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NOMENCLATURE AND ABBREVIATION

SI : electric spark ignition
LISI : laser induced spark ignition
φ : equivalence ratio
Vc : volume of the constant volume combustion bomb (L) (L)
ρE : density of ethanol at 293 K [g/cm3]
ME : molecular weight of ethanol [g/mol]
p0 : initial pressure [Pa]
T0 : initial temperature [K]
R : universal gas constant [J∙mol−1∙K−1]
VE : injection volume of ethanol [µL]
rf : flame radius [mm]
A : flame front area [mm2]
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Fig. 8. Relative deviation caused by radiation for ethanol versus the
equivalence ratio.
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t : elapsed time after ignition [s]
Sb : stretched flame speed [mm/s]
κ : stretch rate [s−1]
Sb

0 : unstretched flame speed [cm/s]
Lb : markstein length [mm]
ul : measured laminar burning velocity [cm/s]
ρb : density of burned gas [kg/m3]
ρu : density of unburned gas [kg/m3]
ul

0 : corrected laminar burning velocity [cm/s]
Rdev : radiation induced relative deviation
S* : reference speed [cm/s]
p* : reference pressure [Pa]
T* : reference temperature [K]
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