ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/270768676

Effect of laser pulse energy on the laser ignition of compressed natural gas
fueled engine

Article in Optical Engineering - May 2014

DOI: 10.1117/1.0E.53.5.056120

CITATIONS READS
25 1,002
3 authors:
Dhananjay Srivastava Ernst Wintner
Indian Institute of Technology Kharagpur TU Wien
52 PUBLICATIONS 1,714 CITATIONS 199 PUBLICATIONS 4,373 CITATIONS
SEE PROFILE SEE PROFILE

Avinash Kumar Agarwal
Indian Institute of Technology Kanpur
581 PUBLICATIONS 23,176 CITATIONS

SEE PROFILE

All content following this page was uploaded by Avinash Kumar Agarwal on 16 September 2015.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/270768676_Effect_of_laser_pulse_energy_on_the_laser_ignition_of_compressed_natural_gas_fueled_engine?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/270768676_Effect_of_laser_pulse_energy_on_the_laser_ignition_of_compressed_natural_gas_fueled_engine?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dhananjay-Srivastava-2?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dhananjay-Srivastava-2?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian-Institute-of-Technology-Kharagpur?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dhananjay-Srivastava-2?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ernst-Wintner?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ernst-Wintner?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/TU-Wien?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ernst-Wintner?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Avinash-Agarwal-9?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Avinash-Agarwal-9?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian-Institute-of-Technology-Kanpur?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Avinash-Agarwal-9?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Avinash-Agarwal-9?enrichId=rgreq-28fb699e276780a3380940b0211c1974-XXX&enrichSource=Y292ZXJQYWdlOzI3MDc2ODY3NjtBUzoyNzQyNjY2NjI4OTU2MTZAMTQ0MjQwMTY3NjU3Mg%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Optical Engineering

SPIEDigitalLibrary.org/oe

Effect of laser pulse energy on the
laser ignition of compressed natural
gas fueled engine

Dhananjay Kumar Srivastava
Ernst Wintner
Avinash Kumar Agarwal




Optical Engineering 53(5), 056120 (May 2014)

Effect of laser pulse energy on the laser ignition of
compressed natural gas fueled engine

Dhananjay Kumar Srivastava,? Ernst Wintner,” and Avinash Kumar Agarwal®*
Indian Institute of Technology Kanpur, Engine Research Laboratory, Department of Mechanical Engineering, Kanpur 208016, India
BVienna University of Technology, Photonics Institute, Gusshausstrasse 27, Vienna 1040, Austria

Abstract. Laser pulses of few a nanoseconds’ duration are focused by an appropriate converging lens system,
leading to breakdown of the medium (combustible gases), resulting in the formation of intense plasma. Plasma
thus induced can be used to initiate the combustion of combustible air-fuel mixtures in a spark ignition engine
provided the energy of the plasma spark is high enough. Laser ignition has several advantages over the conven-
tional spark ignition system, especially in case of lean air-fuel mixture. In this study, laser ignition of compressed
natural gas was investigated in a constant volume combustion chamber (CVCC) as well as in a single-cylinder
engine. Flame kernel visualizations for different pulse energy of natural gas-air mixtures were carried out in the
CVCC. The images of the development of early flame kernel stages and its growth with time were recorded by
shadowgraphy technique. The effect of laser pulse energy on the engine combustion, performance, and emis-
sions was investigated using different air-fuel mixtures. Increased peak cylinder pressure, higher rate of
heat release, faster combustion, and increased combustion stability were observed for higher laser pulse
energies. The effect of laser pulse energy on the engine-out emissions was also investigated in this study.
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1 Introduction
The ignition system of a spark ignition (SI) engine is respon-
sible for initiating the combustion of air-fuel mixture in the
cylinder. For ensuring good performance and efficiency of
the engine as well as lower emissions, the spark must be trig-
gered at a precise timing in every engine cycle, which rep-
resents the main objective of any ignition system. SI systems
have been improved considerably over the years; however,
the basic principle remains the same for various ignition
techniques. Development of electronic controls to trigger
the ignition and use of distributorless ignition systems has
made such systems more effective and reliable. However,
ignition systems still face serious limitations, such as spark
electrode erosion,'™ poor performance under high cylinder
pressures, total inflexibility in changing the location of igni-
tion point inside the combustion chamber,’ and large heat
losses through the electrodes.”® These limitations need to be
tackled in order to develop efficient SI engines for the future.
Stringent exhaust emission norms and demand for higher
thermal efficiency can be met by ignition of lean air-fuel
mixtures in SI engines. However, lean combustion is asso-
ciated with slower flame propagation speeds and reduced
power output. Engine power output can be improved by
increasing initial cylinder pressure by turbo-charging.
Increased cylinder pressure, however, requires higher secon-
dary voltage for breakdown of gases to form plasma and ini-
tiate combustion in a SI engine using a conventional SI
system. Providing required voltage under severe conditions
leads to faster spark electrode erosion. Flame speed in lean-
burn SI engines can be increased by generating turbulence in
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the cylinder or by shortening the flame travel path for the
same mixture strength.® Reduction in flame travel distance
can be accomplished by using multiple spark plugs in one
cylinder or by placing the ignition point at an optimum loca-
tion inside the combustion chamber. It is difficult to install
multiple spark plugs in multicylinder engines because of the
already overcrowded cylinder head. Optimum location of
spark inside the combustion chamber is difficult with con-
ventional ignition systems because spark location is always
very close to the top of the combustion chamber. There are
several types of enhanced ignition systems under consider-
ation, which can be potentially useful in increasing the
ignition energy and, hence, the flame speed. These include
breakdown ignition systems, Corona ignition systems,
plasma jets, rail plug igniters, combustion jets, and laser
ignition systems. Experimental evaluation of characteristics,
capabilities, and limitations of all these ignition systems
was carried out and summarized by Dale et al.° Alternative
ignition systems have potential to improve the delivery of
ignition energy to air-fuel mixtures or allow the ignition
energy to be dispersed throughout the combustible charge.®
However, higher spark energies are also associated with
erosion of electrodes, thus shortening the spark plug life
span.® Furthermore, conventional spark electrodes act as
a thermal energy/heat sink because spark plasma energy is
actually liberated between its two metallic electrodes. A
durable, high-energy, electrode-less ignition system with
controlled energy deposition in the plasma, having
flexibility to change the ignition location, is, therefore, a
desirable option for overcoming these limitations in a
lean-mixture fueled SI engine. A laser ignition system,
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which meets most of these requirements, also offers potential
advantages for igniting lean mixtures.

Lasers are emerging as strong contender for an alternative
ignition source of SI engines. Short laser pulses of a few
nanoseconds’ duration delivered by a Q-switched laser
can be focused by an appropriate converging lens system
inside the combustion chamber containing combustible mix-
ture. If the peak intensity in the focal region exceeds thresh-
old intensity level, breakdown of the medium (combustible
gases) occurs, leading to formation of plasma as shown
in Fig. 1.

If the energy content of the spark is high enough, the
mixture ignites. Laser-induced plasma is generally more
compact and has a higher maximum temperature than
other continuous-arc sources.”!! Plasma induced this way
can be used to initiate the combustion of air-fuel mixtures
in SI engines.

There are several potential benefits of laser ignition over
conventional spark ignition. Advantages of laser ignition
were reviewed by Paul.'> The laser ignition system is free
from electrodes; hence, there is no loss of spark energy/
plasma heat to the electrodes unlike in a conventional elec-
trical spark ignition system. Since the laser ignition system
does not employ any spark electrode, there is no electrode
erosion effect, as observed in case of spark plugs; therefore,
the life span of a laser ignition system is expected to be sig-
nificantly longer than that of a spark plug system.'* On the
other hand, in case of laser ignition, minimum pulse energy
required for ignition decreased with increasing gas pressure
(p) due to pressure dependence of nonresonant breakdown.
This is opposite to conventional electrical spark ignition sys-
tems, which require higher energy with increasing gas pres-
sure.'* This turns out to be one of the main attractive points
for laser ignition. The ignition initiator spark can be placed at
an optimum location inside the combustion chamber using
a suitable focal length of the converging lens or by changing
the position of the converging lens in the optical spark plug.
This way, flame propagation distance can be shortened and
combustion duration can be reduced. Further, multipoint
ignition can also be realized more easily (according to
required space, e.g., by multiple sparks) out of adaptive
optics using a laser ignition system. There are, however,
several challenges of laser ignition as well. The cost of
laser ignition systems, propagation of a laser beam from
the laser head to the combustion chamber, and durability of
the optical window, through which the laser beam is guided
into the combustion chamber, are some of the challenges
that need to be addressed.

L =
ens\ Ly Beam
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=

Fig. 1 Laser-induced plasma formation (laser is propagating from
right to left).
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Combustion behavior of laser ignition in simulated engine
conditions was investigated by several researchers.’>> In
most of these studies, a constant volume combustion cham-
ber (CVCC) was used to simulate engine conditions (end
of the compression stroke conditions, except turbulence).
Several operating variables, such as laser and optics param-
eters, minimum ignition energy, etc., were varied and their
effect on rate of pressure rise, ignition delay, etc., were exper-
imentally evaluated for different fuels in these studies. These
experiments were very helpful in developing technical fea-
sibility of the concept of laser ignition for internal combus-
tion (IC) engines. Laser ignition of IC engines was first
demonstrated by Dale et al.>* in 1978. Results obtained
from laser ignition were then compared with conventional
spark ignition systems. A higher rate of pressure rise was
observed with laser ignition using 300 mJ laser pulse energy.
The lean limit of air-fuel ratio was successfully extended
from 22.5:1 to 27.8:1 for laser ignition.> Bihari et al.>> com-
pared laser ignition and conventional spark ignition in a sin-
gle-cylinder research engine fueled with compressed natural
gas (CNGQG). It was reported that due to laser ignition, the lean
misfire limit extended from an equivalence ratio of 0.55 to
0.50. Combustion stability also improved for retarded igni-
tion timings. Because of these two reasons, ~50% NOx
reduction was observed with laser ignition. Herdin et al.*
carried out experiments of laser ignition on a large-bore natu-
ral gas fueled engine. They reported that the energy required
for producing plasma decreased with increasing in-cylinder
pressure, as theoretically expected. Therefore, higher charge
density in the combustion chamber is a favorable condition
for laser ignition as opposed to electrical spark ignition.
McMillian et al.”’ performed laser ignition and results
were compared with a conventional spark plug delivering
~68 mJ/spark. Laser ignition energy (~50 mJ/spark) was
kept constant during the experiments. With laser ignition,
the total operating envelope of the engine was defined as
the area between knock and misfire limits, and this operating
envelope increased by 46% compared to a conventional
spark ignition system. NOx emissions reduced by ~50%
for laser ignition, and the hydrocarbon emissions were com-
parable for both ignition systems. Ignition delay was also
found to be shorter for laser ignition compared to the conven-
tional SI system. Mullett et al.”® investigated the effect of
laser parameters, such as laser pulse energy, beam quality,
minimum beam waist size, and focal length of the converg-
ing lens, on the engine combustion, performance, and stabil-
ity of combustion for stoichiometric gasoline-air mixture.
Minimum ignition energy and minimum energy required for
breakdown of air were found to increase with increasing
focal length of the converging lens and the aperture diameter.
It was found that greater combustion stability was achieved
for higher laser pulse energies. Graf et al.”’ and Srivastava
and Agarwal®® investigated optimum ignition location inside
the combustion chamber by moving the location of converg-
ing lens to cover almost entire length of the combustion
chamber. The lowest specific fuel consumption was found
when plasma (ignition location) was placed at the center of
the combustion chamber. Thus, laser ignition was useful in
extending the lean limit of air-fuel mixture, thereby reducing
the NOx emissions.

Full benefits of laser ignition can be realized only by
optimizing various parameters, including focal length of the
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converging lens, laser pulse energy, beam profile, in-cylinder
pressure, fuel-air equivalence ratio, plasma position inside
the combustion chamber, plasma spark size, permissible
turbulence, etc. Laser pulse energy is a very important
parameter in laser ignition. It is necessary to evaluate the
engine performance with varying laser pulse energy in order
to optimize the laser for engine applications. Cost of a laser
system is a function of maximum laser pulse energy.
Therefore, in this study, laser pulse energy was varied, and
its effect on engine performance, combustion, and emissions
in a CNG gas-fueled engine were investigated.

2 Experimental Setup

Laser ignition of combustible air-fuel mixtures was first
investigated in a CVCC. Details of the experimental design
can be found in Ref. 22. All experiments were conducted at
10-bar initial chamber pressures and 373-K chamber temper-
ature. A converging lens of 100-mm focal length was used to
focus the laser beam to a point inside the CVCC. Minimum
laser ignition pulse energy was measured for different rela-
tive air-fuel ratios (4) at 10-bar initial chamber filling pres-
sure. Pressure—time history of the CVCC was recorded for
minimum ignition energy and higher ignition pulse energy.
Flame kernel development of the combustible air-fuel
mixture was investigated under different 4 values using
high-speed camera operating at 54,000 fps, and the captured
images were interrogated for temporal propagation of the
flame front.

After investigating the effect of laser pulse energy on
pressure rise and flame kernel development in the CVCC,
laser ignition was done in a single-cylinder engine. The
engine was coupled with an eddy current dynamometer.
Engine speed and load were controlled by varying the exci-
tation current of the eddy current dynamometer. The dyna-
mometer was also connected to a three-phase electric motor,
which was engaged to start the engine using a gear box and
was disconnected, once the engine was fired. CNG was used
as test fuel in the experiment. Since CNG is stored at very
high pressure (~225 bar), a pressure reducer was used to
bring the fuel pressure down to 1 bar for the experiment.
Reduced-pressure fuel line was connected immediately
upstream of throttle in the air intake system. A laminar flow
element (LFE) (Meriam, S0MC2-2F) was installed for the
intake air flow rate measurement. LFE was connected to
an inclined manometer, which measured the pressure drop
across the orifice of the LFE. For monitoring the in-cylinder
pressure variations during an engine cycle, a piezoelectric
pressure transducer (Kistler, 6013C) was mounted flush
with the cylinder head. Signals from the pressure transducer
were amplified and converted to voltage signals by a charge
amplifier (Kistler, 5015), which were finally acquired by
a high-speed combustion data acquisition system (HI-
Techniques, meDAQ). Exhaust emissions were measured
using a raw exhaust gas emission analyzer (Horiba,
EXSA-1500). After setting each operating variable of the
engine, measurements were taken after ensuring the engine’s
thermal stabilization.

A flash lamp pumped Q-switched Nd:YAG laser (Litron,
Nano L-200-30) was used for ignition of combustible fuel-air
mixture. This laser delivered pulse energy up to 200 mJ with
a pulse duration of 6 to 9 ns at FWHM at the fundamental
wavelength (1064 nm). The beam diameter was 5 mm (1 /e?).
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Maximum repetition rate of the laser was 30 Hz. To enhance
the laser beam quality and beam profile and, thereby, to reduce
the beam quality factor M2, an aperture of diameter 2.9 mm
was inserted between the safety shutter and the output mirror
of the laser. This led to improvement in M? value but it
reduced the maximum output pulse energy as well. Laser
pulse energy can also be changed by changing the flash
lamp voltage; however, this also leads to changes in laser
parameters, such as spatial beam profile, and pulse duration.
In this investigation, laser pulse energy was varied continu-
ously by an external wave plate/polarizer installed ahead of
laser, keeping the flash lamp voltage at the maximum so
that the spatial beam profile remains identical during the entire
experiments. The energy of each pulse was measured using
a pyroelectric detector (Coherent) and a laser energy meter
(Coherent). A laser spark plug was designed, manufactured,
and installed in the cylinder head in place of the conventional
spark plug (Fig. 2). The laser spark plug consists of two parts:
(1) a window holder and (2) a lens holder. The lens cannot
withstand harsh environment prevailing in the combustion
chamber at the time of combustion, with extremely high
pressure and temperature. Therefore, a sapphire window
(thickness = 3 mm, diameter = 12.5 mm) was used to seal
the combustion gas leakages and to transmit the laser beam
without being affected by the harsh environment. The clear
aperture of the window was ~8 mm for this experiment.
The plasma location inside the combustion chamber can be
changed by rotating the lens holder inside the window holder.
A lens of 30-mm focal length was used to focus the laser in
the combustion chamber and to create plasma. Plasma loca-
tion was kept the same as that of the conventional spark plug
system. An electronic circuit was designed to synchronize
the laser with the engine. This circuit was used to trigger
the laser at a specified crank angle position, i.e., at a particular
ignition timing in each engine cycle.

The laser beam propagated in air from the laser head to
the laser spark plug. The laser beam passed through a colli-
mating unit comprising diverging and focusing optics. The
beam first enlarged to form a parallel beam of larger diam-
eter. This beam was then reflected by a reflector into the laser
spark plug. The laser beam was finally converged and
focused tightly in the cylinder head using a converging
lens and a window, and finally plasma formation took
place. The optical path of the laser beam in the engine inves-
tigations is shown in Fig. 3.

Fig. 2 Laser spark plug installed in the cylinder head.
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Fig. 3 Optical beam path for the engine experiments.

All experiments were carried out on a naturally aspirated,
water-cooled, four-stroke single-cylinder engine running at
constant engine speed (1500 rpm) under wide-open throttle
condition. Laser ignition was performed for two different rel-
ative air-fuel ratio (1) mixtures: (1) a lean mixture (1 = 1.2)
and (2) a stoichiometric mixture (4 = 1.0). Spark timing was
fixed at 25 deg crank angle before top dead center (CA
BTDC) for the experiment. Laser pulse energy was varied
from 9.7 to 24 mJ /pulse, and its effect on various engine
combustion, performance, and emission parameters is dis-
cussed in the following section.

3 Results and Discussion

Experiments were conducted to evaluate the pressure—time
history in the CVCC for laser ignition of combustible mix-
tures with varying air-fuel ratios (4). The minimum pulse
energy required for ignition under different experimental
conditions was experimentally determined. Minimum laser
pulse energy required to ignite different combustible
mixtures at 10 bar chamber filling pressures are given in
Table 1. Minimum ignition energy increased with increasing
A. For leaner mixtures, the number of fuel molecules in the
focal spot volume is lower for the same focal length of
converging lens. Hence, radicals responsible for combustion
are also produced in lesser numbers.'* Therefore, higher
laser pulse energy is required to ignite leaner combustible
fuel-air mixtures.

To determine the effect of laser pulse energy, experiments
were conducted at a higher laser pulse energy compared to

Table 1 Minimum laser pulse energy required for ignition of combus-
tible mixtures at 10-bar initial chamber filling pressure. Focal length of
lens = 100 mm.

Minimum laser pulse energy

Relative air-fuel ratio (1) required for ignition (mJ/pulse)

1.1 9.6
1.2 9.6
1.3 9.6
1.4 9.6
1.5 10.2
1.6 10.7
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the minimum energy required for ignition at 10-bar chamber
filling pressures for different A values, without changing the
optics. Figure 4 shows the comparative pressure-time history
of the CVCC for different laser pulse energies. In Fig. 4,
thick pressure lines denote higher ignition energy and thin
pressure lines denote minimum ignition energy.

Experiments were conducted for higher laser pulse
energy (12.5 mJ/pulse) compared to minimum ignition
pulse energy required for ignition. Slightly higher maximum
pressures and relatively shorter combustion duration were
observed with higher ignition energy compared to minimum
ignition energy. Since the experiments were done using
a fixed converging lens (focal length 100 mm), increasing
ignition pulse energy increased the laser irradiance at the
focal point. This enhances the flame velocity and reduces
the combustion duration.

To verify the effect of laser pulse energy on the flame
propagation, temporal variations of flame kernel develop-
ment in the direction opposite to laser propagation (X-direc-
tion) and in the direction orthogonal to laser propagation
(Y-direction) were calculated from the acquired shadow-
graphs of the flame kernel for minimum and higher ignition
pulse energies. Flame kernel visualizations for different A
values of natural gas-air mixtures were carried out in the
CVCC. The images of the development of early flame kernel
stages and its growth with time were recorded by shadowg-
raphy technique. These images provided useful information
about the flame kernel development and the shape of the
flame kernel as a function of time. Figure 5 shows typical
structure of the flame kernel.

Based on these observations, the shape of the laser-
induced flame kernel can be thought to be having two stages
of development. In early stage of flame kernel development,
the kernel develops radially to form a toroidal shape.?” In the
latter stage of development, a front lobe is formed, which
propagates backward toward incoming laser beam.?’—
Temporal variation of flame kernel development in various
directions with time inside the CVCC was analyzed for
varying A. This information can be obtained by analyzing

45 -
——A=1.1_min
40 4 —)=1.1_higher
——i=12_min
35 ———Ai=12_higher
= ——=13_min
S 30+ =—).=1.3_higher
o ——i=14_min
2 254 ——=14_higher
[72]
j<t
o 20
[2]
8
Q 15
[
10 4
5
O o e T B e e e e NN S e s pos ey
00 02 04 06 08 10 12 14 16 18 20
Time (sec)

Fig. 4 Comparative constant volume combustion chamber pressure-
time history for two different laser pulse energies at initial chamber
filling pressure of 10 bar (minimum ignition energy at specified 4
and 12.5 mJ/pulse laser energy).

May 2014 « Vol. 53(5)



Srivastava, Wintner, and Agarwal: Effect of laser pulse energy on the laser ignition of compressed natural gas fueled engine

Fig. 5 Typical shape of flame kernel created by laser ignition
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different shadowgraphs captured by the high-speed camera.
The laser’s direction of propagation is taken as X+ and the
direction opposite to the laser propagation is taken as X—,
which is also the direction of propagation of the front lobe.
Centroid of the first kernel was taken as origin for calculating
distance in the three directions (X+, X—, and Y). Temporal
variation of flame kernel is presented in the next section.

X-direction is the direction of propagation of the front
lobe of the flame kernel. Temporal variation of flame kernel
is shown in Fig. 6 for different A values at 10-bar initial
chamber filling pressure. It can be seen from Fig. 6 that at
the same 4, front lobe propagation (X-direction) and toroidal
radius propagation (Y-direction) were higher for higher
ignition pulse energy compared to minimum ignition pulse
energy.

The front lobe grew at a faster rate with higher ignition
pulse energy compared to minimum ignition pulse energy.
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Fig. 6 Temporal variation of flame kernel development in the direction opposite to laser beam pro-
pagation (X-direction) and orthogonal to the laser beam propagation (Y-direction) for (a) 1 =1.2,
(b) 2=1.3, (c) A =1.4, and (d) 1 = 1.5 at 10-bar initial chamber filling pressure.
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Front lobe propagation distance was 0.48 cm with higher
ignition energy, whereas it was 0.34 cm with minimum igni-
tion pulse energy for 4 = 1.2 after 2000 us. At higher laser
pulse energy, more photons interact with gas molecules
per unit volume; therefore, more molecules are available for
multiphoton ionization, which gave rise to more electrons.
The collision frequency between these electrons and gas
molecules rises, thus accelerating ionization of gas mole-
cules. Hence, the time for electron avalanche and gas
breakdown is shortened and ignition strength reinforced.
This leads to higher temperature and pressure of the flame
kernel and acceleration of the flame front.*!

Effect of laser pulse energy was then investigated to
assess the performance of laser ignition and its effect on
engine combustion, performance, and emissions. Laser
pulse energy was varied by external beam energy attenuator
keeping the flash lamp voltage at the maximum. Laser pulse
energy was varied from 9.7 to 24 mJ/pulse. This energy was
measured after incorporating all losses taking place at the
lenses and the window. Therefore, this is the energy that
is finally available inside the engine combustion chamber
for plasma formation and ignition of combustible mixture.
Minimum pulse energy for ignition at this operating condi-
tion of the engine was 8.5 mJ/pulse for both 1 values.
Maximum pulse energy of laser with 2.9-mm-diameter aper-
ture was 24 mJ/pulse. That is why, laser pulse energy was
varied from slightly above the minimum laser ignition
energy to the maximum available laser pulse energy. A con-
verging lens of 30-mm focal length was used to focus the
laser into the engine cylinder in order to produce plasma.
Experiments were performed at fixed ignition timing of
25-deg BTDC and two different values of A (lean mixture
with 4 = 1.2 and stoichiometric mixture with 4 = 1.0).

Figure 7 shows the variation of cylinder pressure and rate
of heat release (ROHR) with crank angle for three different
laser pulse energies: 9.7, 18.6, and 24 mJ/pulse. Cylinder
pressure and ROHR curves in this figure are an average
of 100 consecutive engine cycles. This is done in order to
reduce the effect of cyclic variations. It can be seen from

0 120
|—— LPE =9.70 mJ/Pulse
—— LPE = 18.6 mJ/Pulse
0 (pE = 24.0 mPUsE

—

- 100

-

20 4

Cylinder Pressure (bar)

— — - .
-80 S0 -40 .20 (¢} 20 ] &0 80
Crank angle (deg.)
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Heat Release Rate (Jdeg)

Cylinder Pressure (bar)

Fig. 7 that maximum cylinder pressure and maximum
ROHR increase slightly with increase in laser pulse energy.
Maximum cylinder pressure increased from 40.5 to 42.1 bar
for A = 1.2 and from 44 to 46 bar for A = 1.0, when the laser
pulse energy was increased from 9.7 to 24 mJ/pulse. Crank
angle position of maximum cylinder pressure also shifted by
1 deg toward TDC. This indicated that maximum cylinder
pressure and rate of the pressure rise increased upon increas-
ing the laser pulse energy. The effect of laser pulse energy on
pressure rise in the CVCC also followed the same behavior
as the engine.

Maximum ROHR increased from 68.7 t0 69.8 J/ deg at4 =
1.2 and from 77.6 to 80 J/ deg at A = 1.0, when the laser pulse
energy was increased from 9.7 to 24 mJ/pulse. Crank angle
position of maximum ROHR also shifted from 7.5 deg after
top dead center (ATDC) to 6.5 deg ATDC at 1 = 1.2 and
from 7 deg ATDC to 5.5 deg ATDC for A = 1.0. Increase in
maximum cylinder pressure and ROHR with increasing laser
pulse energy may be attributed to an earlier start of combustion.
Mass burn fractions (MBFs) of 5, 50, and 90% were calculated
(Fig. 8) for all laser pulse energies tested to clearly observe
this effect.

MBF of 5% occurred at 5.5- and 6.5-deg BTDC with laser
pulse energy of 9.7 and 24 mJ/pulse, respectively, at
A = 1.2. Therefore, ignition delay was seen to decrease
with increasing laser pulse energy, which leads to difference
in maximum cylinder pressure and ROHR, as observed in
Fig. 7. Timing of 50% MBF and end of combustion (90%
MBF) also retarded with increasing laser pulse energy.

Laser irradiance and focal spot size at the focal point is an
important parameter, which governs combustion behavior
and combustion stability in the laser ignition.>' Laser irradi-
ance (W/cm?) is defined as the laser power divided by
the area of the focal spot. The diameter of the focal spot
produced by the focusing lens can be calculated by the pro-
cedure elaborated by Steen’”

41
L= M2
nd

D:
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Fig. 7 Cylinder pressure and rate of heat release variations with crank angle for different laser pulse

energies at (a) 1=1.2 and (b) 1 =1.0.
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Fig. 8 Mass burn fraction variation for different laser pulse energies at (a) A =1.2 and (b) 4 =1.0.

Here, D is the diameter of the focal spot, f is the focal
length of the converging lens, A is the wavelength of the
laser beam, d is the diameter of the laser beam at the con-
verging lens, and M? is the beam quality factor. This formula
was derived by neglecting the spherical aberrations of the
lens. For a fixed focal length of the converging lens
(30 mm), focal point size is constant (41.3 ym). Laser irra-
diance will, therefore, be higher for higher laser pulse energy.
Laser irradiance at the focal point increases from 1.2 x 10'!
to 3.0 x 10" W/cm? with increase in laser pulse energy
from 9.7 to 24 mJ /pulse. Higher laser irradiance leads to rel-
atively earlier combustion and shorter ignition delay.

Cyclic variations are a major concern in lean-burn engine
operation; therefore, cycle-to-cycle variability was investi-
gated. Cyclic variations are characterized by the coefficient
of variation (COV) of the indicated mean effective pressure
(IMEP). IMEP is an important and fundamental engine
parameter that is used extensively for engine development.*
Figure 9 shows the variation in COV of IMEP with laser
pulse energy at A = 1.2 and 1.0. COV of IMEP decreased
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(a)

cov, ., (%)

from 0.95 to 0.77 at A =1.2 and from 0.6 to 0.46 at
A= 1.0, when the laser pulse energy was increased from
9.7 to 24 mJ/pulse.

This suggests that greater combustion stability is achieved
by increasing laser pulse energy. Enhanced combustion sta-
bility with increased laser pulse energy may be due to greater
fraction of laser energy absorbed by the plasma produced
inside the combustion chamber, which in turn leads to
increased laser irradiance at the focal point. Chen et al.*
and Mullett et al.”® suggested that once plasma is formed,
it becomes a strong absorber of the incident laser pulse
energy. However, there is certain threshold laser irradiance
for a fixed focal volume, beyond which, increased laser
pulse energy yields little or no benefit.*! Therefore, for future
laser ignition systems, it is necessary to provide the highest
possible laser pulse energy in order to achieve superior com-
bustion stability and engine performance. Excessive laser
pulse energy may also damage the piston because excess
laser pulse energy can be transmitted through the cylinder
gases and plasma and consecutively hit the piston surface,

05+
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0.34
024
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Fig. 9 Coefficient of variation of indicated mean effective pressure for varying laser pulse energy at

(a) A=1.2 and (b) 1 =1.0.
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Fig. 10 Brake power and brake-specific fuel consumption variations
with respect to laser pulse energy for 1 =1.2 and 1 = 1.0.

thereby damaging it. Laser irradiance at the piston surface
depends on several factors, such as position of the piston
at the time of laser firing, focal length of the converging
lens, beam quality, laser pulse energy, etc. However, any
damage to the piston surface was not observed in the present
experiment, where laser pulse energy was increased from
9.7 to 24 mJ /pulse.

After combustion investigations, engine performance and
exhaust emissions were investigated for varying laser pulse
energy. Figure 10 shows the brake power (BP) and brake-
specific fuel consumption (BSFC) variations with varying
laser pulse energy for A = 1.2 and 4 = 1.0.

It can be seen that there is a slight increase in BP with
increasing laser pulse energy. BP increased ~1.3% at
A= 1.2and 1% at A = 1.0 with increase in laser pulse energy
from 9.7 to 24 mJ/pulse. BSFC decreased with increase in
laser pulse energy. BSFC reduced from 262 to 258 g/kWh at
A= 1.2 and from 276 to 273 g/kWh at A = 1.0. The reason
for enhanced engine performance with increase in laser pulse
energies are increased in-cylinder pressures, higher ROHR,
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Fig. 11 Brake-specific emissions of NOx and brake-specific emis-

sions of total hydrocarbons with varying laser pulse energy at
A=12and 21 =1.0.
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and increased combustion stability as discussed in an earlier
section.

Brake-specific emissions of NOx (BSNOx) and total
hydrocarbons (BSTHC) are shown in Fig. 11. There is slight
increase in BSNOx with increase in laser pulse energy.
Increase in BSNOXx is due to relatively earlier start of com-
bustion and reduction in ignition delay with increase in laser
pulse energy. BSTHC decreased with increase in laser pulse
energy. BSTHC reduced by 11 and 4.5% with increase in
laser pulse energy at 1 = 1.2 and 1 = 1.0, respectively.

4 Conclusions

The effect of laser pulse energy was investigated in a CVCC
as well as in a single-cylinder engine. For higher laser pulse
energies, there was a slight change in the maximum chamber
pressures; however, it was not significant in CVCC. Time
taken to attain the maximum chamber pressure after laser
pulse firing (combustion duration) was observed to be lower
when combustible mixtures were ignited with higher-energy
pulse because of higher laser irradiance at the focal spot.
Higher laser irradiance enhanced the flame propagation
speed, thereby reducing the combustion duration.

In the engine experiments, maximum cylinder pressure
and maximum ROHR increased with increase in laser
pulse energy. Ignition delay decreased with increase in
laser pulse energy, which increased maximum cylinder pres-
sure and ROHR. COVygp decreased with increasing laser
pulse energy, which indicated greater combustion stability.
Laser irradiance at the focal point played an important
role in determining the combustion initiated by laser ignition.
It is necessary to provide highest possible laser pulse energy
in order to achieve superior combustion stability and engine
performance without damaging the piston surface. There was
a marginal increase in BP and proportionally marginal reduc-
tion in BSFC with increasing laser pulse energy. BSNOx
emissions increased with increase in laser pulse energy due
to relatively earlier start of combustion as well as reduction in
ignition delay. BSTHC emissions, however, decreased with
increase in laser pulse energy.
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