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Increasing population and demand for fossil fuels is leading to rapid depletion of petro-

leum reserves. Hydrogen has great promise as an alternative fuel for powering next gen-

eration internal combustion engines with improved thermal efficiency and reduced

emissions. Laser ignition (LI) has emerged as an efficient ignition technique for delivering

superior engine efficiency with lower emissions. Use of LI to initiate combustion in an

engine fuelled with hydrogeneair mixtures can greatly help in reducing emissions,

improving engine performance and tackling the problem of fossil fuel depletion. In this

study, a laser ignited hydrogen fuel prototype engine has been developed and comparison

of its performance, emissions and combustion parameters is done with baseline data

generated using conventional spark ignition (SI) system.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

In the second half of twentieth century, global population

began to explode. This led to phenomenal increase in demand

for conventional fossil fuels to sustain increased trans-

portation demand of a modern society. By 2030, global popu-

lation will be 8 billion [1] and its primary energy demand will

cross 700 EJ/year [2]. The fossil fuel reserves are rather limited,

thereforemore demand for fuel will straightway translate into

higher energy prices, which will lead to fuel prices led infla-

tion world over. In addition, world is facing serious challenges

such as environmental degradation and climate change,
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which are reportedly because of pollution and harmful emis-

sions caused by petroleum fuelled vehicles. In order to control

and arrest this environmental damage, stringent emission

norms have been adopted worldwide which are becoming

more and more stringent with time. Therefore to avoid the

rapid depletion of fuel reserves, slow down the increase in

fuel prices and for stringent emission norm compliance,

researchers are exploring alternate fuel options for vehicles.

These alternate fuels can be adopted in current generation

engines with minimal hardware modifications. Several alter-

native fuel candidates such as biodiesel, compressed natural

gas (CNG), ethanol, hydrogen, hydrogen-CNG mixtures

(HCNG), straight vegetable oils (SVO), liquefied petroleum gas
ished by Elsevier Ltd. All rights reserved.

mailto:akag@iitk.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2014.12.030&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2014.12.030
http://dx.doi.org/10.1016/j.ijhydene.2014.12.030
http://dx.doi.org/10.1016/j.ijhydene.2014.12.030


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 2 3 8 6e2 3 9 5 2387
(LPG) have been investigated for their engine performance in

order to assess their technical feasibility in current generation

engines. In a quest of running the internal combustion en-

gines with improved thermal efficiency and lower emissions,

hydrogen has emerged as a prominent alternate fuel candi-

date with ultra-low emission potential due to its extremely

clean emission spectra.

Compared to other fuels such as gasoline, diesel, com-

pressed natural gas (CNG), biodiesel etc., hydrogen offers

numerous advantages as an alternate transportation fuel such

as it can be produced using various renewable primary energy

sources from water (through electrolysis), from coal and

biomass (through gasification), from natural gas (using steam

methane reforming and other ways) [3]. It does not contain

carbon, hence does not emit any greenhouse gas upon com-

bustion. Hydrogen has higher calorific value (w/w) resulting in

higher power output upon combustion, higher auto-ignition

temperature, low ignition energy, higher diffusivity and

higher flame propagation speed compared to gasoline. In

addition to several advantages, hydrogen has few disadvan-

tages and limitations also. Due to very small ignition energy

required to initiate combustion, chances of backfire and pre-

ignition is higher in hydrogen fuelled engines. Density of

hydrogen is very low, therefore significantly larger volume of

hydrogen is required compared to conventional fuels for the

same range of the vehicle. Among these, pre-ignition and

backfire remain the biggest challenges for commercialization

of hydrogen engine. Researchers have used several induction

techniques, injection strategies, and water induction in the

intake manifold for hydrogen fuelled engine in order to

eliminate/control engine backfire. For controlling NOx emis-

sions, EGR and/or water injection into the intake manifold

have been successfully attempted.

Das and Mathur [4] controlled NOx emissions from a

hydrogen fuelled engine using different EGR rates. Experi-

ments were performed on a carbureted hydrogen engine.

They obtained significant reduction in NOx emissions using

15% EGR. Improvement in fuel consumption was also ach-

ieved. Brake specific fuel consumption (BSFC) decreased upon

increasing EGR. Increasing the spark advance increased the

temperature inside the combustion chamber, which

increased the NOx emissions from the engine. Mohammadi

et al. [5] investigated performance and NOx emissions by

direct injection of hydrogen in a single cylinder SI engine and

varied injection timings and ignition timings. MaximumBMEP

of 6.5 bars was obtained, when hydrogen was injected into the

combustion chamber during the intake stroke (300� BTDC). For

this case, maximum brake thermal efficiency was found to be

35% at F ¼ 0.5. At F ¼ 0.7, NOx emissions were roughly

8000 ppm. Injecting hydrogen during early stages of

compression stroke (140� BTDC) increased BMEP to 9.7 bars

with brake thermal efficiency of 38.9%. This led to reduction in

NOx emissions due to lean engine operation. Varde and Frame

[6] performed experiments in a single cylinder SI engine to

quantify the advantages of port injection of hydrogen over

carbureted induction in terms of backfire and cyclic varia-

tions. Experiments were performed at 1800 rpm and 2100 rpm

engine speeds. Improvements in lean-burn limit were

observed for the port injection system. Thermal efficiency of

port injection system in lean region was also higher.
Maximum NOx emissions were observed with mixture

strength slightly leaner then stoichiometric. Flame speed for

port injection was found to be higher than carburetion engine.

At 20� BTDC, backfire occurred between F ¼ 0.9 to 1.15 for

carburetor, whereas for port injection, backfire occurred be-

tween F ¼ 1.1 to nearly stoichiometric mixtures.

Another technique to overcome auto-ignition and backfire

from hydrogen fuelled engine is by using electrode-less igni-

tion system such as laser ignition (LI). In LI, a pulsating laser

beam is converged at a point using a converging lens, which

creates plasma at the focal point of the converging lens.

Plasma is formed, when the energy density at the focal point

increases beyond a threshold value. Apart from controlling

backfire and auto-ignition, LI has proved to be a better ignition

technique for improving engine performance and emissions.

LI was successfully performed for the first time in an IC engine

in 1978 by Dale et al. [7]. They compared the results of LI with

baseline conventional spark plug ignition system and re-

ported that at 300 mJ/pulse laser energy, peak cylinder pres-

sure rise was higher for LI. Minimum air-fuel ratio limit, at

which LI was possible, reduced to 27.8:1 compared to 22.5:1 for

conventional ignition system. At a particular engine operating

condition, 17% improvement in BSFC was observed, while

using 17% EGR. Herdin et al. [8] performed experiments in a

large-bore engine fuelled with natural gas. They reported that

increasing the inecylinder pressure decreased the energy

required for creating plasma inside the combustion chamber.

Compared to conventional spark plug ignition system, igni-

tion delay was shorter for LI. Liedel et al. [9] investigated LI

using a Q-switched Nd: YAG laser with wavelengths of

1064 nm and 532 nm and a pulse duration of 6 ns in a GDI

engine. Fuel consumption in LI systemwas significantly lower

compared to the conventional ignition system. Exhaust

emissions reduced by 20% for LI. By changing the wavelength

of the laser, no significant effect on engine performance was

observed.

Both McMillian et al. [10] and Srivastava and Agarwal [11]

performed experiments using SI and LI system in a natural

gas fuelled single cylinder engine. MacMillian et al. [10] per-

formed experiments to determine misfire limit and knock

limit of LI system. They reported increased misfire limit, and

decreased ignition delay for LI compared to SI. Srivastava and

Agarwal [11] carried out a comparative study between LI and

SI. They also varied laser plasma position to further investi-

gate the effect of plasma position on the engine performance.

Superior combustion and performance parameters were ob-

tained for LI compared to SI. Also slight increase in BSFC and

power output was obtained upon moving plasma position

deeper inside the constant volume combustion chamber

(CVCC).

Experiments on LI of hydrogeneair mixture were per-

formed by Srivastava et al. [12] however in a CVCC. A

Q-switched Nd:YAG laser was used for the experiments.

Pressure-time curves were obtained for both LI and SI by

varying air-fuel ratio, while maintaining constant initial

chamber filling pressure and initial chamber temperature.

Variations inminimum laser pulse energy required to initiate

combustion were determined by varying initial chamber

filling pressure and air-fuel ratio. It emerged that peak pres-

sure in both cases i.e. LI and SI was comparable but pressure
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rise rate was relatively higher for LI. Also for a fixed air-fuel

ratio, MPE for lower chamber pressure was higher. MPE

increased upon using leaner fuel-air mixture.

Several studies on laser ignition of hydrogeneair mixture

have been carried out but almost all of them are in CVCC. This

research is done to study the laser ignition of hydrogeneair

mixture in a laser ignited internal combustion engine. In the

research reported in this paper, comparative study between

conventional SI system and LI system were carried out to

investigate the technical potential of using LI system in a

prototype hydrogen fuelled engine. Engine performance,

emission and combustion characteristics for the two ignition

systems are compared.
Experimental setup

For performing these experiments, a four-stroke single cylin-

der diesel engine was modified to develop a prototype

hydrogen engine for this research and the modified engine

was operated as a spark ignition (SI) engine. A DC dyna-

mometer was used for loading the engine. A customized port

fuel injection system was developed for injecting hydrogen

directly into the intake manifold using custom-built high flow

rate solenoid injector (Alternative Fuel Systems, Gs-60-05-5 H),

which was specially designed for hydrogen applications. A

customized triggering circuit was assembled to trigger the

injector at desired crank angle position and control the

injector opening duration. Since the solenoid injector was a

peak and hold current type, a driver module (Alternative Fuel

Systems) was used to convert the output triggering pulse into

desired peak and hold current output, which opens solenoid

valve of the injector. The specifications of the modified test

engine are given in Table 1.

In order to measure the fuel flow rate into the combustion

chamber, a mass flow meter (Emerson, CMF010M) was used.

Two safety devices were designed and fabricated. A flame trap

(also called water trap) was fabricated with the objective of

trapping the flames propagating backwards to the hydrogen

cylinder. Additionally, a flame arrestor was fabricated, which

absorbs the heat and extinguishes the flames trying to prop-

agate backward though it. In addition, fuel injection strategy

in them manifold was devised such that it avoids backfire. In
Table 1 e Specifications of the test engine.

Engine characteristics Specifications

Model Kirloskar DM-10 (modified)

Injection type Port fuel injection

Number of cylinders One

Ignition type Spark ignition

Bore/Stroke 0.102 m/0.116 m

Displaced volume 0.948 L

Connecting rod length 0.232 m

Compression ratio 12:1

Inlet valve opening time 4.5� before top dead center

Inlet valve closing time 35.5� after bottom dead center

Exhaust valve opening time 35.5� before bottom dead center

Exhaust valve closing time 4.5� after top dead center

Cooling system Water cooled
the injection strategy, when intake valve opens initially, only

air enters into the combustion chamber and scavenges and

cools the residual hot spots in the combustion chamber dur-

ing the valve overlap. Colder intake air dilutes the hot residual

exhaust present inside the combustion chamber instantly.

Only after a time delay after intake valve opening, fuel injector

is actuated, and hydrogen is injected into the intake manifold

for induction into the combustion chamber. Since the in-

tensity of hot spots is reduced by this time due to cooling,

chances of backfire reduce significantly.

A piezoelectric pressure transducer (Kistler, 6013C) was

used for acquiring the inecylinder pressure data from the

engine combustion chamber. To amplify weak charge signals

generated by the pressure transducer, a charge amplifier

(Kistler, 5015) was used. For acquiring pressure data from the

engine combustion chamber, a high speed combustion data

acquisition system (Hi-Techniques, MeDAQ) was used. A raw

exhaust gas emission analyzer (Horiba, MEXA 584L) was used

tomeasure regulated pollutants namely CO, CO2, THC andNO.

Two different ignition systems were used for the compar-

ative study, namely SI system and LI system. For performing

experiments with SI system, a variable spark timing system

(Altronic Inc., CD200) was installed. This variable spark timing

system changes the spark timings using an ignition module.

Schematic of the experimental setup with conventional elec-

tric spark plug is shown in Fig. 1.

After performing the baseline experiments using spark

plug, this experimental setup was modified to perform ex-

periments with LI system. The schematic for the engine

experimental setup with laser spark plug ignition system is

shown in Fig. 2. For LI, a Q-switched Nd:YAG laser (Litron,

Nano L-200-30) was used. A laser spark plug developed in ERL

IIT Kanpur by Srivastava and Agarwal [18] was used for

focusing laser beam into the combustion chamber. A separate

laser triggering circuit to trigger laser at desired crank angle

position was developed. For mounting the laser, a laser stand

was designed in ERL, IIT Kanpur by Srivastava and Agarwal

[18]. It consists of a beam reflector, and a unit having diverging

and collimating lenses. Laser beam first passes through a

diverging and collimating unit, where beam diameter is

increased. The enlarged beam is then reflected by a beam

reflector. Angle of the beam reflector is adjusted in such a way

that laser beam is aligned to the axis of laser spark plug, which

is installed in the engine cylinder head. Experiments were

repeated again with LI system at identical engine operating

conditions in order to carry out comprehensive comparative

study between SI system and LI system.
Results and discussion

For comparing the performance of LI and SI systems for

igniting hydrogeneair mixtures, experiments were performed

under similar engine operating conditions using both ignition

systems.

Effect of engine load variations

Experiments were performed at a fixed spark timing of 23�

BTDC for both ignition systems. BMEP was varied from 0.66 to

http://dx.doi.org/10.1016/j.ijhydene.2014.12.030
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Fig. 1 e Schematic of experimental setup for spark ignition system.

Fig. 2 e Schematic of experimental setup for laser ignition system.
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3.31 bar and the engine combustion, emission and perfor-

mance results are reported in following sub-sections.

Combustion analysis
Fig. 3 shows the inecylinder pressure (P) and rate of pressure

rise (RoPR) w.r.t. crank angle degree (CAD) for both LI and SI of

hydrogeneair mixture with varying BMEP.

From Fig. 3, it is evident that maximum inecylinder pres-

sure (Pmax) and maximum RoPR increase with increasing

BMEP. Crank angle position of Pmax shifts towards TDC with

increasing BMEP. Reason for higher Pmax and RoPR with

increasing BMEP is relatively earlier start of combustion (SOC)

at high loads for hydrogeneair mixtures. At higher BMEP,

combustion starts earlier, which leads to shifting of pressure

peak towards TDC. This results in improved combustion and

higher combustion efficiency. For LI, Pmax and RoPR is higher

because of relatively earlier SOC compared to SI. Earlier SOC is

related to the energy density at the ignition point. There is a

basic difference in the energy absorption mechanisms be-

tween laser plasma and spark plasma. In LI, optical frequency

of laser beam is higher than the plasma frequency. Therefore

laser beam can propagate into the interiors of plasma, where

it gets absorbed at high efficiency near the focal point [13]. SI

operates at a frequency lower than the plasma frequency,

therefore spark cannot propagate inside the plasma and

plasma is sustained by absorption within a thin layer near the

plasma surface [13]. Therefore the pressure and temperature
Fig. 3 e Inecylinder pressure (P) and rate of pressure rise

(RoPR) for LI and SI of hydrogeneair mixture.
conditions generated by plasma of LI are of the order of 103 bar

and 106 K respectively [13e15], whereas for plasma of SI, they

are of the order of 102 bar and 104 K [16,17] respectively. Such

intense conditions with orders of magnitude higher temper-

atures and pressures at the plasma location in LI lead to

relatively earlier SOC of the hydrogeneair mixture in the

combustion chamber, leading to relatively higher combustion

efficiency vis-�a-vis SI. Similar results of inecylinder pressure

for LI and SI are reported by Dale [7] and Srivastava and

Agarwal [18]. Higher combustion efficiency also results in

higher heat release rate (HRR) and cumulative heat release

(CHR) for LI compared to SI for hydrogeneair mixtures (Fig. 4).

CHR for both LI and SI of hydrogeneair mixtures is almost

similar (Fig. 4). However HRR is higher for LI compared to SI.

Increasing BMEP increases CHR due to higher amount of fuel

inducted into the engine combustion chamber. Hydrogen

quantity required for LI is lesser compared to SI for main-

taining same BMEP however CHR remains almost same. This

is due to higher combustion efficiency for LI, which leads to

higher heat release per unit mass of fuel inducted.

Fig. 5 shows mass burn fraction (MBF) and combustion

duration (CD) for both LI and SI of hydrogeneair mixtures.

Three different MBF shown are namely 10%, 50% and 90%

MBF. In this investigation, SOC is taken as 10%MBF and EOC as

90% MBF.

For both LI and SI combustion, increasing BMEP advances

SOC as depicted by 10% MBF (Fig. 5). Also combustion starts

earlier for LI compared to SI. Ignition delay decreases with
Fig. 4 e Heat release rate (HRR) and cumulative heat release

(CHR) for LI and SI of hydrogeneair mixtures.
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Fig. 5 eMass Burn Fraction (MBF) and combustion duration

(CD) for LI and SI of hydrogeneair mixtures.

Fig. 6 e Brake thermal efficiency (BTE), relative air-fuel ratio

(l) and exhaust gas temperature (EGT) for SI and LI of

hydrogeneair mixtures.
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increasing fuel quantity, causing earlier ignition of air-fuel

mixture for higher engine loads. For higher BMEP, higher

fuel quantity is required, which decreases relative air-fuel

ratio (l), leading to an increase in richness of the fuel-air

mixture. This leads to relatively earlier SOC at higher BMEPs.

Also the temperature and pressure of the ignition volume for

LI is significantly higher compared to SI, which means that

higher intensity energy is available at the point of ignition in

case of LI, leading to relatively earlier SOC. Similar results

were also reported by Herdin et al. [8].

For LI, increasing BMEP decreases CD (Fig. 5). Further

increasing BMEP beyond a certain value increases the CD

slightly. Similar results on CD for hydrogen were reported by

Yamin et al. [19]. SI engine has three main stages of com-

bustion namely ignition lag, flame propagation and after-

burning. For lower BMEP, lesser amount of fuel is used.

Therefore fuel burns completely in the flame propagation

zone. Increasing BMEP increases the amount of fuel inside the

combustion chamber. If mixture becomes rich then the

combustion process continues till after-burning stage, which

increases the CD. In this case, when BMEP is less than 3.31 bar,

entire fuel burns in flame propagation stage and at BMEP

3.31 bar, mixture becomes richer, therefore combustion is

extended to after-burning stage, leading to increase in CD

(Fig. 5).
Performance analysis
Fig. 6 shows the variations of engine performance parameters

such as brake thermal efficiency (BTE), air-fuel ratio (l) and

exhaust gas temperature (EGT) w.r.t. BMEP for both LI and SI of

hydrogeneair mixtures.

BTE increases with increasing BMEP for both LI and SI.

Higher BTE is related to superior combustion of hydrogeneair

mixture inside the combustion chamber. Energy density

generated by laser beam for ignition is more intense than the

electrical spark plug. This leads to superior combustion inside

the combustion chamber resulting in higher combustion ef-

ficiency and higher BTE for LI compared to SI.

Leaner the air-fuel mixture, higher is its relative air-fuel

ratio (l). Increasing BMEP decreases l (Fig. 6). At higher

BMEP, more hydrogen is required, therefore mixture becomes

relatively richer hence l decreases. For LI, l is slightly higher

because of lesser fuel requirement to produce same BMEP due

to relatively superior combustion efficiency of LI. BSFC curve

(Fig. 7) depicts the same.

From Fig. 6, it is evident that EGT increases upon

increasing BMEP for both LI and SI combustion. For LI, EGT is

relatively lower compared to SI. The reason for this behavior

http://dx.doi.org/10.1016/j.ijhydene.2014.12.030
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Fig. 7 e Brake specific fuel consumption (BSFC) variations

for LI and SI of hydrogeneair mixtures.
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is that the flame front propagation is quite different for LI

combustion and SI combustion. In SI combustion, flames

propagate in the form of a flame front starting from the spark

plug, propagating radially outwards. Highest temperature is

observed in the reaction zone i.e. which is just inside the
Fig. 8 e (a) Mass emissions and (b) Raw emissio
flame front. On the other hand, for LI of hydrogeneair

mixture, flame front propagation is caused by multiple ex-

plosions inside the flame kernel [20]. Therefore flame front

propagates volumetrically and temperature distribution is

relatively more uniform in the combustion chamber. Addi-

tionally, in case of SI, spark plug electrodes are located close

to the cylinder head, therefore the flames have to travel

relatively longer distance, and combustion continues for

relatively longer time. This leads to heat being released

deeper into the expansion stroke, therefore higher exhaust

gas temperature are experienced. On the other hand, in LI,

the plasma is generated relatively centrally, away from the

cylinder head, therefore maximumdistance of flame travel is

relatively shorter therefore CD is also shorter (Fig. 5). Due to

volumetric flame front propagation originating from a rela-

tively more central location in the combustion chamber,

temperature inside the combustion chamber for LI is

relatively lower than SI.

Fig. 7 shows trend of BSFC for both LI and SI. It can be seen

that increasing BMEP reduces the BSFC, which means that at

higher engine loads, lesser hydrogen is required to produce

unit power output. Also BSFC is relatively lower for LI

compared to SI combustion. This is related to BTE. At higher

BMEP, BTE is also higher, therefore lesser hydrogen quantity

would be required to produce unit power output at higher

loads. These results correlate well with the results reported by

Liedel et al. [9].
ns for LI and SI of hydrogeneair mixtures.
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Emissions analysis
Fig. 8 shows both specific emissions and raw emissions for LI

and SI. NO emissions for SI are slightly higher than LI. NO

emissions are generally dependent on peak temperature in-

side the combustion chamber. Since in case of LI, temperature

is distributedmore uniformly inside the combustion chamber,

unburned charge is not exposed to localized extreme tem-

peratures. For SI, extreme temperatures are available inside

the flame front. Therefore tendency of NO formation is rela-

tively higher because the combustible charge is in direct

contactwith the high temperature flame front. Bihari et al. [21]

also reported lower NOx emissions for LI compared to SI,

which is in line with the observations of this study.

Total unburned hydrocarbons (THC), carbon dioxide (CO2)

and carbon monoxide (CO) emissions are very low in the

hydrogen fuelled engine. CO emissions are almost zero and

THC and CO2 emissions are also insignificant. This is due to

complete absence of carbon in the fuel. Small amount of THC

and CO2 emissions are observed because of combustion of

lubricating oil, which gets thrown into the combustion

chamber due to piston ring dynamics. CO2 emission for LI is

also almost zero. Therefore, all these regulated emissions are

insignificant and their relative comparison is not worth.

Effect of spark timing variations

Spark timing was varied for both LI and SI in order to observe

the effect of spark timings on combustion of hydrogeneair
Fig. 9 e P-q and RoPR curves for LI and SI of hydrogeneair

mixtures with varying spark timings.
mixtures. For these experiments, a fixed value of air-fuel ratio

(l) ¼ 1.4 was maintained for all spark timings. Four different

spark timings were used in this experiment (14, 17, 20 and 23�

BTDC).

Fig. 9 shows the P-q and RoPR variations for LI and SI under

varying spark timings for combustion of hydrogeneair

mixtures.

On advancing the spark timing, Pmax and RoPR increased

for both the LI and SI. Combustion starts relatively earlier in

the combustion chamber upon advancing the spark timing.

This leads to combustion of higher quantity of charge rela-

tively earlier in the expansion stroke, when the piston is closer

to TDC and traveling downwards. This affects the combustion

of hydrogeneair mixture positively [22]. Hence Pmax increased

upon advancing the spark timing. This also increased RoPR

because of higher charge burning near TDC.

Fig. 10 shows the HRR and CHR for LI and SI. HRR increased

upon advancing the spark timing. On advancing the spark

timing, higher quantity of charge burns closer to TDC, during

the expansion stroke. This leads to higher HRR for advanced

spark timings. At a constant BMEP, HRR for LI is relatively

higher because of higher combustion efficiency for LI

compared to SI. Since the hydrogen quantity is same in both LI

and SI and combustion efficiency of LI is higher, therefore

cumulative heat release is higher for LI compared to SI

(Fig. 10).

Fig. 11 shows MBF (10%, 50% and 90%) and CD for LI and SI

at different ignition timings.
Fig. 10 e HRR and CHR for LI and SI of hydrogeneair

mixture with variable spark timings.
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Fig. 11 e MBF and CD for LI and SI of hydrogeneair mixture

with variable spark timings.
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As seen from 10% MBF curve, combustion starts relatively

earlier for LI compared to SI for fixed spark timing due to

higher energy density at the point of ignition. From CD curve

(Fig. 11), it can be seen that advancing the spark timing

shortens CD. Also for LI, CD is shorter compared to SI. On

advancing the spark timing, combustion predominantly takes

place closer to TDC. Due to higher compression near TDC

position, flame propagates quickly, shortening CD. For LI,

combustion starts relatively earlier, therefore CD shortens by

a greater degree for LI compared to SI at the same spark

timing.
Conclusions

This study was carried out to investigate the advantages of

laser ignition (LI) system over conventional electrical spark

ignition (SI) system for a hydrogeneair mixture fuelled

prototype engine. Following conclusions can be drawn from

the experimental results:

▪ At all loads, Pmax, RoPR, HRR in case of LI were relatively

higher compared to SI.

▪ Combustion started relatively earlier for LI compared to SI.

Combustion duration (CD) for LI was also relatively shorter

than SI.
▪ Engine performance parameters for LI were superior than

SI.

▪ Exhaust gas temperature for SI were relatively higher,

leading to higher NO formation. All other regulated emis-

sions were insignificant in both cases, due to complete

absence of carbon in the test fuel.

▪ At a fixed l, advancing the ignition timing improved com-

bustion parameters for both LI and SI. At the same ignition

timing, combustion parameters for LI were found to be

superior to SI.

Acknowledgments

The authors would like to acknowledge the research grant

from Ministry of New and Renewable Energy, Government of

India for carrying out this investigation (Grant No. 103/138/

2008-NT dated 26-12-2011). Mr. Gaurav Verma, Senior

Research Associate in ERL helped in carrying out the experi-

ments along with laboratory staff, Mr. Roshan and Mr.

Hemant.
r e f e r e n c e s

[1] Global population Profile: 2002. U.S. Census Bureau [cited on
25.06.14]. http://www.census.gov/prod/2004pubs/wp-02.pdf.

[2] Shell energy scenarios to 2050. Shell international BV [cited
on 25.06.14].

[3] Hydrogen Production. U.S. Department of Energy [cited on
25.06.14].

[4] Das LM, Mathur R. Exhaust gas recirculation for NOx control
in a multi-cylinder hydrogen-supplemented S.I. engine. Int J
Hydrogen Energy 1993;18(12):1013e8.

[5] Mohammadi A, Shioji M, Nakai Y, Ishikura W, Tabo E.
Performance and combustion characteristics of a direct
injection SI hydrogen engine. Int J Hydrogen Energy
2007;32:296e304.

[6] Varde KS, Frame GM. A study of combustion and engine
performance using electronic hydrogen fuel injection. Int J
Hydrogen Energy 1984;9(4):327e32.

[7] Dale JD, Smy PR, Clements RM. Laser ignited internal
combustion engine e an experimental study. SAE Paper
780329. 1978.

[8] Herdin G, Klausner J, Wintner E, Weinrotter M, and Graf J.
Laser ignition e a new concept to use and increase the
potential of gas engines. ASME ICED fall technical conference
proceeding 2005; Paper No. ICEF2005e1352:673e81.

[9] Liedel G, Schuocker D, Geringer B, Graf J, Klawatsch D,
Lenz HP, et al. Laser induced ignition of gasoline direct
injection engines. Proceeding SPIE 2005;5777:955e60.

[10] McMillian M, Richardson S, Woodruff SD, McIntyre D. Laser-
spark ignition testing in a natural gas-fueled single-cylinder
engine. SAE Paper 2004-01-0980. 2004.

[11] Srivastava DK, Agarwal AK. Laser ignition of single cylinder
engine and effects of ignition location. SAE Paper 2013-01-
1631. 2013.

[12] Srivastava DK, Agarwal AK, Wintner E. Laser ignition of
hydrogen-air mixture in a combustion bomb. SAE Paper
2008-28-0033. 2008.

[13] Radziemski LJ, Cremers D. Laser-induced plasmas and
applications. New York: Marcel Dekker Inc; 1989.

[14] Phouc TX, White FP. Laser-induced spark ignition of CH4/Air
mixtures. Combust Flame 1999;119(3):203e16.

http://www.census.gov/prod/2004pubs/wp-02.pdf
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref1
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref1
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref1
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref1
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref1
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref2
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref2
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref2
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref2
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref2
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref3
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref3
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref3
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref3
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref4
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref4
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref4
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref4
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref5
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref5
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref5
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref5
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref6
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref6
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref6
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref7
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref7
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref7
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref8
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref8
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref8
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref9
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref9
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref10
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref10
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref10
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref10
http://dx.doi.org/10.1016/j.ijhydene.2014.12.030
http://dx.doi.org/10.1016/j.ijhydene.2014.12.030


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 2 3 8 6e2 3 9 5 2395
[15] Phuoc TX. Laser spark ignition: experimental determination
of laser-induced breakdown thresholds of combustion gases.
Opt Commun 2000;175(4e6):419e23.

[16] Heywood JB. Internal combustion engine fundamentals.
Nueva York: Mc Graw Hill; 1989.

[17] Maly R, and Vogel M. Initiation and propagation of flame
fronts in lean CH4 e air mixtures by the three modes of the
ignition spark. Proceeding of seventeenth international
symposium on combustion 1976; 821e831.

[18] Srivastava DK, Agarwal AK. Comparative experimental
evaluation of performance, combustion and emissions of
laser ignition with conventional spark plug in a compressed
natural gas fuelled single cylinder engine. Fuel
2014;123:113e22.

[19] Yamin JAA, Gupta HN, Bansal BB, Srivastava ON. Effect of
combustion duration on the performance and emission
characteristics of a spark ignition engine using hydrogen as a
fuel. Int J Hydrogen Energy 2000;25:581e9.

[20] Dharamshi K, Pal A, Agarwal AK. Comparative investigations
of flame kernel development in a laser ignited hydrogeneair
mixture and methaneeair mixture. Int J Hydrogen Energy
2013;38(21):10648e53.

[21] Bihari B, Gupta SB, Sekar RR, Gingrich J, and Smith J.
Development of advanced laser ignition system for
stationary natural gas reciprocating engines. ASME ICED fall
technical conference proceeding 2005; Paper No.
ICEF2005e1325:601e08.

[22] Zareei J, Kakaee AH. Study and the effects of ignition timing
on gasoline engine performance and emissions. Eur Transp
Res Rev 2013;5:109e16.

http://refhub.elsevier.com/S0360-3199(14)03406-5/sref11
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref11
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref11
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref11
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref11
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref12
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref12
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref13
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref13
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref13
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref13
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref13
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref13
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref14
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref14
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref14
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref14
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref14
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref15
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref15
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref15
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref15
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref15
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref15
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref15
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref16
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref16
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref16
http://refhub.elsevier.com/S0360-3199(14)03406-5/sref16
http://dx.doi.org/10.1016/j.ijhydene.2014.12.030
http://dx.doi.org/10.1016/j.ijhydene.2014.12.030

	Comparative study of laser ignition and conventional electrical spark ignition systems in a hydrogen fuelled engine
	Introduction
	Experimental setup
	Results and discussion
	Effect of engine load variations
	Combustion analysis
	Performance analysis
	Emissions analysis

	Effect of spark timing variations

	Conclusions
	Acknowledgments
	References


