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a b s t r a c t

Homogeneous charge compression ignition (HCCI) is a very promising future combustion concept for

internal combustion engines. There are several technical difficulties associated with this concept, and

precisely controlling the start of auto-ignition is the most prominent of them. In this paper, a novel

concept to control the start of auto-ignition is presented. The concept is based on the fact that most

HCCI engines are operated with high exhaust gas recirculation (EGR) rates in order to slow-down the

fast combustion processes. Recirculated exhaust gas contains combustion products including moisture,

which has a relative peak of the absorption coefficient around 3mm. These water molecules absorb the

incident erbium laser radiations (l ¼ 2.79mm) and get heated up to expedite ignition. In the present

experimental work, auto-ignition conditions are locally attained in an experimental constant volume

combustion chamber under simulated EGR conditions. Taking advantage of this feature, the time when

the mixture is thought to ‘‘auto-ignite’’ could be adjusted/controlled by the laser pulse width

optimisation, followed by its resonant absorption by water molecules present in recirculated exhaust

gas.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The automotive industry is striving hard to reduce the fuel
consumption and harmful engine out emissions. These harmful
emissions are products of incomplete combustion except oxides of
nitrogen, which are combustion products formed due to high
temperature prevailing in the combustion chamber. There are two
distinct approaches to reduce these emissions and fuel consump-
tion; the first is to improve the conventional internal combustion
concept and the second is to develop a new combustion concept.
Homogeneous charge compression ignition is a new combustion
concept. In a homogeneous charge compression ignition (HCCI)
engine, air and fuel are premixed to form homogeneous mixture
and as soon as the piston reaches top dead centre (TDC) during the
compression stroke, the mixture auto-ignites at multiple locations
in combustion chamber simultaneously, releasing heat at a very
rapid rate in relatively much smaller combustion duration. This
new combustion concept combines the advantages of both,
gasoline and diesel combustion (spark ignition (SI) and compres-
sion ignition (CI)), i.e., the high efficiency of a diesel engine and
ll rights reserved.

: +91512 259 7408.
low soot emissions of a gasoline engine. However, unlike either of
these combustion concepts, combustion occurs simultaneously
throughout the combustion chamber rather than in the form of a
definite flame front traversing through the combustion chamber
as in the case of a SI engine or mixing controlled combustion of
fuel droplets as observed in a CI engine.

HCCI combustion was first discovered as an alternative
combustion concept for two-stroke internal combustion engines
by Onishi et al. [1]. A profound increase in the level of research
and development of this technology took place in the last decade
due to huge potential benefits, it offers. This has been directly
attributed to significant potential of this technology for enhancing
engine fuel economy and reducing emissions for automobiles/
engines.

HCCI combustion is achieved by controlling the temperature,
pressure, and composition of the fuel–air and exhaust gas
recirculation (EGR) mixture so that it spontaneously auto-ignites
in the engines. The control system for this is fundamentally more
challenging as compared to a spark plug/fuel injector used in SI/CI
engines. For HCCI, the control of ignition timing is extremely
critical. The recent advancements in electronic engine controls
have enabled consideration of HCCI combustion for application in
commercial engines. Inspite of this, several technical challenges
still remain to be resolved in order to make HCCI engines practical
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to a wide range of applications and viable for high volume
production. Some of the important challenges include: (1)
controlling auto-ignition timing and rate of combustion over a
wide range of engine operating conditions, (2) extending the
operating range of HCCI to include high engine loads, (3) cold-
start capabilities and quick transient response and (4) minimizing
hydrocarbon and carbon monoxide emissions.

Controlling the operation of a HCCI engine over a wide range of
speeds and loads is the most difficult technical challenge. HCCI is
affected by the fuel-air mixture composition, its time-tempera-
ture history, and to a lesser extent on cylinder pressure. Several
potential control methods have been proposed to control HCCI
combustion; e.g varying the amount of EGR [2,3], using a variable
compression ratio (VCR) [4], and using variable valve timing (VVT)
to change the effective compression ratio/ or the amount of hot
exhaust gases retained (internal exhaust gas recirculation; IEGR)
in the cylinder.

HCCI combustion is dominated by the rate of local chemical
kinetic reactions [5], with no requirement for flame propagation.
This notion has been supported by spectroscopic data indicating
that the order of radical formation in HCCI combustion corre-
sponds to self-ignition rather than flame propagation [6,7]. Recent
analytical developments also support the view that HCCI
combustion is dominated by chemical kinetics, and an analytical
method based on this premise has had considerable success in
predicting HCCI combustion and emissions [8]. If a truly
homogeneous mixture exists at the time of combustion, turbu-
lence has little direct effect on HCCI combustion, but it may have
an indirect effect by altering the temperature distribution and the
boundary layer thickness near the cylinder walls. Small tempera-
ture difference inside the cylinder has a considerable effect on
combustion due to the sensitivity of chemical kinetics to
temperature. As a result, heat transfer and mixing are important
in attaining the condition of the charge suitable for ignition.

The control of combustion phasing in a HCCI engine is done by
manipulating the pressure and temperature conditions by
regulating the intake valve closure (IVC). Since cylinder contents
follow a polytropic process during the compression stroke, all
thermodynamic states during compression are known once the
conditions at IVC are fixed. Control strategies for HCCI engines will
have to utilize some form of closed loop control and adjust the
valve timing to change the in-cylinder residual gas levels (IEGR) to
obtain the desired combustion phasing. The problem arises when
the piston reaches TDC position during the compression stroke
and suitable conditions for auto-ignition have not been achieved.
In such a situation, there are not many options, which can be
exercised to stimulate ignition. Thus, lack of direct ignition control
is a serious issue for HCCI combustion and engine development.

Kopecek et al. [9] investigated using laser to generate plasma
to assist the HCCI combustion and thereby having some degree of
control over the HCCI combustion. It was also demonstrated
that the laser plasma could sustain HCCI combustion even at
much lower inlet temperature than normally required. One of the
other problem that exists with HCCI combustion concept is the
exact definition of the start of the auto-ignition, which is very
sensitive to variations in the inlet temperature and mixture in-
homogeneity.

A new concept of a resonant ‘start of auto-ignition’ initiated by
a focused-pulsed laser beam with a wavelength around 3mm is
presented in this manuscript. The concept is based on the fact that
most HCCI engines are operated with high EGR rates in order to
slow-down the rapid combustion (auto-ignition), which gets
completed within few crank angle degrees (CAD) close to the
top dead centre during the end of the compression stroke/early
expansion stroke. This research investigates experimental feasi-
bility of this concept by simulating EGR in a constant volume
combustion chamber by adding known quantity of water
(moisture) thus slowing down the combustion assisted by laser
absorption.

Around 3mm wavelength range, different cheap and reliable
laser systems are available commercially, which can be used for
engine applications. For the first demonstration of this concept, a
flash lamp-pumped Er,Cr:YSGG (erbium, chromium-doped yt-
trium scandium gallium garnet) laser (l ¼ 2.79mm) was used in
the present experiments.
2. Experimental setup

For the demonstration of this concept, experiments were
carried out in a constant volume combustion chamber. The
internal diameter and length of the combustion chamber were
70 and 220 mm, respectively. Combustion chamber is heated up to
473 K (200 1C) for every test run. Liquid fuel (n-heptane) can be
injected using an injection needle into the combustion chamber
through the septum located at the top of the combustion chamber.
Moisture is required to simulate EGR in the chamber, hence water
can also be injected into the heated chamber using the same
septum. The water quickly evaporates because the temperature
inside the combustion chamber is maintained at 200 1C. Before
every injection, the combustion chamber was evacuated to avoid
possibility of any residual fuel/moisture. After fuel/water injec-
tion, the chamber was filled with air up to calculated chamber
pressure. The experimental setup can be seen in Fig. 2.

As ignition source, a flash lamp-pumped Er,Cr:YSGG laser
(l ¼ 2.79mm) with pulse duration of approximately 100ms, fixed
frequency of 20 Hz and variable average power of up to 6 W has
been used in the present investigation. Pulse width of 100ms is
however quite long to produce a non-resonant breakdown of gas
molecules. This laser has maximum pulse energy of 300 mJ per
pulse. This laser system is normally used for dental applications.
The beam profile was nearly Gaussian. The laser beam was guided
through a fibre into combustion chamber where it was collimated
using an uncoated CaF2 lens (f ¼ 20 mm) to a beam radius of
approximately 5 mm. The beam was again focussed into the
combustion chamber at a point using another uncoated CaF2 lens
(f ¼ 80 mm) attached to the sapphire window of the combustion
chamber. Inside the chamber, laser pulse energy was absorbed by
the water molecules which stimulate/initiate the auto-ignition of
the cylinder charge. Initially, laser beam was introduced into the
combustion chamber without focussing on a point. In this
condition, auto-ignition of fuel–air mixture was not achieved.

In the present study, initial chamber filling pressures between
6 and 8 bars and auto-ignition temperatures between 230 and
245 1C have been investigated. Air–fuel equivalence ratio is varied
between 0.8 and 1.5 and water content up to 0.3 ml. Laser energy
per pulse was also varied to investigate the effect of pulse energy
on the ignition initiation.

Initially, the experiments were carried out to ensure the effect
of moisture addition to the chamber contents in order to ascertain
its effect on ignition. Experiments were carried out in the constant
volume combustion chamber with cylinder contents (without
water addition) and it was found that transmitted laser intensity
was almost same as that of the incident laser intensity and there
was hardly any laser absorption by the cylinder contents,
suggesting that the fuel–air mixture does not absorb the incident
laser energy. In this experiment, combustion of the cylinder
contents did not take place. The same experiment with identical
experimental conditions was repeated with cylinder contents
having moisture. It was observed that approximately 96–97% of
the incident laser energy was absorbed by the constituents of the
combustion chamber, leading to combustion of fuel–air mixture.
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Fig. 1. Water absorption coefficient in dependence of the wavelength.

Fig. 2. Experimental setup for the resonantly triggered auto-ignition experiments in combustion chamber.
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This conclusively proved that the presence of moisture in the
cylinder constituents plays a vital role in absorption of the
incident laser energy, leading to combustion of cylinder contents.
EGR in an engine contains moisture along with other gaseous
species. Moisture has an absorption coefficient peak around 3mm
as shown in Fig. 1. The water molecules absorb incident erbium
laser radiation and get heated up. Hence, auto-ignition conditions
are locally attained and like an avalanche process, the whole
mixture auto-ignites at numerous locations in the combustion
chamber. Taking advantage of this process, the instant when the
mixture is scheduled to ‘‘auto-ignite’’ could be adjusted/con-
trolled by the laser pulse followed by its resonant absorption in
the combustion chamber (Figs. 2 and 3).
3. Results and discussion

Before the first experiment with resonant laser ignition
initiation, the auto-ignition conditions for different pressures
and equivalence ratios of n-heptane in the combustion
chamber were investigated. For these experiments, the combus-
tion chamber was heated up to 220 1C and thereafter filled
with varying amount of fuel, water and air. The chamber was
then slowly heated up till the mixture auto-ignited. For
laser ignition experiments, temperature of the combustible
mixture was increased to 2–3 1C below its auto-ignition
temperature and only then, the laser was turned on to ignite
the mixture.
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Fig. 3. Schematic of the laser ignition setup. (1) Laser head, (2) collimating lens,

(3) conversing lens, (4) air inlet, (5) exhaust outlet, (6) fuel/ water inlet, (7)

pressure transducer, (8) photodiode, (9) combustion chamber and (10) Optical

window.

Fig. 4. Pressure history of auto-ignition of n-heptane-air mixtures at different

equivalence ratios (initial chamber filling pressure: 7.3 bars; initial temperature

220 1C).

Fig. 5. Pressure history of auto-ignition of n-heptane-air mixtures with and

without simulated EGR (l ¼ 1.2; initial chamber filling pressure: 7.3 bars; initial

temperature 220 1C).

Fig. 6. Pressure histories of auto-ignitions and laser ignition of n-heptane-air

mixtures (l ¼ 1.2; initial chamber filling pressure: 7.3 bars; initial temperature

220 1C).
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Fig. 4 depicts the pressure history diagram for auto-ignition of
n-heptane-air mixtures for different equivalence ratios between
0.9 and 1.2 at an initial chamber filling pressure of 7.3 bars. Each
curve is averaged over 10 experiments under identical conditions.
The auto-ignition temperature had a variance of 72 1C, which was
reasonably reproducible. It was observed that the fastest combus-
tion took place for the stoichiometric mixture, as expected. A
slower combustion process was observed for richer (lo1) as well
as leaner (l41) mixtures. The auto-ignition temperature de-
creased with enrichment of fuel–air mixtures. It is reported that
during laser ignition of hydrogen-air mixture, peak pressure is
attained in approximately 400 ms after firing the laser [10].
However in the present experiment, n-heptane-air mixture auto-
ignites and the peak pressure is attained in approximately 20 ms,
under identical experimental conditions. This suggests extremely
rapid combustion and very fast rate of heat release during the
auto-ignition conditions.

To simulate EGR, exhaust gas produced in the previous ignition
experiment is used for the next experiment, which demonstrated
the slow-down of combustion reactions due to the presence of
exhaust gases in the chamber chamber. For this purpose, after a
successful combustion event, the chamber is not evacuated
completely. Hence for the next experiment, exhaust gas at 1 bar
pressure remains inside the combustion chamber and then
injection of fuel followed by air filling is carried out. Fig. 5
displays two pressure histories of n-heptane-air mixtures at initial
pressure and temperature of 7.3 bars and 220 1C, respectively (at
l ¼ 1.2) with and without residual exhaust gas. As expected, the
combustion in the mixture with exhaust gas is comparatively
slower and the auto-ignition temperature was higher.

For effective resonant absorption of the Er,Cr:YSGG laser
radiations, higher amount of moisture (normally compared to
what is available in the exhaust gas) had to be introduced into the
combustion chamber. As a first demonstration of the idea, small
amount of water was introduced along with fuel into the
combustion chamber. This experiment actually simulates extre-
mely high EGR rate in an engine. Two sets of experiments were
conducted by introducing different amounts of water (0.2 and
0.3 ml, respectively) in the combustion chamber and the laser
ignition was investigated for varying laser powers. These
quantities of water simulate approximately 48% and 72% EGR
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Fig. 7. (a) Pressure history of laser ignited auto-ignitions of n-heptane-air mixtures with 0.2 ml water (l ¼ 0.87; initial chamber filling pressure: 7.3 bars; initial

temperature: 220 1C). (b) Number of laser pulses needed for resonant triggering of auto-ignition at different laser powers.
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Fig. 8. (a) Pressure history of laser ignited auto-ignitions of n-heptane-air mixtures with 0.3 ml water (l ¼ 0.85; initial chamber filling pressure: 7.3 bars; initial

temperature: 220 1C). (b) Number of laser pulses needed for resonant triggering of auto-ignition at different laser powers.
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conditions, respectively, however these percentages of EGR were on
a higher side for a HCCI engine operation. These quantities of water
(EGR) can however be reduced by optimisation of laser pulse width,
which will be carried out in next phase of planned experiments.

Pressure histories of auto-ignition and laser ignition under
identical conditions are compared (Fig. 6). The mixture was
heated and the auto-ignition takes place at 233 1C. For the laser
ignition experiments, the mixture was initially heated up to
230 1C (2–3 1C below the auto-ignition temperature) and then the
mixture is ignited by laser absorption. A clearly slower combus-
tion process can be observed for the laser-assisted ignition
compared to auto-ignition.

Fig. 7 displays the results of rich combustion (l ¼ 0.87) with
0.2 ml of water. Laser pulse ignites the mixture, which is 3 1C below
its auto-ignition temperature. Fig. 7(a) shows the pressure histories
of combustion initiated with different laser powers varying from 2
to 6 W. As expected, with higher laser powers, the combustion
duration can be shortened. Fig. 7(b) shows the number of laser
pulses required for a successful ignition event. The laser had a fixed
internal repetition frequency of 20 Hz. Hence, the time interval
between two consecutive laser pulses is 50 ms. With higher laser
power, the number of laser pulses required for ignition decreases.

Fig. 8 shows the pressure curves and number of laser pulses
required for successful ignition event with 0.3 ml of water injected
into the combustion chamber, representing high EGR conditions.
On comparing Figs. 7 and 8, one can clearly observe that the
number of laser pulses required for successful ignition is
substantially lower when 0.3 ml water is injected in comparison
to 0.2 ml water. This summarily suggests that higher moisture in
the charge helps in reducing the number of laser pluses required
for a successful ignition event. The start time in these experiments
is taken from the firing of the first laser pulse incident on the
combustion chamber contents.

For a practical engine application perspective, the time taken
for ignition in a combustion chamber is far too long. However,
these experiments were conducted with a laser developed for
dental applications and not for the engine applications. The idea
of these first reported experiments was to demonstrate success-
fully the principle of this new concept of resonant absorption of
laser energy for stimulating HCCI combustion. The next steps
would be to conduct experiments with a laser system, which is
more adapted to engine applications (much shorter laser pulse
duration, higher pulse energy, single shot operation) and the
experiments will be conducted in a real engine environment with
turbulent conditions, which will assist the ignition process and
shorten the combustion duration further.
4. Conclusions

In this paper, a novel concept to define the ‘start of auto-
ignition’ in a constant volume combustion chamber is successfully
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investigated. Most of the HCCI engines use high EGR rates and
recirculated exhaust gas contains moisture. Moisture has a
relative wavelength peak of absorption coefficient around 3mm.
Therefore, in this research, it was attempted to define the start of
auto-ignition with the help of erbium laser (l ¼ 2.79mm) pulse.
Experiments were performed with 0.2–0.3 ml water injected into
the combustible mixture in the combustion chamber. It was found
that the number of laser pulses required for ignition of
combustible mixture decreases with increasing laser power and
moisture content (EGR rates). The lowest number of laser pulse
needed to ignite combustible mixture was 3 for 6 W laser energy
and 0.3 ml of water injected in the chamber. The number of laser
pulse required to trigger the auto-ignition can be further reduced
by optimising the laser parameters.
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