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Abstract: Laser ignition has been discussed widely as a potentially superior
ignition source for technical appliances such as internal combustion
engines. Ignition strongly affects overall combustion, and its early stagesin
particular have strong implications on subsequent pollutant formation,
flame quenching, and extinction. Our research here is devoted to the
experimental investigation of the early stages of laser-induced ignition of
CHy/air mixtures up to high pressures. Tests were performed in a 0.9-1
combustion cell with initial pressures of up to 25 bar with stoichiometric to
fuel-lean mixtures using a 5-ns 50-mJ 1064-nm Nd:YAG laser. Laser-
induced fluorescence (LIF) was used to obtain two dimensionally resolved
images of the OH radical distribution after the ignition event. These images
were used to produce an animation of laser ignition and early flame kernel
development. Schlieren photography was used to investigate the laser-
induced shock wave, hot core gas, and developing flame ball. We extend
existing knowledge to high-pressure regimes relevant for internal comb-
ustion engines.
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1. Introduction

Internal combustion engines play a dominant role in transportation and in energy production.
The spark-ignited Otto engine has widespread use and has been the subject of continuous
improvements. The ignition source, however, has remained comparatively unchanged in the
past 100 years. An electrical spark plug essentially consists of two electrodes with a gap in
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between where, upon application of a high voltage, an electrical breakdown occurs. By
exchanging the electrically generated spark plug for a laser-generated one, provided that an
industrially suitable laser source is available, one would have several advantages, among
which are the free and optimum choice of ignition location. With large stationary engines, a
prolonged lifetime would increase maintenance intervals and hence reduce costs [1]. For
automobile applications, the costs of a laser ignition system would have to compete with
those of the established spark-plug setup. Laser ignition was found to be capable of safely
igniting leaner fuel/air mixtures than can be achieved with a spark plug. Lean burn operation
results in reduced NO, emissions and is therefore favorable. Lean mixtures have a reduced
burning velocity; therefore multipoint ignition as studied in Refs. [2, 3] might eventually
become necessary to compensate for the loss in flame speed for engine applications. The
major obstacles in developing a future laser ignition system for engine use are high laser cost,
laser reliability, sufficient pulse energy at high repetition rate [4], and optical window fouling
[5].

Apart from laser spark ignition, laser-assisted auto ignition has also been investigated [ 6].
A review on alternative ignition systems such as laser ignition is presented in Ref. [7]. Laser
ignition of gases, predominantly CH,/air mixtures, has been studied previously [5, 8, 9] as
well as laser ignition of liquid fuels [10]. Tests were performed both in static laboratory
combustion cells [11] and in adapted engines [12]. Ignition is a complex phenomenon that
strongly affects the subsegquent combustion. The early stages in particular have strong
implications on pollutant formation, flame propagation, and quenching. The time scale of a
laser-induced spark is several orders of magnitude smaller than the time scales of turbulence
and chemical kinetics. In Ref. [7] the importance of the spark time scale on flame kernel size
and NO, production is outlined. Our study focuses on the experimental investigation of the
early stages of laser-induced ignition, which is the time span between the energy depaosition
by a focused laser beam (ns domain) to several tens of microseconds (detachment of the
shock wave from the hot core air and outward propagation) to several milliseconds
(development of the flame ball).

2. Experimental setup

The laser-induced ignition of stoichiometric to fuel-lean CHj/air mixtures was studied
experimentally in a thermostated constant-volume vessel (0.9 I) with temperatures ranging
from 300 to 473 K and with initial pressures between 1 and 25 bar. The vessal is equipped
with four windows made of sapphire. Two of them are opposite each other in the lateral and
transverse direction (along the axis and perpendicular to it). A Q-switched Nd:YAG laser
(Quantel Brilliant; 400 mJ, 1064 nm) is deployed for igniting the combustible mixture inside
the vessel. The pulses (5-ns duration) can be attenuated by use of a two-step polarizer half-
wave plate setup from 50 to 1 mJ. A pressure transducer in conjunction with a precision
charge amplifier was used to determine the pressure inside the vessel. The stoichiometry of
the air/CH, mixtures (the A value) was determined by the partial pressures of the gases. Since
CH, isahighly compressible gas, the exact A was determined by gas chromatography. Details
on the experimental setup can befound below in Fig. 1 and in Ref. [9].

2.1 Schlieren photography

To obtain information on media with refractive-index gradients, one can use either techniques
relying on beam deflection such as Schlieren photography or shadowgraph or those using
phase determination such as interferometry [17]. Another approach is given by photothermal
methods, in particular, the probe-beam deflection technique [17]. Perpendicularly to the
igniting laser beam, collimated light from a flash lamp (1-ms pulse duration) was directed
through the combustion vessel. Because the index of refraction in gases is strongly dependent
on the density, areas with gradients of temperatures or pressures have a considerable effect on
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the propagation of light, and the refraction angle is proportiona to the first derivate of these
parameters[13]. The experimental setup for the Schlieren experimentsis depicted in Fig. 1.

\M
B\

| 3 5 /

M

M

7 H

M
Fig. 1. Experimental setup for Schlieren photography; 1: pulsed Nd:Y AG laser for ignition; 2:
flash lamp; 3: combustion chamber; 4: CCD camera; 5: focus of the Nd:Y AG laser beam; 6:
spherical mirror (f = 660 mm); 7: knife edge or aperture; M: mirror.

The spherical mirror (6 in Fig. 1) has two functions: (1) It focuses the unscattered part of the
incoming paralel light in the distance of its focal length f, and (2) it images a real and an
inverted picture of the scattering area on the CCD chip of the camera. The magnification M of

this image depends on the distance S from the Schlieren to the mirror and the distance S
: , _ 1 1 1 )
from mirror to camera with the law for thin lenses; — = g-i—g and M = -
parallel part of the beam is cut out by placing an aperture in the focal region such that it
covers the focused light but enables the scattered part to pass around the focal area.

The scattering direction depends on the direction of the diffraction-index gradient. If a
razor edge is used as an aperture, which covers the whole focus region but allows the
scattered light to pass only in the positive x direction from the focal point, the resulting
picture will show the diffraction-index gradients only in the x direction. In our case around
aperture was used, since gradients in all directions were present, so that all the scattered light
could pass. A high temporal resolution may be achieved by using either a fast light source or
afast camera. Here, afast gateable intensified camera was chosen.

A major advantage in Schlieren photography is the uncomplicated setup. A disadvantage
of the technique is that information from a volume is shown on a plane.

. Now the

2.2 Laser-induced fluorescence

To gain additional information about the temporal and spatial characteristics of the flame
kernel development in the first stages after ignition, a setup for recording of cross-sectional
images via planar laser-induced fluorescence was employed. Laser-induced fluorescence
(LIF) is a highly selective and sensitive method for detecting minor or transient species in
chemical reacting flows, plasmas, or combustion processes. Excitation is performed by tuning
a laser to a species-specific wavelength enabling a transition to an excited electronic state.
Within the lifetime, the excited state decays by emitting light of wavelengths according to
allowed transitions in the rotational—vibrational—electronic manifold. The signal is filtered,
amplified. and, by expanding the scheme to a two-dimensional setup (planar LIF) with
detection perpendicular to the excitation laser beam, provides information about the relative
particle density distribution of the species under investigation. The setup isshown in Fig. 2.
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Fig. 2. Schematic setup for planar laser-induced fluorescence imaging.

Although the method is ideally suited for nonintrusive diagnostics in hostile environments,
the drawback is the difficulty of obtaining reliable information about the absolute particle
density. The major suppressing effect on the fluorescence signal is collisional quenching, i.e.,
radiationless removal of the excitation energy by collisions. The quenching rate is state
specific, depends on the collision rate, and differs strongly between different colliders. The
particle density of the colliders itself is mostly unknown, so for absolute concentration
measurements without making too many assumptions about the chemical environment, one
has to rely on methods based on linear absorption. But if only relative densities are sufficient
for the information required, LIF or PLIF isthe method of choice. In this case, PLIF was used
to obtain temporally resolved two-dimensional cross sections of the early stage flame kernel
development by use of the OH radical as a coarse flame front marker. Excitation was
performed at the A%E(v'=1)-X’[1(v"=0) Q, (J=6.5) transition at ~283 nm, which was chosen
for its low temperature dependence under the expected experimental values. The detected
fluorescence signal was selected by a 10-nm bandwidth interference filter centered at the
A%(v'=0)-X’[I(v'=0) band at 310 nm. To minimize quenching effects, the gate of the
intensified camera system was shifted as close as possible toward the time of the laser pulse.
In Refs. [14-16], details of LIF applied to combustion and ignition diagnostics can be found.

3. Resultsand discussion
3.1 Schlieren photography

Schlieren photography was used to obtain visual information on the shock-wave formation
and flame kernel development following the laser-induced breakdown and plasma formation.
Images from the plasma emission show the typical asymmetric spark structure (domination of
the inverse bremsstrahlung absorption process).
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Fig. 3. Image of the emission 200 ns after breakdown in air. Theignition laser is entering from
the left side. The asymmetric intensity results from the increased absorption of laser radiation
by the generated plasma in the later stages of the pulse and has considerable effect on the
ignition and flame propagation characteristics of laser-ignited gas mixtures. Experimental
conditions: Pressure: 1 bar, medium: air, temperature: 300 K, exposure time: 3 ns, laser
energy: 230 mJ.

Investigations on the plasma emission were performed in air at different pressures. The shape
and structure of the emission zone is less dependent on the constituents, so these
measurements were performed in air.

In adifferent investigation at 0.2 bar [17], anearly perfect cylindrical shape whose sizeis
of the order of the focal spot size was observed (domination by the multiphoton ionization
process). In Ref. [17], the mechanisms leading to asymmetric flame kernel growth are
discussed. Our observations confirm these findings at elevated pressures.

Breakdown leading to laser ignition is a process that is highly stochagtic because of the
nonlinear processes involved. In most experiments, only one breakdown in the focal region of
the laser beam was observed. In Fig. 2 one can see the two shock waves break down at two
locations. Note the effect of one shock wave on the propagation speed of the other. The
interaction of two laser-induced shock wavesis studied in Ref. [18].

Fig. 4 Breakdown occurred at two |ocations simultaneously; therefore two shock waves can be
observed. In the middle of these, one can see the hot core air. Less energy was deposited in the
left region, so the resulting shock wave is smaller. Experimental conditions: Pressure: 25 bar,
medium: air, temperature: 373 K, light source: flash lamp, exposure time: 30 ns, laser energy:
50 mJ, time: 8 ps after ignition; image dimensions: 11.6 mm x 9.15 mm.
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Fig. 5. Multiexposure image of the shock wave in air at 10 bar in 500-ns steps after ignition.
The distance between the first two shock front structures outside the hot core gas is visibly
larger than between the subsequent exposures. The imaging rate of the camera was at its
fastest, so no exact shock-wave speed variation could be deduced from these multiexposure

images.
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Fig. 6. Left: Dimensions of the shock wave and the hot core gasin 1 bar CO,. Right:
dimensions of the flame kernel in a stoichiometric CH4/air mixture at 10 bar. || parallel
direction to theigniting laser; | : perpendicular toit.

The camera used had a repetition rate that allowed the recording of one image per ignition
event, except for the multiexposure images obtainable in the shock-wave visualizations. All
other multiexposures gave only blurry images. To study the temporal evolution of the ignition
process, multiple images had to be recorded from multiple ignition events. Owing to the
stochasgtic nature of the breakdown process, the initial size of the hot core air and shock wave
varied considerably. Therefore, the images do not fit together perfectly (see Fig. 6, right). To
obtain a semi-quantitative trend, however, the method was considered to be appropriate.

In Ref. [19], Schlieren images of CHj/air mixtures in a laminar flow at 1 bar were
obtained to study the flame kernel development and the shock-wave formation. The flame
kernel dimensions and shock-wave expansion velocity were determined at 6 and 80 mJ. The
air/fuel equivalence ratio A was found to have a negligible influence on the size of the
ellipsoidal kernel, but the spark energy was found to have a strong influence in that study.

3.1.1 Shock wave
The properties of the shock wave were investigated in air, CO,, and H, at pressures between 1

and 25 bar. The shock wave has two major implications on laser ignition: First, it transports
energy away from the ignition spot, and second, it causes a significant temperature rise. When
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the shock wave has detached from the hot core ar, both phenomena can be studied
independently. The shock wave initialy has an ellipsoidal shape caused by the asymmetric
energy deposition of the laser. At alater stage, as it has propagated outward, the shock-wave
front was found to approach a spherical geometry (see aso Ref. [17]). Figure 7 shows the
velocities of the shock wave in transverse direction to the igniting laser beam.

air co, H,
5000 T UL 7 5000
(a) 1 bar (b) -1 bar (c) - 12 bar
10bar| { ——15bar 1
—— 25 bar
4000 4 4 A 1 A - 4000
@ . ‘
£ 3000+ 1 4 E : - 3000
2
‘o
S)
3 J
> 2000 4 - - - 2000
1000 - 1000

1000 2000 3000 1000 2000 3000 1000 2000 3000
Time [ns] Time [ns] Time [ns]
Fig. 7. Velocities of the shock wavesin (a) air, (b) CO,, and (c) H, at pressures between 1 and

25 bar. Note the same scales for all subfigures. The velocities were determined in the
transverse direction to the igniting laser (torus).

In another study at 300-mJ pulse energy, the shock-wave velocity after 1 us was found to be
approximately 450 m/s in air at atmospheric pressure [17]. Here, we obtained roughly 1900
m/s for air at 1 bar after 1 ps. Since we could obtain only one image per ignition test, our
uncertainty is rather large. As can be seen from Fig. 5, the shock-wave velocity decreases
with pressure. As can be seen from the comparison of the shock-wave velocity in Figs. 5(a)
and 5(c) for air and H,, respectively, the shock-wave velocity aso strongly depends on the
composition. The shock-wave velocity was afunction of the laser energy.

3.1.2 Hotcoregas

Fig. 8. Schlieren image of a stoichiometric CHy/air mixture at 10 bar, 500 us after ignition
(left) and the corresponding image of the hot gas corein air (right) at identical conditions. The
shock wave is far outside the region of observation; only the hot core of the gas mixture in the
beginning stages of combustion is visible. The difference in size is not typical but can be
attributed to variations of laser energy deposition. The structures in the combustible mixture
are much sharper owing to the beginning of heat release and subsequent higher-density
gradients in the flame front. Comparison with the corresponding image top right in Fig. 7
shows the OH-fluorescence signal in the same characteristical geometry.
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The hot core gas (see Fig. 8, left) was studied in longitudinal and transverse direction to the
igniting laser beam in air, CO,, and H, at pressures between 1 and 25 bar. The relaxation time
to bring the hot core gas back to room temperature was determined to be ~5 ms, which isin
agreement with other results [17]. The expansion velocities of the hot core were determined to
be approximately 40 and 4 m/s before and after the focus at ambient pressure in air. In our
study, the extension of the hot core air was found to be between approximately 2 and 4 mm
paralel to the laser beam and 1 and 2 mm in transverse direction immediately after the laser
energy deposition. The decay rate upon shrinking obtained from the Schlieren was
approximately 0.1-0.2 mm/ps.

3.1.3 Flamekernel

The properties of the developing flame kernel were investigated in CH,/air mixtures at 10 bar
at different air/fuel equivalence ratios of 1.0 and 1.5. In Fig. 9(a), one can see the extension of
the hot core air in 10-bar air with time both in the longitudinal and the transverse directions.
In Fig. 9(b), the growth of the flame kernel in a laser-ignited CH,/air mixture at 10 bar is
shown. As mentioned above, the data points exhibit a significant spread because only one
picture could be taken during each test and the temporal evolution is in fact composed of a
seguence of ignition tests. Nonetheless, one can see the trend quite well. The stoichiometric
flame grows faster than the fuel-lean one, which isin agreement with the existing literature.

Within the scope of this study, it is not possible to extract the flame speed from the test
data. In To obtain the laminar flame speed, one of the most important parameters of a
combustible gas, Schlieren photography in a spherical bomb is a common method as outlined
in Ref. [21] for diluted H,/air mixtures. However, there are several major complications: The
initial flame speed from laser ignition is higher than that of a flame initiated by spark-plug
ignition [4]. This effect can be attributed to the turbulent motion of the hot core gas induced
by the ignition laser plasma. The flame speed at early stagesis strongly dependent on the laser
energy but approaches equilibrium at later stages at approximately 10-20 ms. This effect is
visible in the fluorescence images, although the view is restricted because of the small
window diameter.

hot core air flame kernel
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Fig. 9. Flame kernel in laser-ignited CH4/air mixtures at 10 bar. (a) Temporal evolution of the
hot core in air, (b) that of the flame kernel in a stoichiometric and fuel-lean CH,/air mixture.
Note that combustion is faster at A = 1.

Also, one has to take into account that spherically expanding flames are subject to stretch in
response to curvature and strain. The difference between the observed velocity and that of a
plane flame is characterized by the Markenstein length [21]. Effects of excessive flame
stretch have been observed in a separate investigation that uses formaldehyde instead of OH
as aflame front marker. The results of that study are under evaluation.
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3.2 Laser-induced fluorescence

In Ref. [28], Chen and Lewis used PLIF to investigate plasma kernel dynamics and flame
development, which was identified as being essential for verifying modeling of laser ignition.
In that study, investigations at higher pressures up to 25 bar were conducted.

The anisotropy of early flame kernel development is also evident in the images recorded
by planar laser-induced fluorescence of the OH radical in the flame front. Because of the
higher experimental effort and the limited recording rate, investigation of ignition parameters
by sequential temporally shifted PLIF imaging was applied only to some selected sets of
parameters in the case of CHg-air mixtures. In afirst step, the flame front was defined as the
line of maximum signal after the first steep rise of the OH concentration. Three corresponding
images were averaged, and a set of intermediate images were created by interpolation. The
speed of the flame front was determined by the difference of two corresponding points
defined by the direction of avector in plane and orthogonal to the line determined previously.
This gives a sequence of two-dimensional images corresponding to the flame development in
the first few milliseconds after ignition. The three-dimensional structure can be assumed to be
cylindrical symmetric. A set of images recorded perpendicular to the ignition laser and the
symmetry of the images above and under the ignition laser direction proves this assumption.
The set of images were combined into a movie showing the first toroidal expansion and a
delayed but faster front-lobe formation typical of laser ignition in stationary media, which can
be explained by the strong energy deposition on the laser-sided end of the breakdown plasma.

Fig. 10. Planar laser-induced fluorescence images of the OH radical, ignition laser entering
from theright side. A = 1.0; CHJ/air, 25 bar. Image diameter is 18 mm. From left to right: 0.2,
0.5, 1.5, and 2.5 ms after ignition
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Fig. 11. Planar laser-induced fluorescence images of the OH radical, ignition laser entering
fromtheright side. A =1.3, CHJ/air 4.3 bar. Top row: 0.5 ms after ignition, from left to right:
50 mJ, 140 mJ ignition laser energy. Bottom row: 2.5 ms after ignition, from left to right: 50
mJ, 140 mJignition laser energy. Despite the difference in the first 500 ps after ignition the
flame kernel geometry appears similar after 2.5 ms, showing the transition from turbulent to
laminar flame front propagation. Observation of the full scaleimage was restricted by the
window diameter.

The LIF images cover the same region as the Schlieren images, with some slight changes to
account for focusing requirements with different optics. Figure 10 depicts OH LIF images
obtained in a stoichiometric CH4/air mixture at 25 bar. Figure 11 shows OH LIF imagesin a
fuel-lean CH,/air mixture a 4.3 bar. The geometry of the developing flame structure in these
early stages after ignition is almost completely determined by the expansion and convection
in response to the plasma kernel. At later stages—some 5 ms after ignition depending on
pressure, composition, and laser energy—the structure smoothes visibly, and the flame speed
approaches the laminar regime.

Fig. 12. (1.100 kB): Three-dimensional visualization of the flame front after laser ignitionin a
fuel-lean CHj/air mixture.

In Fig. 12, a movie derived from OH PLIF data shows the flame kernel formation and
propagation in a laser-ignited CHj/air mixture at ambient pressure. Before evauation, a
separate set of PLIF-measurements perpendicular to the axis of ignition proved the degree of
symmetry that allowed extrapolation of the data obtained in the plane of intersection to be
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rotationally symmetric. For this particular set of data, a nonlinear fit algorithm for evaluation
of PLIF data was used [29]. The literature contains a wealth of information on LIF studies of
laser-induced ignition (e.g. Ref. [23]). Here, the flame front of the developing flame kernel
was tracked by the OH radical to yield an animation, which we consider to be highly
illustrative.

4. Summary

In this study, laser-induced ignition of gases was investigated experimentally. A Nd:YAG
laser at 1064 nm was used for ignition. The early stages of combustion were investigated in
CHy/air mixtures at stoichiometric to fuel-lean conditions at ambient to elevated pressures.
Results and trends reported in the literature, predominantly for the ambient pressure regime,
could be verified up to high pressures.

Schlieren photography was used to study the laser-induced shock wave in H,, CO,, and
air at initial pressures ranging from 1 to 25 bar. The shock wave velocity was determined to
be approximately 1900 m/s at 1 bar in air after 1 ps. The shock-wave velocity is a function of
the deposited laser energy. The dimension of the hot core air a the location of the laser
plasma was determined to be approximately 2—4 mm parallel to the laser beam and 1-2 mm
in transverse direction immediately after the laser energy deposition. The decay rate upon
shrinking was approximately 0.1-0.2 mm/us, being more or less independent of pressure.

Planar laser-induced fluorescence (PLIF) spectroscopy of the OH radical was used to
learn about the plasma kernel dynamics and the flame development, which was identified as
being essential for verifying the modeling of laser ignition. Here, studies a high pressures
were conducted.
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