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Time-Resolved Imaging of Flame Kernels:
Laser Spark Ignition of H, /O, /Ar Mixtures

T. A. SPIGLANIN, A. MCILROY, E. W. FOURNIER, R. B. COHEN,

and J. A. SYAGE
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The shape and structure of developing flame kernels in laser-induced spark ignited hydrogen /air mixtures is
investigated as a function of gas composition and time. Using planar laser-induced fluorescence (PLIF) to
measure the spatial distribution of OH radicals produced inside the reaction zone, we have recorded the
evolution of the nascent flame kernel in a series of images following the laser-induced spark. This series
provides the rate of flame growth, the evolution of the flame shape, and the intensity of the PLIF signal as a
function of time for both igniting flames and nonignition events. The reaction zones grow quickly at early
times, but slowly decrease in propagation rate as the energy density within the flame kernel decreases. A
distinct anisotropy is observed in the expanding spark and flame kernel. At short times (+ < 100 us), a
toroidal shape is observed similar to that seen previously for electrode-spark ignitions and for laser ignitions
in methane /air. There is also a tendency for the flame to grow back toward the ignition laser. Successful
ignitions appear virtually identical to failed ignitions during the first 100 ws. Significant differences, notably
in intensity, appear between 100 and 500 us following the spark. These observations imply that early flame
kernel growth is dominated by gas motion induced by the short-duration spark. The ultimate fate of an
ignition lies with the chemistry of the reactions which determines whether the gas undergoes a transition

from hot plasma to propagating flame.

INTRODUCTION

Spark ignition of gases has a wide range of
applications that include, for example, internal
combustion engines, supersonic ramjets and
improved fire/ignition suppression systems
[1-5]. Significant advances in these technolo-
gies are currently limited by a poor under-
standing of the microscopic details of ignition.
Our research is aimed at explaining the mech-
anisms of ignition during its earliest stages,
emphasizing the interplay between chemistry
and fluid mechanics of the developing flame
kernel. The focus of this paper is the physical
shape and development of the flame kernel
during the first 3 ms. These properties depend
critically on both chemical kinetics and fluid
dynamics, thus experimental measurements
should provide a good foundation for theoreti-
cal developments.

Spark ignition involves the deposition of a
localized source of energy in a flammable gas
mixture to produce a small plasma [6—10]. The
plasma energy propagates by initiating
exothermic chemistry involving the fuel and
oxidizer, resulting in a local over pressure and
‘levated temperature in the evolving gas ker-
ael. This is followed by a quasiadiabatic expan-
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sion (relaxation) that leaves the gas kernel in a
state of high temperature and low density
[11-15]. This rapid expansion results in a shock
wave propagating outward from the hot gas
kernel. The intensity of the shock wave de-
pends on the duration, volume, and energy of
the initial spark. The energetic species react
with other molecules within the spark volume
(kernel) and at the boundary between the en-
ergetic kernel and the surrounding gas (i.e.,
the flame front), liberating yet more energy.
Chemistry at the boundary layer promotes fur-
ther flame kernel growth that propagates out-
ward until the flame kernel either dies out (if
an insufficient amount of initial energy is sup-
plied for the specific gas composition) or devel-
ops into a self-sustained freely propagating
flame. The early flame kernel is fragile because
the surface area of the expanding flame kernel
increases rapidly (i.e., flame stretch). The heat
generated by combustion must increase pro-
portionately to maintain the flame ignition
temperatures, otherwise, the flame extin-
guishes. As the flame kernel expands and the
flame front becomes more planar relative to
the flame thickness, propagation becomes more
stable. Since flame extinction is most likely to
occur in the initial stages of ignition, a detailed
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understanding of the fluid dynamics and reac-
tion mechanics for ignition onset is vital for
enhancing ignition efficiency or for developing
new methods of fire suppression.

The strong coupling between physical and
chemical processes that leads to flame forma-
tion makes ignition exceptionally difficult to
understand. There have been numerous at-
tempts to model ignition by numerical simula-
tions. Beginning in 1974, these calculations
started combining chemical kinetics with dy-
namical models for flame propagation. The
earliest of these used a reaction mechanism for
the hydrogen/oxygen system consisting of 11
steps [6]. Increased computational speed has
enabled more complex reaction mechanisms to
be included to accurately describe the chem-
istry of ignition phenomena [7-9, 11]. Despite
these advances, the majority of simulations
were confined to a one-dimensional geometry,

most often taken as the radial coordinate of a
" lindrical geometry.

A recent calculation by Kono et al. added a
second spatial dimension (length) to the simu-
lation but suppressed chemical reactions [12].
The resulting calculation therefore reasonably
represented the physical development of a
cylindrical hot gas kernel with finite length
imbedded in an inert gas. The development of
this hot kernel was followed as a function of
time to determine the forces that influence the
evolution of a nascent flame kernel in a
flammable gas. About 2 us after insertion of
the hot, ellipsoidal gas kernel, a shock wave
rapidly propagates outward, followed by a
slower development of the residual hot gas. By
100 pus, the residual gas clearly becomes
toroidal and continues to propagate outward in
this manner until the kernel dissipates. Com-
parisons between the calculated temperature
profiles and measured Schlieren photographs
of hot gas kernels produced between two elec-
trodes in air and in propane /air mixtures show
good qualitative agreement. Examination of
other Schlieren images of ignition kernels
shows a similarity to the hot gas kernels at
early times [12]. Recently Warnatz and

workers reported a two-dimensional numeri-
cal study of laser-induced ignition in hydro-
gen—oxygen mixtures that incorporates chemi-
cal reactions [15]. The energy deposition was

modeled as a continuous source for a fixed
period of time and, therefore, is not strictly
representative of the spark ignition conditions
employed in this work. Nonetheless, numerical
techniques for modeling ignition are becoming
more realistic, which should improve the con-
vergence and coordination of experimental and
theoretical work in this area. Experimental data
describing the early time evolution of combus-
tion are indispensable for validating and guid-
ing these theoretical efforts.

Since the coupling between chemical and
physical forces is central to the development of
flame kernels, probes are required that provide
time, space and chemical species resolved data.
The small size (<5 mm in diameter) and
relatively delicate nature of flame kernels re-
quire the use of noninvasive optical probes.
Planar laser induced fluorescence (PLIF) imag-
ing has been used extensively over the years as
a detailed probe of flame properties [16—20].
The majority of work has examined the spatial
properties (e.g., boundary layers) of steady-
state flames. Far less progress has been made
in imaging ignition processes. Wolfrum, Maly,
and coworkers recorded PLIF images of a
spark-plug-ignited internal-combustion simula-
tor using acetaldehyde as a fluorescence tracer
[19]. Seitzman et al. reported PLIF images of
OH density for laser spark ignited mixtures of
methane /air [20].

Our work on the time-evolving properties of
flame initiation also makes use of laser-
induced ignition. The advantages of laser initi-
ation are that it is a clean and remote source
of energy, permits unobstructed optical access
to the flame kernel, and eliminates adverse
effects of electrode discharge ignition (i.e., sur-
face catalysis or poisoning, disruption of the
flame kernel and gas flow, etc.). Ronney has
recently reviewed the topic of laser versus con-
ventional ignition of flames and categorized
different types of laser ignition [21]. A laser
can deposit energy into a gas by any of several
mechanisms including resonant and nonreso-
nant multiphoton ionization, optical absorp-
tion, and photodissociation [5, 9, 20-31]. In
this work we rely on a focused laser pulse
to induce a spark discharge by nonresonant
multiphoton ionization and inverse
Bremsstrahllung radiative absorption. The
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properties of laser spark ignition are expected
to differ considerably from resonant photo-
chemical ignition although no systematic stud-
ies of time evolving properties have been made
in comparable combustion mixtures. Miziolek
and coworkers have shown significant enhance-
ments in ignition efficiency by resonant multi-
photon excitation of O and H-atom intermedi-
ates in H,/0, flames [26-28]. Other groups
have also observed photochemical enhance-
ments of combustion [29-31]. Laser-induced
spark ignition, as employed here, should more
closely resemble traditional electric discharge
ignition than resonance-enhanced photochemi-
cal ignition.

In earlier work, we explored the use of pi-
cosecond and nanosecond laser spark ignition
for measuring minimum ignition energies and
for understanding the macroscopic flow dy-
namic properties of flame growth [22]. Laser
ignition schemes that use focused laser beams,
similar to the apparatus described in this re-
port, can deposit energy into a very small vol-
ume, but the composition of the initial flame
kernel and its spatial extent are difficult to
predict. Time-resolved imaging techniques can
provide detailed characterization of these ini-
tial conditions. The experimental data com-
bined with modeling effort should help to im-
prove ignition systems, guide future theoretical
efforts, and simulate novel ideas for initiating
and enhancing combustion or for suppressing
combustion.

This report details our measurements using
PLIF imaging techniques of the spatial devel-
opment of nascent flame kernels that result
from short-duration laser-induced sparks in
H,/0,/Ar mixtures. We report time-resolved
results for several fuel /oxidizer ratios and di-
lutions from flame ignition to full propagation
or extinction. Initial flame growth from laser
ignition resembles in some ways the process of
electric spark ignition; however, the initial
stages of energy deposition differ considerably.
An important problem discussed by Ronney
[21] is understanding the relationship of laser
(and electric discharge) spark size relative to
the critical radius of the ignition volume or
minimum flame kernel size for varying
fuel /oxidizer mixtures. The present work, in
addition to providing time-resolved images of
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the combustion process, also looks directly at
the early time spatial evolution of the laser
spark.

EXPERIMENTAL

The experimental apparatus used in these
studies is sketched in Fig. 1. There are five key
subsystems: the gas flow control and burner,
the ignition laser, the probe laser, the camera,
and the timing and data acquisition system.

Three Tylan FC-261V flow controllers are
used to adjust the flow of 25% hydrogen in
argon (Spectra Gases research grade or Linde),
argon (Linde) and oxygen (Linde) gases. These
are mixed in a manifold and then directed
through the center of an atmospheric pressure
flat flame burner assembly (McKenna Prod-
ucts, Inc.) with a porous bronze head. A sec-
ond flow of argon is controlled by a Tylan
FC-261V flow controller and passes throu
the outer shield ring of the burner assembly.
Argon diluent is used rather than nitrogen in
order to simplify the chemical reaction mecha-
nism by eliminating the possibility of secondary
nitrogen chemistry. The flow controllers are
calibrated for each gas or mixture against a
standard flow meter. Because the hydrogen is
diluted in argon, changes in the hydrogen/
argon flow rate cause the oxygen/argon
ratio to vary. We set the ratio of oxygen to
total argon flow equal to the oxygen/nitrogen
ratio in air, thus producing a “synthetic air.”
The gases exit the burner with a velocity of
approximately 10.4 cm/s. This velocity is sig-
nificantly less than the measured flame speeds
in the incipient flame kernels. On the time
scales investigated here (< 4 ms), the gas is
approximately still. The flow through the outer
ring of the burner matches the burner flow
rate to reduce the effects of shear at the edges
of the flammable gas flow. Prior to ignition, all
mixtures are at a pressure of 1 atm and tem-
perature of 298 K.

A small Q-switched Nd:YAG laser (Laser
Photonics MYL-100) creates the ignition spark
This laser produces a single, 8-ns pulse at 10-
nm with a beam diameter of 3 mm and an
energy of approximately 22 mJ. This laser is
fired by external command from custom timing
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Fig. 1. Diagram of the experimental apparatus used in this study. The relative timing of the
laser pulses and camera shutters is detailed in Fig. 2. Refer to the text for other details.

circuitry with a delay between the external
pulse and the output laser pulse of approxi-
mately 215 ms with approximately 2 us jitter.
To achieve a sufficiently tight focus for laser
breakdown, the laser pulse diameter is first
expanded (— 75 mm focal length diverging lens)
and then focused (75 mm focal length converg-
ing lens) to a point approximately 1.5 cm above
the center of the burner surface. The focused
beam has a beam waist of 0.013 mm diameter
and a focusing length (i.e., diameter less than
twice the beam waist) of 0.5 mm. This arrange-
ment reliably produces a spark in air with each
laser pulse. Spark energies are measured using
the method described in our earlier work [22].
A Laser Precision RjP735 energy probe moni-
tors the energy of the beam by sampling the
reflected beam (approximately 10% total re-
flection) from a quartz window positioned be-
tween the laser and the diverging lens. A sec-
ond Laser Precision RjP735 probe measures
the energy of the transmitted laser light. The

nergy dissipated in the spark is obtained by
subtracting the two calibrated probe signals.
The energy deposited into a spark varied
widely, from 1 to over 19 mJ with most sparks

falling in the 11-14 mJ range. For these stud-
ies, only results for laser-induced spark ener-
gies of 11-14 mJ were retained.

The probe laser system consists of a Quanta
Ray DCR-2 Nd:YAG laser, a PDL-2 dye laser,
and a WEX wavelength extender and is oper-
ated at 283 nm, 8-9 mJ /pulse, 7 ns duration,
10 Hz repetition rate. A one-dimensional tele-
scope is used to shape the probe pulse. The
telescope consists of a diverging cylindrical lens
(—75 mm focal length) to expand the beam in
the vertical direction, and a spherical lens (300
mm focal length) to collimate the vertical ex-
pansion while mildly focusing the beam in the
horizontal direction. The resulting beam is ap-
proximately 2 cm tall and 250 pwm wide and
counterpropagates with the spark laser over
the burner assembly, parallel to the image
plane of the camera system. The laser wave-
length was tuned to the Q1(5) line.in the (1,0)
vibrational band of the A?3*« X?II transi-
tion in OH by maximizing the OH laser-in-
duced fluorescence intensity (LIF) from a small
natural gas/air flame. This optimization is per-
formed immediately prior to capturing PLIF
images.
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The camera system consists of a Photomet-
rics CC200 camera controller, a CE200 elec-
tronics unit, and a CH220 camera head. The
camera contains a thermoelectrically cooled
Thompson CSF TH7882CDA grade A charge-
coupled device (CCD) sensor. The input win-
dow of the sensor is optically bonded to a
fiber-optic bundle that protrudes through the
front face of the camera housing. A Varo, Inc.
model 5772 Type I UV sensitive image intensi-
fier tube with fiberoptic output window of 18-
mm diameter mates to the camera’s input win-
dow to form a highly sensitive, ultraviolet-
capable imaging camera. A power supply, de-
signed for pulsed image intensifier tubes by
K & M electronics (model 2084), supplies the
voltages required by the intensifier tube. This
supply provides a gate pulse having a rise time
of less than 100 ns that enables the intensifier
to operate only when commanded. A 200 ns
wide gate is used to collect data. Spherical
quartz optics image the LIF signal onto the
front of the intensifier tube through an inter-
ference filter (Acton) with a bandpass of 25 nm
and a center wavelength of 308 nm, separating
the 1-1 and 0-0 fluorescence from the 1-0
emission and scattered laser light.

The timing system supplies TTL pulses to
prepare the camera system for image acquisi-
tion, to gate the image intensifier tube, and to
trigger the ignition laser. Figure 2 shows the
relative positions of these pulses, each timed
with better than 0.1 ns accuracy relative to the

Integration
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300 ns Gate
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Fig. 2. Timing diagram for PLIF imaging of spark ignition
events. The contour intervals are linear; all images are
plotted on the same relative intensity scale. The camera
integrates its image for more than 0.1 but the intensifier
gate provides an optical shutter that prevents any image
from accumulating on the CCD sensor except during the
gate pulse. The gate pulse eclipses the probe laser that
operates at 10 Hz. All electronic components are timed
relative to the probe laser pulse frequency.
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10-Hz clock used by the probe laser system.
The delay between any two pulses can be inde-
pendently varied to measure images for dif-
ferent delays between ignition and probe lasers.
A typical sequence that records one image
proceeds as follows: First the CCD array is
cleared of accumulated charge and the camera
shutter opened. The timing circuitry then initi-
ates firing of the ignition laser, activates the
intensifier, closes the camera shutter, and
quickly reads the charge accumulated on the
CCD into an image buffer in the CC200. A
microcomputer controls the experiments
through a IEEE 488 bus and coordinates
transfers of desired images from the image
buffer of the CC200 camera controller to the
hard disk for later use. Prior to transfer, the
CC200 subtracts a dark image from the new
image, then normalizes the result by a flat-field
frame. The images are then available for fur-
ther processing including false-color or con-
tour plots for analysis and presentation.

The dependence of detected fluorescence
intensity on species concentration, which we
briefly review here, has been treated many
times in the past [18]. For PLIF imaging, the
spatially resolved fluorescence intensity I(x,y)
can be related to the OH radical concentration
profile Ngy; (xy) by the expression

I(x,y) = QNoy (x,)f, ,(TYP(P,T,x,y) (1)
k,

(I) P,T, 5 = 9
BT %)) = Sk (P DNy
i

@)

where () is the detection efficiency which en-
compasses the probe laser pulse energy, detec-
tor field of view and detector gain, f, ,(T) is
the fractional population of the v, J state of
OH being probed by LIF, and ®(P, T, x, y) is
the fluorescence quantum yield, where k, is
the radiative rate constant and k, (P,T) is
the fluorescence quenching rate constant for
collision of OH with species i of density
N(x, y). Every effort was made to render the
fluorescence images I(x, y) a reliable measure
of the N,,(x,y) spatial profile. The detect

gain and field of view were maintained con-
stant throughout the experiment. The probe
laser pulse energy was kept constant to within
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the pulse-to-pulse fluctuations of 10%. The
Q1(5) line in the (1,0) vibrational band was
chosen to minimize the variation of f, ,(T)
with T at high temperatures. To permit com-
parisons between different ignition events, only
PLIF images resulting from a narrow range of
spark energies (11-14 mJ) are reported. The
proportionality between I(x, y) and Np,(x,y)
is probably most affected by the fluorescence
quenching rates. Because of gradients in pres-
sure, temperature, and chemical species, the
fluorescence quenching rate may vary across
the ignition kernel giving a nonlinear relation-
ship between I(x, y) and N,,(x, y). The PLIF
images are still a reliable measure of the shape
of the OH concentration, but the intensity
scale may not be strictly linear with concentra-
tion. A correction is not possible at this stage
because it is not practical to determine simul-
taneously the instantaneous P, T, and N; pro-
files. However, a modeling effort incorporating
"\emical kinetics and gas dynamics would pro-
,1de this information, making it routine to cor-
rect for the fluorescence quenching effects.
The contour plots of PLIF images in this
paper are reported using a linear contour in-
terval. All images are plotted to the same

Average

relative intensity scale so that comparisons of
images within and between figures can be made
with regard to spatial structure and intensity.
The uncertainty of the relative scale is about
20% for images within a figure and 20%—-40%
between figures due primarily to the variation
of spark energy and probe energy for different
ignition events (see above). Hence, these im-
ages should provide sufficient information to
model the spatial and temporal evolution of an
ignition kernel with regard to the OH concen-
tration gradients and with regard to the rela-
tive OH concentrations for different ignition
events.

Figure 3 demonstrates the reproducibility of
the laser-induced spark ignition process as
monitored by PLIF imaging. The four small
panels show a complete data set for a 100-us
delay between the ignition and probe lasers
with a 10% hydrogen in synthetic air mixture.
The spark energies are as noted in the figure
and all images are plotted on the same linear
gray scale. The center panel displays the aver-
age of these four images. Several important
characteristics of the experimental method are
evident. First the qualitative shape of the im-
ages is highly reproducible from one ignition

Fig. 3. A demonstration of the reproducibility of the laser-induced spark ignition process as monitored by
PLIF imaging. The four small panels show a complete data set for a 100-us delay between the ignition and
probe lasers with a 10% hydrogen in synthetic air mixture. The spark energies are as noted in the figure
and all images are plotted on the same linear gray scale where lighter areas represent higher OH

concentrations.
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event to the next. Thus we are confident that a
series of images taken under identical condi-
tions at varying delays from the ignition pulse
provides a realistic picture of propagation of a
single ignition event. Second, the reproducibil-
ity and signal-to-noise ratio to the data are
sufficiently high that there is no significant
advantage to averaging all collected images at
a particular mixture and time delay. Indeed
averaging could potentially lead to the loss of
information if turbulent structures played an
important role in the ignition process.

RESULTS

Laser-induced spark energies of about 10 mJ
easily ignite a steady flame on the burner sur-
face when the gas mixture contains 7% or
more hydrogen diluted in synthetic air. Suc-
cessful ignitions are evident by monitoring sus-
tained temperature rises in the gases entering
the exhaust flue, OH emission from the region
immediately above the burner surface, and a
rapid return of the exhaust gas temperature to
ambient when the hydrogen gas flow is inter-
rupted. Unsuccessful ignition attempts for mix-
tures with less than 7% hydrogen begin with
temperature rises that persist for several sec-
onds with rapid fluctuations followed by a pre-
cipitous drop, indicating extinction. Gas mix-
tures with less than 4% hydrogen (this is the
lean flammability limit in air) exhibit only slight
transient increases in temperature at the ther-
mocouple probe in the exhaust flue. The laser-
induced sparks formed by the ignition laser
beam in nonflammable gases are examined by
imaging the natural emission from the sparks.
These sparks are about 0.2 mm wide and less
than 0.7 mm long, approximately 0.1 mm wider
and 0.2 mm longer than the confocal dimen-
sions of the focused Nd:YAG laser beam. Im-
ages clearly show that the sparks elongate and
often separate into several points along the
path of the focused beam. The elongation ap-
pears to extend away from the direction of the
incident laser beam with a well-defined leading
edge facing the incoming beam in every case.
In almost every case of separated centers, the
intensity of the emission is greatest for the
points closest to the source of the ignition
laser beam. The first frame of Fig. 4 (3 us
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Fig. 4. Contour plots derived from PLIF images of nascent
flame kernels in a mixture of 7% hydrogen in an
oxygen/argon synthetic air atmosphere. The contour in-
tervals are linear; all images are plotted on the same
relative intensity scale. Each image is the result of a
separate ignition event, assembled here to show the devel-
opment of the nascent flame. Figure 3 demonstrates the
reproducibility of the ignitions and validates this method.
The laser used for ignition enters from the left and is
focused approximately at the intersection of the lines
superimposed on each frame. The contours are linear
steps in OH PLIF signal, and the same scaling is used for
each panel and for all subsequent figures.

delay) strongly resembles the results of the
spark investigations and exemplifies the defini-
tion of the leading edge.

Figure 4 displays a series of contour plots of
single shot PLIF images of OH for several
igniting flames in a mixture of 7% hydrogen in
synthetic air. The ignition laser propagates
from left to right, and the approximate loca-
tion of the focus of this beam is indicated in
each frame of Fig. 4. Because the probe las
beam is effectively a sheet of light, the images
represent two-dimensional cross sections
through flame fronts that are expanding in
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three dimensions. At the earliest times (3-12
ws), OH intensity emanates from the center of
the spark volume and evolves rapidly into an
ellipsoid. As time progresses, the ellipsoid be-
comes a toroid that surrounds the region where
the spark occurred. The toroid continues to
expand radially away from the spark center
and persists to 300 us, eventually dissipating at
longer times.

At approximately 100 s the flame develops
a noticeable asymmetry along the axis of the
ignition laser beam. This asymmetry continues
to grow into a flame front that propagates
backward with respect to the spark laser direc-
tion. The last image shown in Fig. 4 clearly
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exhibits this nascent flame front. In Fig. 5,
images recorded with 10% hydrogen from 100
us to 3.00 ms clearly demonstrate this effect
and indicate no noticeable development of a
flame front to encircle the other “side” of the
spark region. By 600 wus, propagation back
toward the ignition laser becomes the predom-
inant feature of the flame front. The extent of
the flame propagation back along the path of
the ignition laser beam varies greatly from
image to image for mixtures containing be-
tween 5% and 8% hydrogen. This corresponds
to a range of gas compositions that are
flammable but not readily ignitable by our
laser pulse. At hydrogen concentrations above

900 us
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Fig. 5. Contour plots derived from PLIF images of flame kernels in a mixture of 10% hydrogen in an
oxygen/argon synthetic air atmosphere. The contours are linear steps in OH PLIF signal, and the
same scaling is used for each panel. See Figure 4 caption.
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8%, the backward propagating flame front oc-
curs reproducibly and predominates at long
times. The preferential flame growth back to-
ward the ignition laser is discussed further
below. This phenomenon has been observed
previously by Hanson and coworkers in PLIF
imaging studies of a uv laser ignited
methane /air mixture [20].

We investigate the effect of gas composition
on the structure of nascent flames at several
delays between the ignition and probe laser
pulses. Remarkably all flame kernels recorded
at early times (< 100 us) for gas mixtures
containing from 3% to 11% hydrogen exhibit
similar behavior. Figure 6 displays contour plots
of images obtained at 100 us for mixtures
containing 2%—8% hydrogen. The geometry of
the flame kernel is virtually identical for all
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concentrations interrogated. The most notice-
able difference between images recorded up to
approximately 100 us for flammable and non-
flammable mixtures is the total OH laser-
induced fluorescence intensity. Mixtures that
support combustion show significantly more
PLIF intensity than those that do not.

In contrast to the qualitative similarity of
the images as function of hydrogen concentra-
tion at short times (< 100 us), remarkably
different behavior is seen at longer times. Fig-
ure 7 displays OH contour plots measured at
300 ws following ignition attempts in gas mix-
tures containing 3.4%-11% hydrogen. As evi-
denced in the first two frames of Fig. 7, the
shapes of the kernels of hot gas are difficult to
identify by 300 us at concentrations below 7%
hydrogen. By contrast, flame kernels in
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Fig. 6. Contour plots derived from OH PLIF images of laser-ignited mixtures of hydrogen in
oxygen/argon synthetic air. The frames are labeled with the percentage of hydrogen gas in the mixture.
These images were recorded at 100 us following the laser-induced spark. Note that toroidal shapes of
all kernels are very similar at this short time. The contours are linear steps in OH PLIF signal, and the

same scaling is used for each panel.
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3.4% 7.9%

1. 7. Contour plots derived from OH PLIF images of
wer-ignited mixtures of hydrogen in oxygen/argon syn-
thetic air. The frames are labeled with the percentage of
hydrogen gas in the mixture. These images were recorded
at 300 us following the laser-induced spark. At hydrogen
concentrations below 7%, gas mixtures fail to ignite the
burner in our laser ignition experiments correlating well
with short time behavior shown here. The contours are
linear steps in OH PLIF signal, and the same scaling is
used for each panel.

flammable mixtures continued to develop and
are easily mapped by our imaging techniques.
The series of images in Fig. 7 exemplify the
difference between ignition attempts that suc-
ceed and those that fail. Comparing the image
for 7% hydrogen (nominally ignitable) with
that for 11% hydrogen indicates no significant
differences in the distance between the zones
where OH is located and the initial spark,
particularly in the diameter of the toroidal
shape. As Fig. 7 demonstrates, by 300 ws only
at hydrogen concentrations that lead to suc-
cessful ignition (7%) does significant OH con-
centration occur. Thus at short times (¢ < 100
ws), it is possible to identify the mixtures that
will support combustion by the increased OH
lorescence intensity and at longer times, by
the appearance of the PLIF image alone.
Near the flammability limit for this experi-
ment, we observe the formation of delicate

flame fronts which show characteristics of igni-
tion, but are ultimately unable to support com-
bustion. One of the strengths of the time re-
solved PLIF imaging techniques is that such
near limit events can be observed without per-
turbation. Figure 8 displays a time series of
OH PLIF images for a marginally nonigniting
mixture of 6% hydrogen. This figure clearly
shows the development of a weak flame front
300 ws after the ignition laser. However, the
regions of strong OH signal are disconnected
and the flame front appears elongated in com-
parison to the fully igniting 10% results of Fig.
5. By 900 us, flame has nearly extinguished,
and at 2000 us, no OH signal is detected.

Figure 9 summarizes the time dependence of
the spatially integrated OH PLIF signal as a
function of hydrogen concentration for three
delays after the ignition laser pulse: 100, 300,
and 900 us. At 100 ws, the integrated OH
intensity is relatively flat up to 8% where it
begins to rise. For times longer than 100 wus,
the OH laser-induced-fluorescence signal
becomes rapidly weaker for the more dilute
mixtures (< 6% hydrogen) while increasing
dramatically for higher concentrations (> 6%
hydrogen). The time dependence of the inte-
grated signals are interesting. For dilute nonig-
nitable mixtures, OH is produced by the spark
and promptly decays. The OH signal recorded
at longer times extrapolates to a value of zero
at about 4%-6 vol.% H,, which corresponds
closely to the lean flammability limit for hydro-
gen flames.

DISCUSSION

The process of ignition results from the rapid
deposition of energy into a gas mixture and
can occur by a variety of means such as laser
photochemistry, laser absorption, energy trans-
fer, plasma injection, heating, and sparks. Of
these, spark ignition is unique as a point source
within a gas. A simple view of spark ignition is
to consider localizing a sufficient amount of
energy within a minimum flame volume to
form a flame kernel. The energized gas volume
is formed far from equilibrium with its sur-
roundings, having a higher temperature and
pressure. The resulting relaxation of the over-
pressure by expansion of the spark kernel
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Fig. 8. Contour plots derived from OH PLIF images of laser-ignited mixtures of 6% hydrogen in
oxygen /argon synthetic air. The frames depict the development and subsequent extinguishment
of a nonigniting flame kernel. No OH is detected at 2000 us. The contours are linear steps in
OH PLIF signal, and the same scaling is used for each panel.

causes mixing and some entrainment of the
surrounding gas. If energy deposition is rapid
compared to the local speed of sound, which is
typical for a laser-induced spark, expansion
ensues that causes a shock wave to emanate
from the region of the spark kernel. A reaction
wave follows the shock wave and leaves behind
hot combustion products in the interior. The
layer of hot reacting gas surrounding this core
reacts with the surrounding gas, releasing more
heat and causing further expansion of the flame
kernel and entrainment of more ambient gas.
Other factors, including thermal conduction
and transport of reactive species across the
boundary between hot and cold gases, also
contribute toward further expansion of the
flame kernel and ultimately to flame propaga-
tion. If the rate of kernel energy production is

greater than the combined rate of kernel en-
ergy consumption plus dissipation by dilution
and conduction, the flame will ignite. If not,
the ignition kernel will extinguish.

The rate of laser energy deposition in this
work (~ 1 mJ/ns) constitutes a rapid ignition.
Although the total energy deposited of about
10 mJ significantly exceeds the minimum igni-
tion energy for mixtures with greater than 4%
hydrogen [22, 32], ignition in hydrogen/
oxygen/argon mixtures only occurs when the
hydrogen exceeded 7% of the total gas. Previ-
ous laser ignition studies have also noted higher
minimum ignition energies for laser ignition of
a given gas mixture than for correspondi:
electric discharge-induced ignition [22-24]. We
offer several possible explanations for this dis-
crepancy. First, the volume encompassed by
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Fig. 9. Spatially integrated total OH PLIF signal as a
function of hydrogen concentration and delay time be-
tween the ignition laser pulse and the probe laser pulse.
Each point is the average of at least four PLIF image
integrations to reduce variations due to spark energy and
geometry. Note that at 100 us there is only a weak
dependence of the total OH production on hydrogen con-
centration (see also Fig. 6). By 300 us, OH production
shifts strongly towards the higher concentrations (see Fig.
7). At 900 us, only the mixture which lead to successful
burner ignitions, those above 6% hydrogen, show any
significant OH. ’

the laser-induced sparks may not be optimal
for achieving ignition with a minimum energy.
The result is that a larger amount of energy is
required to achieve the minimum ignition en-
ergy density throughout a volume larger than
the minimal flame volume [24]. A second con-
tribution to the high thresholds for laser spark
ignition may be the energy lost via the shock
wave that results from the initial expansion of
the ignition kernel. This shock wave can dis-
perse energy to the surroundings reducing the
energy density within the ignition kernel [22,
23]. As we will discuss below, this shock also
affects the size and geometry of the ignition of
the ignition kernel and can result in energy
densities that are lower than expected. Alter-
natively this discrepancy may be due to experi-
mental difficulties in electric discharge ignition
studies. As discussed in our earlier work, the
laser-induced spark minimum ignition energies
are in better agreement with simple thermody-
namic and kinetic heating calculations, thus
raising the possibility that electric discharge
ionition process may involve a catalytic interac-

»n with the electrode surfaces [22]. Thus the
minimum ignition energies derived from elec-
tric discharge experiments may not represent
the adiabatic gas phase value [36].

Dynamics of Laser-Induced Sparks

Here we examine properties of the laser-
induced spark and coupling of the spark to the
ignition process. The energy deposited into a
focal volume by a modest laser-induced spark
can create instantaneous temperatures and
pressures approaching 10° K and 10° atm,
respectively. These extreme conditions relative
to the surrounding ambient gas give rise to
rapid expansion and dissipation of energy. In
previous work, we modeled this process by a
simple Taylor blast wave model [22]. In this
work we wish to extend the treatment to ad-
dress two important questions: (i) what is the
time scale and spatial extent of the shock ex-
pansion, and (ii) how is the deposited spark
energy spatially distributed in the expansion.
The expressions for a spherical blast wave ex-
pansion are given by [37, 38]

r= (Ek/Po)l/StZ/S, 3)
2
v =5 (Ee/p)"*r ", 4)
P=1[2/(y + D]pyw?, (5)
2
vo\[(v—1
T=T,\|1-— +1
0 ( v2 )\ y+1
v? vy—1
Zlt—xg —1 8 (6)
v§ v+ 1

where r is distance, E, is the thermal energy
behind the blast front generated by the spark,
p, is the gas density, v and v, are the shock
and sonic velocities, respectively, y=c,/c,,
and P and T are the pressure and temperature
at the blast front.

Figure 10 shows the temporal evolution of r,
v, P, and, T for a 10-mJ spark deposited in a
stoichiometric H, /0O, /Ar mixture. (The calcu-
lated difference between stoichiometric and
lean mixtures is minor). Results are presented
in the absence of dissociation (calculated di-
rectly from Egs. 3-6) and in the presence of
dissociation (obtained by adding a kinetic
model described shortly). In both cases, the
expansion becomes subsonic (v < 3 X 10*
cm/s) in less than 5 us for a 10-mJ pulse
indicating that the shock wave decays well be-
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fore the ignition time for combustion. Hence,
there is a distinct separation of time scales
between the spark blast wave and the combus-
tion wave. The temporal evolution of a blast
wave expansion without dissociation has been
considered for a wider range of initial condi-
tions in a previous paper [22].

We now examine the spatial distribution of
the spark energy following the blast wave ex-
pansion. Two models for the deposited spark
energy are considered: (i) a hot gas consisting
only of thermal energy E, of the molecular gas
and (ii) a hot gas consisting of thermal energy
and potential energy ¥ due to molecular disso-
ciation. In the former case, all the energy is
used to propel the expansion and is, therefore,
dissipated over a spatial dimension much
greater than the minimum flame volume. One
would expect inefficient flame ignition under
these conditions. In the latter case, energy is
stored or localized in the region where dissoci-
ation is extensive. Energy storage will be great-
est in regions where heating is greatest, namely
near the origin of the spark. The localization
of energy in the form of radicals should en-
hance the ignition process. The storage of po-
tential energy V' by dissociation also lowers
the instantaneous temperature of the hot spark
as evident in Fig. 10.

In order to model the spatial dependence of
energy storage by dissociation, we add a simple
kinetic model to the blast wave equations that
considers dissociation of H, and O,. The rate
of energy deposition into dissociation is ob-
tained from the following equations

k(1) = Yk (t)c;
j

- ZAijT(t)”ijexP{ ~E,;;/kyTW)e;,
j

@)
i ko @
—(—it_ = —k;{)c, )
dv dE, de,
— =—-—=-YD—.
dt dt L bdt ©)

i

The first-order rate constant k; for collisional
dissociation of molecule i = H, and O, is
obtained from the second-order rate constants
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k;; for collision partners j = H,, O,, and Ar,
which is expressed by the modified Arrhenius
equation in Eq. 7, where A;; is the preexpo-
nential factor, n;; is an empirical parameter,
E, ;; is the activation energy for dissociation,
D; is the dissociation energy, and c; is concen-
tration. We have chosen parameters in Eq. 7
given by Cohen and Westberg [39] and Tsang
and Hampson [40] in which E, ;; = D;. T(¢) is
governed by the blast wave expression in Eq. 6.
The energy density (energy per unit volume) is
calculated by numerical integration of Eqgs.
3-9 as a function of time for a fixed spatial
grid size Ar corresponding to the width of the
blast wave front. This value is estimated to be
about 0.01 cm based on measured images of
the initial spark radius. The integration inter-
val is given by Ak/v(¢). The potential energy
removed by dissociation over each interval A¢
is calculated from the expression

AV(t) = Y. D;c?[1 — exp{—k;(t — ADAL}], -
(10)

where is ambient concentration. The remain-
ing thermal energy is then E,(¢) = E,(t — A¢t)
— AV(¢). The average energy < E, >=
[E.(¢) + E (¢t — At)]/2 is then used to calcu-
late r(¢) and T(¢), which in turn are used to
calculate AV(¢ + At) and E, (¢ + At) for the
next time interval.

The spatial distribution of the energy density
e(r,t) for specific time ¢ after the spark is
obtained from the expression

3[AVU) EAQ]

N [ — + i~
da| r? ri(t)

(11)

a(r,t) =

where r,(¢) is the blast wave radius at time ¢. It
is assumed that E, has a constant value for
r < ry, and is zero outside of the blast wave. A
constant F, is based on the assumption of a
uniform pressure behind the shock front, in
which case the thermal energy density is con-
stant within the shock front (i.e., P = nRT/V).
Calculated energy density distributions are
plotted in Fig. 11 for increasing values of .

the absence of dissociative energy storage, en-
ergy density appears in Fig. 11a as a series of
steps that diffuse with increasing time. In the
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presence of dissociation, energy localization is
evident in Fig. 11b. Energy storage occurs when
the rate of dissociation is comparable to or
greater than the rate of cooling. As the blast
wave expansion progresses, the thermal energy
density remaining for dissociation decreases
until dissociation becomes insignificant. Be-
cause of the exponential dependence of k; on
T, the boundary marking regions of significant
and insignificant dissociation is rather sharp as
seen in Fig. 11b. An expanded view of this
boundary is plotted in Fig. 11c for the relative
concentration of dissociated and undissociated
H, and O,. The size of the energy storage
region is consistent with the size of an early
spark as measured in the first panel of Fig. 3.
The dip in energy density toward the spark
origin in Fig. 11b is due to the very high
velocity of the blast wave. In this simple model,
the high temperature of the early blast wave,
which favors dissociation, is more than offset

r the high velocity, which shortens the expo-
sure time of the gas to the blast wave front.
We have refrained from presenting data close
to the origin where the temperatures are well
outside the valid range of the kinetics parame-
ters used (600-5000 K for H, dissociation [39],
whereas the blast wave temperature is calcu-
lated to be 10° K at a radius of 0.024 cm). So it
is uncertain whether the energy dip at the
origin is a real phenomena. Outside of the
dissociation region, the remaining thermal en-
ergy dissipates by expansion, however, the
stored energy remains for some indefinite time
that depends on mixing and cooling mecha-
nisms not considered in this model.

The simple kinetic model adapted to the
blast wave equations serves to illustrate the
mechanism of energy storage by dissociation
and the role that it might play in the efficiency
of laser-induced spark ignition. However, to
keep the model sufficiently elementary to visu-
alize the pertinent physical mechanism, impor-
tant simplifications have been made. These
include (i) not allowing the stored energy to
expand due to pressure gradients following the
hlast wave, (i) ignoring the thermal energy

lcrease from the increase in particle density
due to dissociation (this contribution is small
relative to the potential energy due to pressure
gradients), (iii) using a fixed value of the blast

wave width Ar for the integrating grid size, (iv)
ignoring the pressure dependence of k;, and
(v) using an unrealistically small number of
reactions. To test the chemical part of our
dissociative energy storage model, we ran
zero-dimensional chemical kinetics calcula-
tions using the CHEMKIN kinetics package
[41] with a 27 step H, /air reaction mechanism
taken from Thorne et al. [42]. Ten millijoules
of energy was deposited into the same gas
mixture in the form of ionization and the re-
sultant heat generated by ion—electron recom-
bination [43] was observed to dissociate the
majority of H, and O,. OH is a minor con-
stituent at these early times. Our kinetics mod-
eling program is not currently equipped to
handle the spark expansion so the spatial ex-
tent of dissociation could not be tested. How-
ever, the calculated thermal energy available
to expansion and the relative yield of dissocia-
tion calculated by the two models are suffi-
ciently similar that a more realistic treatment
of the chemistry should not alter the results
greatly. We expect a much greater effect on
the calculated results by including a realistic
treatment of the gas dynamics in place of the
blast wave model. We are developing a more
sophisticated model for calculating the spatial
distribution of energy and are recording de-
tailed images of spark propagation in order to
understand the energy dynamics of laser-
induced sparks.

Dynamics of Flame Propagation

Focusing on the geometries of the nascent
flame kernels, we can readily distinguish two
physical developments. At short times (¢ < 100
ws), the flame fronts rapidly develop toward
toroidal geometry (see Fig. 3). The general
shape of the expansion resembles closely the
shapes obtained using Schlieren photography
to image ignition kernels following electric dis-
charge ignitions [12-14, 33-35]. At longer times
(¢ > 100 ws), the flame front propagates back
toward the ignition laser (see Fig. 5). This
phenomenon is believed to be unique to laser
ignition studies, and has been observed only
once previously by Hanson and coworkers for a
laser-ignited methane /air flame [20]. Because
theoretical methods are not yet capable of
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describing these two complex phenomena to-
gether, we will consider them separately for
the purposes of this discussion and reconcile
the two thereafter.

Short time, toroidal flame front develop-
ment appears to be a universal phenomenon of
spark ignitions. Results of a recent computer
simulation by Kono et al. provide us with some
important insights into this process [12]. This
two dimensional calculation simulated the af-
termath of a cylindrically symmetric, instanta-
neous electric discharge (less than a few mi-
croseconds) in nitrogen and neglected chemi-
cal contributions. The results of this study show
convincingly that the toroidal shape results di-
rectly from the passing of the shock wave,
emanating outward from the region of the
discharge at a very high velocity. We present a
visualization of this phenomena in Fig. 12. This
shock wave clearly separates from the initial
nucleus after only a few microseconds and
results in an overexpansion of the ignition ker-

time (us)
Fig. 10. Properties of an expanding laser-induced spark for a 1-atm stoichiometric H, /O, /Ar mixture. Input energy is 10
mlJ. See text for discussion of the dissociation model.

nel, inducing an inward flow along the axis of
the cylindrical spark toward the center. At the
center, the opposing gas flows collide and devi-
ate outward from the center, creating a pair of
cylindrically symmetric vortices. This flow of
gas causes the development of the torus. Be-
cause these events occur in the absence of
chemical reactions, they lead to similar shapes
of the ignition kernels regardless of the con-
stituents of the gas. Figure 6 shows this clearly
in a series of PLIF images taken at 100 ws with
hydrogen concentrations of 2%-8%. Clearly,
the toroid geometry evidenced by these frames
are nearly independent of the gas constitution.
For ¢t > 100 us, even mixtures that do not
ignite show this toroidal geometry. This is con-
sistent with the development of the torus being
a phenomenon due not to the chemical hea*
release of combustion, but instead to the dr
charge shock wave.

The long time propagation of the flame
backwards along the path of the ignition laser
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Fig. 11. Calculated energy density as a function of dis-
placement from spark origin for various times after initia-
tion. (a) no dissociation leads to complete dissipation of
the energy in the blast wave expansion, (b) H, and O,
dissociation leads to localization of energy in the vicinity of
the initial spark. Displacement refers to a linear coordi-
nate through the spark origin. The blast wave is assumed
to have spherical symmetry. Arrhenius-type kinetics pa-
rameters were obtained for collisional dissociation of H,
with collision partners H,, Ar, and N,, the latter being
used for collisions with O, [38]. Parameters for dissocia-
tion of O, could only be found for Ar as a collision
partner [39], so other dissociative collisions were ignored in
the calculation. (¢) An expanded view of the boundary
region at 1 ws where the extent of dissociation changes
abruptly.

heam is more difficult to explain. This phe-

menon may be related to the initial flow
field created by the spark. Ramsden and Davies
first observed that the plasma generated by
laser breakdown propagates backward toward

Initial Hot Kernel

— Shock Wave Forms

— Kernel Expands

Torus Formation
From Overexpansion

t= L .

Fig. 12. Diagram explaining the development of a toroidal
flame kernel following laser ignition after Kono et al. [12].
Top: initial spark kernel has elevated temperature and
pressure embedded in a cooler, less dense environment.
Middle: the initial kernel relaxes via an expansion that
leaves it at elevated temperature but at reduced pressure.
A shock wave results from the rapid expansion that propa-
gates rapidly, separate from the development of a flame.
Bottom: the rapid relaxation of the plasma results in a
slight over-expansion, inducing a flow of gas from the ends
inward toward the center. This flow pushes outward radi-
ally, creating a toroidal shape.

the spark laser [45]. This so-called radiation
transport wave is due to dynamical process of
laser-induced breakdown. In the generally ac-
cepted model [46], an initial plasma is formed
near the focus of the laser. This plasma rapidly
heats the surrounding gas, ionizing it. The
freshly ionized gas on the side facing the laser
then is able to absorb more laser energy
through the inverse bremsstrahlung mecha-
nism and is rapidly heated. Thus the boundary
of highly heated plasma rapidly propagates
back toward the spark laser. A net velocity of
approximately 107 cm s™! is produced in the
direction of the laser. Although this velocity
will likely be damped in the approximately
100-us delay between the spark and ignition, it
is more than five orders of magnitude larger
than the adiabatic flame speeds for our mix-
tures (< 70 cm s~ !). Thus the radiation trans-
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port wave will likely create a sufficiently long-
lived velocity component toward the spark laser
to produce the observed anisotropic propaga-
tion of the combustion wave. Therefore the
mechanism of energy deposition for ignition
may have a strong influence on the resulting
combustion wave.

A second possible explanation requires a
significant asymmetry to the spark with a cor-
responding asymmetry in the gas flow that fol-
lows propagation of the shock wave and ensu-
ing overexpansion. The laser-induced sparks
clearly provide this asymmetry through the for-
mation of an intense spark center located away
from the midpoint of the spark volume, biased
towards the spark laser (see the first frame in
Fig. 4). The resulting shock wave will then
propagate outward as discussed above but with
an axial component away from the intense
spark center and therefore toward from the
direction of the spark laser. Gases rushing to
fill the hot, over-expanded region then quickly
ignite to form the kernels observed. The mo-
tion of the flame front away from the center of
the ignition volume indicated in Figs. 4 and 5
provides evidence of an asymmetric combus-
tion wave participating in the formation of the
flame, although it could be induced by the
spark formation process described above or by
convective currents emanating from the flame
front that is forming at the left of the figures.

An additional contributing factor to the
asymmetry evidenced in Figs. 3-8 may be the
preheating of the gases by the focused laser
beam that ignites the gases. This preheated gas
readily ignites resulting in a flame front that
propagates much more quickly than it would
through cold gas. Below we discuss evidence of
this in terms of the flame front velocity of the
ignition kernel. The extent of preheating by
the laser beam depends on the focusing char-
acteristics of the ignition laser beam, the opti-
cal properties of the gas, and the amount of
energy absorbed by the spark. The observed
anisotropic flame shapes may well arise from a
combination of laser-induced gas dynamics and
laser heating.

An important point is that propagation back
toward the ignition laser occurs only in mix-
tures that fully ignite and that it becomes the
predominate feature at long times. Clearly this
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feature is indicative of ignition. Thus an induc-
tion period of approximately 50-100 ws must
exist before ignition. The appearance of the
toroidal structure in this period, as Kono et al.
have shown [12], is due to hydrodynamic ef-
fects and appears to be largely separable from
the final ignited flame front. The pronounced
anisotropy of the later flame front may have
some practical use since it provides the oppor-
tunity to direct the initial velocity of the com-
bustion wave in a reproducible manner over
distances of at least 1 cm.

Adiabatic flame speeds for hydrogen in air
range from over 250 cm/s when hydrogen ac-
counts for 40%—-50% of the gas down to ap-
proximately 70 cm/s at the 20% hydrogen
level [32]. For our Ar/0, mixtures, the flame
speeds are expected to be approximately a
factor of 1.3 higher due to the lower heat
capacity of Ar. All flames used in our experi-
ments have hydrogen concentrations below
11% where no experimental measurements a
available. Given the 10.4-cm/s flow velociyy
and steep decrease of flame speed with hydro-
gen concentration, some of these flames might
be expected to simply have insufficient hydro-
gen to permit propagation of the nascent flame
down to the surface of the burner where a
flame would stabilize. Thus we might be
tempted to explain the lack of ignition ob-
served in mixtures with less than 7% hydrogen
as a flame blow off. However, as shown in Figs.
7-9, these flame kernels begin to die out after
only 300 us. Because the bulk gas flow is
essentially stagnant at these short times (mov-
ing about 0.03 mm), flame speed relative to the
velocity of the gases is not the issue here. Our
only conclusion can be that the ignition ker-
nels contain too little energy per unit volume
to ignite mixtures with less than 7% hydrogen
gas.

The flame front velocity of the flame kernel
may give some insight into the driving mecha-
nism of nascent laser-spark ignited flame prop-
agation. As discussed above, the adiabatic
flame speeds of hydrogen in air are less than
250 cm /s and for the dilute mixtures described
here, they are expected to be much low
(< 70 cm/s). However, Fig. 5 clearly shows a
flame front propagating approximately 0.7 cm
between 300 us and 2.00 ms giving an instanta-
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neous velocity of about 390 cm /s. This is about
an order of magnitude higher than the ex-
pected adiabatic flame speed. Indeed in the
interval 100-300 ws during which the flame
front develops along the laser axis, the velocity
is > 1500 cm/s. This velocity is not directly
related to the blast wave velocity, which would
have expanded to much greater distances on
these time scales. Between 2—3 ms, the flame
front appears to slow down to < 200 cm/s.
The rapid expansion of the flame front at short
times must be due to nonequilibrium effects of
the spark ignition. These high instantaneous
flame front velocities are consistent with the
model suggested above in which laser heating
of the gas on the ignition laser side of the
spark leads to asymmetric flame propagation,
since higher initial temperatures lead to higher
flame speeds and shorter induction times. The
slowing of the flame front by 3 ms may then
indicate that it has expanded beyond the pre-

at zone. This directed, high-velocity flame
propagation may be useful as a flame holder in
supersonic flow [44, 45]. The rapid expansion
of the flame front may also be due simply to
expansion of the hot burned gas within the
kernel to maintain constant pressure. The de-
celeration at longer times would then be due
to the transition of the flame front from ap-
proximately spherical to planar. Subsequent
experiments will test for this by systematically
varying the ignition laser energy over a large
range than is possible with our current small
ignition laser. This should enhance any pre-
heating effects without changing the gas ex-
pansion effects.

CONCLUSIONS

In this work, we have presented time-solved
images of expanding flame kernels initiated by
laser-induced sparks in H,/O,/Ar mixtures.
PLIF imaging of the OH produced in the
nascent flame provides a time and space re-
solved, diagnostic probe of flame kernel igni-
tion or extinction. Consistent with theories
nresented by Kono et al., the initial (z < 100

;) outward growth of the kernel produces a
torus that correlates with shock front propaga-
tion and is independent of flame ignition. As a
dynamical phenomenon and not a chemical

phenomenon, the diameter of the torus is
nearly independent of gas constitution. The
primary difference evidenced between PLIF
images of mixtures that ignite and those that
do not is the intensity of the OH emission and
the appearance of significant kernel growth
back toward the spark laser at times > 100 us
after the spark laser pulse.

Flame kernels that dissipate without ignition
yield little PLIF intensity after 100 ws while
images of flame kernels in ignitable mixtures
have significantly more intensity and display
reproducible structure. Flame kernels that ig-
nite tend to propagate back toward the spark
laser, most likely the result of a high degree of
laser preheating, although there may be some
contribution from a shock wave phenomenon
that results from a biased distribution of en-
ergy in the velocity of the laser-induced spark.
This anisotropy in the initial flame propagation
is unique to laser ignition and provides the
opportunity to direct the initial propagation of
the flame front in a predetermined direction
over macroscopic distances (at least 1.0 cm) at
high instantaneous flame speeds.

Future experiments in this laboratory will
exploit the wealth of information available from
PLIF imaging of laser ignited flame kernels to
study flame growth and suppression in
flammable mixtures doped with halon and
halon replacement candidate fire suppressants.
These experiments should provide valuable in-
sight into the basic physics and chemistry of
fire suppressants. In conjunction with these
studies, we plan to extend our PLIF imaging
capabilities to include other radicals critical to
combustion and suppression such as hydrogen,
oxygen, and bromine atoms.
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Sponsored Research Program and the USAF /
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