Lawrence Berkeley National Laboratory
Recent Work

Title
IGNITION BY EXCIMER LASER PHOTOLYSIS OF OZONE

Permalink
https://escholarship.org/uc/item/53h4s331

Author
Lucas, D.

Publication Date
1986-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/53h4s33r
https://escholarship.org
http://www.cdlib.org/

é

UC-LIGC
LBL-20871

ct

E Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

" APPLIED SCIENCE
DIVISION NOV 1 81986
LIBRARY AnD
Presented at the Fall Meeting of the DOCUMENTS SECTION
Western States Section/Combustion Institute,
Tucson, AZ, October 27-28, 1986
IGNITION BY EXCIMER LASER PHOTOLYSIS OF OZONE
D. Lucas, D. Dunn-Rankin, K. Hom, and N.J. Brown
October 1986
\_
ﬂ
a ‘ N
For Reference
Not to be taken from this room
g J

APPLIED SCIENCE
DIVISION

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

| L0~ 197

\'J



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



W55-86-36

LBL-20871 .

Ignition by Excimer Laser Photolysis of Ozone

Donald Lucas, Derek Dunn-Rankin", Kenneth Hom, and Nancy J. Brown

Applied Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

Fall Meeting
Western States Section/Combustion Institute
Tucson, AZ

Oct. 27-28, 1986

Present address: Combustion Research Facility, Sandia National
Laboratory, Livermore, CA 94550

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division of the
U. S. Department of Energy under Contract No. DE-AC-03-765F00098.



i

"ABSTRACT

We have ignited mixtures of hydrogen, oxygen, and ozone in closed
cells with 248 nm radiation from a KrfF excimer laser. O0Ozone, the only
significant absorber in this system, absorbs a single photon and
produces oxygen atoms which initiate combustion. A discretized, time-
dependent Beer’s law model is used to demonstrate that the radical
concentration immediately after photolysis is a function of laser
power, ozone concentration, focal ltength, and separation between the
lens and reaction cell. Spark schlieren photographs are used to
visualize the ignition events and identify the ignition sites. The

effects of equivalence ratio, pressure, and the initial gas
temperature on the minimum ozone concentration needed to produce
ignition are presented, and only the initial temperature has a
significant effect. Modelling studies of the ignition process aid in
the interpretation of the experimental resuits, and show that the
ignition we observe is not due solely to thermal effects, but is
strongly dependent on the number and type of radicals present
initially after photolysis. Ignition using other hydrocarbons as
fuels was also demonstrated.



In this paper, we desaﬁfﬂévé“é%ddv7bf ignition initiated by ozone
photolysis at248'nm by radiation from a KFF excimer laseriootwéluse a
discretizéd}“ﬁiheJngeﬁaéht'ébéb?ptibh~mbael~to’breaictﬁthe-épatiaﬂhf
dependente’ Of ‘the’oxygen-atoms- p‘r"ddt’.if:’éd‘ by'~;bhotol ysis)- and!/model the
H,/05"Kinetits 'to evaluate ‘the ‘relativesimportance of. thermaliand . °
5éheh}céf”éﬁé?gy’édaition.b-Wé’alsoﬁcompareﬁloéatiohé ofi the: calculated
maximum'66h6éhf?éti6h<Wifh*ébgérvéd'ignifibn‘sﬁteé“to*show“that‘simple
photolysis s responsible? For’ tha! productioh of oxygen atdms; and. that
the ignition- is: dependent on’ both: the'fconcentration ‘of radicals .usc .
prdduced'initié1ly-‘§Lwéﬁﬂ’aéithewSEZeTOF.éﬂérignﬁfion sited .. -urt

L I TR S E RS PSS O S [ 1o S ERUNE SRR o F BENE T T G Y T8 T
CoowE oLt i PHOTOCHEMISTRY REVIEWT. 7 sinAt b Mg, oy
1< The Bbsorption? spectium of ozéhe  exhibits:fcontihuous: absorption
thr&UngutsfHé‘Vﬁs?61é”éhd'urt?év161ét,'WifH-the“sironéest-absb?btﬁon*
occurrﬁng‘fﬁ'éhé‘ﬁgrtle§fbéﬁd-hgar1255 AmEwhere &aﬁqao'bmfldatmtﬂ;:
Absorption’ in tHis' Band Blates ozéne'iin -the ' iSsociative ((S{)'state,
with a quantum yield for oxygen atoms of essentially 'unity!®:> . t-0c
Decompos’ition O?’%hé“oiBHé“fﬁfa’Oé"énd:b‘is energeticallly;possible at
wavélengths below 1'190-nmj-a3ithe bond:enérgy! i57100.0-kd/molel®.
Several researchers!’=22/Kave-measured the' product’ distributiom for = -
"5zohe3pho€ér&sié-éf”248ThMJ‘and~héve“Found«that”éppnOXimatelyJPO% of
Eﬁé'6k§§éﬁ“ﬁﬁlééﬁlé§’fs“iﬁ'thé“(Bzé) ground.state with the oxygen' .
_atoms Th the (3P) state!! THE other 90%: st in a’Boltzmann distribution
{n the vibrational states &f the (1a) ‘ervectronic 'state! for -0,, ‘with .
the oxygen atoms infthe -(!p)fstatel ” Fin: 7 “_ioiiene L ion R
VT 2 The ¢hoice of ozone'as the absorber in this-study was based in .
part bn the assumption that photolysis at 248 nm would be a.single

photon event. Readers may question this assumption in light of the
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high laser power employed in this study; therefore tHe experimental
evidence that indicates that no multiphoton effects afe present in our
system is reviewéd in the next paragraph.

The bulk of the experimental evidence comes from the work of Lee
and co-workers!7720, who studied the interaction of ozone molecules
with lasef radiation in the collision-free regime of a supersonic
molecular beam. Analysis of the angular distribution of the ozone
photofragmenté indiéates tﬁat dissoéiation can be viewed as being
‘impulsive, occurring in less than oné vibrational period
(approximately‘10"13 sec)lB. The highly dissociative S, upper
electronic state of ozone.greatly reduces the possibility of any
significant two photon interactions even with the high energy'laser
used in this study.- Additional cohclusive evidence is found in the
measQrement 6F'£he énergy distributibn in the Fragmentsl7'l9. At both
.266' and 248 nm the sum of the energy in the O and O, fragments plus
the oéone bond energy never exceeds the energy contained in a single
photon. It is important to note that the energy densities used in.the
studies oF Lee and co-workers are similar to those employed in this
study. They also'Fand no evidence for increased absorption in ozone
~as the laser powér was increased (as would be expected for a
multiphoton event) to levels in excess of 200 mJ/cm?- higher levels
than in our unfocussed beam ignition exper}ments. Even more tightly
focussed beams did not produce multiphoton absorptionzo.

'Nd othér species present during the léser pulse has a significant
absérption at 248 nm. Oxygen haé én abéorption coefficient bf less

1

than 0.005 cm™ atm'l, four orders of magnitude below that for ozone,

and Tight at this wavelength is not sufficient to produce atomic



oxygeh.(the threshold is 242.2 nm)!6.  The apbsorption spectrum of
excited oxygen (lA) is assumed to be éimi lar in shape to the ground
state molecule, shifted by approximately 94 kd/mole to the red. This
would place the absorption maximum near 157 nm, still far from the
laser wavelength of 248 nm.

Excited oxygen atoms are very reactive, with the (D) state lying
190.0 kJ/mole above the (3P) ground state. Ooxygen (!D) reacts with H,

with zero activation energy, and a rate coefficient of 1 x 10710 ¢y 3

1 1

molec™ ' sec” ', producing OH and H as products, and relteasing 182.1
kd/mole (at 298 K). Quenching rates with Hz'are slower than reaction
by a factor of 40 23,

Littlie is known about the reactions of the met?stable oxygen
molecule, OZ(IA). The energy of this state is 94.2 kd/mole above the.
ground stéte, and its radiatiQe liFetimé is on the order of 64 min.
Some O, (!a) quenching rates for species of interest in this study are
2 x 10718 for 0,, 5.3 x 107!8 for H,, and 4.4 x 107!5 for 05 (cm3
molec™! s~! at 300 K)Z3.

The reaction conditions after the laserlpulse can be reasonably
well characterized. The number of oxygen atoms produced in each state
by photolysis can be calculated from the experimental conditions as
described:in the following section, with the excéss photon energy
appearing as heat. Some energy>is contained in excited oxygen
molecules and atoms where it remains until reaction. Excited O (lp)
atoms can react or be deactivéted, releasing more energy. The total
energy released causes a temperature aﬁd pressure rise in the gas

mixture which can be calculated using the heat capacity of the

mixture.



METHOD OF APPROACH

A. Experiment

Krypton fluoride radiation at 248.nm from a Lamda Physik 200EMG
excimer laser was used to phétolyze ozone/oxygen/fuel mixtures in a
constant volume cell. l‘The 1ight was focussed by MgF-z or uv grade
quartz lenses.oF varfous focal Iéngths through windows of the same
materials. Laser outputs were measured with a Gentec ED-500
jouleméter, and‘fn typical experiments 350 to 400 mJ of light entered
the react‘fon cell. Two aluminum cells were used; one was 37 x 37 x
118 mm, with Plexiglas sidé windows for optiéal access, and the other
was a cyl in‘der' 30 mh in diameter and 140 mm long which couild be heated
by anbexternél eléctrical resistance heater. A schematic diagram of
the apparétqs is §hdwn in the top portion of Fig. 1.

| Gasesﬂwére obtainéd from LBL supplies and used without further
‘purification. Alligéses except 6zone wére metered using calibrated
flow controllers, and mixed in a stainless steel tube backed with‘
pyrex spheres before introductiQn into the cell. Ozone was produced
by passing oxygen through two Thermo Electron ozinators in series, and
tfapped on silica gel cooled to dry ice—isopropanol temperature.
Excess oxygen was removed by pumping before warming the silica gel to
room temperature. Ozone concentrations in the reaction cells were
monitored immediately before laser photolysis by absorption using a
deutefium lamp/monochrometer/photomultiplier assembly. Ozone
pressures of up to 60vtorrvcould‘be obtained, with a pu}ity in excess
of 95%.‘

Initial gas pressures, measured with an MKS .baratron, were.in the
range of 20 to 200 torr. Transient pressure measurements were made

withaKistler 2118 piezotron flush mounted in the cell wall, A
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DEC/CAMAC microcomputer system described previouslyl3 controiled
timing and recorded the pressure data.

Spark schlieren photography was used to visualize the absorption
and combustion events. Photographs'were obtained using two 1.0 m
focal length lenses and a knife edge stop, arranged in a U.shape
becaﬁse of space limitations.

Variation of the ozone partial pressure was the primary method
for establishing fignition conditions. Combustion was confirmed by
visual observation, pressure rise, ahd the appearance of water on the
cell windows. For a single set of initial conditions up to 20
.experiments were cqnducted to ensure accuracy and reproducibility.
The system was quite sensitive to changing the ozone pressure, with a
'change of -1less than 4% in the partial pressure of the ozone sufficient

to change a no-burn case into a repeatable combustion event.

‘B.Calculation of Radical Concentration

Photochemical ignition is sensitive to laser power, degree oF

light focussing, and ozone concentration, with each factor affecting
the concentration of radicals available to initiate combustion.
Implicit in the usual formulation of Beer’s law, Absorbance = ecl, is
the assumption that the number of absorbing species is large compared
with the number of photons. In high energy laser systems with
strongly absorbing species this assumption can be easily violated. We
thus used a discretized, time-dependent model to calculate the number
of photons absorbed as a function of distance in the illuminated

volume.



We temporally»separate the laser pulse into photon packets. The
number of photons in each»packet‘corresponds to the temporal behavior
of the laser pulse specifféd by the manufacturer. Typically 100
packets are used in the calculations. The béam is assumed to have a
uniform spatial energy distribution in accordance with manufacturer’s
specifications. The initial beam size and energy were measured using a
joulemeter, and the beam waist size and focation determined utilizing
burn spots on Polaroid film. Input variables include the laser power,
the focal length of the lens, the distance between the lens and the
ce]llwindow, and the ozone concentration, all which are measurable
guantities,

Calculations begin by determining the area of the beam at a given
spatial location. The beam is assumed to be a fixed area rectangle
before the)lens. After the lens, the rectangle area col lapses at a
constant rate from the initial size of the laser to that of the
measured minimum beam size. Past the focal point the beam is assumed
to expand at the same rate that it became focussed. Area expansion
due to the divergence of the laser is not included.

«VThe illuminated volume is divided into cellis of fixed length,
with the length size varied as a parameter. The intensity of a photon
packet exiting the first celi is catculated using Beer’s law and an
absorption coefficient of 120 cm™! atm™!, with this intensity then
used as the initial intensity.For>the next cell. The step size is
chosen so that less than half of the light entering a cell is
absorbed. Each photon absorbed is assumed to dissociate an ozone
.molecule, producing one. oxygen atom and one oxygen moliecule.
Recombination reactions which reform ozone during the laser pulse of

17 nsec are considered negligible. Results from each photon packet



are summed to obtain the total oxygen atom concentration in the

illuminated volume at a given axiail distance in the cell.

C. Kinetic Modelling

Ignition was modelled as homogeneous, constant volume combustion
using appropriate species and energy conservation equations. The
CHEMKIN code®4 with an appropriate driver routine was used to solve
the equations.Fdr temperature, pressure, and species concentrations as
a function of time. The reactions and rate coefficients used in"
modelling H2/02 mixtures were those given by:Miller et al.25 with two
exceptions. The reaction O + Hy0, -> OH + HO, was added, and the rate
coefficient for thisvand O+ Hy -> H+ OH were taken from a recént
compilation by'Warnatzzs. The kinetic model was checkedﬂby
reproduciné the explosion limits given in Lewis'and von Eibel’ for
stoichiometric combustion at several pressures. The temperature
thresholds for explosion at a given pressure were reproduced to within
30 K. Induction periods given by Dixon-Lewis and Wil‘liamsz8 were

reproduced to within 20%. Results of these calculations will be

presented during discussion of the temperature effects.
RESULTS AND DISCUSSION

1. Radical Concentration .

Results of the radical concentration calculations (Sec. A above)
for the range of cénditions employed in the experiments are shown in
Figs. 2 - 5. Expétfmentally measured values of the initial and
focussed laser beam size and energy, Focél ltength of the lens,
separétion of the lens and combustion cell, and ozone concentration

are used in the calculations. The abscissa is the diSténcé from the
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entrance window of the celi, and the ordinate is the number densfty of
ozone molecules that have absorbed a photon in the volume iltuminated
by the laser, and is equél to the numbef oFt)atoms produced by
phoﬁoiysis. These figures present separately the effect of changing
ozone concentration, Iaser'bower. focal length of the lens, Shd
separation distance between the cell and the lens while holding all
other parameters 6onstant.

The curves illustrate the consequences of two effects- a Beer’s
law behavior.when the number of absorbers is large compared with the
numbér of photons ahd bleaching when the opposite condition pertains.
ft should be noted that the cusps appearing in these figures are an
artifact of the method used to calculate the beam area. . However,
beéause.the.minimum area size is fixed in the calculations,lthe
concentfafion at the focus fs not significantly affected.

Examfnation of Fig. Zlindicates that the maximum radical
conceﬁtratfoﬁ canvbe‘eifher at the focus or the wall, and that an
increase in ozone concentration does not necessarily lead to an
increase in radical concentration at a given spatial location in the
cell, These results suggest ignition‘experiments where a constént
radical concentration is maintained but the size of the ignition site
is varied. Figure 3 is evidence that bleaching can be significant
with a light source such as a high energy output laser. With
bleaching, the concentration of tradicals produced does not increase
with increasing laser power. As expected, calculations invoilving
various focal lengths, Fig. 4, indicatevthat ozone absorption follows
Beer’é law when.no lens is used (Focal length = jnfinity);

Examination of Figure 5. reveals that simply moving the lens can



result in significant changes in the‘radical concentration profile.

The calculations can be used to demonstrate that the proper
choice of experimental_parameters caﬁ reduce uncertainties in
determining minimum ignition conditions. For example, most excimer
lasers outputs vary by 10% on a shot-to—shOt basis (our laser was
measured to have a standard deviation of 3.53%). However, if the
bleaching conditions are met, there is no change in the maximum
concentration of radicals produced, and only a small change in the
volume in which this concentration exists. Another important
observation is that when bleaching occurs, no ozone remains in fhat
volume. This reduces the compiexity of the ignition kinetics to that
of the fuel, oxygen, and radicals produced by photolysis.

These results suggest that a rather complete knowledge of the
experimentél conditions is necessary to insure that the maximum
concentration of radicals occurs at the desired point, and that a
simple Beer’s law assumption will not be valid in most cases where a
focussing lens is used.

2. Jgnition

The minimum ozone concentrations for ignition were measured as a
function of equivalence ratio, initial temperature, and typé of fuel,
with most of the experiments performed using H, as the fuel.

A. Ignition Site

We perFormedvexpefiments to locate the ignition site for a
particular setvoF condjtions. These experiments also confirm that the
laser energy density.is not the crucial factor that determines whether
or not ignitibh octqfs, but rather it is.the concentration of radicals
produbed by»sihglé5photon absorption. This is significant because

single photon absorption provides a reasonably simple means of
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determining the numbérlbf mofécules that absorb a photon, which is
difficult to assess when multiphoton eFfects are present. |
Schlieren photographs of the ignition events are shown in Figs. 1
and 6, with each photograph takenvduring a separate experiment. The
ozone concentration was varied, and the H,/O, ratio and the initial
pressure were held constant. Changing the ozone concentration over
the range employed in this study did not significantly alter the
equivalence ratio. The top photograph in Fig. | was recorded 5
microseconds after the laser fired. The ozone préssqre for this case
wasA7.0 torr, and the mixture eventuélly burned. A sharp outline due
to the temperature gradient produced by the absorption of light by
ozone is observed, as well as a weak shock front which éropagatgs
v'perpendicular to the direction of laser travel. This shock waQe.is
observed to travel at approximate}y the speed of sound for this
mixture, and cannot be distingufshed‘after approximately 20
micrbsecqnds. The lower photograph in Fig. | is for a 5.5 torr ozone
pressureiZOO microseconds after laser firing. No combustion was
opserved for this mixture, but the schiieren image is broader and less
distinct because of diffusion and thermal transport éFFects. We
observe no signiFicant differences in the schlieren images between
_igniting and non-igniting cases at times less than 5 microsgconds.
The top‘two images in Fig. 6 were taken with an initial ozone
pressure of 5.7.torr.. Ignition occurs near the focus, and the
ignition kernel is evidént only at times greater than 150 microseconds
after the laser pulse. The image in Fig. 6 reéorded at 200
microseconds should be compared with the 200 microseéond phétqgraph of

the‘hon—igniting case in Fig. 1. The lower two photographs jn Fig. 6
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Qere taken with time delays of 25 and 200 microseconds, and an ozone
pressure of 9.0.torr. Ignition is clearly evident 25 microseconds
after the laser pulse, with burning occurring near the entrance
window, and pfopagating into the cell. Essentially compliete
combustion is evident by 200 microseconds.

The difFefence in ignition times and the robustness of the
ensuing combustion can be attributed to several factors. When
ignition occurs near the focus, only a small kernel is generated
compared with ignition near the window. Transport of species and
cooling of the kernel are thus much less important for window
ignition. Calculations indicate that the ozone is not completely
dissociated at the window, and that the initial oxygen atom
concentration is 25% higher for this case than when ignition occurs at
the Focus.# Both the increased radical concentration and the presence
of unreacted ozone will.increase the reaction rate. Countering these
effects is cooling of the ignition kernel by the window.' However,
because ignition occurs in a relatively short time, we expect that
this effect is not large.

It is important to emphasize that if multiphotoﬁ effects were
significant one would expect enhanced ignition at the focus, where thé
laser intensity is highest. The two ignition sites have laser power
densitiés differing by a factor of 25. If ignition were a result of a
mulfiphoton absorption, the radicaj and/or ion concentration would
depend on at least the second power of the laser intensity or peak
power levél (a factor of at least 600). These results, in conjunction
with the theoretical and experihental evidence presented in the

Photochemistry Review section, indicate that only a single

photon is absorbed by an ozone molecuie, and that there are no

12



significant multiphoton eFFeqts'in our system.

Pressure traces recorded during these events are shown in Fig 7.
The lower trace, recorded when combustion began near the focus, shows
a longer induction time, and a slower pressure rise than the upper
trace, which had ignition near the window. The ignition site thus can
be correlated with the pressure characteristics, reducing the need to
fully document each combustion event with the more laborious
photogfaphic method.

B. Equivalence Ratio

Figure 8 shows results from experiments performed at different
equivalence ratios. There was no significant difference in the
measured amount of ozone needed to initiate combustion for
hydrogen/oxygen/ozone mixtures at equivalence ratios between 0.5 and
3.3. Our results should be compared with the experimental results of
Lavid and Stevens!4, who found a minimum for photochemical initiation
at an equivalence ratio of 0.6, but no significant difference at
equivalence ratios of 0.4, 1.0, and 1.6. Guirguis et al.22, in their

computational study of radical enhanced oxidation of methane, found

their results invariant at equivalence ratios of 0.5 and 1.0.

C. Temperature Effects and‘Modelling

The minimum ozone concentrations required for ignition were
measured as a function of temperature at an equivalence ratio 6F 0.55.
Raising_the gas temperature reduced the ozone mole fraction required»
from 0.0178 at 300 K, 0.0166 at 330 K, to 0.0147 at 370 K.

Radical conpentrations were calculated using the discretized
Beerfé law model described earlier, and are presented in Fig. 9. For

all three sets of experiments the maximum is at the focus, with

13



complete dissociation of the ozone and nearly identical kernel sizes.
Analysis of these results is directed toward acquiring some
understanding of the relative roles of‘tﬁermél and chemical reactivity
in promoting combustion. The energy input to the system can be
divided between different chemical species (in various states) and
heat. The various products arising from ozone photolysis have been
described earlier, and we assume rapid relaxation of vibrational and
rotational states. We_can thus describe the initial conditions in the.
cell for cases where ignition occurs} and use these results in our
kinetic modelling.

The minimum number of radicals needed for ignition in our system
initially at 300 K is 1.2 x 1017 em™3, This should be compared with
the results of Lavid and Stevensl4, who calculated that approximétely
3 x 1017 cm™3 oxygen atoms are necessary in their H2/02 system .  ignited
by 157 nm radiation. We have shown that ozone is bleached from the
ignition kernel, so the chemistry of the two systems is similart
There are differences in the photon energy, wall losses, and the fact
that our system produces a greater fraction of O atoms in an excited
state (90% versus 50%). However, we are encouraged by the closei
agreement between the two experiments.

?or the kinetic modelling calculations, three sets of initial
conditions were assumed for the experiments described above. All
cases aésume that ozone is the only absorbing species, and that the
ozone is bleached. The amount of energy deposited in the kernel is
determined using the discretized time dependent Beer’s law
calcujation. Case I assumptions are that all of the energy absorbed

appeérs as heat in the ignition kernel, and that no radical spécies
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are.present; Case Il assumes that the ozone dissociates and produces
oxygen étoms and oxygen molecules in their ground state; and Case [1]1
assumes that 90% of the 6zone dissociation products are in their
excited electrohic'states (O (lD)vand 0, (lA)), and that the excited
oxygen atoms react immediately Qith Hzlto produce OH and H with the
liberatfon o? 181.8 kJ mole™l. AA temperature, T®, is calculated for
each case Qsing the initia]-gas temperature, the‘number and energy of
absorbed photons in the kernel, énd the heat capacity of the system.
The fhermal threshold temberature (T"), the lowest temperature for
which ignition occurs, is determined by solving the conservation
equation for appropriate conditions of species concentrations and
pressure at séveral input températhes. These results are presented
in Table 1.

The threshold temperatures for thermal ignition are significantly
higher than those calculated assuming that éll the laser energy
absorbed‘appeérs és heat, thus eliminating Case I as the ignition
mechanism. >Calculated temperatures (T€) are close to threshold
temperatures for Cése‘II and are lower than those for Case [1l1. These
results indicate that the mechanism of ignition occurring in the
‘kernel is intermediate between Cases Il and I1l, and that ignition is
strongly dependent on the number and type-oF radical species produced.
Important factors in determining the relative roles of Cases 11 and
Il include knowledge of the quenching rates for O (lD) and O, (lA) .
and the detailed chemistry of béth excited species, information that
is only partially available. |

The modelling .results show that introduction of radicals enables
chemical reactions‘to occur; Wh1ch raises the temperature of the

mixture and further accelerates reactions and heat release. However,
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the immediate recombination of radicals does not provide sufficient
energy to raise the temperature of the mixture above the thermal
threshold. This is illustrated by considering calculations in which
the initial O,;, Hy,, and O atom concentrations are fixed (Case [I) and
the initial temperature is increased from some low value to the
threshold temperature in 10 K increments. Below the threshoid, the
final temperature of the mixture is not the initial temperatﬁre plus
some fixed increment.b Instead, the increment increases with initial
temperature due to the radical initiated chemistry. In contrast, when
approaching the threshold temperature for Case I, (no radicals |
initially present), the éhemistry which occurs is insignificant and
the final temperature nearly equals the initial temperature. The
presence of radicals in the initial mixture also reduces the induction
time at threshold by a factor between 10 and 20.

Calculations were also made to assess the effects of préssure and
equivalence ratio on the threshold temperatures for Cases I and I1.
Using Case Il conditions for lean mixtures and pressures of 0.4 and
0.5 atm résulted in threshold temperatures of 560 and 550 K,
respectively. Thus -the variation in pressure caused by the
differences in ozone absorption does not siganicantly affect
threshold values. .Threshold temperatures for Case I were computed for
$ = 0.5, 1.0, and 1.5, and a 10 K difference was found between the
rich mixture and the others. The threshold temperatures in lean and
stoichiometric mixtures for Case Il conditions were also within 10 K
of each other. The insensitivity of ignition conditions to variations
in equivalence ratio over this range concurs with our experimental

observations.
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D. Pressure Effects

Pressure éF?ects were diFFicuft to détermine in our apparatus.
Lnitial pressures_greater than 250 torr'could not be used without
destruction of the windows. Ignition of hydrogen/oxygen was possible
at bressures as low as 20 torr, but studiés at lower pressure were

precluded since there was no dependable means of detecting ignition.

E. Fuel Type

Preliminary expefiments were conducted comparing hydrogen,
methane, and propane as fuels. To reduce potential multiphoton
absorption by the hydrocarbons the laser light was not focussed.
Ignition thus occurs at the window, under conditions where the radical
concentration is at a maximum, and some undissociated ozone remains in
the ignition kernel.i The equivalence ratio for all fuels was held at
0.96, _and an initial pressure of 80 torr. The hydrogen mixture was
the easiest to ignite, reqgquiring an initial ozone pressure of 4.5
torr, compared with propane, which needed 9£{torr, and methane, which
required 15.6 torr. These pressures resulted in an initial oxygen
atom concentration of 0.96 x 10!7, 2.0 x 10!7, and 3.2 x 10!7 molec
cm‘3. respectively. Our results can be compared With spontaneous
ignition temperatures, and minimum ignition parameters shown in Table
I1. While it is somewhat difficult to compare the results directly,
it is interesting to note fhat the trends for the different ignition
criteria are not in agreement, further proof that the laser ignition
‘.we observe is different from both the thermal and spark ignition

cases.
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CONCLUSION

We have ignited mixtures of Hydroéen, oxygen, and ozone in ciosed
cells with 248 nm radiation from a Krf excimer laser. O0Ozone, the only
significant absorbgr in this system, absorbs a single photon and
produces oxygen atoms which initiate combustion. A discretized, time-
dependent Beer’s law model is used to demonstrate that the radical
concentration immediately after photolysis is a function of laser
power, ozone concentration, focal length, and separation between the
lens and reaction cell, Spark schlieren photographs are used to
visualize the ignition events and identify the ignition sites. The
effects of equivalence ratio, pressure, and the initial gas
temperature on the minimum ozone concentration needed to produce
ignition are presented, and only the initial temperature has a
significant effect. Model ling studies of the ignition proceés aid in
the interpretation of the experimental results, and show that the
ignition we observe is not due solely to thermal effects, but is
strongly dependent on the number and type of radicals present
initially after photolysis. Ignition using other hydrocarbons as

fuels was also demonstrated.
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Table I

Modelled lgnition Temperatures and Estimated Experimental Temperatures

*

Initial Initial Initial Case T® T
Temperature (K) Composition Pressure (atm) (K) (K)
300 H, = 0.512 0.468 ol 604 885
0, = 0.488
300 H, = 0.5027 - 0.50 11 541 560
. 05, = 0.4794
0" = 0.0178
300 H, = 0.4948 0.40 111 474 330
0, = 0.4719
0~ = 0.0018
OH = 0.0158
H = 0.0158
330 _ H, = 0.5040 0.50 11 577 570
0, = 0.4794 :
0" = 0.0166
330 ' Hy, = 0.4965 0.40 111 511 350
0, = 0.4725
0~ = 0.0016
OH = 0.0147
H = 0.0147
370 H, = 0.5061 0.50 11 614 590
0, = 0.4792
0" = 0.0147
370 Ho = 0.4995 0.40 111 549 370
02 = 0.4729
0" = 0.0014
OH = 0.0130
H = 0.0130
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Table 11

Ignition'conditions for fuel/oxygen mixtures

Fuel Photolysis O i Spontaneous Ignition i Emin

i ' ! Dmin
i atom concentra- |---——---m-o s s—em e v (wd) t (mm)
! tions (atoms/cm3)! Temperature (K) | Energy (kdJ)| (d) | (e)
(a) (b) (c) :
H., 0.96 x 10!7 833 16.1 4.2 . 0.25
C3H8 2.0 x .1017 . 741 19.9 4.2 0.24 -
CH, 3.2 x 1017 : 829 19.4 6.3 - -0.30

a) This work
b) Ref. 30 Stoichiometric fuel/oxygen at 1.0 atm.

c) Energy needed to raise one mole of stoichiometric mixture to- the
spontaneous ignition temperature.

d) Minimum spark energy needed for ignition (Ref. 30).

e) Quenching distance for spark ignition (Ref. 30).
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FIGURE CAPTIONS

Fig. 1. Schematic of experimental apparatus and spark schlieren
photographs revealing laser interaction with ozone. The
mixture depicted in the top photograph eventually ignited,
while the gas depicted in the bottom photograph did not burn.

Fig. 2. Initial oxygen atom concentration calculated for ozone
absorption of 248 nm light as a function of ozone
concentration. Default parameters are: ozone concentration =
4.0 torr, laser power = 350 mJd, focal length = 5.0 e¢m, and
lens-window separation = 1.0 cm.

Fig. 3. Initial oxygen atom concentration calculated as a function of
laser power. All other parameters are at default values in
Fide. 5.

Fig. 4. Initial oxygen atom concentration calculated as a function of
focal length. All other parameters are at default values in

Fig. 5.

Fig. 5. Initial oxygen atom concentration calculated as a function of
lens-window separation. All other parameters are at default
values in Fig. 5.

Fig. 6. Spark schlieren photographs of laser ignition in
hydrogen/oxygen/ozone mixtures.

Fig. 7. Pressure measurements in laser ignited mixtures of
hydrogen/oxygen/ozone. Ignition occurs at the window for top
trace, and at the focus for bottom trace. The laser was fired at
the time denoted by the arrow.

Fig. 8. Variation in minimum ozone pressure necessary for ignition at
different equivalence ratios. The line is added only for
clarity. ¢ - no ignition, D - ignition.

Fig. 9. Initial oxygen atom concentrations calculated from
experiments determining the minimum ozone concentration for
ignition of hydrogen/oxygen/ozone mixtures at three different
initial gas temperatures.
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