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FOREWORD

The ACS Symrostum Semies was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



PREFACE

mission spectroscopy and, to a lesser degree, absorption spectroscopy
have provided considerable information on and insight into the chem-
istry occurring during the process of combustion. In particular, many of
the transient free-radical molecules important in the chain reactions were
identified and characterized through their emission spectra in flames. Now,
new laser spectroscopic techniques offer the promise of obtaining more
detailed and precise information, especially for the ground electronic states
of many of the molecules involved in combustion.

Over the past few years, several of these laser-based spectroscopic
methods have been demonstrated and developed as probes of combustion
systems. Taken as a group, they generally offer excellent spatial and
temporal resolution, high sensitivity, and species selectivity. Each has
categories of particular species and conditions for which it is best suited,
and the several methods complement one another well. Although the
techniques remain in various stages of development, useful results on both
laboratory flames and practical combustors now are beginning to emerge.
The profiles of species concentrations and temperatures produced can be
compared with detailed models of the combustion chemistry, whose design
and manipulation into realistic simulations have been made possible by
mathematical and computational techniques evolving over roughly the
same time period. The understanding of combustion chemistry that will
result from this combination of laser probes and computer models will be
important in efforts to design clean and efficient means of combustion of
fuel in use now and those anticipated for the future.

This symposium is an attempt to capture an expression of the state of
the art in this fascinating, fast-moving, and important field. Fall 1979 was
a significant time for laser-combustion diagnostics, for there are just now
appearing—as can be seen in this volume—papers describing the use of
laser-based techniques to provide chemical information, in contrast to most
past publications that have dealt solely or largely with feasibility demon-
strations and/or technique development. The chapters in this symposium
form an excellent and quite complete representation of the present capa-
bilities of the laser methods and of the most active areas of research on
current problems associated with their development. They range in gen-
eral tone from preliminary reports of research in new areas of endeavor to
descriptions of relatively complete pieces of work. It should be noted that
the symposium focused on what may be termed laser spectroscopic probes,
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that is, techniques that are species selective and hence serve to furnish data
directly relevant to the combustion chemistry. Thus some important laser-
based flame probe methods such as laser Doppler velocimetry and laser
schlieren and holographic techniques are not emphasized here.

One aspect evident in assembling these chapters was the menagerie of
disciplines represented by the authors. Included among them are physical
chemists, analytical chemists, physicists, mathematicians, mechanical engi-
neers, and aerospace engineers, plus two whose formal degrees are in
applied science. In addition these chapters are divided almost equally by
institutional origin, among universities, government laboratories, and pri-
vate (profit and nonprofit) corporations. Clearly the development, and
application of, these methods has been and is a multidisciplinary effort.
‘Nonetheless, it is appropriate that the symposium was held under the spon-
sorship of the Physical Chemistry Division of the American Chemical
Society. The field of physical chemistry encompasses the spectroscopy,
chemical kinetics, collisional energy transfer, gas dynamics, and thermo-
dynamics that form the basic subfields underlying the development of
laser probes for combustion and the understanding of combustion chemistry.

I hope that this book will serve to describe the excitement of current
research in this field and the promise of a close coupling between the laser
diagnostics and the modelling and chemical kinetics studies. Thanks are
extended to the many contributors and to the publishers, and especially to
Judy Turner for her assistance in organizing the symposium and assembling
this volume.

SRI International DAviD R. CROSLEY
333 Ravenswood Avenue
Menlo Park, CA 94025

April, 1980
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Lasers, Chemistry, and Combustion

DAVID R. CROSLEY
Molecular Physics Laboratory, SRI International, Menlo Park, CA 94025

The development of a detailed, microscopically based under-
standing of the chemistry of combustion represents a considerable
challenge. This is because so many chemical and physical process-
es interact together to produce the phenomenon of combustion.

What we know as a flame involves a large chemical reaction network
through which energy is produced, resulting in steep gradients of
both molecular concentrations and temperature; but the reaction
rates and mechanistic paths of that network are sensitively de-
pendent on those parameters. Thus, the chemistry is woven inex-
tricably with heat transfer and diffusion of reactive species
through the gas flow.

All of these aspects must be considered together with care
and attention given to the proper selection of the molecular input
parameters (rate constants and transport coefficients) as well as
to detailed, unambiguous verification of the results. This is no
small task, and we have at hand such a picture for only the sim-
plest of flames: 03 decomposition, HZ/OZ’ H /F2 and, to a lesser
degree, CH4/02. But if the goal of a microscopically based de-
scription can be accomplished for a larger class of combustion
systems, then we shall have a powerful tool--a picture of combus-
tion with an independent foundation, having the predictive abil-
ity, quantitative and qualitative, which comes with understanding
a phenomenon instead of merely parametrizing it.

Recently, there have appeared two important new technological
advances, which make possible this kind of detailed, fundamental
approach. Laser methods enable us to measure species concentra-
tions and temperatures for a wide variety of molecules over a
range of conditions, and to do so with high spatial resolution.
Large scale computational techniques permit the formulation of
realistic simulation models of the combustion system, including

0-8412-0570-1/80/47-134-003$05.00/0
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4 LASER PROBES FOR COMBUSTION CHEMISTRY

the chemistry and the fluid dynamics, and can incorporate sensi-
tivity analysis to indicate which species and rate constants merit
special attention. A coupling of these tools will provide a
microscopically-based description of combustion with the required
detailed experimental verification. Additionally, reliable reac-
tion rate measurements are now available for many combustion re-
actions of interest. In fact, those same developments in laser
techniques used for flame probing have also made possible new re-
action rate measurements, particularly for transient species, and
have greatly improved the quality and acquisition of fundamental
spectroscopic data for such molecules.

Laser Combustion Probes

There are several ways in which lasers have been used to
probe flames. Most important, from the standpoint of understand-
ing chemical phenomena in combustion, are laser spectroscopic
probe methods which provide concentrations and temperatures of
particular molecular species. There are several of these, each
with specific relative advantages and disadvantages. They all
share some common features, however. A key one results from the
fact that laser beams can be focussed down to very small diame-
ters, of the order of 0.05 mm or less with ease. Because in
flames there can be significant concentration differences occur-
ring over distances of the order of 0.1 mm, this degree of spatial
resolution is necessary to obtain meaningful data. The use of
pulsed lasers provide temporal resolution as well, which is impor-
tant when turbulent, detonative or other time dependent phenomena
are present. In general, the laser forms a nonintrusive probe
which does not perturb the gas flow or chemical reactions, al-
though the use of an intense laser can create a significant excit-
ed state population in the species it is pumping, and cause com-
plications due to differences in reactivity between excited and
ground states (1).

Schematic energy level diagrams for the most widely used
probe methods are shown in Fig. 1. In each case, light of a char-
acteristic frequency is scattered, emitted, and/or absorbed by the
molecule, so that a measurement of that frequency serves to iden-
tify the molecule probed. The intensity of scattered or emitted
radiation can be related to the concentration of the molecule
responsible. From measurements on different internal quantum
states (vibrational and/or rotational) of the system, a population
distribution can be obtained. If that degree of freedom is in
thermal equilibrium within the flame, a temperature can be de-

duced; if not, the population distribution itself is then of
direct interest.
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1. CROSLEY Lasers, Chemistry, and Combustion

COHERENT
SPONTANEOUS LASER-EXCITED RAMAN
RAMAN FLUORESCENCE (CARS)
AT 7aN St I
P

Fixed Frequency Laser
Easily Interpreted Data
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Majority Species

Two Lasers, One Tunable
Strong Coherent Signals
Background Interference
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Tunable Laser
Sensitive

Quench Rate Required
Transient Species

Figure 1. Schematic energy-level diagrams for the three most widely used spectro-
scopic laser combustion probes: (———), virtual states; (- ), real states. Thick
arrows represent laser photons and thin arrows indicate scattered or emitted photons.
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6 LASER PROBES FOR COMBUSTION CHEMISTRY

Raman scattering (2), now often termed spontaneous Raman
scattering (SRS), is a well-established and relatively simple
technique requiring only a single fixed frequency laser. Upon
pumping by the laser to a virtual state, indicated by a dashed
line in the figure, the molecule scatters a second photon, return-
ing to a different level. Importantly, SRS is a method for which
the signals are linear in laser intensity and molecular concentra-
tion, and is unaffected by collisions, so that the relationship
between measured intensities and concentrations is straightfor-
ward. However, the scattering cross section is very small, re-
sulting in low signal levels. Hence, SRS is generally limited to
those species which are the major constituents of the flame (fuel,
oxidant, principal exhaust gases, and in air flames, N,) and ap-
pears useful only for flames which are not highly luminous or
sooting.

Laser-induced fluorescence (LIF) depends on the absorption of
a photon to a real molecular state, and is therefore a much more
sensitive technique, capable of detection of sub-part-per-billion
concentrations. Thus, this is the most suitable for measurement
of those minor species which are the transient intermediates in
the reaction network. Here a tunable laser is required, as well
as an electronic absorption system falling in an appropriate wave-
length region; serendipitously, many of the important transient
species have band systems which are suitably located for applica-
tion of LIF probing. The ability to sensitively detect transi-
tions originating from electronically as well as vibrationally
excited levels of a number of molecules offers the possibility of
inquiring into the participation of non-equilibrium chemistry in
combustion processes.

A quantitative interpretation of the LIF signals requires
knowledge of collisional quenching rates, since at pressures of
the order of an atmosphere most of the molecules excited by the
laser do not radiate but are removed from the excited state by
quenching. There are several ways of dealing with this problem.
One attractive solution is to increase the laser intensity to the
point of optical saturation of the transition, so that stimulated
emission competes with quenching as an excited state removal
route. Even here a properly founded analysis would appear to
require knowledge of rates of energy transfer among internal
levels (3,4,5). However, the indications (6) are such that rela-
tive measurements--profiles of species concentrations through the
flame--should not suffer greatly from this problem.

There exists a family of nonlinear Raman techniques, of which
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1. CROSLEY Lasers, Chemistry, and Combustion 7

coherent anti-Stokes Raman scattering (CARS) appears the most
generally promising as a combustion diagnostic (7). The CARS
process may be viewed in the following way. A strong pump laser
connects the ground and a virtual state, whence a tunable probe
laser returns the molecule to an excited level, and a second pump
laser photon elevates it to a second virtual state. This mixing
process results in the scattering of a fourth photon whose energy
is that of the difference between this higher virtual level and
the ground state. Most important, that photon is scattered as a
coherent beam of high intensity and small divergence, yielding
high signal levels as well as a high degree of discrimination
against background flame luminosity. Thus, CARS is suitable for
use in highly luminous systems such as sooting flames,

The resonant CARS signals occur when the energy difference
between the pump and probe lasers equals that of some level spac-
ing in the molecule, but there also appears a monresonant (but
coherent) background signal at all wavelengths. This has largely
limited CARS to probes of majority species, although recent devel-
opments (8) involving polarization of the beams have successfully
reduced this background and lowered the detectability limits.
Additionally, the use of three incoming laser beams instead of
two, in various geometrical configurations, have relaxed the line-
of-sight restrictions on earlier CARS measurements in gases,
providing spatial resolution comparable to SRS and LIF (7).

The nature of the Raman methods makes it possible, using an
optical multichannel analyzer and, for CARS, a broad-band probe
laser, to obtain multispecies, multilevel information from a
single laser pulse., This is not in general possible for LIF using
a single laser, since here the laser wavelength must be tuned to
the absorption line of a particular species.

In Fig. 2 are shown in a schematic fashion, experimental set-
ups for three other techniques also used as combustion diagnos-
tics. Laser absorption is not as sensitive as LIF but is appli-
cable to a wider class of molecules, especially using lasers in
the infrared regions (9). It is a line-of-sight technique, that
is, an average is necessarily made along the entire path of the
laser beam as it traverses the flame. This can be a restriction
if there exist inhomogenieties of concentration, although devel-
opments in tomographic techniques (10) are attacking this problem.
An important advantage here is that the absorption spectra may be
analyzed in a simple, straightforward way without requiring as-
sumptions on 1ineshapés or collisional rates.

Optogalvanic spectroscopy (11,12) is the detection of changes
in the degree of ionization of the flame upon irradiation with a
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Figure 2. Schematics of experimental {etups for three laser spectroscopic probe
methods
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1. CROSLEY Lasers, Chemistry, and Combustion 9

laser, and is extremely sensitive. Optoacoustic spectroscopy
(13,14) depends on the detection of sound waves following absorp-
tion and subsequent collisional degradation of laser energy. If
the laser is pulsed, a measurement of the arrival time of the
sound pulses at the microphone permits a spatially resolved de-
termination of the speed of sound within the flame (13), which is
an important parameter in fluid dynamics treatments.

Not illustrated is the use of multiphoton excitation of
fluorescence (12,15), thus far demonstrated in flame systems only
for excitation of atoms. It affords the means to excite other-
wise inaccessible states and offers other potential advantages in
spatial resolution and for optically thick flames, in spite of
inherently low signal levels,

It is to be emphasized that these laser techniques should
not be viewed as competitive, but rather as complementary. The
combination of LIF, eminently suitable for transient molecules,
but not majority species (due to a lack of suitably located ab~-
sorption bands), and CARS, useful for the major constituents but
not the minor ones (because of signal strength limitatiomns), is
exemplary in this respect., Properly designed laser probe experi-
ments on flames will involve selection and application of those
techniques best suited for the desired measurements.

From a spectroscopist's point of view, the laser probe tech-
niques offer high resolution spectra with ease. In addition, the
hot flames can provide significant populations in levels other-
wise accessible only with difficulty. In Fig. 3 is exhibited an
LIF excitation scan, in which a spectrometer with fixed wave-
length and bandpass detects the fluorescence as the laser is tuned
across a series of absorption lines (16). The molecule here is
NH, present in an ammonia/oxygen flame. The large, off-scale
peaks are excitations from the ground vibrational level of the
molecule, while the smaller marked lines are those of the densely
packed head of the (1,1) band. This excitation, originating from
an excited vibrational level, was not detectable in the low pres-
sure, room temperature investigation (17) of this system. Such a
symbiotic relationship--using flames to advance the spectroscopy
and the laser spectroscopic techniques to probe flames--is char-
acteristic of areas such as this where basic research and appli-
cations interdiffuse.

Modelling and Kinetics

Among these several laser techniques is thus found the capa-
bility to measure nearly every microscopic observable of interest
in a combustion system. Coupled with other more conventional
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1. CROSLEY Lasers, Chemistry, and Combustion 11

probes, a quite complete experimental characterization can be
gained. But the proper use of such data demands it be collated
within a theoretical framework--a model--which permits intercon-
necting pieces to be discerned and generalizations to be made.
Only in that way can we develop an understanding of the chemistry
of combustion so that we can later predict behavior beyond the
range of conditions covered, and parameters fitted, in previous
experiments.,

One can readily write down the fluid dynamics equations des-
cribing the conservation of mass, energy and momentum throughout
the chemically reacting gas flow which constitutes the flame, with
explicit inclusion of the chemical transformations between mole-
cules. In practice, due principally to the complex interplay and
feedback between energy released in chemical reactions, the molec-
ular motion and energy transport, and the temperature dependent
reaction rates, obtaining a confident solution to these equations
is most difficult and challenging.

Two kinds of problems arise. The first arises from the
coupling of differential equations over vastly disparate charac-
teristic time scales, a problem yielding to solution through the
application of mathematical and computational ingenuity (18,19).

The second is concerned with the need to have a complete and
sensible chemical mechanism, valid over a wide range of tempera-
ture. Even a relatively simple combustion system will involve
dozens of reactions, so that a well established reaction rate data
base is essential. It is equivalently essential that the results
be verified by comparison with detailed experimental data--such as
that provided by laser probes. For example, in a study of the
ozone decomposition flame (20), it was found that certain alter-
native but wrong choices of key input parameters were not discern-
ible if flame speed were used as the sole predicted result for
verification; however, these choices did produce considerable
differences in the profiles of the transient oxygen atom concen-
tration and the temperature.,

In general, it appears likely that a fit to the intermediate
species profiles should provide the most sensitive means of model
verification, even when the result of direct interest is a bulk
parameter such as flame speed or rate of energy release. Laser
probe methods can be also extremely useful in the absence of full
verification, however. Even a semiquantitative measurement of
some species in a flame can constitute the clue to the inclusion
within the model of an entire subnetwork of chemical reactions.
Coupled closely to model predictions, the laser probe results can
pinpoint species and reactions which merit special attention, that
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12 LASER PROBES FOR COMBUSTION CHEMISTRY

is, those to which the overall results are sensitive. It is in
such an interactive way that the capabilities of both the laser
probes and the computer simulation models can lead to real ad-
vances in our understanding of combustion chemistry.

Laser-Induced Fluorescence in OH

As previously mentioned, LIF is the method of choice for
detection of the transient intermediate species which form the
keys to the chemistry of combustion.

Table 1
Combustion Intermediates
Detected by Laser-Induced Fluorescence

OH
CH, CN, C
NH, NH,
NO, NO,, HNO
S,, SH, 50, S0,
cs, cs
CH0, Cfi,0

€,0, HCR

2

A listing of the combustion intermediates which have been ob-
served using LIF, in flames and/or in flow systems, is given in
Table 1. The level of activity in this field can be gauged by the
fact that there have been four new entries on this list in the
past six months.

OH, at the top of the list, is by far the most popular mole-
cule for investigation by LIF, for several reasons. Ubiquitous
in combustion processes, it is a key participant in many reaction
networks and mechanisms. Its spectroscopic data base is unusually
well characterized, both in terms of line positions and intensity
relationships. It has a small enough number of energy levels to
be computationally tractable, so that it is beginning to serve as
a testing ground for models of optical saturation in molecules
(4,5). And finally, its absorption bands lie in a convenient
wavelength region--the range covered by frequency doubling the
efficient and stable rhodamine dyes.

For many of the other species, further research (in some
cases a considerable amount) needs to be performed in order to
establish a firm spectroscopic data base for the quantitative
analysis of LIF data. It should be noted that the prospects for
unambiguous LIF detection of some other species, particularly
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1. CROSLEY Lasers, Chemistry, and Combustion 13

larger molecules within a complex mixture, are not as bright due
to spectroscopic limitations such as less well-defined absorption
structure or the existence of predissociation.

Some of our recent studies of LIF on OH in flames demonstrate
the close connection between current work in other areas of phys-
ical chemistry--in this case, state-to-state collisional energy
transfer--and the development of diagnostic tools for combustion.
In these experiments, measurements are made of the collisional
redistribution of excited state population following laser excita-
tion of OH to individual levels, in an atmospheric pressure flame.

At such a pressure, the excited molecules undergo many col-
lisions before radiating; the questions addressed here concern
both a description--in terms of state-dependent energy transfer
rates--and a diagnostic exploitation of those collisions. In the
experiments, OH in the partially burnt gases of a methane-air
flame is excited to individual rotational levels of the v’ =0
vibrational level of the ATt state, and measurements of the
resulting fluorescence dispersed through a monochromator provide
populations of individual levels.,

In the first series of experiments (21), measurements are
made of the rotational distribution within v/ =0. Figure 4 shows
a portion of each of the spectra obtained upon pumping two dif-
ferent rotational levels, N'=1 and N'=10. The obvious qualitative
differences demonstrate that thermalization does not occur prior
to emission. Rather, the observed distributions reflect a com-
petition between rotational relaxation and quenching, and require
detailed state-dependent collision rates for a description. Such
a description, with explicit inclusion of the temperature depen-
dence of the rates as a parameter, has been used to obtain the
temperature within the flame from spectra such as these (3).
Additionally, on a less detailed basis, the current results show
that the ratio of the rotational relaxation rate to the quenching
rate decreases with increasing rotation.

A further interesting result concerns spin component conser-
vation. Each rotational level of this “Z state has two spin com-
ponents, one (termed F_) with the spin and rotational angular
momentum vectors parallel, and the other (Fz) having them antipar-
allel. Excitation of an F, component results in transfer primar-
ily to F1 components of other rotational levels, and similarly
for Fy excitation._lln a collision, the OH would as soon exchange
several hundred cm ~ of energy as flip its spin around at no
energy cost. Similar results were also observed in the fluores-
cence scans of the NH molecule (16).

Such collisional selection rules are at the heart of current
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14 LASER PROBES FOR COMBUSTION CHEMISTRY

research in molecular collision dynamics in systems significantly
simpler than flames. Yet they not only appear in the flames, but
have decided implications for diagnostic measurements as well.
From Fig. 4 it can be seen that, for finite bandpass detection,
one will obtain different fluorescent intensities per emitting
molecule depending on the level pumped. This can produce system-
atic errors in both the determination of absolute concentrations
and the use of excitation scans to obtain ground state rotational
temperatures (21). Also, the lack of a thermal distribution im-
poses restrictions on models of and data analysis in optical
saturation techniques.

If the OH undergoes rotational energy transfer, it will
undergo vibrational energy transfer as well (gg). Figure 5 shows
the emission from the v/ =1 level following excitation of the N =4
rotational level in v/=0. This results from molecules which have
been collisionally transferred upwards some 3000 em™l. Also shown
in Fig. 5, on the same intensity scale, is a small portion of the
emission from v/=0. From a ratio of these intensities, we find
that the v/ =1 population N1 is about 3.5% of that in v’=0, N..

This ratio can be used to determine the temperature in the
following way. A steady state balance (ignoring the radiative
decay rate) is applied to Ny:

Vexp(-2E/KT)N, = (V + Q)N;

Here, Q is the collisional quenching rate and V is the downward
(1=0) collisional vibrational transfer rate. The upward transfer
rate is then given by detailed balancing averaging over rotational
levels--an assumption briefly discussed below, but whose applica-
bility receives support from the fact that the same ratio Nl/N0
was obtained upon pumping each of three different rotational
levels in v/ =0. An estimate of the ratio V/Q is taken from previ-
ous low pressure studies (23).

The result for the temperature is 1460 +50°K. This compares
favorably with the ground state OH rotational temperature of
1350 K, obtained from an excitation scan through the R-branch
region of the (0,0) band.

A promising possibility for this method would involve the use
of two photomultipliers, simultaneously measuring emission from
v'=1 and v'=0 on a single laser shot. This would provide a time-~
resolved measurement of the temperature, the concentration of the
key reactive species OH, and their correlation. Such data is of
importance in studying time-dependent phenomena such as reactive
turbulence or detonations.

The experiment poses an intriguing fundamental question:
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1. CROSLEY Lasers, Chemistry, and Combustion 17

how does one deal with detailed balancing for a system not totally
at thermal equilibrium? The temperature obtained is presumably
the translational temperature of the flame gases. However, the
rotational distribution results described earlier demonstrate
that, for the rotational degree of freedom in vﬁ=0, a thermal
distribution does not obtain. In addition, downward vibrational
transfer rates have earlier (23) been shown to have a rotational
level dependence. Nonetheless, the results obtained for pumping
the three different rotational levels--including one whose rota-
tional energy was greater than the vibrational energy difference--
were in good agreement., The answers to these questions and sub-
sequent full development of the method as a diagnostic, will re-
quire both further experiments and a careful consideration of
detailed, state-to-state molecular dynamics.

Summary

Laser-based spectroscopic probes promise a wealth of detailed
data--concentrations and temperatures of specific individual mol-
ecules under high spatial resolution--necessary to understand the
chemistry of combustion. Of the probe techniques, the methods of
spontaneous and coherent Raman scattering for major species, and
laser-induced fluorescence for minor species, form attractive
complements. Computational developments now permit realistic and
detailed simulation models of combustion systems; advances in
combustion will result from a combination of these laser probes
and computer models. Finally, the close coupling between current
research in other areas of physical chemistry and the development
of laser diagnostics is illustrated by recent LIF experiments on
OH in flames,
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Laser Probes for Combustion Applications

J. R. McDONALD
Chemistry Division, Code 6110, Naval Research Laboratory, Washington, D.C. 20375

Within the past few years lasers have found an ever increas-
ing role as diagnostic instruments to probe difficult environments
such as in remote atmospheric sensing and measurements in hostile
environments, e.g. arcs, plasmas, discharges, and combustion
sources. Lasér applications as a combustion diagnostic is the
subject of the discussion of this paper. The pioneering efforts
in this area began with the use of lasers to carry out spontaneous
Raman scattering measurements to determine temperature and major
constituent concentrations. This is now a mature field, and the
capability and limitations of spontaneous Raman measurements are
well documented. 1In the following talk Marshal Lapp will discuss
the application of this technique; it will therefore not be fur-
ther discussed now. Moreover, we will not discuss other versions
of Raman spectroscopy such as resonant, near resonant, and time
resolved Raman spectroscopy. Each of these techniques also has
potential application in combustion study. The subject matter of
this paper will be limited to two specific topics; (a) Coherent
Anti-Stokes Raman Spectroscopy and (b) Saturated Laser-Induced
Fluorescence Spectroscopy. This limitation of subject matter also
excludes such techniques as laser absorption, low power laser-
induced spontaneous emission, optoacoustic and optogalvanic spec—
troscopy and laser light scattering techniques involving particu-
late and refractive index gradient scattering. Many of these
areas are the subject of invited papers and poster session presen-
tations in this symposium.

As I have indicated, this presentation will be divided into
two parts. In the first part we will discuss the development of
Coherent Anti-Stokes Raman Spectroscopy, the problems inherent in
applications to combustion sources, recent developments which ad-
dress operational problems, and the state-of-the-art today. This
will be followed by a similar discussion involving the use of sat-
urated laser-induced fluorescence spectroscopy as a combustion
diagnostic.

This chapter not subject to U.S. copyright.
Published 1980 American Chemical Society
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Coherent Anti-Stokes Raman Spectroscopy

The Generation of Signals. Several good reviews of CARS
have recently appeared (1, 2, 3). I refer you to these refer-
ences for an in-depth treatment of the subject.

In CARS two incident laser beams at frequencies w, and w
(often referred to as pump and probe beams) incident ubon a sgnr
ple interact through the third order nonlinear susceptibility to
generate a coherent beam at a frequency, w,, as depicted in Fig. 1
The CARS signal, as shown, is at the frequency w,= 2 Wy "Wy . When
the difference (uw —mz) coincides with a Raman ac%ive resonance
the magnitude of %he radiation at w, can become very large. For
efficient signal generation the inc%dent laser beams must be
aligned such that the three wave mixing process is properly phase
matched as noted at the top of Fig. 1. For gases which are es-
sentially dispersionless, phase matching occurs for a collinear
overlaping beam configuration. Although this configuration is
easy to setup it also creates some problems, i.e. long active
CARS beam overlap volumes and signal generation in optical com-
ponents. We will return to this subject.

In a CARS experiment the signal intensity, I, at the fre-
quency, wy, is given in Eq. (1)

2 2 2 2 2
13 = iu’:; (Il 12 fxi™ 27), (1)
C2

where I, and I, are the intensities of the pump and probe beams
at w, and w,, ¢ is the speed of light, x is the third-order
nonl{near slisceptibility and z is the phase matched interaction
distance. The third-order susceptibility can be written as the
sum of a resonant and a nonresonant term:

X =D (XX, (2)
J

The resonant susceptibility associated with a homogeneously
broadened Raman transition, j, is,

+ix").= K. I. (3)
{x x)J 3 2_3_.,
Aw. — ir.
“3 j
where r. is the Raman linewidth for transition j, 4w = - (w —mz)

is the Aetuning frequency. K is the modulus of the susceptl-
bility, and is given as,

In Laser Probes for Combustion Chemistry; Crosley, D.;
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United Technologies Research Center

Figure 1. Phase-matching diagrams for CARS signal generation are shown in a
and b. The energy diagram at the bottom shows the energy matching scheme for
signal generation (9).
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K. = -ﬁlgf-NA.g. (32, = (4)
37 A s
j

N = the total species number density;

[~
in

the normalized population difference between the transition
J levels;

gj =z the linestrength factor; and
gg) = the Raman crossection for transition j.
s§Q/.

J

Complications arise because of the cross-terms in the square
of the third order susceptibility;
2
x1? = g2 + 2™+ X (5)

ll2 n i} Li
x1 t2x xpt xéz,

the term 2 ) an may be either positive or negative exhibiting
either const%uctive or destructive interference effects. This ef-
fect gives the characteristic CARS spectrum which under high sen-
sitivity and resolution demonstrates strong interference patterns
near resonances.

In summary, then, Coherent Antistokes Raman spectra are
characterized by several complicating factors which are not
characteristic of spectroscopy as usually employed for analytical
measurements, i.e.

13 contains nonresonant background contributions and

13 must be deconvoluted from the laser line shapes; the
Raman resonance line shapes; the detector slit func-
tion; and the polarization properties of the laser and
signal fields.

In spite of these complicating features several major labor-

atories have undertaken major and expensive experimental projects

In Laser Probes for Combustion Chemistry; Crosley, D.;
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to develop CARS as an analytical tool for combustion probing.
This is because CARS offers the means for analytically probing
combustion phenomena which cannot easily be done by other means.
Some of the advantages and potential advantages of CARS are:

(a) It can be a point source probe;
(b) It involves a noninterfering measurement;

(c) It can be made in short experiments on a time scale
faster than turbulently changing phenomena;

(d) It can be used in highly luminous and particulate laden
environments to give temperature and major species number
density measurements.

Experimental Setups. The experimental configurations used
for CARS measurements have common features in most laboratories
now. Figure 2 shows one such arrangement which is typical. A
pulsed laser, in most cases a Q-switched Nd:YAG, is used to gener-
ate the w;, frequency at 532 nm. In a few cases experimenters
use ruby %r other solid state pulsed lasers. Typically the 532
nm beam is split and the second beam is used to pump a dye laser -
dye laser amplifier leg. This produces the probe frequency.
The dye laser is tunable by choice of dye (fgg broad band appli-
cations) or by dispersive elements in the oscillator (for narrow
band generation). The and w, beams are then optically recom-
bined spatially and tempOrally %n the flame zone to be probed.

The wy antistokes frequency is then separated from the and w
beams”by dispersing elements, shown in Figure 2 as prismS, and %s
then further analyzed with a monochromator. The detection may be
photoelectric using a gated photomultiplier or may by use of an
OMA if one wishes to detect the whole spectrum on each shot. The
latter technique offers powerful advantages in that it allows com-
plete spectra to be sampled in a single 20 ns experiment. I will
return to this point.

Results With Colinear Beams. To give one a feeling for the
potential of the technique Figure 3 shows the CARS signal of H,
in an N, bath as a functiQn of concentration (4). We see that™the
signal %emongtrates the N® concentration dependence between about
10® and 5x10~ ppm H2 in N,. This is a dynamic range of « 5000.

Figure 4 shows“the C&Rs spectrum of D, gas scanned using a
narrow band probe (w,) laser within the bright discharge region
of an electrical disCharge lamp. One can see the Q-branch band
heads from both the v"=0 and v"=1 levels. These spectra can be
used to determine both the rotational and vibrational population
distributions of D, within the discharge.

In Laser Probes for Combustion Chemistry; Crosley, D.;
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Figure 3. Plot of CARS signal vs. H, concentration in N, gas (4). CARS spectrum
of discharged gas (Dj 48 torr).
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Figure 4. Plot of the CARS signal for D, gas within the bright region of an electric
discharge lamp
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With a similar experimental setup Figure 5 shows the spec—
trum of N, probed within the homogeneous region of a flat flame
burner in“an experiment done a couple of years ago at NRL. As we
mentioned in the introduction, considerable data analysis must be
carried out to extract a temperature from spectra such as shown in
Figure 5. It turns out that the only way to conveniently extract
this information is to carry out detailed computer modelling of
the spectra with appropriate spectroscopic and instrumental oper-
ating parameters. Theoretical CARS analytical programs have been
developed by several groups to reduce data such as shown in Fig-
ure 5. The reader is refered to articles by Shaub, et al. for a
description of these procedures and for programs to carry out the
modelling. Figure 6 shows modelled CARS spectra for N, in a flame
as a function of the bulk gas temperature assuming rotgtional and
vibrational equilibrium for N, in the flame (7).

Another species present gn high concentration in combustors
is water. Both experimental and theoretical H,0O spectra for a
premixed CH,-air flame are shown in Figure 7 (E). Because of
the large ntaneous Raman cross section for H.O there is
little or no interference from background signazs. Water, how-
ever, is difficult to use as a probe because of the extreme com-
plexity of the spectrum as compared to typical diatomics. The
computer match up generated by Hall et al. in Figure 7 is excel-
lent and gives a good fit to the independently measured
temperature,

Single Pulse Measurements. For CARS to be a useful probe for
flame dynamics in turbulent media it is necessary to obtain infor-
mation in a time short compared to the transient behavior taking
place in the combustor. Any type of scanning proceedure to ex-
tract spectral information is suitable only for homogeneous labor-
atory flames, To extract instantaneous information a technique
called broad band CARS has been developed (9). This is shown
schematically in Figure 8. 1In this technique the narrow band w
pulse is mixed with a broad band w, beam. This technique pro-
duces an w, spectrum for all resongnces (2w,-w,) within the spec-
tral width of the w, beam. The efficiency % guch a process is
obviously much loweg than for a narrow band w, beam because of the
nonresonant frequencies contained within the %, bandwidth. For
many applications this is not a practical lﬁni%ation, however. To
detect the entire CARS spectrum for a given single pulse measure-
ment requires polychromatic detectors. The technique typically
employed is to use a device called an optical multichannel an-
alyzer in place of the single frequency photomultiplier detector
at the exit slit of the monochromator. Such high sensitivity de-
vices exist now from several commercial vendors.

Figures 9 and 10 show such single pulse measurements made in
our laboratory for methane and methane in a mixed gas system (10).
Since this early work broad band CARS has been developed and ap-
plied to more and more complex systems including single pulse

In Laser Probes for Combustion Chemistry; Crosley, D.;
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United Technologies Research Center

Figure 6. Plot of calculated CARS spectra of N, as a function of bulk gas tem-
perature (1)
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Figure 7. (a) Experimental CARS spectrum of H,O in a premixed methane—air

flame at one atmosphere. (b) Computed CARS spectrum of H,O at 1675 K for a

pump bandwidth of 0.8 cm™ and a triangular slit function of 1 cm™ FWHM. The
measured flame temperature is 1675 K (8).
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Figure 9. Broadband CARS spectrum of CH using OMA detection and a single-
laser pulse: P, — 200 kw; Py = 2 kw.
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measurements of diatomic species in flame systems. The computer
modelling sheme used to generate the spectra shown in Figure 6
uses a broad band CARS technigue.

Noncolinear Phase Matching Techniques. Two serious problems
exist when one uses the natural colinear beam phase matching tech-
nique for measuring CARS spectra in gases. Because one is working
with beams which are overlapped in space at all points after re-
combination, CARS signals are generated at positions far removed
from the sample probe volume which one wishes to measure. This is
partially offset by tight waisting the beams using relatively
short focal length lenses. Because of the cubic dependence on
laser power most of the signal is generated near the focus of the
beams. In most practical applications the use of short focal len—
gth lenses is precluded. A second problem which results from co~
linear beams is signal generation within optical components in the
experimental system. At high laser powers this can contribute
considerable artifact distortion of experimental spectra. Ob-
viously, a preferable technique would be the use of a crossed beam
technique.

One obvious solution is that shown in Figure 11. By inten-
tionally crossing and phase mismatching the beams the focal probe
volume is much better defined. The CARS signal beam then lies in-
termediately between the w, & wy beams and generation within
optical components due to w, & w, overlap is avoided. This
technique has been routinel§ usea in our and other laboratories
for several years where the experimental conditions are not too
demanding. The disadvantage of this technique is the large loss
in signal resulting from the phase mismatch (11). Depending upon
the experimental conditions, phase mismatching by one degree can
result in an order of magnitude loss in CARS signal.

Workers at United Technologies have developed (9) a three
laser beam mixing technique referred to as BOXCARS which is shown
in Figure 12. Using this technique the beams can be crossed to
define the focal volume and avoid solid state generation and
simultaneously satisfy the phase matching condition required for
optimum CARS signal generation. This is done by splitting the w
beam into two components. Then when the two gquanta of w, are
mixed with o, under the crossing conditions specified in the fig-
ure the phasg matching condition can be uniguely satisfied. As
explained in Reference (9) this can be conveniently accomplished
using a«, ¢ and 8 angles of a few degrees. This technique, of
course, adds one more level of complexity to the experiments be-
cause three (rather than two) beams must be spatically and tem-
porialy waisted at the focal volume. This extra level of complex-
ity is more than offset in the quality of spectral information
which can be obtained by the use of the BOXCARS technique. Alan
Eckbreth in a later paper this morning will show convincing evi-
dence for the use of this technique in hostile environments.
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Figure 10. Broadband CARS spectrum of a gas mixture using an OMA detector
and a single-laser pulse (10)
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Figure 11. Experimental diagram demonstrating CARS signal generation in gases
using an intentional phase mismatch condition to minimize sample volume and
spurious signal generation in optics.
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% ROTATABLE
OPTICAL FLAT

Figure 12. Experimental diagram from Ref. 9 demonstrating the experimental
arrangement used to generate BOXCARS spectra. For legend symbols see Figure 2.
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Dirty Flames. At this point one could well ask: so what
happens 1n real combustors which are turbulent, soot and particle
laden and are highly luminous? By the end of this morning's ses-
sion you should be convinced that CARS can be applied to these
systems. I don't want to steal all of Alan Eckbreth's slides so I

‘will show only two more. Figure 13 shows the BQXCARS spectrum of
N, with a computer fit to a temperature of 2000°K in a laminar
s%oting propane diffusion flame (12). Figure 14 shows the ver-
tical temperature profile for this same flame system. It should
be pointed out that care must be taken under these conditions to
account for the laser interaction with carbon in the flame which
can generate laser induced Swan Band emission from Cz.

Future CARS Developments. There are many new developments in
CARS which I have not discussed. Several of these techniques are
designed to suppress background and nonresonant contributions to
CARS signals through the use of time sequencing of the and w.
beams or by use of polarization techniques. An example of the
latter is shown in Figure 15. Rahn and coworkers (13) have
shown that a signal to noise improvement of >25 is achievable for
the CO CARS flame spectrum using the crossed polarization tech-
nique over the conventional CARS spectrum shown at the bottom of
the figure. We should expect further developments along these
lines in the near future for obtaining improved CARS measurements
in flames.

Beattie and coworkers (14) have demonstrated that it is fea-
sible to measure pure rotational CARS spectra using one atmosphere
of air as a sample. We have been developing this technique in our
laboratory with somewhat improved experimental conditions. Fig-
ures 16 ag? 17 show spectra of O, and air at one atmosphere down
to v20 cm ~ shifts measured in olir laboratory. We are investiga-
ting this technique for combustion probing. The use of Rotational
CARS has the potential for providing both temperature and concen-
tration information for several species on a single shot basis be-
cause the required spectral information is contained in a narrow
range of frequencies which could be probed by a single dye output.

Saturated Laser Induced Fluorescence Spectroscopy. The de—
velopment of saturated laser induced fluorescence spectroscopy is
more recent than CARS and is less published. Even though this is
the case, this introductory review will not be comprehensive. I
will likely miss some work and I apologize in advance to those
authors. I will not attempt to discuss laser absorption experi-
ments or laser induced fluorescence experiments in the low laser
power, i.e., non-saturated, limit. There is much work in the lat-
ter area of merit and several important papers on LIF in this
conference.

Historical Development. Saturation spectroscopy in flame
systems dates back only to about 1972. The important early work
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was done on the simpler atomic systems. This work was primarily
from two laboratories (14, 15, 16) and culminated with the major
review paper by Omenetto o and Winefordner (17). The extension of
saturation spectroscopy from atomic to molecular systems involves
several levels of added complexity. To extract concentration in-
formation in atomic systems one must be able to avoid having to
cope with the measurement of electronic quenching (i.e., determin-
ation of the fluorescence quantum yield). This is accomplishable
within the context of a two level model for atomic systems without
intermediate electronic metastable levels in the saturation limit.
This is aided by the fact that in atomic systems one can often
work with strong resonance transitions with natural lifetimes in
the region of one to a few nanoseconds. In a flame system such an
excited atom will suffer only 10 to a few score collisions during
its radiative lifetime.

The situation in molecular systems is much more complex.
Among the factors which must be considered are the following:

(a) Vibrational distributions and relaxation in the lower
and upper states;

(b) Rotational relaxation during the pumping pulse in the
upper and lower electronic states;

(c) Chemical reactivity differences in the lower and upper
states;

(d) Electronic quenching of the excited state level;

(e) The existinence of intermediate metastable electronic
levels between the two pumped levels; and

(f) The radiative lifetime of the prepared upper state.

As we will see the use of saturated laser induced fluorescence
spectroscopy will allow us to ignore some of these effects. We
can infer the importance of others and for the time being the
remainder have to be evaluated on a case by case basis for each
molecular system and for the operating parameters of the

exper iments.

This technique was first considered theoretically for mole-
cules by Daily (18, 19) in important papers in 1976 and 1977. In
these papers Daily extended the two level model used in atomic
systems to molecules and attempted to define the range of utility
of the model. Baronavski and McDonald reconsidered the model
and made the first experimental measurements in flames under sat-
urated conditions to test the model (20, 21) for C, in acetylene
flames. During the same year workers at United Te%hnologies began
experimental evaluation of the technigue (22) and in the last two

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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years several other papers have appeared which further consider
the theory and application of the technique , (23-28).

Experimental Setup. The instrumentation (both optics and
electronics) for studying saturated laser induced fluorescence
spectroscopy is much less complicated than for CARS. The exper-
imental setup shown in Figure 18, as used in our laboratory, is
typical for these studies. In some experiments it is advantag-
eous to use a monochromator rather than band pass filters to iso-
late the laser induced fluorescence signal. The lasers used are
either flash lamp pumped systems or Nd:YAG pumped dye lasers.

The latter systems are characterized by a 10-20 nsec pulse while
most flash lamp pumped systems have 500-1000 nsec pulse widths.
Experimentors should carefully consider the use of 20 nsec pulsed
laser with respect to the steady state approximations made in the
theoretical treatments used to model the experiments. In some
cases upper and lower state relaxation processes may be too slow
to allow a steady state to be attained during the pumping pulse.

Typically the laser beam is waisted through the portion of
the flame zone to be sampled and the probed volume is further
limited by the acceptance aperatures in the 90~ collection op-
tics. Under tightly focussed coggitigns it is possible to probe
flame volumes on the order of 10 ~ cm”. The detection and
signal processing equipment consists of routinely used instru-
ments in most spectroscopy laboratories. We have never found
it difficult to observe laser induced fluorescence signals for
most species while rejecting scattered light and background flame
luminosity. ’

To begin experiments one must unambiguously identify and
characterize the species to be studied in the flame in order to
insure that the correct and only the correct molecule is contri-
buting to the LIF signal., Moreover, for experimental measure-
ments one must excite known rovibronic levels within a given
electronic system so that measured number densities can be scaled
to total number densities. This is most conveniently done by
scanning the dye laser frequency to plot out a fluorescence ex-
citation spectrum. Figure 19 shows a partial excitation spectrum
of the Swan Band system in C, including the 0-0 and 1-1 rovi-
bronic transitions. By usina these spectra one can readily iden-
tify rovibronic levels to be used for excitation.

Figure 20 shows an energy level diagram for another complex
molecular system, Mg0, which we have been studgigg in an aspirat-
ing slot burner. 1In this system the gxcited B L level is radiI
atively coupled to both the ground X state and a metastable A™I
level. 1In Figures 21 and 22 the excitation spectra are shown for
each of these two levels. We have analyzed the spectrum in Fig-
ure 22 and have shown that the flame temperature can be indepen-
dently determined from the excitation spectrum. We do not recom-
mend this technique for measuring bulk flame temperatures.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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Figure 17. A rotational CARS spectrum of air at one atmosphere pressure. Con-
ditions are as described in Figure 16.
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Figure 18. Experimental arrangement used in the author’s laboratory to measure
laser-induced fluorescence signals from flame species
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Figure 19. The laser-induced fluorescence excitation spectrum of the C, swan

band system in an acetylene—air flame (21)
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Figure 20. An energy-level diagram for the low-lying electronic singlet states of
MgO (24)
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The Theoretical Models. To date most experiments have been
analyzed using some form of the two level model. This model,
shown in Figure 23, assumes laser excitation between levels 1 and
2. If a third intermediate level, 3, exists it is assumed that
it relaxes back to the ground state on a time scale fast relative
to the length of the laser pulse. Moreover, one assumes that a
steady state equilibrium exists among the pumped levels (includ-
ing the bath of rovibronic levels in state 1) during the laser
pulse. The observed fluorescence signal intensity, S, is given
by the radiative transfer equation shown in Figure 23, S is ex-
pressible in terms of the upper state population N,, the Einstein
A coefficient, the probed sample volume and the cozlection and
detection efficiency. Daily (18, 19) has shown that in the
steady state approximation the observed fluorescence intensity
can be recastoin terms of the number density of the pumped lower
state level N;. Here, I is the laser power, the A and B
terms are spe%troscopic donstants which must be independently
known. The L, w, and A_ terms are instrumental and experimental
constants defined in th& Radiative Transfer equation. The re-
maining term, Q, is the sum of all nonradiative collision in—
duced quenching rates. This includes, electronic, vibrational,
rotational and chemical quenching. In complex chemical systems
such as flames it is not possible to independently evaluate this
term Q, which is inversely proportional to the fluorescence quan—
tum efficiency.

In the limit of high laser power, (B12+B21) I, >> OAy
the expression reduces to the form:

s=hva, zaa (B2 . (6)
47

By,*By)

Under these conditions of complete saturation the fluorescence
signal be&omes independent of laser power and the species number
density N7 can be theoretically evaluated with only the
knowledge of the spectroscopic and instrumental constants.
Figure 24 shows a plot of fluorescence intensity vs. laser
power for the Swan Band system of C2 which we showed in Figure
19. It is apparent that fluorescenCe response becomes non-
linear at laser powers on the order of 1 joule/m“. However,
it is equally apparent that the signal never reaches complet
saturation (independent of laser power) even at 15 joules /m".
We therefore reconsidered the model for this power region where
(B,,+B,,) I > Q+A,. but where the pumping rate is not
ad%%ua%% tovconple%%ly saturate the transition. Under these con-
ditions we have shown (20, 21) that:
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Society Library
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0
= hv a?l Lo a (P2 ) N-M (

47 B12+B21 (B

0 +A21)

+"| . (7)
21781201,

Through two terms in the expansion, one predicts an inverse de-
pendence.on laser power. The data in Figure 24, between 5 and 15
joules/m” is replotted in Figure 25 as a function of inverse
laser power. The data fits the predicted functional form and the
intercept (I + =) can be used to calculate the C. population.
Our evaluatidn in ghls §ystem yields a C lower atate number
density of 4.5x10

These evaluatlons are made within the context of the two
level model and the steady state approximation. The steady—state
approximation is probably valid for this experiment. is not
(electronically, vibronically, or rotationally) a two lgvel sys~
tem. Other groups, particularly Daily (23) and Berg and Shackle-
ford (18) have developed expressions which allow for the inclusion
of more levels and provide for incomplete relaxation. Lucht and
Laurendeau (28) have carefully considered the effect of rotational
equilibration. There is not time here to discuss these models in
detail. The theoretical models which include specifically more
than two electronic levels require experimental measurements inde-
pendently of the radiation coupling the various levels. We have
not found a system experimentally tractible for testing the three
electronic level model.

Experiments With Sodium. Most groups working in this field
have studied Na for various experimental reasons. I would like
to refer you to the recent work by Muller, et al. (25) for a
study of the flame chemistry of this system. This system is very
complex in flames and dominated by unexpected effects for what
one would expect to be a simple atomic system. Figure 26 shows a
1/1 plot for sodium. The solid straight line is the predicted
fit'within the context of the 2 level theory we have been discuss-
ing. This assumes a flat-topped sharp edged beam shape. The
dashed curve is the theoretical data fit we derived for the trun-
cated gaussian beam shape used in our experiments (24). The dot-
dash curve is the theoretical behavior expected for a true Gaus-
sian beam. This demonstrates that it is impossible to completely
saturate with a gaussian beam because of the diminishing intensity
in the wings of the beam.

Figure 27 shows the use of this technique for measuring Na
concentrations over a widely varying range of number densities.
The concentration of Na was changed by varying the Na concentra-
tion of solutions used with an aspirating slot burner. This plot
indicates that Na can be measured down to « 10 ppt relative to
the flame gas number density and that the response is linear over
the concentration range measured.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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Figure 25. A plot of the C, fluorescence signal vs. 1/I,. The slope of this plot gives

the total quenching rate for the °I1, state while the intercept is used to evaluate the
= 1.2 X 10'2 sec™ (21).

311, state number density. C, = 4.5 X 10" cm™;

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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Figure 26. Plot of the Na emission signal vs. 1/1,: ( ), best fit to the data for a
rectanguiar beam profile; (- — —), the best fit assuming a truncated Gaussian profile;
(+ — *), the best fit for a Gaussian profile (24).
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Figure 27. Plot of fluorescence signal vs. Na concentration in a CsHz—air aspi-
rating slot burner (24)
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Compar ison With Independent Measurement. We, at NRL, and
Alan Eckbreth and coworkers at United Technologies have made ex-
perimental measurements on several systems by saturated laser in-
duced fluorescence spectroscopy which we can simultaneous mea-
sure independently by other techniques. The results are shown
in Figure 28. Most of the independent measurements were made by
long path length absorption measurements in homogeneous burners.
There are considerable uncertainties in the absorption measure-
ments made at high concentrations because of experimental and
spectroscopic difficulties. In all .cases the saturated fluores-
cence measurements give concentration measurements which are
lower than the absorption measurements. For Na and MgO the dif-
ferences are slightly larger than the combined uncertainties of
the two measurements. In all cases these have been treated as
two level systems for fluorescence measurements. This is cer-
tainly not the case for CN, C, and Mg0. The MgO was chosen
as a worst possible intermedi%te metastable non-two-level system.

While the independent techniques do not give the exact same
concentration measurements they are similar enough to be highly
encouraging. The laser fluorescence technique is many orders of
magnitude more sensitive than the best absorption measurements
and it is a point sampling technique.

Conclusions

Laser induced saturation fluorescence spectroscopy has been
demonstrated to be a sensitive technique for measuring low level
atomic and molecular c?r}centrations in flames. Most atoms have
electronic transitions™  amenable to detection by this technique.
Depending upon the luminosity of the flame system and the line
strength of the atomic transition, the detection limits for most
atoms in flames should be at or below 1 ppt. Careful experiments
should give absolute concentrations for these species to within
a factor two and relative measurements can be made with much high-
er precision. The application of this technique to the selected
group of molecules noted in Figure 29 can also give very sensi-
tive measurements of concentrations. The sensitivity varies
considerably with the molecular system being studied because of
the molecular electronic structure and, more importantly, because
of the applicability of the theoretical two level model used to
evaluate concentrations. I feel that the present state of the art
should give absolute number densities which can be trusted to with-
in a factor of 3 or 4. The sensitivity limits for most of these
molecular species using the techniques I have described is in the
region of 100 ppt. Except in rather specialized applications such
as two level atomic systems laser induced fluorescence will pro-
bably not be significantly exploited for temperature measurements.

Coherent Antistokes Roman Spectroscopy has been used to make
both concentration and temperature measurements in flame systems.
The accuracy and detection limits vary depending upon the type of

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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Selected Aromatic
Atomic Hydrocarbons
Species

CH SO

CN SH

C2 Cs

OH S2

NH SZO

NO C3

HCN

Figure 29. Partial list of species that are likely amenable to laser flame measure-
ments
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flame system under study and the type of experimental CARS
arrangement which must be used to study the system. In homogene-
ous flames which can be studied using scanning techniques and ex-
tensive time averaging, species concentration detection limits
are better than 0.5% with detection limits for selected species
near the 100 ppm level. Under these conditions absolute tempera-
ture measurements based upon such species as N, and H,O have an
accuracy of 1-2% although most workers quote t%eir medsurements
to + 50 K. In turbulent, luminous, sooty flames using single
shot Boxcars tschniques most workers claim temperature measure-
ments to + 100 K. Under these conditions the current detection
limit for species such as CO is +10% where polarization techni-
ques combined with Boxcars and OMA detection is used. We can ex-
pect improvements in CARS both experimentally and theoretically in
the future. The use of new techniques which we described earlier
involving the use of background supression techniques and the use
of rotational CARS are under intense development.

In summary the recently developed fields of CARS and laser
induced saturation fluorescence spectroscopy offer considerable
potential as diagnostic techniques for combustion systems. The
techniques are complimentary. CARS has its best application for
relatively high concentration flame gases and for temperature
measurement. The fluorescence technique is well suited for low
concentration measurements of atoms and radicals and flame
transients.
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Laser-Induced Fluorescence Spectroscopy
in Flames

JOHN W. DAILY
Department of Mechanical Engineering, University of California, Berkeley, CA 94720

The purpose of this paper is to review the use of laser
induced fluorescence spectroscopy (LIFS) for studying combustion
processes. The study of such processes imposes severe con-
straints on diagnostic instrumentation. High velocities and
temperatures are common, as well as turbulent inhomogeneities,
and there is a need to make space and time resolved species
concentration and temperature measurements. The development of
LIFS has reached the point where it is capable of making
significant contributions to experimental combustion studies.

Fluorescence is spontaneous radiation that arises because
of the stimulation of an atomic or molecular system to energies
higher than equilibrium. This is illustrated in Figure 1 for a
simple two-level atom. The atom is excited by absorption of a
photon of energy hv. If the fluorescence is observed at 90° to
a collimated excitation source, then a very small focal volume
may be defined resulting in fine spatial resolution. The
fluorescence power an optical system will collect is

A
= by 21
Pp=bv oo Qch:NZ’

¢h)
where V. is the effective focal volume, . the solid angle of
the collection optics, and Ap; is the Einstein coefficient for
spontaneous emission, the probability of decay in any direction.

The fluorescence signal can be used in a number of ways.
Most simply it provides a measure of the population of the
excited state or states through Equation 1. In addition, if a
relationship can be found between the number density of all the
quantum states under excitation conditions, then the total
number density of the species can be deduced. Unfortunately,
collisional decay process can cause redistribution of population
from the excited level, complicating interpretation.

0-8412-0570-1/80/47-134-061$10.00/0
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By examining the excitation spectrum of a molecular species
one can deduce a ground state Boltzmann temperature. Also, as
will be discussed below, if one can predict the population
distribution in the atom or molecule under excitation conditioms,
then one can use the observed fluorescence spectrum to recover
the gas temperature.

Finally, energy transfer and chemical processes can be
studied by observing the transient and steady state response
of a molecular system to laser excitation.

Lasers are used as an excitation source for three reasons.
Because the laser output is coherent it offers special
advantages in directionality and focusing. Tunable lasers
allow the possibility of examining several species. Finally,
lasers provide significantly higher power levels than
conventional light sources.

In the following we consider the nature of LIFS in more
detail. The theoretical foundations of laser excitation and
fluorescence are outlined and such issues as detectability and
dynamic range are discussed. Finally the status of LIFS is sum-
marized and a prognosis for future development given.

Theoretical Considerations

As discussed above, a LIFS signal is proportional to the
excited state number density of the species being excited. This
information is not itself normally useful. What is desired is
a measure of the total population, or the temperature. Often
one seeks the population of individual ground states. To be
able to relate the observed signal to variables of interest one
must be able to describe the dynamics of the excitation process.

The Rate Equations. As illustrated in Figure 1,
molecules are excited by photon absorption in the process

o
N+ hv k_"‘LNQ,zﬂc (2)

where Bkl is the Einstein B coefficient for absorption and Ov
is the spectral energy density due to laser excitation.
Likewise, molecules can be de-excited by the induced emission
process
B o
N, + hu <Y N

/Q/ k92‘>k (3)

and by spontaneous emission to lower levels

A,
NQ& N, +hy, £>1=1,2,3.... (%)
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In addition, collisions can cause both excitation and
de-excitation in the process

jS
Nj + M == Ni +M, 1i#7]. (5)

Collisional de-excitation is called quenching because it
competes with spontaneous emission, and if significant the
fluorescent signal will be reduced, or quenched. Chemical decay
can also be important in some circumstances.

Taking into account these processes one may write rate
equations (Daily, 1) for the individual energy levels. For a
simple two-level system one has

dN,
at - Q@ + Bp,p ) Ny
- (Q21 + Ay + B21p\)) N,, (6a)
and
N =N, + N, . (6b)

TOT 1 2

The steady state solution to this system is (using the
detailed balance relation ngl2 = g2B21):

[Q) + Byy0,] Np

N =
20 [Qqy +Qy + Ay + (Byy +Byp)p,]

(7

The first term represents the equilibrium excited state
number density N,*, when p_ = 0. Generally N, >> N,* and
v 2 2
Q12 << Q21 so that

BlZOv

N, = N .
2 [Qyy * Ay + (Byy +Bye ] T

(8)

It is conventional to define a "saturation" energy density
as

Py = (Qp +Qpp * A59)/ By, + Byy) (9

S
v

so that (noting g1B12 = g2B21)
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NT o]

- V
2 1+ gl/gz)

N (10)

s
Py + pv

There are two limits of interest.
Low intensity limit. In this case Equation 10 becomes

N T Py (11)
2 1+ gl/gZ) oS
V
This may be rewritten as
Ny = (Brafag) (A )/ (Qyy + AypdoN,
= (Blz/AZI)vaNT (12)
so that the collected fluorescence power becomes
=™ 3 9vyN (13)

F 4m “12"c¢’c*PyiToT -

Y is called the fluorescence yield, and for combustion conditions
is typically 10‘2—10‘3; that is, quenching is significant.

Given knowledge of the atomic parameters By, and Ap] and
the collisional rates, one can directly relate the observed Ny
to the total number density of the species. If calibration is
possible, only the temperature dependence of the yield, Y,
need be known.

The difficulty with Equation 13 is that under conditions
of turbulent combustion the temperature and composition, and
thus Y, may vary in an unknown manner.

For certain special cases, going to the high intensity
limit provides a remarkably simple solution to the quenching
problem.,

High intensity limit (saturation). Consider the rate
equation for level 2 of our simple atom, Equation 6a. In the
limit of large energy density, this equation reduces to

Ny = (By,/By) Ny (14)

which because of detailed balancing (ng12 ) becomes

= 8By
N, =(g,/g)) N . (15)
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This remarkable result states that if the laser intensity
is high enough, then N and Nj will occur in a fixed, known
ratio. Equation 10 also reduces in this limit to

S R S
2 1+ gl/g2 TOT

2z
I

(16)

Atomic Systems. Many atomic species may be modeled as
three-level systems. Figure 2 illustrates the energy level
diagram for sodium. Other alkali and alkaline metals behave in
a similar manner.

For excitation from level 1 to 2 the steady state rate
equations become

Q3Ny + QpaN; = (Qgy + Qqy + Agy + A3)) N, (17a)

(Qp+ By,p )Ny + (Qqy + Agp) Ny = (Qp + Qpy + Ayy + Byyp ) Ny,

and (17b)
NTOT = Nl + NZ + N3 . (17¢)
If one defines
* -_—
(N3/N2) = (Q13 + 023)/(032 + 031 + A32 + A31) (18)

as a quasi-equilibrium population ratio, then one may show that

N P
N, = I v , (19)

2 * s
[1+g,/g, + N3/N) ] | o, + 0y

where

*
s Q1 * Q3 - (Qgy + Ag)) (N4/N))
o, = * (20)
By [1+ gl/g2 + (N3/N2) ]

*
Because of the difficulty in knowing (N /NZ) ,» experi-

mentally one would measure N, and N3. Under saturation

conditions glNl = gZN2 so that

NTOT =1+ gZ/gl) N2 + N3 s (21)
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Figure 2. Sodium energy-level diagram
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These expressions can be easily generalized for multi-level
systems.

Molecular Systems. Molecules present a considerably
more complex picture. Illustrated in Figure 3 is the energy
level diagram for OH, the hydroxyl radical. The structure
consists of several electronic states, each of which supports
a number of vibrational states. Rotational motion is super-
imposed on each electronic-vibrational state as illustrated in
Figure 3b. OH is an attractive molecule for analysis because
of its dominant importance in combustion kinetic schemes and
because its structure, while more complicated than any atom's,
is fairly simple compared to many other molecules.

The complexity of analysis depends on the relative values
of collisional relaxation rates and the degree to which excited
vibrational levels become populated thermally or under
excitation conditions. For OH it is advantageous to pump
into the 25+ electronic level to either the ground or first
excited vibrational level.

The strategy we have been following is to pump the V" = 0 -+
V' = 0 vibrational band in the UV and observe the resulting
fluorescence. This method reduces complexity caused by
eliminating the need to consider vibrational relaxation and
results in most of the fluorescence signal appearing in the 0-0
vibrational band. Moreover, the energy levels, transition
frequencies and transition probabilities for this band have
been studied extensively and can be found in the literature.

We have assumed that all vibrational levels other than the
two ground levels for the 27 and 25t states are not present.
(This is not strictly true. At a flame temperature of 2000°K
about 10% of the molecules will be in the first excited
vibrational state.) Since the transition probability for the
V' =0 to V' =1 is relatively small, we also assume that all
transitions are between the two ground vibration states only.

The rate equations. The steady state rate quaiions for
the number density of any rotational state in the “I state
other than the one involved in the laser excitation can be
written as

sz(i)
j#
I N1 Q3,0 + I N (0, (), (22)
j#i k
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Figure 3b. OH energy-level diagram—rotational structure
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where

Nz(i) is the number density in the ith level of the 22+
state,

Q22(i,j) is the rotational relaxation rate for transition
i~>j,

Q,, (i) is the total quenching rate of the ith level, and

A57(1) is the Einstein A coefficient of the ith jevel.

T%e steady state rate equation for the level excited by
the laser can be written as

dNZ(e)
—5r— = 0 = -Ny(e) [jieQZZ(e,j) +Qy (e) + A, (e) + Byip ]

N Bygpy D) G5 +IN® @00, (Y

where By is the Einstein B coefficient and p,, is the spectral
irradiance. A similar set of equations describes the ground
electronic vibrational-rotational states.

These equations have been analyzed in some detail by Lucht
and Laurendeau (2) and Chan agnd Daily (3). When the laaer is
turned on, molecules in the “T state are pumped to the “I state.
Since the laser selectively pumps from one rotational sublevel
to another, the other rotational sublevels in the “Z state can
be populated only by rotational relaxation. If quenching, or
electronic de-excitation, is fast compared to rotational
relaxation, then only the laser coupled state will be populated.
On the other hand, if rotational relaxation is fast then all
the rotational states will be populated and in Boltzmann
equilibrium.

For OH, experimental evidence indicates the intermediate
case as illustrated in Figure 4, which shows the deviation of
each rotational sublevel from its normalized Boltzmann value.
Not surprisingly, the laser coupled state is overpopulated
compared to other states.

For molecules, the energy density required to saturate the
excited transition can be as much as three orders of magnitude
higher than for atoms. This may be seen from Equation 23 in
terms of a saturation spectral energy density with a result
similar to but more complicated than that of Equation 20.

Both expressions may then be more conveniently written as

s eff
,=Q /B,

where Qeff is an effective quenching rate.

Saturation. For the simple two-level model the
saturation energy density was shown to be
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Figure 4. Calculated excited-state population distribution for OH: T = 2000 K; Qs3/Qs; == 15.
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3
s _ Qu1/Pip _ BTh/AT)(Qy /Ay
v 1+g/g, 1+ gllg2

p (24)

where the Einstein relation B = c3A /81rh\)3 has been used to

replace By,. For a laser beam, the r%lationship between power
density and emergy flux is P/A = 4mcp,,6vg, where Svg is the
spectral width of the laser source. Thus the saturation energy
flux is

_ (32n%he NS

S

6vg (Qyp/8y;) - (25)

Typical tunable laser line widths are about 0.1 m"1 and
for atoms Qp3/45; ~ 102—103, so (P/A)S atoms ~ 3 x 10%-102 w/cm?.
Likewise for molecules (Q21/A21)eff ~ 103-10% so that (P/A)$01ec™
3 x 105-10%/cm2.

There is no difficulty in focusing a laser beam to a
diameter of 0.1 mm. A one—yatt laser could then provide an
irradiance of about 104w/cm and a one-kilowatt laser an
irradiance of about 10 MW/cmz. Since one watt and one kilowatt
are powers typical of CW and pulsed dye lasers respectively, it
may be seen that if saturation is a goal, then CW laser sources
are not appropriate for studying molecular species.

Detectability and Dynamic Range

The useful range over which LIFS can be used to measure the
number density of some excited state is determined at the low
end by noise and uncertainty considerations and at the high
end by radiative trapping effects.

Detectability Limits. Recall that the actual measure-
ment is that of a fluorescence energy or photon flux

Ay
Pp o= hv 4= QCVCNZ . (26)
What we seek is
P
N, = F 27
Ay
hv ———) Qv
4 cc
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The fractional statistical uncertainty with which N2 can
be measured is thus

2

WN WA 2 WQ 2 WV 2 WP 2

2 _ 21} c) . c) 4 F (28)
N, | \a, 9 v P_ .

2 21 c c F
The detectability limit is that value of N, for which the

fractional uncertainty becomes too large, say 10%.

The critical source of uncertainty will be in the

measurement of Pr. For low values of PF Poisson statistics
apply and the fractional uncertainty in Pr becomes

-

=

Py N
= (photon count) - . (29)
F

The photon count may be written as

(A21
€N A QchAth (30)

where € is the detector efficiency, N an optical efficiency and
At a measurement of time.
Thus

W -
P

F .
T = en(Alelm) chc AtN (31

ot

Equation 31 is plotted in Figure 5 for typical combustion
conditions and with the combined uncertainty in A2 » Qc and V
as a parameter. The -sample time is 1 Usec, typica} of flash-
lamp pumped dye laser pulses, and thus remarkably low
detectability limits are achievable with single pulse sampling.

Equation 31 is used to determine the smallest concentration
of a species that can be detected. The dynamic range of the
instrument will then be determined by the effects of radiative
trapping at large number densities.

Interferences. There are a number of interferences
that must be taken into account and which may limit detectability
or even destroy the possibility of using the diagnostic.

Rayleigh scattering is an ever present interference for any
resonant fluorescence component and will set the ultimate lower
limit on detectability. It is generally very small though and
and has the property of being highly polarized. This property
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can be used to reject the Rayleigh scattered light with a ratio
of about 10=7. As a result, Rayleigh scattering is rarely a
problem.

Mei scattering can be a severe interference, although also
only for resonance fluorescence. The presence of solid
particles can completely eliminate the possibility of using an
optical method. For smaller particle densities, however, one
may overcome particle problems with optical and processing
tricks. Each case must be examined individually.

Eckbreth (4) has pointed out that, when high power laser
sources are being used, the laser may heat small particles in
the flow to the point where they contribute a significant
amount of blackbody radiation to the signal. Again, the
severity of the effect depends on local circumstances, but in
sooting flames can be quite bad. Interferences of these sorts
are discussed in detail by Daily (5).

Radiative Trapping. The radiative trapping problem is
illustrated in Figure 6.

When the emitted radiation leaves the laser focal volume
the possibility exists that it will be absorbed, or trapped, by
gas molecules along the path to the collection optics. This
effect will manifest itself as self-reversal of individual
fluorescence lines or band absorption of the fluorescence
spectrum.

If thermal emission outside the focal volume is ignored,
the specific intensity observed outside the flame is

-T
I =e Y1 (0), (32)
Vv Vv

where Iv(O) is the specific intensity leaving the focal volume,

and
L
T =/ a (x)dx (33)
v o Vv

is the optical depth, where av(x) is the local absorption
coefficient.
The integrated intensity for an individual line is then

-T
_ AY
I = /;: Iv(O)d\) (34)
line

For bands, the expression for the integrated band intensity is
identical but with the integration over the whole band.
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In the absence of interferences, 0, arises from the
absorption spectrum of the test species. TFor atoms and certain
molecules, the absorption spectrum consists of individual lines
or small groupings of lines in which each line is described by
a Voigt-type profile. For most molecules, pressure broadening
causes a merging together of the lines into absorption bands.
The absorption coefficient for an individual line may be
written as

a, = h\)NkBquJ ™), (35)
or
2
N, e f
N b
av = ZESE;E_ $(v), 1>k, (36)

where h is the Planck's constant, By the Einstein coefficient
for absorption, ¢(v) the normalized absorption line shape
parameter, e the electron charge, €5 the permittivity of free
space, M, the electron mass, c¢ the speed of light, and fy3 the
oscillator strength for the transition.

The importance of trapping must, of course, be assessed for
each experiment and test species considered. If one adopts a
criteria for the maximum absorption, an upper limit is placed
on the number density of the absorbing energy level which can be
allowed. We can roughly estimate this by assuming an oscillator
strength of unity for atomic transitions, and of 107~ for
molecular transitions. This leads to line center gfgund s atel
absorption coefficients of the order of a,¢,, ~ 1077 N(m™ ~)m~
and Onole ™ 10'19 N(m"3)m_l for a 2000°K atmospheric pressure
flame. ?or a 1-m pathlength and an optical depth of unity, this
corresponds to an upper limit in mole fraction of about 0.01 PPM
and 10 PPM for atoms and molecules, respectively. Of course,
for absorption that originates in higher energy levels, both the
oscillator strength and the number densities drop rapidly.

Figure 7 illustrates the trapping effect for sodium (6).
The measurements were made across the top of a flat flame burner,
and as can be seen, trapping is significant for mole fractions
larger than about 0.15 PPM.

Near Resonant Rayleigh Scattering. One potential
method for overcoming the problem of radiative trapping that
appears to work well for atoms is near resonant Rayleigh
scattering (Z). If an atom is excited near a resonant line,
part of the light is scattered as enhanced Rayleigh scattering.
If the atom being excited also undergoes collisions then the
possibility exists that a second component of light will be
emitted at the resonant frequency. This process is called

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



76

LASER PROBES FOR COMBUSTION CHEMISTRY

E—— Flame Zone —g

07
06
w
z PPM
305
< 033
2 0.30
>3] -
n 04 h 0.26
& 0.19
2 03 r 015
é Q.10
ooz N
Q
-4
Y
ol
i |
d o.o i 1 1 1 1 1 1 1 J

PATH LENGTH FOR TRAPPING, mm

Figure7. Radiative trapping of sodium in a methane—air flame

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



3. DALY Fluorescence Spectroscopy in Flames 77

collisional redistribution. The importance of these processes
is that the Rayleigh component is outside the absorption line
and cannot be trapped.

Figure 8 shows a typical fluorescence spectrum for near
resonant excitation of sodium. The large peak arises from
collisional redistribution, the other is the enhanced Rayleigh
component. The relative intensities agree with the theory of
Mollow (8). Mollow's theory can also be used to predict the
ratio of the Rayleigh signal to the resonant fluorescence
signal one would obtain if there were no trapping. This ratio
is shown in Figure 9 which illustrates that the Rayleigh
component can be quite large even at detunings several Angstroms
from line center.

Figure 10 illustrates the effect in sodium, showing that
the Rayleigh component was not trapped.

Applications

Use of Saturation. Because of the potential for
simplification of the population balance equations, much recent
work has concentrated on studying saturation phenomena. First
proposed by Piepmeier (9), and elaborated on by Daily (10),
saturation in atomic species can lead to complete elimination
of the need to know any collisional rates, and in molecular
species may provide substantial simplification of the balance
equation analysis.

The approach to saturation in sodium has been studied in
detail, with several early workers reporting anomalous results.
Such results seem to be explained by taking account of the laser
beam intensity distribution (11, 6, 12). In controlled measure-
ments, van Calcar, et al. (13) and Blackburn (14) have demon-
strated saturation of sodium in flames under pulsed and CW laser
operations respectively.

Saturation in molecular species is more difficult due to
syphoning of population to other levels. Thus higher laser
powers are required. Baronavski and McDonald (15) have studied
the approach to saturation of Co and suggested means to use the
saturation curve to extract collisional rate information.
Eckbreth, et al. (16) have studied saturation in CH and CN and
verified that under saturation conditions reasonable estimates
of molecular number density can be obtained.

Currently it appears that there are no difficulties in
saturating atomic species, while molecular species may be
saturated with sufficient laser power. There are some diffi-
culties associated with saturation. Because of chemistry, the
quasi-equilibrium population of a species may change substantially
when excited. See, for example, Daily and Chan (7), and Muller,
et al. (17).
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Excitation Dynamics. The response of atomic and
molecular systems to exciting radiation has long been of interest
and work has been going on to understand such phenomena for over
one hundred years (18). Recent work has involved the use of
lasers and modern detection systems to observe and measure
individual radiative and collisional rates.

The choice of suitable species is dictated to a large extent
by the availability of rate data, and although a great deal of
work has been done, little has been directed at the problems of
applying LIFS to the study of the turbulent combustion environ-
ment. Chan and Daily (3) and Chan (19) have studied OH dynamics
in atmospheric flames and found useful the low pressure data
of Lengel and Crosley (20). Lucht and Laurendeau (2) have
naalyzed OH numerically. Stepowski and Cottereau (Zl) have used
pulsed fluorescence (22) to measure decay rates in lower
pressure flames and their cross section data is of direct
interest to higher pressure combustion applications. Little
other work has appeared although physical chemists are increas-
ingly becoming interested in providing appropriate data.

Concentration Measurements. The use of LIFS to measure
atomic species' concentrations in flames has been demonstrated
repeatedly in analytical applications and the field is well
reviewed by Winefordner and Elser (23) and Winefordmer (24).

For atomic species the saturation approach appears to be
most fruitful, although care must be taken to avoid chemical
effects. Daily and Chan (7) have measured sodium concentrations
in flames using saturated LIFS with a pulsed laser source and
compared the results with absorption measurements. Smith, et al.
(25) and Blackburn, et al. (l4) have done the same under CW laser
excitation.

Molecular measurements in flames have been made of C5 by
Baronavski and McDomald (15) and of CH and CN by Eckbreth, et al.
(16). Chan and Daily (3) have worked with OH and Chan (19) has
done more extensive measurements in OH.

Temperature Measurements. There are a number of
techniques for measuring temperature using LIFS which show
promise.

The first, called two-line fluorescence by Omenetto, et al.
(26), involves seeding the flow with an appropriate atomic
species, such as indium or thallium, which has two excited
electronic states, one of which is close to the ground state.
The seed is selectively and sequentially pumped with a light
source at two wavelengths and the non-resonant fluorescence is
observed in each case. The ratio of the two fluorescence
signals is related to the temperature. The method was first
demonstrated by Haraguchi, et al. (27), who measured temperatures
in a variety of flames and whose work has been extended by
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Bradshaw, et al. (28). In their experiments, a continuum light
source was used although they have since used pulsed laser
sources. We have also performed some preliminary experiments
(29). The result of these experiments show the necessity of
using laser excitation sources if there is to be adequate signal
noise to perform measurements in turbulent flows. We are
currently assembling a CW laser system for two-line fluorescence
in our laboratory.

The second promising method is the use of the spectrum of
a diatomic or larger molecule. As discussed in Section II-C,
if one can describe accurately the population distribution for
the molecule under excitation conditions, then the temperature
can be extracted from the measured spectrum. The difficulty
lies in capturing the spectrum in a sufficiently short time
period. This can be accomplished through the use of a multiple
detector array, or Optical Multichannel Analyzer such as is
manufactured by Princeton Applied Research Co. (30).

There is another approach which can be used in suitable
circumstances. Developed by Kowalik and Kruger (31), it involves
measuring the population of an excited atomic state by LIFS. If
the ground state population is known to be uniform in the flow
field, then information about temperature can be inferred. They
have used the method to measure electron number density in MHD
plasma flows.

Summary and Conclusions

We have examined the nature of LIFS in some detail. The
response of an atomic or molecular system is described in terms
of appropriate rate (or balance) equations whose individual
terms represent the rate at which individual quantum states are
populated and depopulated by radiative and collisional processes.
Given the response of a system to laser excitation, one may use
the rate equations to recover information about total number
density, temperature and collision parameters.

The detectability limit for any given measurement is defined
in terms of measurement uncertainty and for LIFS can be quite
small. This limit, however, can be affected by interferences of
various kinds and care must be taken in instrument design to
avoid difficulties. The dynamic range for LIFS is generally
controlled by radiative trapping effects.

The phenomena of saturation has also been examined and
satisfactorily described. It has also been shown that LIFS is
suitable for studying excitation and collision dynamics, and
for measuring species concentrations and temperatures.

LIFS is now ready to begin being seriously applied to
turbulent flows. For some species, sufficient information
already exists to obtain quantitative results of direct
applicability, although a major effort to collect and collate
collision data must continue. Reliable equipment is available

In Laser Probes for Combustion Chemistry; Crosley, D.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



82 LASER PROBES FOR COMBUSTION CHEMISTRY

which can be used to build measuring systems that interface to
conventional analog or digital data processing systems.

There are several areas in which future development will
concentrate. Laser systems which provide more power and
flexibility than current systems are needed. Higher power
frequency doubled CW lasers and high rep rate pulsed systems
would both be useful. Optical multichannel analyzers that are
faster reading and easy to interface would be especially useful
for rapid spectra recording and interpretation. Methods for
increasing instrument dynamic range without sacrificing
detectability limits will be useful in studying radical species.

It seems inevitable that LIFS will start to be used by
more and more researchers. Combined with a technique such as
coherent Anti-Stokes Raman Scattering (Eckbreth, et al., 16),
which is best suited for measuring major species concentrationms,
a common laser and detection system provide a wide range of
measurement possibilities.
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Laser Probes of Premixed Laminar Methane-Air
Flames and Comparsion with Theory

JAMES H. BECHTEL
Physics Department, General Motors Research Laboratories, Warren, MI 48090

The measurement of temperature and species composition
profiles in premixed, laminar flames plays a key role in the
development of detailed kinetic models of hydrocarbon combustion.
One of the few hydrocarbon fuels for which a detailed reaction
mechanism with air has been postulated is methane. The flame
models for methane combustion include both species diffusion and
thermal conduction, and they are restricted to laminar propa-
gation only (1-4). Most previous measurements of the details of
flame structure have been done on low-pressure (a few kPa)
flames (5) or flames with very slow burning velocities. These
flames are usually much thicker than near-stoichiometric atmos-
pheric pressure flames. Species concentration profiles have
been derived from sampling sonic microprobes (6), absorption
spectroscopy, or supersonic molecular beam sampling with mass
spectrometer detection (7, 8). Although molecular beam sampling
with mass spectrometric analysis has very good sensitivity,
recent results clearly demonstrate that these probes can signi-
ficantly perturb the flame (9).

By contrast, laser scattering methods now permit temperature,
composition and flow measurements that are both nonintrusive and
give very high spatial resolution. These light scattering
methods include laser Raman spectroscopy, laser-induced fluor-
escence, coherent Raman spectroscopy as well as laser velocimetry.

One of the important aspects of these laser scattering
methods is the very high spatial resolution that can be achieved
by the focusing of the laser beam, The primary reaction zone of
atmospheric-pressure hydrocarbon-air flames may now be probed to
give accurate temperature and composition profiles. These
primary reaction zones are typically only a fraction of a mm
thick. This extension of combustion diagnostics to higher
pressures will give new insights into flames that have signi-
ficantly different radical mole fractions and burning velocities
at different pressures.

0-8412-0570-1/80/47-134-085%05.75/0
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The experimental results that are presented here are temper-
ature and species profiles for premixed, laminar CHy-air flames.
The kinetic mechanism of CH4-air combustion can be schematically
represented as a sequence of pathways for carbon evolution e.g.,
CH,~>CH3>CHy0+CHO>C0~C05. Each step in this series evolves by
various parallel reactions, and a specific mechanism (1) is
given in Table I. This is only one possible scheme and alter-
native methods may be found elsewhere (2-5). In addition to the
reactions involving carbon containing species there are also
chain branching, chain propagating, and termolecular recombina~-
tion reactions that involve only species that contain hydrogen
and/or cxygen. The complexity of methane combustion is demon-
strated when it is realized that there are still many unresolved
problems associated with methane-air flames. These include the
fates of both the CHj radical and the CHO radical, the importance
of HO,, accurate rate constants for many of the reactions, and
accurate high temperature species diffusivities. In spite of
these uncertainties, models for methane-air flames have been
developed, and the central objective of this contribution is to
compare the results of the model of Ref. 1 to experiments that
use modern laser probes. -

Experimental Apparatus and Methods

One of the more novel aspects of these experiments is the
slot burner that supports the flame. A schematic diagram of
this burner is exhibited in Figure 1. The geometry of the
flame is such that a focused laser beam can probe the center of
the flame where the flame geometry is approximately one-dimen-
sional., Steady, laminar flows were maintained by metering both
fuel and air through critical flow orifices. These flows were
thoroughly premixed before combustion, and the burner assembly
was mounted on a two-~dimensionally translatable stage. This
assembly allowed positioning the burner with a precision of 10 um.

The laser used for the Raman scattering experiments was a
frequency doubled Nd:YAG (neodymium doped yttrium aluminum
garnet) laser Q-switched at 2 kHz., Temperature and species
concentration profile measurements were facilitated by a two-
channel photon counter. Channel A was gated immediately before
the laser pulse and detected both the Raman scattering signal
and the luminous, flame-produced background signal. Channel B
was gated for an identical duration several microseconds after
the laser pulse and detected only the background signal. The
gatewidths were 300 ns and counts accumulated in both channels
for a 5s integration time. The difference signal, A-B, provides
a measure of the true laser Raman scattering signal.

The beam spot size was measured to contain 90% of the laser
power within a diameter of 40 um even in the region of maximum
flame temperature gradients. Typical average laser powers were
0.25 W,
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TABLE I. Postulated mechanism for a methane-air flame.]

No. Reaction Forward Rate Constant (cgs units)™

A n E

cal/g mol

Al CHtOH 3 CHytHy0 3x103 0 §,000
A2 CHgH T CHyt, 2 x 10" 0 11,900
A3 CHt0 T CHy*OH 2 x 103 0 6,900
Bl  CHj#0 T CH,O%H 7 x 103 0 1,000
B2 CHjt0, T CHOOH 3x103 0 17,500
Cl CHOWHM 2 COH M 2 x 10'6 0 35,000
€2 CHOWOH 2 CHOWHO 2.5 x 103 0 1,000
€3 CHOH0 T CHO+OH 3x103 0 0
C4  CH0H T CHOWH, 1.7 x 1013 0 3,000
DI CHM+O, 2 CO+HO, 3103 0 0
D2 CHO+H 2 CO*H,O 1x 10" 0 0
D3 CHO+0 T CO+OH 5.4 x 10" 172 0
D4 CHOHM 2 CO+HeM 2 x 10'2 172 28,800
El COOH 3 COpH 5.5 x 1011 0 1,080
E2 COSOMM T (O 3.6 x 10'8 -1 2,500
Fl HO#0 3 040N 2.5 x 1013 0 0
F2 HO#OH T 0+H0 2.5 x 10'3 0 0
F3 HO#H 2 OH+OH 2 x 10" 0 2,000
FA HOqH 3 0+, 6 x 103 0 2,000
F5  HeO,M T HOpM 1.4 x 10'6 0 -1,000
61 He, I OH+0 2.2 x 10" 0 16,800
62 O, 2 OHH 1.7 x 103 0 9,460
63 O, T HO0HH 2.2 x 1013 0 5,200
b OHOH 2 H)00 6 x 102 0 780
HI  HeOHWM 2 OHM 7 x10"? -1 0
H2  O+HM T OHeM 4 x108 -1 0
H3  HebsM T WM 2 x 10" -1 0
HE WM T 0, 4 x108 -1 0

*k=AT"exp(-E/RT) g-mol, sec, K units

ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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Figure 1. Schematic of the slot burner used in this experiment (13)
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All data were processed by a central computer to derive
both temperature and species concentrations. The details of
these computer fits are identical to those described elsewhere
(;g, l;) with the exception that a vibrational partition function
correction was included in the analysis of the H,0 data. The
absolute mole fractions of fuel, 0,5, CO, Hp, €Oy, and Hy0 were
determined by flowing known concentrations of these gases mixed
with known concentrations of N, through the burner. A compari-
son of the intensity of the N; Raman spectrum intensity to the
Raman spectrum intensity of any of the other gases provided an
absolute calibration for all laser Raman scattering flame studies.

For the species profiles obtained by laser Raman spectro-
scopy several profiles were measured in a specific flame and the
average mole fraction is reported at a given flame position.

For CO as many as five profiles were averaged to obtain a
composite profile. The precision of the results depends on both
the temperature and the number of composition profiles that are
averaged. The precision is better in the cooler, leading edge
of the flame because the Raman scattering signal depends on the
number of molecules/cm3. For all cases the precision was better
than +0.01 mole fraction and much better than this both in

the leading edge of the flame and when several profiles were
averaged to obtain a composite final profile for a specific
species.

Hydroxyl temperatures and concentrations were measured in
these flames by laser-induced fluorescence. The fluorescence
was excited by a frequency-doubled, tunable dye laser. The
measured fluorescence induced from an individual electronic
absorption line was scaled to absolute concentrations by laser
absorption measurements of the hydroxyl concentration along a
homogeneous hydroxyl concentration path length in the post
combustion zone. The collisional quenching of the laser excited
state was determined throughout the flame by mesuring the concen-
tration of the major quenching species, by using literature
values of quenching cross sections (12), and by determining the
relative collision velocities of hydroxyl with the other species.

The 2H(v"=o) electronic ground state rotational tempera-
ture was also measured by laser fluorescence. The laser fre-
auency was tuned to various P and Q branch transitions of the

T(v''=0) » 2Z+(v'=o) series (see Figure 2)., The spectrometer,
however, detected only the fluorescence of a large number of
emission lines in the Ry and Ry bands. The temperature is
determined by plotting the fluorescence intensities of a given
laser-excited transition divided by the tramsition strength for
the absorption versus the energy of the absorbing rotational
state in the 2H(v"=o) electronic state. A requirement for the
validity of this method is that the laser beam is not signifi-
cantly attenuated before it reaches the scattering or probed
region. An example of such a plot is given in Figure 3. The
temperature is determined by the slope of the line through the
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Figure 2. Schematic of the energy levels . K =7
for the OH molecule. The collision- v K" = 6
induced energy-transfer transitions are
denoted by double-line arrows. The rota- ZH K'=5
tional quantum number is denoted by K’
or K”. Both spin doubling and lambda
doubling have been suppressed for clarity. ——
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Figure 3. Plot of the laser-induced fluorescence intensity per transition strength
vs. energy of initial rotational state in *TI(v" — 0) electronic state. The slope of*
the line gives the OH rqtational temperature (13).
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data points. Additional experimental details are found else-
where (13).

Theory

The general procedure for theoretically predicting flame
temperature and concentration profiles has been described in
detail in Ref. 1. In this method the unsteady conservation
equations of total mass, momentum, species mass and energy are
simultaneously solved by finite difference methods. To solve
these coupled differential equations several assumptions were
made, and these assumptions are listed in Table II. The coupled
conservation equations were solved in a transformed coordinate
system by a method similar to that used by Spalding et al. (14).
The program required the following input: enthalpies, heat
capacities, thermal conductivities, species diffusivities and
reaction rate constants. The program typically contained 50
grid points in the direction of the flame, and approximately 600
time iterations were required for a convergence to a steady
state.

Since there are many input parameters associated with these
types of computer programs, one needs an estimate of the total
uncertainty of the theoretical predictions. This uncertainty
was obtained by combining the theoretical profiles of Tsat-
saronis (2), Kelly and Kendall (3), and those computed here for
the 40 torr flame of Peeters and Mahnen (5). Figure 4 demon-
strates that the theoretical uncertainty for CH4 CO, CO,, H,

0, O, 0 OH and temperature are approximately +10% and that
tﬁe experlmental results fall nearly within these bounds. This
is not true for the species HOy and CH

One should note that some of the kinetic rate constants in
all of these models are derived from Peeters and Mahnen mass
spectrometric results; therefore, it is not surprising that the
theoretical fits to this data are rather good. It is reassuring
that the model of Ref. 1 also exhibits overall good agreement
with the following laser probe results that are free of mass
spectrometer calibration estimates and flame perturbation.

Experimental results

The theoretical and experimental results for a fuel-lean
methane~air flame are given in Figures 5-7. These results
include temperature and major species compositions. The experi-
mental and theoretical results are compared by matching the
abcissas of the temperature profiles. The model very accurately
predicts the slope of the temperature profile but predicts a
larger final flame temperature than is measured. This is a
consequence of heat lost to the cooled, gold-coated burner wall
that is 1.5 mm away from the positions where data were taken.
One should note that it has been calculated that there is very
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Figure 4. Comparison of the predicted (shaded areas) and measured (heavy line)

CH,-O, flame (P = 40 torr, 9.5% CH,) species concentrations and temperature.

The shaded areas are the composite predictions bounded by the results of Refs. 1, 2,
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Figure 5. Temperature, CH,, and CO, profiles for a fuel-lean (¢ — 0.86) atmos-

pheric-pressure, premixed, laminar CH ,~ air flame. The experimental data are

from laser Raman scattering and the theoretical predictions are from the computer
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TABLE II., Assumptions made in flame model.

1. Laminar flow

2. One dimensional

3. Constant static pressure

4, Negligible viscous dissipation

5. Negligible external forces

6. Negligible radiative heat transfer

7. Negligible heat lost to the surroundings

8. Negligible Soret and Dufour effects

little difference in species profiles for adiabatic and non-
adiabatic cases, even though the final temperatures differ by
approximately 200 K (15).

If one compares the composition profiles in Figures 5 and
6, one finds a good agreement between experiment and theory.
Any differences between the experimental data and the theoreti-
cal predictions can be attributed to experimental scatter in the
data.

For the CO and Hy profiles some noticeable differences
between experiment and theory occur. The experimental peak CO
concentration is systematically greater than the model pre-
diction. This same qualitative feature is also observed when
one compares the Smoot model (Ref. 1) with the low-pressure
experimental results (5, 16). This discrepancy between the
predicted and measured CO concentration seems to result from
insufficient formation rates for CO in this model. The CO
disappearance rate is determined almost totally by reaction El.
The rate constant, although non-Arrhenius in temperature depen-
dence, has been studied extensively, and more recent values
suggest, if anything, a slightly larger rate constant should be
used (17). This would decrease the theoretical profile and also
shift its position. Moreover, the rate constant for reaction
Cl is very large and shock tube results (lg) indicate a smaller
value is more accurate. If one were to use the shock tube
results for the rate constant for reaction Cl, the disagreement
between theory and experiment would also be enhanced.

The profile for Hy also shows a discrepancy between theory
and experiment in the leading edge of the flame. The Hy concen-
tration is much greater than the model prediction. There are
several possible explanations for this difference; however, a
more accurate and complete treatment of diffusion is a distinct
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possible explanation. Tsatsaronis (2) has calculated profiles
for a stoichiometric CH4-air flame, and he shows larger preflame
Hy concentrations than the corresponding profiles using the
predictions of Smoot et al. (1l). A major difference between
these two models is that Tsatsaronis uses a more complete
description of the multicomponent diffusion coefficients.

The hydroxyl concentration profile for a stoichiometric
CHs-air flame is presented in Figure 8. Here the maximum mole
fraction observed and the predicted mole fraction are equal to
better than 10% accuracy. The abscissas of the theoretical and
the experimental results were matched by setting the theoreti-
cally predicted temperature equal to the measured hydroxyl
rotational temperature. At all positions in the flame the
hydroxyl 2H(v"=o) state exhibited a Boltzmann distribution of
rotational states. This rotational temperature is equal to the
N, vibrational temperature to within the +100 K precision of the
laser induced fluorescence and laser Raman scattering experi-
ments. An example of this comparison is given in Figure 9.

One should parenthetically note that the measurement of OH
concentration and temperature in the flame recombination zone
provides a method of determining the O atom concentration as
well. The reactions Gl - G3 are usually fast; consequently, if
one assumes partial equilibrium,

fo] - Nea [or)”

Ko, [H,0]

Here KG and Kgo are the temperature-dependent equilibrium con-
stants %or reactions G3 and G2 respectively.

In conclusion, laser probes have been demonstrated to give
an excellent way of measuring species compositions and temper-
atures in laminar flames. The comparisons between a model and
the concentrations of fuel, 0, Hp0, COy, and OH are in good
agreement with the model predictions. The maximum in the CO
profile is, however, systematically larger than the model
predictions for the fuel-lean flame. Moreoever, the H, concen-
tration is also systematically larger in the preflame region
than the model prediction. Finally, the application of more
powerful lasers for Raman scattering, and the extension of
laser fluorescence to other wavelengths should make laser
probes extremely useful for the detection of the composition
profiles of other dilute species as well.
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Abstract

The measurements of temperature and species concentrations
profiles in premixed, laminar flames play a key role in the
development of detailed models of hydrocarbon combustion.
Systematic comparisons are given here between a recent laminar
methane-air flame model and laser measurements of temperature
and species concentrations. These results are obtained by both
laser Raman spectroscopy and laser fluorescence., These laser
probes provide nonintrusive measurements of combustion species
for combustion processes that require high spatial resolution.
The measurements reported here demonstrate that the comparison
between a model and the measured concentrations of CHA, 09,
H50, COo,, and OH are in good agreement with the model pre-
dictions. The maximum CO concentration is, however, systema-

tically larger than the model prediction for a fuel-lean flame.
Moreover, the H, concentrations is also systematically larger

in the preflame region than the model prediction. Finally, the
rotational temperature of the electronic ground state of OH
exhibits a Boltzmann distribution throughout the flame and is
thermally equilibrated with the vibrational temperature of N2
throughout the flame.
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Laser-Induced Fluorescence: A Powerful Tool for
the Study of Flame Chemistry

C. H. MULLER, I11,! KEITH SCHOFIELD, and MARTIN STEINBERG
Quantum Institute, University of California, Santa Barbara, CA, 93106

The recent availability of tunable dye lasers has markedly
enhanced our ability to inquire into the chemistry and physics
of combustion systems. The high sensitivity, spectral and
spatial resolution, and non-perturbing nature of laser induced
fluorescence makes this technique well suited to the study of
trace chemistry in complex combustion media. A barrier to the
quantitative application of fluorescence to species analysis in
flames has been the need to take into account or bypass the
effects of quenching. The use of saturated fluorescence elimin-
ates quenching as a problem and has the further advantage that
fluorescence intensity is insensitive to variations in laser
power (1,2). However, the generation of high concentrations of
excited states under saturated excitation in an active flame
environment opens up the possibilities for laser induced chemistry
effects that also must be taken into account or avoided (3,4,5).
In the following we present an application of laser induced
fluorescence to a study of the chemistry of sulfur in rich
hydrogen/oxygen/nitrogen (H2/02/N2) flames and demonstrate a
simple rationale for taking quench effects into account. Fluores-
cence measurements for S,, SH, SO,, SO, and OH along with measure-
ments of flame temperature and H-atom (in sulfur free flames)
have been employed to develop a kinetic model for the highly
coupled flame chemistry of sulfur. The kinetic aspects of the
study already have been presented in considerable detail (6).
This presentation will accent the experimental techniques and
results in an effort to complement the earlier report.

Experimental

A series of fuel rich H,/02/N; premixed flames were burned
at atmospheric pressure on a 2 cm dia. Padley-Sugden (7) burner
constructed of bundled sections of stainless steel hypodermic
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San Diego, CA 92138.
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tubing to produce one-dimensional flows in the post flame gases
above the burner. The hypodermic tube bundle was manifolded so
as to allow separate premixed supplies to an inner tube bundle

1l cm dia. and to the surrounding annular tube bundle. A sectional
sketch of the burner is shown in Figure 1. Identical H2/02/Njp
mixtures were burned on the two burner sections and HyS or a NaCl
aerosol was added to the gases flowing to the central burner core.
The outer flame ring serves as a shield to maintain the one-
dimensional character of the central flow for several centimeters
above the burner. The Hy/0, and N,/0O, ratios were varied to
generate a series of flames with varying composition and tempera-
ture. Flame temperatures varied from 1700 to 2350 K with burnt
gas flow velocities ranging from 4 to 24 m s-1l,

A schematic of the optical system is seen in Figure 2. A
flash~lamp pumped tunable dye laser (Chromatix CMX-4) is used to
excite the fluorescence of the species of interest. The laser is
equipped with intracavity doubling crystals to carry its operation
into the ultra-violet (UV) down to 265 nm. The absorption bands
of S5, SH, SO, SOz and OH all lie in the UV. The laser line-
width in this region is about 5.4 em-l, WitlL an etalon, built
into the unit, the UV line-width can be narrowed to about
0.27 cm -], slightly greater than the doppler widths of the indi-
vidual lines for the systems under study. The high selectivity
of the narrowed line configuration was required for use with the
SH and OH fluorescence measurements to minimize excitation of
interfering species. The laser beam width was narrowed to 0.1 cm
for the study. The laser pulse duration is slightly greater than
1 us at the half-intensity point and extends out to about 2 us.

In order to avoid any influence of laser induced chemistry, laser
power was limited to about 1% of the saturation parameter for

each of the species monitored. The laser beam passed horizontally
through the flame and fluorescence was monitored at 90° to the
beam. The fluorescence was collected by a spherical mirror,
passed through a 90° image rotator and imaged with unit magnifi-
cation onto the entrance slit of the monochromator. The
collection optics were matched to the monochromator aperture.

With a slit height of 1 cm and slit width of 50 pm the detection
system monitored a 1 cm length of laser beam centered on the burner
core with a vertical spatial resolution, including depth of field
effects, no greater than .0l cm. The 50 ym slit width corresponds
to a spectral resolution of 0.13 nm (FWHM). The monochromator
output was detected with a photomultiplier (EMI 9558 QBM), the
output of which was coupled to current/voltage and voltage/voltage
amplifiers and passed into a boxcar averager. The laser was
operated at 15 pulses/s, and the boxcar was triggered to center a
1 us gate about the peak of the fluorescence profile which matched
the laser profile. Good signal to noise ratios were obtained

with a 3 s time constant for most test conditions. Fluorescence
intensities were normalized to a constant laser power to correct
for any drifts in laser power for which laser dye decay was the

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



5. MULLER ET AL. Laser-Induced Fluorescence 105

WATER =>

=
GAS => —“‘I l
MIXTURE <=
GAS = _"_P |—— <9

MIXTURE

L5 1

Figure 1. Sectional sketch of the burner

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



106 LASER PROBES FOR COMBUSTION CHEMISTRY

dominant cause. Fluorescence variations as a function of height
in the one-dimensional flows above the burner were monitored by
raising or lowering the burner relative to the optical axes.

Flame temperatures were monitored using the sodium line
reversal method (8). Sodium was added to the central core flow
as an aerosol of a sodium chloride solution. The aerosol, genera-
ted in an ultrasonic nebulizer (9), was swept along with a small
flow of air and passed through a pyrex tube heated to 475 K to
dry the aerosol before it was passed into the gas stream leading
to the burner core. The NaCl aerosol is rapidly dissociated on
passage through the flame front to yield elemental sodium. Line
reversal measurements were made using a tungsten ribbon lamp that
had been calibrated for brightness temperature at 589.3 nm as a
function of lamp current.

Absolute H-atom measurements also were made using the Na/Li
method (10) in sulfur free flames. An aerosol of an equimolar
solution of NaCl and LiCl was added to the central core flow
through the nebulizer. Relative intensity measurements were made
of the Na 589.0 nm and Li 670.8 nm emission from which the H-atom
concentrations were calculated. The H-atom measurements could
only be made in the sulfur free flames. Reaction of Na or Li
with sulfur species would render the technique inoperative.

Fluores cence Measurements

The fluorescence intensities, under low power excitation
conditions, have a complex dependence on several factors which
can be represented in the form

= Ry
Iz = AFI;n. 01T /(T +kd+izjkij[Mj]) , (1)
’

where A includes geometric and transmission factors through the
flame and detection system, F is the fraction of the fluorescence
falling within the detection bandpass, I;, is the laser intensity,
n; is the number density of the species in the particular gquantum
state involved in the absorption process, Oy is the effective
absorption cross section including effects of laser and absorbing
line overlap, and 1 is the length of beam monitored by the detect-
ion system. The fluorescence efficiency expression,
T'l/(T'1+kd+Zi,jki-[Mj]), is a measure of the fraction of the
molecules excited gy the laser which fluoresce. The terms are
defined as follows with A* representing the excited state.

A* > A + hv k=7"!
At + M > A% + M ky (vib. or rot. relaxation)
A* + M > A + M k (electronic quenching)

A* > B + C kg (predissociation)

Excitation conditions were selected to avoid predissociation
effects. The quenching term in the fluorescence efficiency sums
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over all of the collisional partners, Mj, of which N2, H20, and
H, are dominant in the H,/0,/N, flames studied.

Under laser excitation conditions it is often possible to
excite a single transition and selectively populate particular
vibrational and rotational quantum levels in the excited
electronic state. Collisional quenching by vibrational and
rotational relaxation decreases the population of this state,
redistributing the molecule among adjacent vibrational and
rotational states which may radiate or suffer further quenching
collisions. Under such conditions the fluorescence efficiency
is dependent on the spectral bandwidth of the detection system.
With a broad band detection system of 10 to 20 nm that might be
represented by a filter-photomultiplier combination, collision
induced vibrational or rotational relaxation in the excited state
may still lead to fluorescence that falls into the detection
bandwidth. As the bandwidth of the detection system is decreased,
vibrational and rotational relaxation leads to radiative
transitions that fall outside of the detection bandwidth.
Rotational and vibrational relaxation increasingly contributes
to the quenching process. The quench term can be expanded to
include such collision induced vibrational and rotational
transitions

= 5 J..J J

Z.kij 1 = 5] O k) ) (2)

llj
By decreasing the detection bandwidth as much as possible, con-
sistent with maintaining a good signal to noise ratio, a limiting
condition can be approximated for which the quenching summation
varies in a simple manner from flame to flame. In the limit in
which only one transition is monitored from the v'J' state
populated by the laser, almost every vibrational or rotational
relaxation from that state is an effective quenching collision.
Under these conditions the quench summation term approximates
to a gas kinetic quench rate,

<~
Zajkgas kinetic [Mj] - (3)

j J

Z )4k ) _0) M1 >

Since kgas kinetic Tl/2 and at a given pressure [M.] « T7!, the
quenching rate varies from flame to flame as T=1/2,

The experimental conditions for the excitation and detection
of all the species are listed in Table I along with the radiative
lifetimes of the excited states. Under the narrow detection
bandwidth conditions for these measurements the quench term is
much greater than T-! for the species studied and the fluorescence
efficiency varies as -1rl/2, Thus with fixed geometry, laser
excitation wavelength, and detection parameters, the fluorescence
intensity in Equatien (1) simplifies to

1, = aIpn;o T2 ' (4)

£

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



LASER PROBES FOR COMBUSTION CHEMISTRY

108

su ge/2T £°6LT (oa) ‘g, (-2 ooovza v, $°992 ¢os
(9'1T)
su 9°97 I7AR%:14 =0’ _Jcd p=un’ _IX G992 0os
(5°5-5°0) ¢y
(6°6~6°0) 20
onov Amoovuuom
st ¢g°0 0°8¢¢ m.wu.b~on.>~+w~< m.mu=n~ou=>~:~x L €CE HS
(1‘G)
su 0o%/0¢ §°20¢ vvn.z~mu.>~mNmm vvu=z~ou=>~mwmx 0°962 (43
(L) 1B(T’'T)  2/ST=.C z/€T=url (9) g
sr 9L°0 69°PTE BN.Z~._”H.>~+.NNAN @"..Z~O"..>~H~Nuﬁ y1°182 HO
N wu ‘paI03 TUOW 12497 12497 uu ‘yzbusToaem soTo0d
9ouaosaaonTd po3TOoxXd butqarosqy buTt3TOX™ T s
SHIONATIAYM ONILOILIA ANV ONILIOXH JONIOSTIONTL ¥ASYI I oTqel



5. MULLER ET AL. Laser-Induced Fluorescence 109

where o includes all the invariant factors. The absorption
cross section, Oy, varies slightly from flame to flame due to
changes in the absorption line shape. This effect is almost
negligible in the present study. The factor nj, the population
of the absorbing level in the electronic ground state, is assumed
to be thermally equilibrated. For a given molecule or radical,
relative values of nj can be represented by an appropriate
function of temperature from flame to flame and point to point
within each flame. When normalized for laser power variation,
absorbing state population, and temperature, the fluorescence
intensities are proportional to the number density of the species
under study. This simplified fluorescence relation appears to
describe the conditions existent in the H3/0,/N. flames.

If the quenching was dominated by some single or few col-
lision partners as might be the case if He replaced N, as the
diluent, the fluorescence intensity relation would become

= -1/2K -1
I; = B n.0,T (Z[Mj]) ) (5)
j

The measurements are placed on an absolute scale by including
a high temperature flame (H,/02/N2 = 4/1/2 with 1% H2S, 2350 K)
which reaches thermal equilibrium rapidly. Measurement of the
fluorescent intensity in the equilibrium plateau a few centimeters
above the burner along with a calculation of the equilibrium con-
centration of each of the species at the temperature of this
flame permits evaluation of the proportionality constant o (or B).
In this manner absolute concentrations can then be calculated

using the relative fluorescence intensity inputs for each of the
species.

Results

Selected results illustrating the development of the
diagnostic conditions for making the routine measurements on
the flame series will be presented in the following discussion

together with examples of the data acquisition for selected flame
conditions.

Temperature Measurements. Sodium line reversal temperature
profile measurements were made on the flame series with varying
additions of H,S. Results for H,/0,/N, (3/1/4,5,6) are shown in
Figure 3. The increase in temperature with distance above the
burner is due to the slow recombination of the radicals H and OH.
In the stoichiometric flames the temperature reaches a plateau in
a few centimeters above the burner. In the richer flames the
temperature gradient is steeper indicating a larger departure of
the radical concentration from equilibrium values. The equili-
brium temperatures decrease with H,S addition. However, the
presence of sulfur compounds enhances radical recombination (6,11)
producing almost equivalent temperature profiles, independent—bf_
H,S addition.

In Laser Probes for Combustion Chemistry; Crosley, D.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



110 LASER PROBES FOR COMBUSTION CHEMISTRY

K‘\\:—:\—— e~ O 5D

I LAMP

LASER
POWER
METER

X

7

7 /
PHOTOMULTIPLIER ~,’—Z7 /
PM COOLER—"7~2/

]

BOXCAR
INTEGRATOR

Figure 2. Optical system for laser-fluorescence measurements in flames

2200

2100

2000

TEMPERATURE, K

1800

FLAME HEIGHT, cm

Figure 3. Sodium line reversal temperature profiles above the burner surface in
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1.0% H,S.
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OH Measurements. (12) Addltlon of H,;S to some of the H,/0,/N;
flames exhibited strong S, B Z - x3%- fluorescence from 300 to
400 nm. To avoid possible S, 1nterference with the on A%zt - x2Ii
(0,0) band at 306 nm it was decided to excite in the OH A-X (1,0)
band at 281 nm and monitor the fluorescence in the (1,1) band.
Little difficulty was experienced in identifying favorable
conditions for monitoring OH. Two excitation scans of the OH Rj
band head in a slightly rich C2H2/02/N2 flame are shown in
Figure 4 with and without added H2S. The scans exhibit identical
features, indicating that there is no interference by S, under
these conditions. Excitation at 281.14 nm with detection at
314.69 nm was found to be favorable. Figure 5 shows some OH
fluorescence decay profiles for a rich H,/0,/N, flame with varying
amounts of added H,S. It clearly exhibits the catalytic effect
of sulfur on the OH decay rate.

H-atom measurements were made in the sulfur free rich
H,/0,/N, flames using the Na/Li method. By this means it becomes
possible to check on the method for taking account of quenching
with the OH data. The radical balance reaction

H, + OH = H;0 + H K = [H,0] [H]/[H,] [OH] (6)

is known to be equilibrated in microseconds at flame conditions
(13). sSince Hp and H0 are major products in the rich Hy/0,/N>
flames these concentrations are essentially constant in each

flame and equal to the thermodynamic equilibrium values. The
equilibrium concentration ratios for Reaction 6 were evaluated
and are plotted against T~! in Figure 6 for six rich flames. The
agreement of the experimental equilibrium ratio Kexp with the val-
ues Kgoqs calculated from the JANAF thermochemical tabulation (14),
is most gratifying and constitutes a validation of the OH
measurements and the data reduction method.

Recently Stepowskl and Cottereau (15,16) measured the quench-
ing rates of OH A 25+ (v=0) in several low pressure propane/oxygen
flames of different stoichiometry. They found that the quenching
rate remained nearly constant through the flame front and well
into the post flame gases for each flame and did not vary much
from flame to flame. Extrapolation of their quenching rates to
atmospheric pressure gives a value =10 s~! which approximates to
the gas kinetic value. This relative invariance of the OH quench-
ing is an indication that the effect is caused by the major
products, the sum of whose concentrations do not vary much. The
minor constituents, whose concentrations may vary markedly, appear
to make negligible contributions to quenching.

S2_Measurements. (17) The rich spectrum of the S» Bazﬁ—Xazé
system offers many options for excitation and detection free of
interference by other species. Excitation in the B-X (5,0) band
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Figure 4. Laser-excitation spectra for
OH A*3* — X°11 in a C,H,~O:—N,
(1.2:2.5:10) flame with 0% and 0.5%
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Figure 5. OH A?3* — X?T fluorescence profiles above the burner surface in a
H,~0,-N, (4:1:5) flame with added H,S: {(a), 0%; (b), 0.25% (c), 0.5%; and (d),
1.0%.
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at 296 nm with detection in the (5,1) band at 302.5 nm appears to
be quite suitable. A portion of the S, B-X (v'=5) progression is
seen in Figure 7. The background on which the S, progression
rides is due to vibrationally relaxed S, Baz;. The S; fluores-
cence intensities were measured from the baseline. S, fluores-
cence profiles for a rich H2/02/N; flame with varying additions
of H;S are shown in Figure 8.

SH Measurements (17). Predissociation of SH A%zt above v=0
(18) limits fluorescence monitoring of SH a2r+t-x2I to the (0,0)
band with excitation in one branch and detection in another.
Strong S, B-X bands overlay the SH system and severely complicate
the SH fluorescence measurements. However, with excitation and
fluorescence scans using the narrow line laser output and with
the use of deuterium substitution for hydrogen it was possible
to identify a highly selective set of conditions for monitoring
SH. PFigure 9a shows a laser excitation scan, with the detector
set at 328.0 nm, of a rich Hy/02/N, flame containing 1% H2S. The
spectrum consists of both SH A-X and S, B-X contributions. Sub-
stitution of D; for H, as the fuel produces the changes indicated
in Pigure 9b. The SD lines are shifted out of the 0.1 nm range
of the scan leaving the S, B-X bands. Four lines are labelled
in Figure 9a that can be assigned to SH. Of these, the RQ,, (6.5)
transition at 323.755 nm appears best suited for excitation of
the SH fluorescence. The small peak at the Q,; (6.5) transition
wavelength in Figure 9b is probably caused by the use of H3S
rather than D,S. In addition, for economy, D2 was used only in
the central core of the burner. The possibility exists that
some H, diffused into the core from the annular guard flame and
formed SH. Scans of the fluorescence spectra for SH are shown in
Figures 1l0a and 10b for the same flame conditions as in Figure 9.
Again H2 was used as the fuel in Figure 10a and D, in Figure 10b.
The substitution of D, for H,; markedly decreases the SH fluores-
cence intensity at 328.0 and 326.9 nm. The residual SH signal with
D, substitution probably derives from the H, sources as discussed
above.

A fluorescence spectrum of SH excited at 323.76 nm is com-
pared in Figure 11 with a synthetic emission spectrum of SH cal-
culated using Ramsay's (18) line assignments and Earls' (19)
assessments of line strengths. Two points are notable. First,
there are no features in the fluorescence spectrum which do not
appear in the synthetic emission spectrum, strong evidence that
S, interference has been eliminated. Secondly, the labelled
transitions in the fluorescence spectrum originate from the
directly pumped level SH ALt (v'=0, J'=6.5). All other lines
result from rather extensive rotational relaxation which, however,
is incomplete over the duration of the laser pulse. It should
be noted that the strong fluorescence labeled Q2 (6.5) and QR12
(5.5) at 328 nm encompasses the Q, and QR; . branch heads and thus
includes contributions from Q. (0.5-6.5) and QR12 (0.5-6.5).
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Figure 6. A test of the equilibrium of H, + OH = H,0 4 H in six fuel-rich

Hy—O3y-N, flames. Experimental points are based on OH fluorescence data and

Na-Li data for H-atom at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 msec, with temperatures
increasing slightly with time in each flame.

(5,3}

i 1
310 300
WAVELENGTH, nm

1
320

Figure 7. Fluorescence spectrum for Sy B®s,” — X®3, in a H,—O,—N, (4:1:6)
flame containing 1% H,S. Laser excitation at 296.0 nm.
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Figure 8. S.B%s,” — X*3, fluorescenca profiles above the burner surface in a

Hy=O0,-N, (4:1:6) flame with added H,S: (a), 1%, (b), 0.5%; (c), 0.25%. Laser
excitation at 296.0 nm with detection at 302.5 nm.
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Figure 9. SH A%S* — X°I laser-excita-
tion spectra in flames with 1% H,S added

PR S TR S B | L to the unburnt gas: (a), H,—O;—N, (4:1:6);
32378 323.74 323.70 (b), D; substituted for H, in the burner
WAVELENGTH, nm core. Fluorescence detected at 328.0 nm.
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Figure 10. SH A?3* — X*1 fluorescence spectra in flames with 1% H,S added to
the unburnt gas: (a), H;—OyN, (4:1:6); (b) D, substituted for H; in the burner
core. Laser excitation at 323.76 nm.
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Figure 11. Comparison of SH A%3" — X°I fluorescence and synthetic emission
spectra for a C,Hi—O4—N, (2:2.5:10) flame with 0.5% H,S added to the unburnt
gas. Fluorescence excited at 323.76 nm.
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Fluorescence profiles for SH in a rich H2/02/N; flame
containing varying amounts of H,;S are shown in Figure 12. The
similarity with the profiles for S» in Figure 8 suggests that S;
and SH are chemically coupled.

SO and SO, Measurements (20). The SO B -X3z” absorption
system extends from 240 to 400 nm with the strongest transitions
lying in the ultraviolet where they overlay an SO, absorption
continuum in sulfur bearing flames. Our Chromatix CMX-4 laser
has a short wavelength limit of 265 nm. Thus it was necessary to
excite the SO B-X (1,4) transition at 266.5 nm. Under these
conditions the SO, continuum also was excited. At flame tempera-
tures, about 4% of the SO population is in the v"=4 level. A low
resolution fluorescence spectrum for SO and SO, in a rich H,/0,/N,
flame with added H;S is shown in Figure 13. The SO, continuum
extends from 250 to beyond 370 nm. Between 260 and 300 nm the
banded structure is an overlay of the SO B-X system on the
continuum. A fluorescence spectrum at higher resolution
(detection bandwidth=0.13 nm) is reproduced in Figure 14. A
portion of the SO B-X (v'=l) progression is now clearly seen
lying on the continuum. Detection of SO, for flame analyses, was
made at 283.4 nm in the SO B-X (1,6) band by measuring the
amplitude above the continuum background. SO, was monitored using
the intensity of the continuum at 279.3 nm.

The SO, fluorescence pulse shape matched that of the laser
indicating that the excited state lifetime was short compared to
1 us. This implied that the short lived SO, le (T < 35 ns) state
was being excited by pumping hot bands of the SO, lAl ground
state at 266.5 nm.

Fluorescence profiles for SO in a rich flame with added H,S
are presented in Figure 15. The corresponding profiles for SO,
are shown in Figure 16. Similarity of the SO and SO, profiles
suggest that they are chemically coupled.

Concentration Profiles. The relative fluorescence intensity
profiles for OH, S,, SH, SO, and SO, were converted to absolute
number densities according to the method already outlined.
Resulting concentration profiles for a rich, sulfur bearing flame
are exhibited in Figure 17. H-atom densities were calculated
from the measured OH concentrations and H, and H;0 equilibrium
values for each flame according to Equation 6. Similar balanced
radical reactions were used to calculate H,S and S concentrations
(6). Although sulfur was added as H3S to this hydrogen rich flame,
the dominant sulfur product at early times in the post flame gas
is SO,.

Discussion

These data have already been employed to develop a chemical
model of the sulfur chemistry in fuel rich H;/02/N, flames (6).
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Figure 12. SH A*S* — X1 fluorescence profiles above the burner surface for
Hy—0y—N, (4:1:6) flames with added H,S:(a),1.0%(b),0.5%;(c),0.25%. Laser
excitation at 323.76 nm with detection at 328.0 nm.
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Figure 13. Fluorescence spectrum for SO, and SO in a Hy—0,N; (3:1:5) flame
with 1% H,S added to the unburnt gas. Laser excitation at 266.5 nm.
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Figure 14. SO B’s — X33 fluorescence spectrum for H;—O,—N, (4:1:6) flame
with 1% H,S added to the unburnt gas. Laser excitation at 266.5 nm.
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Figure 15. SO B33" — X33 fluorescence profiles above the burner surface in
H;-03—N, (4:1:6) flames with added H,S: (a), 1%; (b), 0.5%; (c), 0.25%. Laser
excitation at 266.5 nm with detection at 283.4 nm.
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Figure 16. SO; B, — !A, fluorescence profiles above the burner surface in
H3~OxN, (4:1:6) flames with added H,S: (a), 1% (b), 0.5% (c), 0.25%. Laser
excitation at 266.5 nm with detection at 279.3 nm.
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Figure 17. Concentration profiles in a Ms-O,—N, (4:1:6) flame with 1% H,S (6)
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In that earlier study an examination of the available sulfur
chemical kinetics lead to the identification of the following
8 fast coupled radical reactions that could account for the
measured concentration profiles.

H+ S, =SH + S (7)
S + H» = SH + H (8)
SH + Hy = HS + H (9)
S + HpS = SH + SH (10)
OH + HS = H,0 + SH (11)
H + SO, = SO + OH (12)
S +OH =S0+H (13)
SH+ O =S0+H (14)

Reaction (7) couples S, and SH, as was noted from their fluores-
cence profiles. Similarly, reaction (12) links SO to SO,.
Reactions (13) and (14) connect oxidized and reduced species, SO
with S, and SH. The model relates all sulfur bearing species in
the flames. The non-equilibrium concentrations of H and OH
radicals generated in the flame front by the fast radical chain
branching reactions

H+ 0, =0OH + O (15)
O+ Ha = OH + H (16)

controls the specific distribution of sulfur among the sulfur
bearing species at a particular flame position. As H and OH
recombine by slow 3-body reactions the distribution among the
sulfur bearing species correspondingly shifts toward their thermo-
dynamic equilibrium values.

We would expect the radical balance reactions (6) through (16)
to be equilibrated at all points in these flames. Tests of the
equilibration have been made, as for example in Figure 6, by
evaluating the equilibrium concentration ratios using experi-
mentally measured concentration values. Since O, H, S, and HjyS
concentrations were not measured directly we can indirectly
evaluate the equilibration of the radical balance process by using
reactions that are sums of the above listed processes. Four such
reactions are listed below with an indication of a combination
of reactions (6) through (16) that is chemically equivalent.

Sz + H, = SH + SH (7) + (8)
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H, + S0 = SO + H20 (6) + (12)
SH + OH = SO + H» (13) - (8)
SO, + 2H, = SH + OH + H,0 (6)+(8)+(12)~(13)

As was noted earlier (6), the combination of reactions on the
right is not unique. Other reaction paths could connect the left
and right sides of the four equations listed above. Nonetheless,
these reactions can serve our purpose. The equilibrium ratios

are evaluated in Figures 18 to 21 using experimentally measured
values for T, [OH], [S2), [SH], [SO], and [SO2). Equilibrium
flame concentrations were used for the major products H, and HO.
The equilibrium constants evaluated using JANAF thermodynamic data
are shown in the fiqgures for comparison.

From Figures 6, 18, and 20 we see that relative fluorescence
measurements for OH, SH, S,, and SO along with the method for
data reduction leads to reasonable agreement with the equilibrium
expectations. 1In Figures 19 and 21 there is a somewhat wider
spread of the data about the equilibrium expectation. This is
probably caused by the use of non-optimal measuring conditions
and data reduction for SO, which has a very complex spectrum at
flame temperatures. We are expecting a Nd-Yag laser shortly
which will operate deeper into the UV than our present flash
lamp pumped dye laser and will permit a more extensive characteri-
zation of SO, fluorescence in the flame environment.

Summary

Low power laser fluorescence measurements of OH, S, SH, SO
and SO, have been made in a series of sulfur bearing H2/03/N:
flames. A simple generally applicable method for taking account
of quench effects has been employed to convert relative fluores-
cence data into absolute concentrations. The technique has been
employed to develop a kinetic model for the coupled chemistry of
sulfur in rich H,/0,/N,; flames (6).

This work is part of an on-going program. Analysis of the
effects of sulfur on radical decay, further examination of the
stoichiometric H,/0,/N, data, and analysis of sulfur chemistry in
rich C3H3/03/N2 flames are underway. The laboratory program is
continuing with fluorescence measurements of NO, NO,, NH, NH,; and
CN in an effort to develop a unified kinetic model for fuel
nitrogen chemistry in flames.
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Figure 18. A test of the equilibration of S, -+ H, — SH -+ SH in fuel-rich Hy—O¢—

N, flames with 1% H.S. Experimental points are based on S, and SH fluorescence

data at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 msec, temperatures increasing slightly with
time in each flame (6).
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Figure 19. A test of the equilibration of H, + SO, = SO -+ H,0 in fuel-rich

H,~O,—N,; flames with 1% H,S. Experimental points are based on SO and SO,

fluorescence data at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 msec, temperatures increasing
slightly with time in each flame (6).
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Figure 20. A test of the equilibration of SH + OH — SO + H, in fuel-rich

Hy—O,-N, flames with 1% H,S. Experimental points are based on SH, OH, and

SO fluorescence data at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 msec, temperatures increasing
slightly with time in each flame (6).

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



MULLER ET AL. Laser-Induced Fluorescence 129

1079 T T T T T T

1 i 1)

i

1 Lllllll

T lllllll]/l

1

Keg® 178.9 exp(~26,421/T)

LI { lllll[

1 /lllnl

T
1

{ { I L
46 50 54 58

.IO“/T (K™

The Combustion Institute

Figure 21. A test of the equilibration of SO, + 2H, = SH 4+ OH -+ H,0 in

fuel-rich H,—O,—N, flames with 1% H,S. Experimental points are based on SO;,

SH, and OH fluorescence data at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 msec, temperatures
increasing slightly with time in each flame (6).
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Laser-Induced Fluorescence Spectroscopy
Applied to the Hydroxyl Radical in Flames

M. J. COTTEREAU and D. STEPOWSKI

Laboratoire de Thermodynamique, L.A. C.N.R.S. N° 230, Faculté des Sciences
et des Techniques de Rouen, B.P. 67 76130 Mont-Saint-Aignan, France

One of the main problems met in Laser Induced Fluorescence
measurements is the excited population dependence on the quenching
due to collisional deexcitation. The saturation mode proposed to
avoid this dependence is very difficult to achieve (1) (2) particu-
larly with molecular species and moreover the very strong laser
pulses required may cancel the non-perturbing characteristic of
the method. Therefore precise knowledge of the quenching is neces-
sary in some experimental circumstances.

This paper is devoted to the work we are pursuing at the Uni-
versity of Rouen to study this problem. It consists essentially in
using low pressure flames and short duration laser pulses to
obtain :

1) direct measurements of the quenching rate in various expe-
rimental conditions,

2) direct local concentration measurements in single pulse
mode.

Until now the work has been performed on OH in flames but it
can easily be used for any other species.

Theory

For molecular species measurement the exciting laser pulse
(with a spectral energy density Uy) is tuned on a rotational line
of an electronic transition. If N; is the population of the lower
vibrational level, the population N, of the excited vibrational
level increases according to

dnN, Ny N2

=2 _ 1 - =2 - + 1

at o Bi12 Uy s Bz1 Uy N2 (A+Q) (1)
where B;j, and B;; are the probability coefficients for stimulated
absorption and emission respectively ; A and Q are the probability
coefficients of the radiative and collisional relaxation for the
excited vibrational level. The coefficients a; and a, take into
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account the redistribution among the neighbouring rotational le-
vels not directly connected by the pumping ; they may be rather
complicated under strong laser pulses (3) but for weak pulses a
Boltzmann equilibrium can be assumed and with Zr the rotational
partition function :

z Egs
&y = 23 +1 €¥P Y7

Writing Nj+N; = Np, we obtain :

Bi2 | B2
1-e =12 + =28y +at+0lt
L > U 31 Otzl) v Q]]
(2)
The conditions to reach a saturated steady state with a pulse of
duration At,

2BUV 2BU
(=5~ + a+Q) At >> 1 and Y oSS a+Q

No -sz B2,
N, (t) = — ByUy| |—= + —=+} U +A+
2 o, D12 V[[Otl az) Y A+Q

are more difficult to achieve, because of the o factor, than for
a simple two level model.

We have proposed an alternative to this saturation approach
(4) : if

2BU

At \)+A+Q)<<1

a
the expansion of the exponential in equ. 2 can be approximated by
the first term and we have

NoBIZUVAt

N, (At) = o

After the excitation the population N, decreases and the whole
fluorescence decay, if exponential, gives a mean quenching rate Q
according to :

NOBIZU\)At vQa -

¢ (t) = TTTT—— exp [— (A+Q) tJ

The local concentration Ny can be determined either by measu-

ring ¢ (at t = 0) or by integrating the total number of fluo-
max

rescence photons NF' In this latter case, with NL the total num-

ber of photons in the laser pulse, we obtain :

N o AT (A+Q) C AX
No "N ax 0 a h (3
L bx B,, bV

where Ax is the length of the excited detected zone.
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Experimental

We have studied first the OH radical in a low pressure flame
(15 torr < p < 80 torr) to obtain quenching times longer than our
pulse duration of 4 ns. This exciting radiation is derived from
the second harmonic of a dye laser pumped by a nitrogen laser. An
intracavity Fabry-Perot etalon assures a laser spectral width
(AX = 2 107!2 p) closely matching the absorption line. We have
excited the ©;7 line (XA = 308.9734 nm) of the 2I+(v'=0) <« 2M(v"=0)
transition of OH.

The flat flame is set up by a porous burner (¢ = 2 cm) supplied
with a premixed 0O;-CyHg flow.

Quenching studies in low pressure flames (5)

The fluorescence signal emanating from all the rotational le-
vels of the excited state is detected by a photomultiplier connec-
ted to an oscilloscope or to a boxcar analyzer.

Fig. 1 shows how the quenching rate in the burnt gases zone of
a stochiometric flame increases linearly with the pressure. Beyond
50 torr the observed deviation from linear dependence is due to
the exciting pulse duration itself. Extrapolation to 1 Atm. leads
to a quenching rate Q = 10° s~! which is close to the value found
by Bonczyk and Shirley (6) for CH and CN in flames.

On Fig. 2 we have plotted the guenching rate versus the height
of the incident beam above the burner plane for several oxygen-—
propane flames of different stochiometries. The quenching remains
nearly constantthrough each flame in spite of temperature varia-~
tion from 1300 to 2000 K. In the reaction zone where drastic con-
centration changes occur the quenching is surprisingly nearly
constant. This result confirms first that the quenching is not
very sensitive to the temperature ; it suggests secondly that wa-
ter, the concentration of which rises quickly in the reaction zone,
remains the most efficient quencher ; its mole fraction determines
for a large part the global quenching rate which changes with the
stochiometry. Quenching by radicals which could have been thought
very strong appears to be equal or slightly higher than the quen-
ching by H;0 so as to compensate for the decrease of the tempera-
ture.

These experiments have been made using the Q;7 line ; when
exciting several other lines (P or Q) no noticeable variation of
the quenching was found. This result validates temperature measure-
ments from Boltzmann plots of relative fluorescence intensities.

EDH] measurement

In a low pressure flame a direct local and instantaneous measu-
rement of LQHJ can be obtained by use of equ. 3. Fig. 3 shows a
profile of LOHJ through a stochiometric C3Hg-O; flame at 20 torr.
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Figure 1. Quenching rate vs. flame pressure
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Assuming that the quenching behaviour in an atmospheric fla-
me is the same as in a low pressure flame, the fluorescence effi-
ciency may be deduced from this low pressure study and then bOHJ
may be measured.

Conclusions

The method proposed allows direct absolute measurement of
local concentration at the instant of the laser pulse in a low
pressure flame. We believe that this method could be applied to
higher pressure flames by the use of ultrashort duration laser
pulses with the new mode locked dye laser technique. But until
the detector technology allows such short time resolutions we
think that collisional lifetimes studies must be pursued to
obtain more precise evaluation of the fluorescence efficiency,
and to have a better understanding of the redistribution pheno-
mena involved in optical pumping. For this purpose we are now
studying the decay of resolved fluorescence lines.
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A Multilevel Model of Response to Laser-
Fluorescence Excitation in the Hydroxyl Radical

ANTHONY J. KOTLAR—Ballistic Research Laboratory,
Aberdeen Proving Ground, MD 21005

ALAN GELB—Physical Sciences Incorporated, Woburn, MA 01801
DAVID R. CROSLEY—SRI International, Menlo Park, CA 94025

Optical Saturation in Laser-Induced Fluorescence

Experiments using the technique of laser-induced fluorescence
(LIF) in flames have provided ample demonstration of its selectiv-
ity and sensitivity, and hence of its applicability as a probe for
the reactive intermediates present in combustion systems. The
relationship between the measured fluorescence intensity and the
concentration of the molecule probed, however, must take into ac-
count the collisional quenching of the electronically excited
state pumped by the laser. Because the flame contains a mixture
of species, each with different quenching cross sections, it may
be difficult to estimate the total quenching rate even if many of
these cross sections are known.

One solution (1) to this problem is to increase the laser
intensity I to a value where stimulated emission becomes faster
than collisional quenching. For a two-level system, a steady-
state equation can then be written for Ne:

dN,/dt = 0 = B,INg - (Bgl + Q + AN,

where the symbols are defined in Table 1; the fluorescence inten-
sity S is proportional to N . The ratio Ne/N , extrapolated to
infinite I, is equal to the ratio of their deéeneracies. The
ratio Q/A may be obtained from the slope-to-intercept ratio of a
plot of s~ ys. I"l, which is linear (2,3). Atomic sodium and
several molecular systems have been investigated under saturation
conditions in flames.

Any real molecule can only be approximated as a two-level
system, since each electronic state involved in the transition
contains a number of vibrational and rotational levels. 1In the
(probably unrealistic)limit where quenching directly back to the
single lower level pumped by the laser is much faster than rota-
tional or vibrational relaxation, a two-level system with the

0-8412-0570-1/80/47-134-137$05.00/0
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TABLE 1. NOTATION USED IN TEXT

Ne’ N ...population of excited, ground states in two-level systems
B> Bj+«.Einstein coefficient for absorption, stimulated emission
AciescossEinstein coefficient for spontaneous emission

Q, O,es..Quenching rate, cross section; excited to ground state
R, 0,....Rotational transfer rate, cross section

v, ov....Vibrational transfer rate, cross section; in ground state

correct value of Q/A obtained from the S-1 VS I-1 plot would
apply. In the opposite limit where R,V>>Q, the plot would yield
an apparent quench rate equal to Q/A times an upper state parti-
tion function.

In actuality, the molecular populations are collisionally
transferred among these internal levels at rates of the same
general magnitude as the quenching, so that an appreciable frac-
tion of the original population of the two levels connected by the
laser can reside in the remainder of the levels. The fraction in
the upper laser-pumped level, and thus S, is in general dependent
on the detailed state-dependent rates of transfer within and be-
tween the two manifolds of vibrational and rotational levels.

The Multilevel Model

The present study is a computer model of the time evolution
of individual level populations of the OH molecule under the
influence of laser excitation. The environment simulates that of
the burnt gases of an atmospheric pressure methane-air flame at
2000°K. OH is studied because of its importance in combustion
chemistry and suitability for LIF, which have made it the most
popular molecule for LIF investigations in flames; in addition, it
has a small enough number of significantly populated levels to be
computationally tractable,

The model includes 30 rotational levels (N=0-15) in the v=0
vibrational level in each of the excited AZZ and ground X°II elec-
tronic states. A single "dummy" vibrationally excited level is
used to represent all levels in the X state not belonging to v=0.
The pumping transition (Q13 line) connects the N=3, J=7/2 levels
of the v=0 levels, Relative state-to-state rotational transfer
rates in the A-state are constructed from an information theoretic
analysis of experimental values, and this same energy dependence
of the X-state rotational relaxation rates is assumed. The final-
state dependence of g, is calculated assuming an a priori statis-
tical distribution of the released energy among all available de-
grees of freedom, assuming a quenching partner having only trans-
lational modes. This results in 44% of the molecules quenching
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back to v=0. From available information on X-state vibrational
transfer rates, we estimate a nominal effective cross section for
vibrational transfer from the dummy level to v=0, o, at 0.4 Ai.
Nominal values of % and oy are 14 AZ and 50 AZ, respectively.

Results

Using this single laser excitation, the equations have been
integrated for a variety of values of I and of oy, oy, Oy near the
nominal ones. The goal of the study is not mere?y to attain a de-
scription in terms of these parameters, but to explore the limits
of applicability of more simplified approaches for OH and other
molecules, In particular, a two-level approximation is found to
be clearly inadequate for OH. More detailed aspects are described
in what follows.

1. Time Dependence. The pumped level population does not
settle to within 907% of its steady state value until 230 nsec
after the laser is turned on. Thus, while a steady state approxi-
mation is valid for a flashlamp pumped laser with a pulse length
of the order of 1 psec, the signals using a Nd:YAG pumped dye
(~10 nsec) may exhibit an observable time dependence.

2. Rotational Population Distributions. As expected, there
is an overpopulation in the A state level and an underpopulation
in the X state level connected by the laser, compared to a thermal
distribution (see Fig. 1). Higher rotational levels (N26) in the
A-state are described by a Boltzmann distribution with T~940°K,
well less than the gas temperature and reflecting the energy de-
pendence of the og. The high-N levels of the X-state are describ-
ed by a Boltzmann distribution with very high T (3200°K) but this
may be an artifact of the model, due principally to the assumed
N-dependence of the % and oy -

3. Populations as I Becomes Large. The ratio of the popu-
lations in the levels connected by the laser, plotted vs. I, is
a straight line with unit intercept, as shown in Fig. 2. Plots
are made for three assumed ¢,, shown in i s, with all other trans-
fer rates held constant. Analyzed as a two-level system, the ap-
parent oy is considerably larger than the o%Q inserted into the
model; see Table 2. The difference lessens as 0, increases. This
is in accord with the simple limiting picture noted earlier.

However, as the upper pumped level population increases,
that of the lower pumped level decreases (see Fig. 1), and so does
that of the pair as a whole. That is, under the influence of the
laser pumping, population of the pair is depleted. The reason for
this is that the rate of energy transfer out of the upper pumped
level (depletion of the pair population) is significantly faster
than energy transfer into the lower pumped level (repletion).
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Figure 2. Ratio of populations (ground:excited) in the two levels connected by the
laser as a function of inverse laser intensity for three assumed values of aq in square
angstroms
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TABLE 2. VALUES OF gy, FROM FIG. 2, I

oQ, input to model oQ, from slope ratio
3.7 97 .038
7.4 140 .053
14.8 183 .081

Thus, at high I, the pair population is a considerably
smaller fraction of the total OH population than the initial frac-
tion given by a Boltzmann distribution at the flame temperature.
For example, for the nominal values of 14 and 0.4 A for Gy and Sy
the infinite-intensity fraction is < 1% of the total while the
zero-intensity value is ~ 4%, This result is generally valid for
the entire range of parameters inserted into the model, which re-
present physically realistic energy transfer rates. However, the
precise numerical values depend sensitively on the actual param-
eters inserted. These facts form the central conclusions of this
study (4). A steady state model with no dummy level and a dif-
ferent set of rate constants and level structure (5) shows some
similar features.

4. Dummy level population., With no laser, the population
of the dummy level is set at 11% of the total, the thermal equi-
librium fraction in v=1 at 2000°K. Because vibrational energy
transfer rates are generally slow, the laser excitation causes a
sizeable fraction eof the total to be pumped into the dummy level.
Fig. 3 shows the dummy level population for three laser intensi-
ties as a function of assumed « (In the 2imensionless notation
used in the computer, I=1 corresponds to 10 erg sec™! em Hz'l,
or that of the unfocussed output of the fundamental from an effi-
cient dye pumped by a powerful doubled Nd:YAG laser). At the nom-
inal 0.4 A, nearly 40% of the population is driven into the dummy
level at high I. Clearly the value of Gy @ poorly known param-
eter, is important for a quantitative description of fluorescence
saturation.
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Saturated-Fluorescence Measurements of the
Hydroxyl Radical

ROBERT P. LUCHT, D. W. SWEENEY, and N. M. LAURENDEAU
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Laser—-induced fluorescence is a sensitive, spatially re-
solved technique for the detection and measurement of a variety
of flame radicals. In order to obtain accurate number densities
from such measurements, the observed excited state population
must be related to total species population; therefore the popu-
lation distribution produced by the exciting laser radiation must
be accurately predicted. At high laser intensities, the fluore-
scence signal saturates (1, 2, 3) and the population distribution
in molecules becomes independent of laser intensity and much less
dependent on the quenching atmosphere (4). Even at saturation,
however, the steady state distribution is dependent on the ratio
of the electronic quenching to rotational relaxation rates (4, 5,
6, 7). When steady state is not established, the distribution is
a complicated function of state-to-state transfer rates.

The OH radical has been selected for preliminary saturated
molecular fluorescence studies. A Nd:YAG pumped dye laser is
used to excite an isolated rotational transition, and the result-
ing fluorescence signal is analyzed both spectrally and tempor-
ally in order to study the development of the excited state ro-
tational distribution. It is found that steady state is not
established throughout the upper rotational levels, although the
directly excited upper rotational level remains approximately in
steady state during the laser pulse. The fluorescence signal
from the directly excited upper level exhibits considerable satur-
ation.

Frozen Excitation Model

A molecular fluorescence model is presented which is parti-
cularly appropriate for short pulse excitation. The frozen ex-
citation model treats the two rotational levels which are direct-
ly excited by the laser as an isolated system with constant total
number density. Consider the four level molecular model illus-
trated in Fig. 1. The four level model was solved by Berg and
Shackleford (5) for the case where steady state is established
throughout all molecular levels. Levels le and 2e are the single
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Figure 1. Four-level molecular model. Q; is the collisional-transfer rate constant

from level i to level j, Ty; is the sum of the electronic quenching and spontaneous

emission rate constants, W,; is the absorption rate constant, and W, is the stimu-

lated emission rate constant. W,, and W, are proportional to the laser power Py,

The dashed vertical line separates levels le and 2e, which are treated as an isolated
system, from those levels not affected directly by the laser radiation.
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upper and lower rotational levels which are directly connected by
the laser radiation. Levels 3 and 4 include the rest of the up-
per and lower rotational levels, respectively. The rate equations
for the level populations N are

I:Il(e) = =N (@) [Wy, 40, 1 + N, (e) [Wy +T, ] + NjTo0 + N0, (1)
I.\Iz(e) = Ny (&)W, ,=N, (&) [W, +T, 4T, 40,51 + Ny0.,, (2)
Ny = N, ()0, 3N, [Ty +T5,40,,], (3)
N, = Nl(e)O+N4o = N, (e) + Ny(e) + N, + N, (4)

The superscript O refers to level populations prior to laser
irradiation. The rate constant notation is described in Fig. 1.
At laser intensities sufficient to saturate the le-2e trans-
ition, the stimulated emission and absorption processes which
couple the levels are fast relative to collisional transfer pro-
cesses, and a quasi-equilibrium balance [N2(e)/Nl(e)] is quick-
ly established. 1If the total population of levels le and 2e is
approximately constant during the laser pulse, the upper level
porulation N_(e) can be reliably related to Nl(e)o using an
analysis similar to a two level atomic model (1, 2, 3).
A[Nl(e) + N,(e)], the net population transfer into or out of
levels le and 2e during the laser pulse, will be nearly zero if
the laser pulse length 11, is less than or comparable to the char-
acteristic collisional transfer time T, ~ (Q23+T24)‘1 ~ Q14'1,
simply because few collisions will occur during the laser pulse.
If 11 > Teo A[Nl(e)+N2(e)] will still be much less than Nl(e)o if
the population transfer rate into levels le and 2e, N3(Q35+T31) +
N4Q41, 1s comparable to the transfer rate out of levels le and 2e,
Nj(e)Q14 + Np(e) [T21+T24+0Q23]. This assumption can be justified
on the basis of detailed balancing considerations, provided that
the rotational relaxation rates in the upper and lower sets of
rotational levels are not greatly different. For A[Nj(e) +
Na(e)] = 0, Nj(e)0 = Nj (e) + Np(e) throughout the laser pulse,
and Eg. (2) becomes

0
Ny(e) = N (e) W12—N2(e){W12+w21+T21+T24+Q23-[N3/N2(e)]Q32}. (5)

For a Boltzmann distribution in the upper levels, N3Q32 =
N> (e)Qp3.. However, for a short laser pulse, level 3 will be
significantly underpopulated. Therefore, the factor [N3/Ny(e)]
Q32 is negligible compared to Qj3.

To show that a quasi-equilibrium ratio [Nj(e)/Nj(e)lgg is
established very quickly, Eq. (5) is solved for a step function
laser pulse (laser power Py, = 0, t < 0; Py = constant, t > 0),

N2(e) = Nl(e)OW12 Tss[l—exp(—t/Tss)], (6)
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Society Library
1155 1 %ft N W,
Cl ; ,D.;
ACS S\/mpl(?siLuan?erSeI?ir ,&S%@%a}r:]h Onoﬂt]segzli@éﬁgﬁygtgn, DC, 1980.



148 LASER PROBES FOR COMBUSTION CHEMISTRY

-1, (7)

At near saturation conditions for OH, TS < lOnlO s. Thus, after
approximately 100 ps, levels le and 2e reach steady state, and

Ny (e) is given by

T = [wl

+
ss To*T

25 247923

0 -1
Nz(e) = Nl(e) [le/(W12+W21)][l+(T2l+T24+Q23)/(W12+W2l)] . (8)

At full saturation Eg. (8) becomes

0 0 -1
N, (e) =N, (e) [wl2/(w21+w )) = N (e) [l+gl(e)/g2(e)] ’ (9)

12
where gj(e) and gj(e) are the rotational degeneracies for levels
le and 2e. Steady state is established much more slowly through-
out the rest of the levels via a.succession of collisional trans-
fers. For a short laser pulse, N3 # 0; hence, N3 cannot be reli-
ably related to a lower level population.

Nl(e)O is related to Np by

_ 0 o _ 0, u
NT = Nl(e) + N4 = Nl(e) /FlB(e), (10)

where F{p(e) is the Boltzmann fraction for level le. Level le
can be chosen so that F{g{e) is a weak function of temperature
(8) . Consequently, if fluorescence is observed only from level
2e and the flame temperature can be estimated, Np can be cal-
culated using a simple two level analysis (1, 2, 3).

Experimental System and Results

Fluorescence is induced by a Molectron Nd:YAG pumped dye
laser. The laser repetition rate is 10 Hz, the bandwidth is
~0.01 nm, and the maximum pulse energy and peak power at 309 nm
are 3 mJ and .5 MW, respectively. The laser is focused into the
flame by a 15 em focal length lens; the focused spot size is
about 100 um, as determined from burn patterns on thermal paper.
A mirror is placed past the focusing lens to reflect the beam
vertically into the flame and parallel to the spectrometer slits.
The fluorescence is collected by a 10 cm focal length lens and
focused onto the entrance slit of a Spex 1800-II spectrometer
operated in second order. The spectral resolution is ~0.1 nm.
A 1p28 photomultiplier wired for fast response (9) (rise time
= 2 ns) is placed at the exit slit. The photomultiplier signal
is processed by a Tektronix 5S14N sampler in a 5440 mainframe.
The fluorescence spectrum is analyzed by fixing the sampling
window of the oscilloscope at a given point in the pulse waveform
and scanning the spectrometer; the temporal behavior of fluore-
scence from individual lines is investigated by setting the
spectrometer at the appropriate wavelength and scanning the
sampler across the pulse waveform.

The isolated Q1 (4) line of the (0,0) band of the AZn+-x2T
electronic transition of OH is directly excited by the laser. To
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Figure 2.

Normalized laser pulse and fluorescence signal from the directly excited
upper level vs. time. The laser is tuned to the Q,(4) line (308.42 nm) and fluores-
cence is observed from the P,(5) line (310.21 nm). The laser-pulse energy and peak

power are 0.63 mJ] and .13 MW, respectively: (—— ), the ratio of the fluorescence
signal to laser power.
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Figure 3. Fluorescence signal vs. laser power. Data was obtained from the curves
in Figure 2; points were taken near the peaks and dips of the pulse waveforms:
), a curve fit through the data using Equation 8.
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observe fluorescence from the directly excited J' = 4.5, N' = 4
upper rotational level, the spectrometer is tuned to the Pj (5)
line. Fig. 2 illustrates typical experimental results. The
peaks and dips of the laser pulse and the fluorescence pulse
nearly coincide; this indicates that a quasi-equilibrium between
the directly excited upper and lower rotational levels is estab-
lished very quickly. When fluorescence power is plotted versus
laser power, the fluorescence signal exhibits considerable sat-
uration, as shown in Fig. 3.

The fluorescence spectrum is found to be markedly non-Boltz-
mann and sharply peaked at the directly excited level throughout
the laser pulse. This is due to two effects: the competition be-
tween electronic quénching and rotational relaxation processes (4)
and the short length of the laser pulse. Because the pulse is so
short, steady state is not established throughout the upper ro-
tational levels. The peaks of the fluorescence pulses from levels
which are not directly excited by the laser lag the laser pulse
peaks by one to four nanoseconds, depending on the energy gap be-
tween the given level and the directly excited level.

Using the frozen excitation model to analyze the data shown
in Fig. 3, and calibrating the system via Rayleigh scattering (8),
a total OH number density of 4 x 1016 cm-3 was calculated for an
assumed flame temperature of 2000 X in the methane-air torch. N
was not compared directly with the results of absorption studies;
future flat flame burner studies will involve direct comparison of
absorption and fluorescence.
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Nitric Oxide Detection in Flames by Laser
Fluorescence

DANIEL R. GRIESER and RUSSELL H. BARNES
Battelle~Columbus Division, 505 King Avenue, Columbus, OH 43201

Laser-Fluorescence techniques for NO are of interest for
studying the mechanisms of NO formation and its influence on
chemical processes and pollutant formation in flames. In general,
the optical fluorescence techniques provide very high detection
sensitivities and good spatial resolution.

The method described here for detecting NO in flames is based
on the use of a frequency-doubled tunable dye laser to excite
transitions in the (0,0) y-band of NO in the range of 2250 to
2270 A. Fluorescence is observed at wavelengths associated with
the bands involving the (0,0), (0,1), {(0,2), and higher ground-
state vibrational transitions of the y-band system.

The experimental system used for the NO flame fluorescence
measurements is shown in Figure 1. The frequency-doubled beam
from the dye laser was focused into the high-temperature reaction
zone in a flat flame on a 2-1/4-inch-diameter burner. Fluores-
cence from the flame was collected in a direction perpendicular to
the face of the burner using a cassegrain collection optic and
focused through the slits of the spectrometer. The collection
optic was located at a distance of about 8 inches from the face of
the burner and used with an effective aperature of about f/2. An
EMI 6256 SA photomultiplier was used as a detector. The output
signal from the detector was processed using an ORTEC gated photon
counting system that was synchronized to the laser pulse.

Excitation spectra for NC recorded by setting the spectrome-
ter at specific wavelengths and continuously scanning the output
wavelength of the dye laser are presented in Figures 2 and 3.
Figure 2 shows a fluorescence excitation spectrum for a trace of
NO in nitrogen flowing from the face of the burner at room tem-
perature and no flame present. Figure 2 shows the same excitation
spectrum for NO in the high-temperature zone of a CHg/02/Ny flame.
Both excitation spectra were obtained at atmospheric pressure at
the same position above the face of the burner. In the case of
Figure 2, the spectrometer was set at 2262.0 R for the (0,0)
y-band, wh11e in Figure 3 the spectrometer was set at 2368.8 R for
the (0,1) y-band. The spectrometer slits were set at 3 mm which
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Figure 1. Dye laser system for nitric oxide fluorescence measurements in CH ,—~
O,-N, flame
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is equivalent to a spectral bandpass of about 19.9 E. 1In the case
of the flame spectrum, a trace of NO was added to the nitrogen to
enhance the intensity of the spectrum. It was, however, possible
to detect the natural level of NO in the flame which was measured
previously with the same burner by Merryman and Levy (1) using

a quartz probe and chemiluminescence analyzer and found to

be in the range of 20-30 ppm. In the case of Figure 3, it is
estimated that the level of NO in the doped flame is about 60 ppm.
Scan times of 60 minutes were required to record the excitation
spectra shown in Fiqures 2 and 3. The contribution of Rayleigh
scattering to the spectrum in Figure 2 would be expected to be
small because the cross sections for Rayleigh scattering are
several orders-of-magnitude smaller than fluorescence cross
sections. This was verified experimentally by comparing spectra
for the (0,0) y-band transition, with those involving other lower-
electronic vibrational levels of the NO y-bands. The spectral
lines in Figures 2 and 3 all correspond to identified rovibronic
transitions (2,3).

In summary, the results in this paper demonstrate that laser
fluorescence can be used to detect NO in atmospheric-pressure
flames. Detection sensitivities in the ppm range were observed
with laser pulse energies in the range of about 3 pJ. This
sensitivity can be increased significantly by using a higher
intensity laser.

This research was supported by the Division of Fossil Fuel
Utilization of the U. S. Department of Energy under contract no.
W-7405-Eng-92, Task 88.
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Laser-Induced Fluorescence of Polycyclic
Aromatic Hydrocarbons in a Flame

DONALD S. COE and JEFFREY 1. STEINFELD

Department of Chemistry and Chemical Engineering and Center for Health Effects
of Fossil Fuel Utilization, Massachusetts Institute of Technology,
Cambridge, MA 02139

Laser-~induced fluorescence spectroscopy (LIF) is being
developed as an in-situ, real time diagnostic for polycyclic
aromatic hydrocarbons (PCAH) in combustion systems. PCAH are
known to be formed in sooting flamesl»2 and are of interest both
for their carcinogenic properties and possible role in the soot
formation process. Gas chromatography and mass spectrometry have
provided probe measurements of PCAH in flames; however, there is
a need for a real time, non-intrusive technique for measurement
of PCAH in combustion systems. Probe measurements have indicated
individual PCAH concentrations in the 10 ppb to 10 ppm range3.
LIF has been shown to be capable of detection of flame radicals
at these concentrations® and is expected to give similar limits
for PCAH,

The individual PCAH of interest include naphthalene, pyrene,
fluoranthene, phenanthrene, anthracene, benzpyrene, and others.
In a combustion environment many PCAH will be present in varying
concentrations, so that detection of an individual species re-
quires deconvoluting complex spectra from the multicomponent mix-
ture. This requires a detailed knowledge of excitation and fluor-
escence spectra for individual species under flame conditions.

A literature search indicated that in most cases the available
vapor phase spectra are insufficiently detailed for this purpose,
even at near-room~-temperature conditions.

Thus in the initial stages of the study, excitation and
fluorescence spectra were measured for individual species in a
cell (heated to approximately 100 C to provide sufficient vapor
pressure) to determine their (mear) room temperature spectra.
Individual PCAH were then injected into a flame to determine’the
effects of flame temperatures on the spectra and to determine
sensitivities. These spectra will then be used as a data base
to attempt to deconvolute the complex spectra observed upon
excitation of the flame itself.

0-8412-0570-1/80/47-134-159$05.00/0
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Experimental Apparatus

The equipment installed for this project consists of a
tunable dye laser and the fluorescence detection system. Both
the laser and the data acquisition are under computer control.
The apparatus schematic is shown in Figure 1. The laser is a
Phase-R Corporation DL-1400 flashlamp-pumped tunable dye laser.
Because of the high gain afforded by the coaxial flashlamp,
this unit has the capability of lasing directly throughout the
350-760 nm wavelength range. A KDP doubling crystal has been
installed, which can produce tunable u.v. radiation in the
290-350 nm range by frequency-doubling. Additional crystals
are available, which can extend this range down to 200 nm.

With the present arrangement, however, we are able to cover
the fluorescence excitation regions of most of the PCAH species
of interest.

The laser produces a pulse approximately 300 nsec long
with peak powers of 1 Megawatt. Pulse repetition rates up to
10 per second are possible. The output bandwidth is narrowed
to 0.2 nm with a double prism oriented at Brewster's angle to
produce a horizontally polarized beam. By tuning the prisms
(i.e., changing the reflection angle -- see Figure 1), the
output wavelength can be scanned over 30-50 nm for a given dye
solution. The tuning of the prisms, frequency doubler (if used),
and etalons (if used) are all carried out by stepping motors
controlled by the on-line computer. The output wavelength is
further stabilized by a feedback system in the fluid pump line
which maintains a constant temperature difference between the
cooling water and the dye solution, thus minimizing turbulence
in the dye.

The laser-induced fluorescence is observed perpendicular
to the beam axis witha low-dispersion monochromator and photo-
multiplier (PMT). The laser pulse energy is monitored with a
photodiode (PD) calibrated against a Scientech Model 3600 power
meter. The 300 nsec pulses from the PMT and the PD are
averaged with dual gated integrators on a pulse-to-pulse basis.
The integrator outputs are then read into the PDP-8/L computer,
through a pair of 10-bit A/D converters. The computer then
performs pulse-to-pulse averaging and normalization and
statistical analysis of the data, as well as scanning the
optical components of the laser itself. Typically, averaging
10 pulses yields statistically acceptable data.

Results

Figure 2 shows fluorescence spectra for pyrene and fluor-
anthene in atmospheric pressure cells pumped at essentially
the same wavelength. These spectra are typical of the types
of profiles obtained for PCAH. The spectra are broad band with
no significant fine structure. Comparison of the two spectra
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Figure 2. Fluorescence spectra—atmospheric pressure cell (air): upper figure,
pyrene at 78°C; lower figure, fluoranthene at 90°C; fluorescence-analyzing band-
pass of 4 nm.
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shows that, at least in a low temperature (100 C) two component
mixture of pyrene and fluoranthene, the individual concentrations
could be ascertained by deconvoluting the fluorescence spectrum
alone. Similar results hold for the excitation spectra.

Figure 3 shows the fluorescence spectra for pyrene and
fluoranthene injected into the post-reaction zone of an ethylene-
air flame. It was found that the fluorescence signal did not
attenuate appreciably as the sample volume was moved downstream
of the injector. This indicates that the species are not being
consumeu in the flame. The temperature of the injected stream
is not known; however, the injector flow rate was kept low to
allow more efficient heating of the stream. This temperature
will be monitored in future measurements. Comparison of these
spectra with those in Fig. 2 indicates the effect of increased
temperature. In both cases, the spectrum is broadened somewhat
but the qualitative features are still distinguishable and can
be attributed to the species injected. Thus, it appears that
the effect of high temperatures on the spectra is not so gross
that it precludes identification of individual species. Further,
the spectra at flame temperatures can be measured by injection
into flames, providing a means of calibrating the LIF method
for both spectral signature and sensitivity for individual PCAH.

The detection limits of individual PCAH will be determined
by injecting known amounts into a flame. An estimate of the
limit for pyrene can be obtained from the atmospheric pressure
cell measurements. Pyreene was detected in the cell at 50°C
and 1 atm of air, where its vapor pressure is about 0.1 milli-
torr, or about 0.1 ppm. While this limit can be improved by
optimization of the optics and electronics, it is sufficient to
detect pyrene in the concentrations expected from probe measure-
ments.

Conclusion

PCAH have been observed in a flame using laser induced
fluorescence spectroscopy by injecting individual species into
the post-reaction zone. While the spectra are broadened by
the elevated temperature, the spectra are qualitatively similar
to low temperature (100 C) spectra and are indicative of the
particular species injected. Thus, the injection procedure
appears to be a feasible method of determining PCAH spectra at
flame temperatures. These spectra will be used as a data base
to determine individual PCAH concentrations in flames from their
LIF spectra.
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Flow Visualization in Supersonic Flows

N. L. RAPAGNANI and STEVEN J. DAVIS

Chemical Laser Branch, Air Force Weapons Laboratory, Kirtland Air Force Base,
Albuquerque, NM 87117

Since the invention of flowing chemical lasers, a per-
sistent problem has been the difficulty of understanding the
mixing phenomena so thit accurate modeling of these devices
could be accomplished.= The system efficiencies are controlled
in great part by the mixing and, if one hopes to build a bigger
and better device, a degree of understanding of the mixing is
certainly needed.

In recent years there has been a considerable amount of
effort devoted to developing new nonintrusive techniques and
also applying well-established techniques to interrogate these
flow fields. Some of the methods which have been applied are
chemiluminescence and Schlieren photography, CohErent Anti-Stokes
Raman Scattering, and Laser Doppler Velocimetry.= All of the
above techniques have been used in an attempt to understand the
mixing process and construct a map of the flow field in the
laser. While useful, these techniques have some inherent prob-
lems and difficulties. What was needed was a fast and efficient
method for obtaining mixing efficiency on new nozzle concepts.

The recent introduction of laser induced fluorescence as a
diagnostic has opgned up a new field as a nonintrusive flow
field diagnostic.*® In this paper we describe how seeding of the
flow field of these devices with I,, which was made to fluoresce
by an argon ion (Ar+) laser, gave us information on the mixing
process.

Theory:

There is a fortuitous match betgeen strong I, absorption
and the 51458 line of the Ar+ laser.t This absorption is from
the v"' = 0 level of the X!3 state to the v' = 43 level of the
B3Mo state. The absorption can be made specific to one or two
rotational levels of the v" = 0 level by insertion of an intra-
cavity etalon and forcing the Ar+ laser to oscillate onr a single
longitudinal mode. The absorption process then becomes very
efficient and the resulting fluorescence becomes much brighter.
The v' = 43 level of B3lo state fluoresces to a multitude of v"

This chapter not subject to U.S. copyright.
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levels giving a characteristic yellow emission. The resulting
fluorescence is extremely intense when produced this way. 1In a
typical run, the Ar+ laser was properly tuned by maximizing the
fluorescence in a sealed glass cell containing I, vapor. The
laser was stable enough that further tuning was not required.

There are several advantages in using I, as the seed for
LIF studies. First, the vapor pressure of I, is sufficiently
high that I, vapor (not crystals) can be easily entrained in a
He gas flow and carried into the flow field as a true molecular
vapor. Thus, the I, can be injected through extremely small
orifices. Secondly, the I, fluorescence utilized in the present
work extends to much longer wavelengths than the excitation
source. Consequently, the LIF is easily isolated from any
scattered laser light by insertion of a long pass filter over
the viewing port. Thirdly, the radiative lifetime of the relevant
excited state in I, is long enough to allow excited molecules to
travel a significant distance (~1 cm) in the flow direction if
the flow is supersonic and pressure low enough. Thus, the
visible fluorescence will persist downstream from the excitation
source and one can track the flow field for a single excitation
point. The visible fluorescence was used to monitor the flow
field and both black and white and color photographs of the flow
field were obtained.

Experiment:

A 2-liter stainless steel vessel, partially filled with Ij
crystals, was connected directly to the secondary He feed supply
line of a supersonic chemigal laser. A complete description is
given in a separate paper.= The laser cavity had viewing windows
on top and bottom so that the nozzle array could be viewed in a
direction perpendicular to the optical axis. The pump laser was
a Spectra-Physics Model 170-03 Ar+ laser equipped with an intra-
cavity etalon.

The Ar+ beam was directed into the chemical laser cavity
along the optical axis by a focusing optical train. The spot
size in the cavity was a fraction of a millimeter, although
tighter focusing could have been done, thus increasing the
spatial resolution. The Ar+ beam could be translated in two
dimensions, up and down the nozzle face, at a single position in
the flow direction, and also downstream from the nozzle face.
Hence, the flow field could be visually mapped out.

The collision free lifetime of the V'=43 level of the I, B
state is on the order of a few microseconds. The I, pressuré in
the laser cavity was estimated to be only ~lm torr.” The He
pressure was less than 5 torr for all runs. At these conditions
neither self-quenching nor electrgnic quenching by He will
significantly alter the lifetime.= A lifetime of a few micro-
seconds is nearly ideal to use as a tracer in our supersonic
flow fields in which velocities of 10® cm/sec are typical. This
means that the fluorescing I, would "light up" a region down-
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stream of the excitation point of ~1 cm. It is important to
note that the region of excitation is defined by the spot size
of the laser which is variable as described above. Collisions
with He will, however, cause the originally excited V'=43 level
to be relaxed to lower V'. This causes the visible fluorescence
to become red shifted.

He gas with the I, vapor was injected into the flow field
through the secondary nozzles. A complete description of the
geometry is given in Figure 1. The Ar+ laser beam was positioned
in the flow field and photographs were taken. The majority of
photographs were taken with the laser operating in the cold flow
condition in which no F, was added in the combustor. Hot flow
conditions were imitated using N, and He gases. Hot flow experi-
ments where I, reacts with F to produce IF with subsequent LIF
on IF will be“completed in the coming year.

Results and Discussions:

Typical results of our effort are summarized in Figure 2.
The right portion of this photograph shows the visible fluores-
cence from I, (B-X) as viewed perpendicular to the optical axis
through the top of the cavity. The left portion (2b) of the
picture emphasizes the extremely narrow region (slit) that is
fluorescing in the optical axis direction. Figure 2b was
obtained by means of looking through a dichrocic mirror down the
optical axis of the chemical laser, collinear to the Ar+ beam.
The fluorescence downstream from the Ar+ beam is observed to be
well defined and remains approximately the width of the Ar+
beam. In all these photographs, the Ar+ laser excited a region
at the nozzle exit plane, one-half way up in the vertical direc-
tion. In both figures, the Ar+ pump beam can be seen inter-
secting the flow field with the fluorescence reflecting off the
nozzle face.

The first remark one can make about Photograph 2 is that of
flow nonuniformity. This particular nozzle bank has a severe
nonuniformity problem and actually some of the secondary nozzles
are not flowing. By redirecting the beam higher in the cavity,
the clogged nozzles were observed to flow much better. This
demonstrated the high degree of spatial resolution since the
nozzle was shown to have severe nonuniformities in flow over
small dimensions, <1.5 mm, in the vertical direction. By
directing the Ar+ beam up and down in the vertical direction and
in the downstream direction, the entire flow field was mapped
out. The nonuniformities of the flow field caused by the nozzle
seen at the nozzle plane in Figure 2 continued far downstream
~5 cm and the gradients in the vertical direction seen at the
nozzle plane also persisted.

Chemiluminescence photographs of the flow field taken
perpendicular to the optic axis indicated no such nonuniformi-
ties, because any such photos only give spatially integrated
particle density data. Consequently, vertical density gradients
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Figure 2. Visible fluorescence from Iy(B — X): (a) viewed perpendicular to the optical axis; (b)
viewed along the optical axis,
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caused by the nozzle are completely washed out. The amount of
iodine actually injected into the flow field is only a small
fraction of the He carrier gas. Thus, potential mixing problems
caused by the massive I, injection are minimized. Visual exami-
nation of the fluorescence indicated no changes in the flow
structure as the I, flow was reduced to zero; the only change
was that the entire fluorescence intensity became weaker. As
mentioned earlier, a pressure increased will cause the fluores-
cence to become red shifted. The characteristic bright yellow

1, fluorescence becomes orange to red as the pressure increased.
In our color photos this was easily discernable and was inter-
preted as being due to density gradients in the cavity caused by
intersecting shock waves. These intersecting shocks were clearly
visible on the color photos.

Conclusions:

These results demonstrate that LIFS can be applied success-
fully to study mixing zones in chemical laser cavities. Nozzle
performance can be quickly and accurately evaluated. It is
important to note that LIFS is not specific to iodine. Other
species which can be made to fluoresce, such as sodium vapor,
could be injected instead of I, Then, by use of a dye laser,
visual fluorescence could be seen. By using several different
species of different mass, one could study mixing processes with
high accuracy and resolution. Different species could be injected
into adjacent nozzles and the mixing phenomena could be studied
in color. One of the least understood mixing methods used in CW
chemical lasers is that of trip jets. These are jets of secondary
gas injected into the primary and secondary nozzles near the
nozzle exit plane and are used to enhance the mixing process. A
fluorescent species seeded into the trip jets could be used to
better understand to what extent this process ernhances mixing.
The spatial resolution of this technique is limited only by the
spot size of the Ar+ laser which can be focused to diameters of
a few microns.
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What Really Does Happen to Electronically
Excited Atoms in Flames?

KERMIT C. SMYTH, PETER K. SCHENCK, and W. GARY MALLARD
National Bureau of Standards, Washington, D.C. 20234

In recent years numerous experiments have been reported on
the fluorescence and energy transfer processes of electronically
excited atoms. However, for flame studies the rates of many
possible collision processes are not well known, and so the fate
of these excited atoms is unclear. An interesting example
concerns the ionization of alkali metals in flames. When the
measured ionization rates are interpreted using simple kinetic
theory, the derived ionization cross sections are orders of
magnitude larger than gas kinetic (1,2,3). More detailed analyses
(4,5) have yielded much lower ionization cross sections by
invoking participation of highly excited electronic states.
Evaluvation of these models has been hampered by the lack of data
on the ionization rate as a function of initial state for the
alkali metals.

Opto-galvanic spectroscopy detects the absorption spectra of
atoms (6) and some molecules (7) in a flame by measuring current
changes induced by optical irradiation at a wavelength correspond-
ing to an electronic transition. Two steps are involved:

A + hv > A* photon absorption

A* + M> &+ e+ M collisional ionization.
Thus, the overall ionization starting from a given gxcited state
is monitored. Since the efficiency of collisional ionization is
highest when the energy required for ionization is lowest, this
method is particularly sensitive for detecting high-lying states.
We have found that two-photon transitions are readily observable
for many atomic species. If one selects a particular atom and
then monitors the laser-induced current changes for a series of
electronic states, the observed signal magnitudes are sensitive
to the competing ionization and quenching processes. In this
paper we compare our experimental results on Na with model
calculations which incorporate state-specific ionization and
quenching rates.

Experimental Results Two-photon transitions in Na from the 3s
ground state to high-lying s and d states have been observed

This chapter not subject to U.S. copyright.
Published 1980 American Chemical Society

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



176 LASER PROBES FOR COMBUSTION CHEMISTRY

using stepwise excitation (two lasers operating at different
wavelengths). Thus, we have (1) 3s + 3p at Ay and (2) 3p + nd at
A2 where n, the principal quantum number, is between 4 and 12.
The transition probabilities for each step are well known (8).

Two dye lasers were excited simultaneously by a pulsed—
nitrogen laser (pulsewidth = 7 ns), and the two unfocussed beams
irradiated the flame in a counter-propagating, collinear geometry.
With 25% of the nitrogen laser pumping the dye laser operating at
A1, typical laser energies were 35-70 uJ, and the first transition
3s > 3p was optically saturated. However, for the 3p + nd
transitions care was taken to avoid optical saturation; typical
laser energies at A, were 1-300 uJ.

The flame was fuel rich Hy/air, burning on a 5-cm long slot
burner; the estimated temperature was 2000 K (7). Aqueous Na
solutions were aspirated into this flame, with concentrations of
1 ppm for measuring the Ay signal (3s + 3p) and 10 ppb for
the signal using both dye lasers. The latter solution corresponds
to a Na number density of ~10% cm~3 in the flame.

Figure 1 shows a portion of the data obtained for the
stepwise excitation of Na. Figure 2 plots the observed signal
enhancement (defined as signal with Aj; + A, divided by the
signal with A; only) versus the absorption coefficient for the
stronger (3p3» + nd) of the two components.

Modelling the Data The present model extends an earlier version
(9). Here we seek to evaluate the expected signal from a series
of d states in Na by using a rate equation model which includes
absorption, stimulated emission, collisional ionization, and
quenching. The essential features are the following: (a) Only
the so-called "n-manifold" states (% 2 2) are considered, since
the Na d states mix very rapidly with states of higher 2 (k =
1010—10;1 st (10)). This mixing is assumed to be complete
before ionization and quenching occur. The s and p states are
thus ignored. (b) Quenching is assumed to proceed via many small
steps of An = -1; i.e. nd + (n-1)d + ... 3d + 3p (11, 12). (c) A
state-specific ionization rate constant is calculated (see

below) using the cross section for Na 3s ionization derived by
Hollander (4). (d) N, is assumed to be the collider in the
ionization and quenching processes (4, 10, 11). Although charged
species may have large quenching cross sections for excited Na,
their concentrations are orders of magnitude lower than that of
N, and so their contribution is neglected. (e) The radial
intensity distributions of the two lasers are described by a
Gaussian function. (f) A Voigt line analysis is required for
calculating the optical transition rates since the observed
linewidths for the Na d states are several times the nominal 0.0l
nm bandwidth of the laser. These large linewidths arise from the
large 2-changing (10) and elastic (13) collision rates.

In Laser Probes for Combustion Chemistry; Crosley, D.;
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Figure 1. Optogalvanic signal for stepwise excitation of sodium (3s — 3p — nd,

ns) in an Hy—air flame. Each transition is split into two components by the fast

mixing of the fine structure states, 3p;;» «—> 3ps;e. The data are not normalized

for the variation of laser power with wavelength. At this level of sensitivity the
one-photon signal (3s — 3p) is undetectable.
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The optical transition rates have been calculated using the
experimentally measured laser energies. The next task is to
derive overall global quenching and ionization rates for each Na
n-manifold state. This is accomplished as follows. Humphrey et
al. (11) have measured total loss cross sections from several n-
manifold states, and these show a steady decrease with n. By
detailed balancing one can estimate the fraction of energy
transfer collisions which leave the Na atom in states of higher
and lower n (this calculation neglects chemical reactions). Once
these branching ratios are evaluated, an overall quenching rate
can be calculated by summing all the downward rates for nd - (n-
1)d > ... 3d » 3p. The rates at each step are given by k = oN¥,
where N is the number density and ¥V is the average velocity.
Table I lists the results of these calculations, the loss cross
sections of Humphrey et al. (11), as well as the estimated loss
cross sections for higher and lower n.

Similarly, the overall ionization rates can be evaluated.
At 2000 K and 1 atm, Hollander's state-specific rate constant
becomes k, = 1.46 x 1010 exp(-AE/KT) s~!, where AE is the
energy required for ionization. For each n-manifold state the
fraction ionized by collisions is determined, as well as the
fraction transferred to nearby n-manifold states in steps of An
= +1. Then the fractions ionized from these nearby n-manifold
states are calculated. In this way a total overall jonization
rate is evaluated for each photo-excited d state. The total
ionization rate always exceeds the state-specific rate, since
some of the Na atoms transferred by collisions to the nearby
n-manifold states are subsequently ionized. Table I summarizes
the values used for the state-specific cross sections and the
derived overall ionization and quenching rate constants for each
n-manifold state. The required optical transition, ionization,
and quenching rates can now be incorporated in the rate equation
model. Figure 2 compares the results of the model calculation
with the experimental values.

Discussion (a) For high principal quantum numbers (n 2 7)
ionization is much faster than quenching (see Table I), and so

the details of the possible quenching processes are unimportant.
Essentially all of the atoms excited to a given nd state are
ionized, and the observed signal is simply proportional to the
absorption probability of the second step (Xj).

(b) For n = 5 and 6 there is keen competition between ionization
and quenching processes. It is here that the rate equation model
is most sensitive to the actual state-specific rate constants
employed. Using Hollander's values to derive ionization rates

(4) and the results of Humphrey et al. for total loss rates (1l),
the agreement between theory and experiment is good. If ionization
rates 100x larger are employed, the direct proportionality between
the observed signal and the absorption probability is maintained
down to n = 4. Clearly, this does not agree with the experimental

In Laser Probes for Combustion Chemistry; Crosley, D.;
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results. However, further work is needed to ascertain just how
sensitive the model is to the state-specific ionization rates.
(¢) For n = 4 the model predicts a smaller signal than actually
observed. Some of the model's assumptions are least tenable for
low values of n. At n = 4 the 2-changing collision rate constant
is ~10%71 (10) and thus is no longer much faster than quenching.
Also, the quenching cross sections have been assumed to be
independent of temperature, which may well be incorrect (14).
Differences in the quenching cross sections would affect the
model estimates most strongly for low n values. Finally, although
quenching of the 4d state predominantly gives 3d (12), it may be
necessary to consider energy transfer to other nearby states.

Conclusions (1) Hollander's "low" cross section for collisional
ionization of Na is sufficient to model the opto-galvanic signal
magnitudes as a function of excitation energy. Abnormally high

cross sections are not required.

(2) Essentially all (> 90%) of the Na atoms excited to n > 7 are
ionized at a flame temperature of 2000 K. For n = 7 the energy

needed for ionization is 2249 cm_l, which is approximately 2 kT

(kT = 1390 cm™1).
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Collisional Ionization of Sodium Atoms Excited
by One- and Two-Photon Absorption in a
Hydrogen-Oxygen-Argon Flame

C. A. VAN DIK! and C. TH. J. ALKEMADE
Fysisch Laboratorium, Rijksuniversiteit Utrecht, The Netherlands

In the past, much work has been done on electrical proper-
ties of flames (1,2,3,4). As in numerous other fields, the
laser has revolutionized the scene. It has been demonstrated
that the laser is capable of saturating optical transitions of
atoms present in flames (5,6). When we think of an atom in
terms of a two-level system with equal degeneracies and an ioni-
zation continuum, saturation of the intermediate level means
that for half the atoms the energy necessary to ionize is dimin-
ished by the excitation energy provided by the laser. 1In other
words, the saturated level has been promoted to a quasi ground
level, For sodium atoms in a flame of 1800 K irradiated with
laser light tuned to e.g. the sodium D-lines, an increase is ex-
pected in the collisional ionization rate of exp(E3s-E3p)/szlO6.
In the experiments which we devised to support the basic idea
described above, we used two thin iridium probes, which were sus-
pended into the flame and biased to 300 V. The negative probe
was fixed in position in the immediate neighborhood of the laser
excited volume in order to collect the ions; the positive probe
was movable and usually at a distance of 10 mm from the negative
probe. Laser beam and probes were well outside the flame front.
A resistor completed the circuit and signals were measured
across the resistor. The laser was a flashlamp pumped tunable
dye laser with a pulse duration of =1 us and a peak power of
several kW; the bandwidth was 0.0l4 nm in the neighborhood of
589 nm. We used a stoichiometric H2-0-Ar flame of 1800 K,
shielded with a mantle flame of identical composition. In the
inner flame a 2500 upg/ml NaCl solution was nebulized. An exten-
sive description of the experiment can be found elsewhere (7).

Simultaneously with the ionization signals we monitored
fluorescence signals. Gated integrators processed both these
signals. We observed ionization signals with the laser tuned to

1 Current address: Chemistry Department, Michigan State University, East Lansing,
MI 48824.

0-8412-0570-1/80/47-134-183%05.00/0
© 1980 American Chemical Society

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



184 LASER PROBES FOR COMBUSTION CHEMISTRY

the 3S1/2-3Py/9, 381/2-3P3/2, 3P1/2-581/2, 3P3/2-581/2 one-
photon transitions and the 381/2-3D3/2 5/2, 351/2-581/2, 381/2-
4D3/2,5/2 two-photon transitions of sodium. With the first two
transitions, the laser beam had a diameter of 3 mm and a power
density of the order of 10% W/cm2; for the remaining five transi-
tions, the beam was focused to a diameter of 100 um and the power
density was of the order of 104 kW/cm2. The ionization pulses

as observed with an oscilloscope closely resembled the laser
pulse, which puts a lower limit of several us on the time-con-
stants involved. The time-constants of the circuitry were negli-
gible.

With the irradiated probe negative, the ionization signal
decreased by 10% when the distance between the probes was in-
creased from 2 to 10 mm. However, a decrease in ionization sig-
nal by a factor of 5 occurred in the same experiment with the
polarity of the probes reversed (see Fig. 1). This observation
shows that the current is limited by the sodium ions. Calcula-
tions, using literature values (8,9) for the mobility of sodium
ions in flames, support this observation.

Scanning the laser across a sodium transition produces
excitation profiles as shown in Fig. 2. Irrespective of whether
a one- or two-photon transition was involved, we found the width
of the resulting ionization profile to exceed that of the corre-
sponding fluorescence excitation profile. We account for this
fact by assuming that the process

k,
i
Na* + Z 2 Na +e + 2 &9)

k
r

is equilibrated and that the concentrations of the ions and
electrons are equal. Here Na* denotes the excited atom, Z a
flame gas atom or molecule, ki the collisional ionization rate
constant and k, the recombination rate constant. As we did not
observe significant saturation of the ionization signal as a
function of probe voltage, the ionized region is electrically
neutral to a good approximation. A simple calculation, using
[Nat] = [e], shows that under these conditions the number den-
sity [Na%*] of the ions is proportional to the square root of
the excited state density [Na*] which is in semi-quantitative
agreement with the observed behavior of the profiles. Satura-
tion broadening is seen to occur (7), because the fluorescence
excitation profile in Fig. 2 is much broader than either the
laser profile (0.0l14 nm) or the fluorescence emission profile
(0.0070 nm).

We obtained a measure of the degree of ionization as a
function of the total sodium density in the flame by plotting
the ratio of the ionization signal to sodium solution concen-
tration versus the latter concentration on double logarithmic
scales as shown in Fig. 3. For concentrations in excess of
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200 ug/ml a limiting slope of -0.5 was observed for both the
3Sl/2—3P3/2 one-photon transition and the 35-5S two-photon
transition. This result can also be explained on the basis of
eqn. (1) using B = [Nat]/[Naltora] as the definition of the
degree of ionization, where [Naltoral = [NaO] + [Na*] + [Nat]
and [Nao] is the concentration of the ground state. Because of
the saturation [Na0] =~ [Na*], within a factor of the order of
unity due to the degeneracies of the levels involved. Conse-
quently, one obtains B v~ 1/¥/[Nalygra1 for large sodium concen-
trations. The latter relationship supports the limiting beha-
vior observed in Fig. 3.

A log-log plot of ionization signal versus laser power,
as shown in Fig. 4, shows an initial slope of 0.5 and tends to
level off at higher densities. This again can be explained by
the equilibrated process (1), which leads to the square root
relationship between ion-density and excited state density for
low laser power where no saturation occurs. The initial slope
of 0.5 also shows that multiphoton ionization is negligible since
the latter process would give rise to a stronger dependency of
ionization signal on the laser power.

Small quantities of excess oxygen had the effect of in-
creasing the degree of ionization of sodium, whereas no such
effect was observed when adding comparable quantities of N2 to
the flame. We ascribe this difference to the different electron
affinities, which are 0.44 eV for 02 and -1.5 eV for Njp.

Laser—enhanced ionization has also been observed by other
workers and is sometimes called the ‘opto-galvanic effect' (10).

In conclusion, we have presented three independent experi-
mental results which can be explained on the basis of equilibra-
ted collisional ionization using a laser-saturated level and
electrical neutrality of the probed volume.

Possible applications of laser enhanced ionization in flame
diagnostics are: 1. simultaneous observation of ionization and
fluorescence signals from various levels might provide more in-
formation on the sequence of processes leading to and from the
ionization continuum; 2. the measurement of ion mobilities,
relating to cross-sections for elastic collisions between ions
and flame particles; 3. measurement of ionization rate constants
relating to cross-sections for inelastic collisions between
excited atoms and other flame particles; 4. measurement of
recombination rate constants, relating to cross-sections for in-
elastic collisions between ions, electrons and neutrals.
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On Saturated Fluorescence of Alkali Metals in
Flames

C. H. MULLER, III{, MARTIN STEINBERG, and KEITH SCHOFIELD
Quantum Institute, University of California, Santa Barbara, CA 93106

The concept of saturated laser fluorescence ap-
pears attractive in that the fluorescence intensity is directly
related to the particular species’' concentration and becomes rough-
ly independent of the laser intensity at saturation. Such a mode
has been invoked already to monitor absolptely flame concentrations
of Na (1-4), OH (5), C, (6,7), CH (7,8), CN (8), and MgO (4). How-
ever, during a recent study of the behavior of Na and Li in
flames (9-11), we have observed evidence for laser induced chemical
reactions under saturated conditions which has significant implica-
tions for the quantitative exactness of such measurements.

Observations. Using a Chromatix CMX-4 flashlamp pumped laser,
saturated excitation of the Na(32P3/2) level at various points in a
series of fuel rich H,/0,/N, flames produces fluorescence intensi-
ties which markedly change with downstream location, decreasing
significantly in the one dimensional flow above a flat flame burner.
Additional measurements indicate that the extent of this decrease
closely correlates to the H-atom concentrations at these flame
locations. This behavior is very different from non-saturating
conditions for which the sodium atom concentration decreases only
slightly downstream due to slight temperature and diffusion effects.
Obviously additional loss processes are operative during the 1-2 us
laser pulse duration for saturated conditions and the assumption
that sodium is present solely as atoms in such fuel rich conditions
clearly becomes invalid.

Experiments with lithium also show a change in behavior. This
is not as directly obvious due to the flame distribution of
lithium between Li and LiOH which occurs via the controlling reac-
tion Li + H,0 = LiOH + H and which relates Li to H-atom concen-
trations under normal non-radiated conditions. However, it is ap-
parent that a similar behavior to sodium is exhibited but is dis-
guised to a large extent by the normal lithium flame chemistry.

These additional loss processes have been identified and cha-
racterized in this work. Their neglect will necessarily lead to

! Current address: General Atomic Company, P.O. Box 81608, San Diego, CA 92138.
0-8412-0570-1/80/47-134-189$05.00/0
© 1980 American Chemical Society
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absolute concentration measurements that are too low by extents
that depend on the specific flame and location.

Interpretation. The data for hydrogen rich flames is most
satisfactorily explained by invoking laser induced reactions be-
tween the excited states of the alkali metal and H,0 and H, which
constitute the major flame species,

Koy 1
2 —g o -27.5 kJ mol
Na(“Py/2,3/2) + Hzom NaOH + H AHzooo X mo

k2

Na(2P1/2'3/2) + Hzﬁ—iz} NaH + H +40.6 kJ mol™ !,
For sodium, such reactions become energetically favorable for the
excited states. Moreover, they appear to be sufficiently fast ki-
netically to reach a steady state during the initial part of the
laser pulse. Their overall effect is to drain off elemental sodium
or lithium from the dynamic excitation/physical quenching cycle
into these chemical sinks. The actual extent depends on the rela-
tive magnitudes of the production and loss fluxes.

Participation of both the hydroxide and hydride is found to be
the case for both alkalis. The analysis is unsatisfactory with the
inclusion of solely the hydroxide or the hydride. An extension of
the usual 2 or 3-level atomic model (2,12-14) to incorporate these
chemical schemes is indicated in Figs. 1 and 2 and has been ana-
lyzed in detail. Assuming sufficient time for the attainment of a
steady state distribution, and rapid coupling of the 2P1 2 and

P3/2 states, the model predicts that for sodium under saturated
conditions, the fluorescence intensity, Ig, will vary as

To_ 4 3 { K,y (H,0] Kos[H,] } 1
Ie (ky1+ky2tky3) (ks1tksotkss) f [H] '

Az} * Az
where n, is the total metal concentration. The subscript numbers
refer to processes connecting levels; 1, 2 and 3 representing the
ground and electronically excited states of the metal, and 4 and 5,
the hydroxide and hydride species. A very similar expression can
be derived for lithium. This relationship predicts the correct
dependence on [H] and shows straight line dependence for points
throughout each flame. Also, it indicates that in spite of the
participation of chemistry, a linear curve of growth will still be
evident at a fixed point in the flame. Using relative values of
the fluorescence intensities and absolute measures of [H] derived
by the Na/Li method (15), and equilibrium concentration values for
the major products H,0 and Hz, it has been possible to derive, for
sodium, values of kzu/(ky1+ky2+ky3)=0.016 and K,5/(ks;+kso+ks3)=
0.036, considered accurate to within a factor of two.

These results are particularly interesting in that on closer
examination they indicate by comparison with conventional quench
cross section measurements (16), which refer to all loss channels,
that the chemical reaction flux is quite minor. The interaction
between excited Na or Li with either H,O or H, proceeds predomi-
nately and quite efficiently via a physical non-adiabatic quench-
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+H, +H,0
NaH (5) +H +H
k251 k3s Nat?Py,,) (3)
2
P,y @)
24, K34
k32 ka3
421 k43
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By
ka1
Ay
Ay
50kJ mol ™’
2
Na(°S,,) (1)

The Combustion institute

Figure 1. Energy-state diagram indicating the various radiative and quenching

processes for the case of saturated laser excitation to the Na(*Py,s) level, together

with the chemical coupling to NaOH and NaH by reactions with H,O and H,,
respectively
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ing process. Nevertheless, even though the chemical contribution
is slight, amounting to about 2% and 0.5% of the total interaction
cross sections for sodium with H,O0 and H,, respectively, because
the overall fluxes are so large, these rates still are sufficient
to establish a steady state distribution over the hydroxide and
hydride states in a fraction of a us.

The calculated steady state distributions in a typical case
are indicated in Figure 3. This more clearly summarizes the
drastic changes that occur on laser irradiation.

Laser Induced Ionization. Although.laser induced ionization
effects now are well documented and form the basis for opto-galva-
nic analysis techniques (17,18), we find no indication for any
significant ionization in these flames on our concentration scales
with either sodium or lithium. This is supported by calculations
which indicate that although thermodynamically favored, kinetic
constraints are expected to prevent the ionization from proceeding
to an important extent on a Us time scale for either thermal or
alternate ionizing schemes. There appears to be no support for
Van Dijk and Alkemade's (19) contention that a state of ionization
equilibrium exists. Indications suggest the possible participation
of dimers that might be a complication in their study. Sequential
two-photon transitions at the D-line laser wavelengths are not
favored due to an absence of suitably located higher lying levels.

Implications. For sodium and lithium itis apparent that under
saturating conditions a steady state distribution is achieved over
the 5-level chemical model on a Us time scale. This is marginally
so for sodium and will not be the case with short pulse duration
lasers. Consequently, applications of quantitative saturated laser
fluorescence must make allowance for such potential complications.
This has been overlooked previously. Its conseguences are evident
where such results have been compared with conventional absorption
measurements which all give consistently larger values. For example,
Pasternack et al. (4) found 5 and 7-fold discrepancies for Na and
MgO measurements and Bonczyk and shirley (8) factors of 2 and 5 for
CH and CN, respectively. A reanalysis of the Na data (4) indicates
a need to increase their concentration and quenching rate data by
a factor of [l+O.75[H]_1{k2q[HZO]/(kq1+ku2+ku3)+k25[Hzl/(ks1+k52+
ksa)}] which we have found to be at least a factor of 2 or more.
Similar corrections are necessary to the work of Gelbwachs et al.
(1) and sSmith et al. (2). Although this is not a large correction
in these particular cases there is no reason why it might not be
in other situations.

Summary. In saturated laser fluorescence studies of sodium
and lithium in a series of fuel rich H,/0,/N, flames there is
evidence for the involvement of laser induced chemical reactions
with H20 and H,. Although their reactive probabilities have been
shown to be small relative to the corresponding physical quenching
interactions they are still sufficient to establish significant
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50 kJ mol~

Li(®s,/,) m

The Combustion Institute

Figure 2. Corresponding energy-state diagram for lithium. However, this differs
owing to the simultaneous excitation and monitoring of both the ?Ps;s 1/¢ levels
because of their slight separation.
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Figure 3. Fractional distribution of sodium and lithium over the various atomic

and molecular states in a H,—O4N, flame of unburnt volume ratios 3:1:5 as a

function of downstream location under normal or saturation laser radiation: (O),
near saturation; (XX ), without laser excitation.
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steady state concentrations of the corresponding hydroxide and
hydride within the Us pulse duration. This explains the previously
reported 'low' estimates resulting for such measurements. Because
a simple general test of the participation of such chemical effects
is not apparent, it will obviously be necessary to restrict appli-
cations of quantitative saturated mode measurements to systems
utilizing nanosecond pulse lengths and should be of particular
value at reduced pressure.
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Saturation Broadening in Flames and Plasmas As
Obtained by Fluorescence Excitation Profiles

N. OMENETTO, J. BOWER, J. BRADSHAW, S. NIKDEL,
and J. D. WINEFORDNER

Department of Chemistry, University of Florida, Gainesville, FL 32611

The high irradiance provided by pulsed tunable dye lasers is
capable of saturating both single photon and is some cases 2-pho-
ton transitions of atoms in flames at atmespheric pressure. Be-
sides the attainment of a saturation plateau as the source spec-
tral irradiance is increased, it is well—known;f§ that in a strong
irradiation field, saturation broadening occurs, i.e., the broad-
ening of the excitation line profile. A theoretical treatment on
saturation broadening and experimental verification has recently
been carried out by us=. Generally, atoms are considered to be
dispersed as trace constituents in a gas at atmospheric pressure
and characterized by a 2-level system. In our theoretical treat-
ment coherence effects are neglected because dephasing, coherence
interrupting collisions are considered to be fast in atmospheric
pressure flames. In addition, several limiting cases will be pre-
sented here.

Line Source-Lorentzian Atom Profile. In this case, the laser
is assumed to be monochromatic line source and the atomic absorp-
tion profile is assumed to be homogeneously broadened. In addi-
tion, the laser beam is assumed to be spatially uniform. The atom
profile can be considered homogeneous if the following conditions
hold: (1) Doppler broadening is negligible compared to collisional
broadening; and (2) in the case of combined Doppler-collisioned
broadening, velocity changing collisions are so fast that atoms
cannot be considered to belong to any particular Doppler internal
during the time of interaction with the laser beam. Assuming the
steady state limit for the 2-level atom and introducing a Lorent-
zian dispersion function for the atomic absorption profilei, the
ratio of concentrations ny/nyp (2=upper state, T=total population
density, np + n] + ny) can be evaluated. Evaluation of the fluo-
rescence radiance, By , for the case where the atomic density is
low and substitution for nj allowsi evaluation of the FWHM of the
excitation profile, A

exc’

SA

D()\’L)

exc ~ 6XL 1+ (1)

S
o (XQ)

0-8412-0570-1/80/47-134-195%05.00/0
© 1980 American Chemical Society

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



196 LASER PROBES FOR COMBUSTION CHEMISTRY

where 6}y, is the FWHM of the Lorentzian broadened absorption line
profile, p(Ag) is the integrated spectral energy density of the
laser at the laser excitation wavelength, Ap » and pS(}g) is the
saturation energy density defined by

AZldxeff (2)

s
Ao)=
P (Ag) 5, * 9,
——B__ ¥
9, 12 21

where 8Aoff is the effective width (FWHM) of the absorption pro-
file, in m, the g's (dimensionless) are the statistical weights
of the 2 levels involved in the excitation process, A, is the
Einstein emission probability, in s™ -, By, is the induced absorp-
tion transition probability, in J-lm3s-1m, and Y51 is the fluore-
scence quantum efficiency of the species. It is evident that the
excitation profile width increases with VpOig) and with /?51 and
a plot of 8A3yc vs 0(Xg) should give a straight line with a slope

and an intercept which can be used to estimate pS(A%) and 5%&,
respectively. Of course, at the limit of p(Xg)>0, Aexc & OAr-

Gaussian Laser Profile-Voigt Atom Profile. This case turns
out to be a better approximation of our experimental situation,
i.e., the laser FWHM is fairly broad compared to the absorption
line width and the absorption profile of atoms in an atmospheric
combustion flame is described by a Voigt profile. Here the laser
is assumed to have a Gaussian spectral profile as well as a Gaus-
sian atomic absorption profile. 1In this case, convolution of two
Gaussian functions is still a Gaussian function. Evaluation of
the ratio n,/np, and the fluorescence radiance, B, allows deter-
mination of the half width of the fluorescence excitation profile,

Shexc as
/oXg + 822
Sk e
SAexe = Ty 2+ B (3)
n

exc

where 6\, is the laser FWHM, 8)A, is the atomic absorption line
FWHM, p is the integrated energy density of the laser at the ex-
citation peak, in J m~3m~l, and pS in the saturatiin spectral den-

sity for the atomic process of concern, in J m_3m , and is given

by
Yrg + a2 v/

s

i —(gl T 9 )
——=IB T 2V8n 2
92 12

where all terms have been defined above except T which is the ef-
fective lifetime of the excited state, (a1 + k21)’l. In this
case, it is clear that dkexc varies at a slower rate with p than
in the previous limiting case. It is also clear that high quan-
tum efficiency flames will be more sensitive for observation of
broadening effects. At the limit, when p~o, dxexc - VGA% + &)2
which is to be expected. Finally if p>>pS, then a

(4)
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5 S
o - A2+ (81)2 B
exc ‘/an 2 P

and so by plotting (cS)\exc)2 vs &np, a straight line results where

. . . s
the slope glvesVTEXETZ:_?EXETQ and the intercept gives p
Experimental. The experimental set up consisted of a N,—pum-
ped-dye laser (Molectron UV-14, DL-400), spatial filters to isol-
ate the central part of the dye laser beam, a Hp-O5-Ar or N
flame supported by a capillary burner with Ar or N, sheath, and
a fluorescence detection system at right angles (a JY-H-10 mono-
chromator, a photomultiplier, and a PAR 162-164 boxcar averager).
All measurements were taken 1 cm above the burner top; the con-
centration of Ca, Sr, In, and Na was low ( 1 lug/ml). The fluores-
cence waveform was monitored with a 75 ps sampling head (PAR 163).
The laser spectral bandwidth was also measured with a JY-HR-1000
monochromator (SAg & 0.1 2.

Results. Experimental and theoretical fluorescence excitation
halfwidths were obtained. 1In Table I, the ratio of the maximum
value of §Agyc (corresponding to that obtained with full laser
power) and the minimum value of SAgyc (corresponding to that ob-
tained at p<<pS, where Shexc = V?EXEjii—YEX-)z' Th? saturation
power was evaluated for each element from tKe experimental satura-
tion curve. 1In Table II, a comparison is given between experi-
mental values of the laser spectral bandwidth obtained by direct
measurement (JY-HR1000), and by 2 values based on laser excited
fluorescence. Apart from several unexplained discrepancies, the
agreement between eXperiment and theory was excellent.

TABLE I

COMPARISON BETWEEN THE THEORETICAL AND THE EXPERIMENTAL VALUES OF
THE FLUORESCENCE EXCITATION PROFILE HALFWIDTHS FOR THE Ar/O,/Hj
FLAMES. '@

b
[y sy . 1®
exXCc max eXc min

Element Theoretical® Experimental

Ar/0,/Hy Np/02/Hy Ar/05/Hy N5/05/Hy
Ca 2.5 2.4 3.0 2.2
Sr 2.8 2.8 2.9 5.4
Na 2.4 2.0 4.3 1.6
In 1.7 1.4 2.3 1.3

(a)

values are considered to be within + 10%.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



198 LASER PROBES FOR COMBUSTION CHEMISTRY

(b)(G)\)max refers to the value obtained with the laser at full

power while (8A)pin refers to that obtained when the laser is at-

tenuated with neutral density filters until the fluorescence sig-

nal is linearly related to the laser irradiance (see values report

ed in Table II).

(c)calculated according to Equation 3 in the text.
TABLE II

COMPARISON BETWEEN THE VALUES OF THE LASER SPECTRAL BANDWIDTH AS
OBTAINED BY DIFFERENT METHODS.(a)

: —(b) —(c) ——(d)
Element Direct Fluorescence Saturation
Measure- Excitation Broadening
ment Profile
Ar/0,/Hy | N2/0,/H, Ar/Oy/Hy | Ny/0y/Hp
Ca 0.23 0.20 0.20 0.26 0.21
Sr 0.23 0.42 0.23 0.46 0.51
Na 0.36 0.23 0.40 0.30 0.35
In 0.24 0.19 0.28 0.26 0.21
(a) s
values are within + 10%.
(b)

values obtained by scanning the laserobeam through a 1-m grat-
ing monochromator (AA resolution = 0.12 A). Values are not cor-
rected for the instrumental profile.

(c)

values obtained by scanning the attenuated laser beam through
the atomic vapor in the flame.

d
¢ )values calculated from the slope of the plot cbtained from Eq-
uation 3 in the text.
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Determination of Flame and Plasma Temperatures
and Density Profiles by Means of Laser-Excited
Fluorescence

J. BRADSHAW, S. NIKDEL, R. REEVES, J. BOWER,
N. OMENETTO, and J. D. WINEFORDNER

Department of Chemistry, University of Florida, Gainesville, FL 32611

The fluorescence technique, 1ike other methods based on
scatter (elastic or inelastic), has been shown by us<™2 and others
to be a reliable unperturbing method of measuring spatial/
temporal flame temperatures and species concentrations. To avoid
the dependency of the fluorescence signal on the environment of
the emitting species, it has been shown by several workers that
optical saturation of the fluorescence process (i.e., the condi-
tion occurring when the photoinduced rates of absorption and
emission dominate over the spontaneous emission and collisional
auenching rates) is necessary. Pulsed dye lasers have sufficient
spectral irradiances to saturate many transitions. Our work has
so far been concerned with atomic transitions of probes (such as
In, Pb, or T1) aspirated into combustion flames and nlasmas.

Concepts and Methods

The temoerature of a flame, nlasma, or hot gas can be esti-
mated by using the iteady state fluorescence exoressions derived
by Boutilier, et al2 for snectral continuum excitation. Several
unique methods which can be used to measure snatial temneratures
(volumes < 10 mm3) have been developedby us and will be reported
in detail in a paper to be submitted for oublication.4 The
methods are generally based uoon the introduction of inorganic
3-level nrobes (T1 or Pb) into a flame and measuring the ratio
of fluorescence signals resulting between levels 3 and 2 and 3 and
1 following excitation of level 3 via levels 1 or 2. Because of
the restrictions regardina overall length of this report and be-
cause of the future availabilitv of the nublished paper4 concern-
ina these new methods, we will here only aive the annroaches and
several flame temperatures measured by the described methods.

Method 1. Linear 2-Line Method®:& In this method, the
ratio of fluorescence signals, B and B (the upper sub-

F3.2 F3,1
1+3 2+3

scrints represents the measured fluorescence transition and the
Jower subscrints reoresents the excitation transitions), is

0-8412-0570-1/80/47-134-199$05.00/0
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measured, By calibration of the spectrometric system and measur-
ing the ratio of fluorescence and excitation intensity ratios,

the flame temperature can be determined from a simple expression.
This method requires calibration, linear behavior of the fluores-
cence intensity with excitation intensity and excitation beam
matching. In addition, efficient quenching species in some flames
(hydrocarbon fuels) and pre- and post-filter effects lead to
deterioration of the signal-to-noise ratios. Laser excitation

is advantageous for spatial measurements and improved signal-to-
noise ratios.

Method 2. Saturation Method for Sequential Pumping. In this
method, atomic fluorescence of the inorganic probe is oroduced
at 3+1 and at 3-2 after excitation at 1+3 and/or 2-3 respectively.
However, in this case, it is necessary_to "saturate" the excited
level, 3, in order to use the methodi>Z In addition, in order
for the flame temnerature to be evaluated it is necessary for the
mixing first order rate constant, koj, between the metastable, 2,
and ground state, 1, to be much greater (> 20X) than the sum of
the total deactivation rate constants between levels 3 and 1 and
also between 3 and 2, This method also requires calibration of
the spectrometric measurement system, saturation of level 3,
corrections or minimization of scatter and post filter effects,
and beam matching of 2 dye laser beams are needed for the excita-
tion nrocess.

Method 3. Saturation Method With Peak Detection. In this
method, deveToned by Dmenetto and Winefordners.3, it is necessary
to excite fluorescence 3+1 with 1-3 and a short time later
(< 1 us) excite 3+1 with 2-3, In this case the atomic system
effectively acts on a 2-level atom since excitation and measure-
ment of fluorescence is done at the peak of the excitation pro-
fil Drigr to relaxation of the system to a 3-level steady state

process® The temperature here is related simply to the ratio

BF /BF and statistical weights of the levels and is independ-
3»1 "3-+1
1.3 23

ent of non-radiational rate constants as in the preceeding case
and of calibration as in the two preceeding cases. On the other
hand, this method requires the use of a fast rising laser pulse
to perturb the inorganic orobe to reach a 2-level steady state
and the use of fast electronics to measure the fluorescence prior
to relaxation of the system to a steady state involving all three
Tevels (1,2,3). This method also requires 2 spatially and geo-
metrically matched dye laser beams which will cause the probe to
be rapidly saturated.

Methods 4 and 5. Two other novel methods for flame temper-
ature measxrement will be reported upon in the full paper to be
published,2 but no results will be given here. One of these
methods (Method 4) involves saturation of level 3 via simultaneous
pumping of both 1»3 and 2»3 and taking the ratio of the resulting
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3»1 fluorescence and the 3-1 fluorescence resulting when exciting
2+3, This method has most of the same potential difficulties of
Method 2. Method 5 involves the use of one laser beam and linear
or saturation behavior; in this case, the ratio of the probe
fluorescence resulting at 3+1 with 2+3 excitation and the laser
induced emission resulting at i+1 (i>3) with 2»3 excitation.

This method has a number of advantages: (i) saturation is not
necessary; (i) only one laser wavelength is needed; (iii) no
need to spatially match laser beams: (iv) calibration of the
fluorescence spectrometer is still needed but there is no need to
calibrate the excitation intensity: post filter and scatter
effects are minimal, and (v) temporal (single pulse) measurements
of temoeratures are feasible.

In Method 1-4, by measurina the fluorescence signals close
together (sav 1 us), then temneratures corresnondina to nearly
"frozen" flame conditions are obtainable. We are currently
in the process of making such temporal temperature measurements;
these results will be published at a later date. By beam expan-
sion of the laser beam(s) and isolation of the central homogeneous
section, it is also possible to resolve spatially small flame
volumes, e.g., depending upon the spectrometer entrance slit or
slit aperature, < 10 mm°.

Spatial density profiles of atomic (and molecular) species
can also be made via saturation fluorescence anproaches. For a
"2-level” atom, 1ike Sr, a vlot of 1/Bf vs 1/E; (Bf is the
fluorescence radiance, in J s*lg-zsn-l, and E, is the excitation
spectral irradiance, in J s-1m2nm-1) allows estimation of the
quantum efficiency, Y of the fluorescence process (and thsu
estimation of "radiationless" rate constants) and the total num-
ber density n1, of the species of interest by means of

1 _ 1,9t %, 1,91, 81hc?.1077 1 2
g= = (P ——") + (P (F) (F—=—=)(z): C = (z=)hvAn

BE  'C a, C''g, 5y E, 4r T
where: ¢ is the fluorescence path length, hv is the fluorescence
(or excitation photon eneray) in J, A is the emission probability,
in s=1, the g's are the statistical weights of the 2 levels, h is
Planck's constant, and c is the speed of 1ight. The plot of 1/Bf
vs 1/E, has a slone which includes (nTY)-1 and an intercept
which includes nt-1. If both Br and E, are measured in absolute
units, then ny and Y can be obtained. Even if Bp is measured in
relative units Y can be determined by multinlyina through by C
and then calibrating ordinate in units of (91 + 92)/92. If the
atom is a 3 (or multi) level system, then thé radiationless rate
constants must be known and included in the expression for 1/Bf

as a function of 1/E, unless the fortunate circumstances arises
where two of the 3 levels essentially coalesce into a single level
and once again we have essentially a 2-level atom. In this case
absolute measurement of both Br and E, is necessary.
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Table I. Measured Flame Temperatures

H2/02/Ara’b’c H2/02’N2a’b’c

L1near 2 line Method

(Source Soegtra] Rad1ance d

was 5 to 10 W/cm nm) 2200 + 30 K
Ratio taken was BF

3+2/1-3

B

1980 + 30 K

F3 172 3

Saturation Method-Sequential
Pumping (ify = same in both
cases) (Source Spectral 3
Radiance was 1 x 107 W/cm2 nm) 2120 + 30 K 1990 + 30 K
Ratio taken was BF
3+1/1+3
BF
3+1/2+3

a. Lijnse and Elsenaar (P.L. Lijnse and R.J. Elsenaar, J. Quant
Soectrosc. Radiat., Transfer, 12 (1972) 1115.) obtained
temperatures of 2136 K for H27Ué/Ar 2/1/4 and 1970 K for
Hp/0,/Ny 1.9/0.95/4,

b. Hoomayers (H.P. Hoomayers, Ph.D. Thesis, University of Utrecht,

1966.) obtained temneratures of 2350 K for Ho/02/Ar,

1.72/0.85/3.45 and 2160 K for H /02/N2, 1. 72/0 85/3 45,
The source of the systematic errors in the values measured by
Lijnse and Elsenaar, by Hoomavers, and by us is not known.

c. Line reversal temoerature measurements by us for the same
flames were 50-100 K higher than our fluorescence values.

d. The random error of + 30 K was due to shot noise on the signal.

In Laser Probes for Combustion Chemistry; Crosley, D.;
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EXPERIMENTAL SYSTEM

Out experimental system consisted of a Ny-pumped dual dye
laser (Molectron UV-14 with Molectron DL-400 and Lambda-Physik
FL-2000), onerated at 20Hz, snatial filters to isolate the cen-
tral nortion of the dye laser beams, Hp-0p-Ar and Hz-02-N2 flames
suoported on a Meker type flame shielded glame with Ar or Nj
outer sheaths, and a fluorescence detection system consisting of
a 0.1 m grating monochromator, a Hamamatsu R928 photomultiplier
tube, and a Tektronix 151 samnling oscilloscope with 0.5 s
averaging time constant. A1l measurements were taken 1.5 cm
above the burner top (orevious studies indicated the flame to be
nearly constant in temoerature with height, 1-3 cm, and with
width, The flames studied in this report included: Hy/02/Ar,
2/1/4 and H2/02/Np, 2/1/4: the flows are relative volume ratios
at standard temperature and nressure for the unburnt gases.

RESULTS AND DISCUSSION

Flame temperatures were determined by both the linear 2-line
method and by the saturation method with sequential pumoing for
both flames. The measured values are given in Table I,

Assuming the sum of the radiationless and radiational rate
constants between levels 3 and 2 for inorganic probe, 1like T1,
are much less than the non-radiational mixing constant k21, then
the 2-level exnression relatina 1/Bf to 1/E, applies. Using this
relationshin_and the followina measured narameters: slit area,
0.5 x 1.5 mm2: solid angle, 0.26 srﬁailuorescence deoth,

2 = 0.4 cm; 100 ppm T1 aspirated; BF3*1/1*3 (Hp/02/N2) = 1.1 x

10-1 W/em2 sr and BEgil 1»3 He/02/Ar) = 1.8 x 10-1 W/em? sr, and

using A3} = 0.41 x 108 s-1 (taken from Wade, et a18),then nT =
1.0 x 1911 em=3 for the Hpo/0p/Ar flame. These values compare
favorably with population densities measured for similar flames
and similar aspiration conditions.

REFERENCES

1. G.D. Boutilier, M.B. Blackburn, J.M. Mermet, S.J. Weeks,
H. Haraguchi, J.D. Winefordner, and N. Omenetto, Apnl. Optics,
17 (1978) 2291.

2. N. Omenetto and J.D. Winefordner, Prog. Anal. Atomic.
Spectrosc., 2 (1979)1.

3. N. Omenetto and J.D. Winefordner, Chapter 4 in Analytical
Laser Spectroscony, N. Omenetto, ed., Wiley, New York, 1979.

4, J.D. Bradshae, N. Omenetto, J.N. Bower, and J.D. Winefordner,

Abol. Optics, (to be submitted).

5. N. Omenetto, R.F. Browner, J.D. Winefordner, G. Rossi, and
P. Benetti, Anal. Chem,, 44 (1972) 1683.

6. H. Haraguchi, B. Smith, S, Weeks, D.H. Johnson, and J.D.
Winefordner, Aopl. Spectrosc., 31 (1977) 156.

7. J.N. Bower, J.D. Bradshaw, N. Omenetto, and J.D. Winefordner,
Anpl. Optics, (to be submitted).

8. M.K. Wade, M., Czajkowski, and L. Krause, Canad. J. Phys., 56,
(1978) 891, - -

Receivep February 11, 1980.
In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



17

Raman-Scattering Measurements of Combustion
Properties

MARSHALL LAPP

General Electric Corporate Research & Development, P.O. Box 8,
Schenectady, NY 12301

Laser light-scattering techniques for measuring flame gas
properties have advanced to the stage where they now can be em-
ployed to determine key flow and combustion field variables.
These include temperature, major constituent densities, gas velo-
city, and correlations of these properties. We discuss here the
advantages and limitations of various potential light-scattering
probes, and illustrate these with recent results for vibrational
Raman scattering flame diagnostics.

Light scattering is often viewed as a desirable probe of gas-
phase processes because it can be utilized to obtain three-
dimensional spatial resolution as well as well-defined, short-
duration temporal resolution. The former is achieved by triangu-
lation between the incident (laser) source beam and the field of
view of the optical detection apparatus (See Fig. 1), while the
latter can be obtained through use of a pulsed laser source.
Additionally, probes based upon light scattering are nonimmersed;
they do not require placement inconveniently near hostile envi-
ronments, and are usually nonperturbing over a wide range of
experimental conditions.

A wide variety of information can be obtained from scatter-
ing probes, including fluid velocity, gas temperature, total gas
density, and constituency (i.e., species densities) (1-6). A
convenient overview of these diagnostic methods is provided by
grouping them into categories of elastic, or unshifted scatter-
ing and inelastic, or shifted, scattering. In Table I, this
grouping reveals that the elastic processes are focused mainly
upon velocity data, which require observations of light scattered
from particles either seeded into the flow or naturally present,
and upon total gas density. Temperature measurements, while
possible, are difficult to obtain in this fashion. (Note that
these "elastic' methods are actually slightly inelastic - as, in
fact, is implied by the usual name "laser Doppler velocimetry"

0-8412-0570-1/80/47-134-207$06.00/0
© 1980 American Chemical Society
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(LV) for velocity measurement - but the dominant character of the
scattered signature is that it is concentrated about the incident
frequency.)

The inelastic processes - spontaneous Raman scattering
(usually simply called Raman scattering), nonlinear Raman process-
es, and fluorescence - permit determination of species densities
as well as temperature, and also allow one, in principle, to de-
termine the temperature for particular species whether or not in
thermal equilibrium. In Table II, we categorize these inelastic
processes by the type of the information that they yield, and
indicate the types of combustion sources that can be probed as
well as an estimate of the status of the method. The work that
we concentrate upon here is that indicated in these first two
categories, viz., temperature and major species densities deter-
mined from vibrational Raman scattering data. The other methods
- fluorescence and nonlinear processes such as coherent anti-
Stokes Raman ‘spectroscopy - are discussed in detail elsewhere
3.

Further breakdown of vibrational Raman scattering (RS)
methods for temperature and density measurement can be achieved
by classification according to the character of the laser source
used(g). In Table III, we show such a classification according
to the experimental capabilities provided through use of these
various sources. Here, we view these capabilities in terms of
those features that can be provided by optical scattering
diagnostics, that are of most value to flame analyses. These
involve the ability to determine precise temporally- and
spatially-resolved data leading to probability density functions
(pdf's, or histograms of flame properties, which give the proba-
bility that any particular instantaneous measurements of a state
variable within a large ensemble of measurements will be found
between specified limits), frequency spectra, and spatial mapping.
We note that at this time, no laser source (i.e., no single RS
method) can provide simultaneously information of high quality
for pdf's, complete frequency spectra, and spatial gradients.

The work to be described further in the next section is that
indicated in the first entry of Table III - RS data for pdf's
(and potentially, for spatial gradientd obtained through use of
short time duration, energetic laser pulses. This work has been
motivated by an examination of the questions: What are the key
fluid quantities necessary to model turbulent flames? And what
methods are well enough developed to produce the required data
with confidence and without substantial additional proof-of-prin-
ciple experiments? These questions lead one to recognize that,
in increasing degrees of measurement difficulty, we are concerned
with flow field quantities, combustion field quantities, and
finally, pullutant field quantities (19). In terms of the most
basic needs of combustion modelers, this listing is also organized
in decreasing importance for determining the fundamental qualities
of flames. (Of course, if one's goal is to model the nitric

In Laser Probes for Combustion Chemistry; Crosley, D.;
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oxide emission of a particular combustion source, then determina-
tion of the pollutant field quantities is of prime importance.
However, in determining the overall characteristics of flames, the
above ordering of quantities represents a reasonable priority list
for modelers.)

In Table IV, we see that established techniques for velocity
measurement allow us to determine the average momentum flux,
average velocity, turbulent intensities, and shear stress. WNext
on the list, to complete the flow field description, is the fluc-
tuation mass flux, and first on the combustion field list is the
temperature and major species densities of the flame gases.

These are the quantities to which we are giving our attention.
Vibrational Raman scattering is being used for the temperature and
density data, and, when taken simultaneously with velocity data
from coupled LV instrumentation (8), provides also the fluctuation
mass flux through use of fast chemistry assumptions and the ideal
gas law for atmospheric pressure flames.

Raman Scattering Diagnostics

The fundamentals of the Raman effect can be understood by
consideration of a classical model, in which an incident beam of
radiation (i.e., laser beam, for all practical purposes, in flame
diagnostics) passes through an ensemble of molecules. The resul-
tant laser beam electric field distorts the electronic cloud
distribution of each molecule, causing oscillating dipoles; these
induced dipoles are related to the incident laser beam electric
field by the molecular polarizability. The dipoles, in turn,
produce a secondary radiating field at essentially the same fre-
quency as that for the incident beam. This radiation is termed
Rayleigh scattering.

Since different orientations of the rotating and vibrating
molecules produce different polarizabilities, these molecular
motions modulate the polarizability at the rotational and vibra-
tional frequencies. Sidebands are thereby created which are
displaced from the incident laser beam frequency by shifts
corresponding to the molecular vibrational and rotational fre-
quencies. These shifts can be understood from this type of classi-
cal argument; the scattering intensities and selection rules for
the appearance of specific bands, however, can come only from the
introduction of quantum mechanical considerations. Thus, for
example, the understanding of molecular vibrational and rotational
energy level structure leads to an understanding of how Raman
scattering band analyses are related to the determination of
molecular vibrational and rotational "population" temperatures,
i.e., to the determination of well-defined gas temperatures even
in the absence of equilibrium between molecular internal modes
and translation. (However, equilibrium within each internal mode

is necessary in order to ascribe a meaningful population tempera—
ture to that mode.)

In Laser Probes for Combustion Chemistry; Crosley, D.;
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Table IV: Ordering of Predictive Needs for Combustion
Modeling with Measurement Capabilities (In Increasing
Experimental Difficulty).

Here, Instantaneous Value X = Mean Value X + Fluctuation Value X';
LV denotes laser velocimetry; RS, Raman scattering, RayS, Ray-
leigh scattering; and pdf, probability density function.

Flow Field Quantities Measurement Techniques
Average Momentum Flux pu2 Pitot Tube

Average Velocity u LV, Pitot Tube
Turbulent Intensity <u'2> LV

Shear Stress <u'v'> v

Fluctuation Mass Flux <p'u'> LV + RS or Ray$S

Combustion Field
Quantities

Temperature %
and Major Speci&s

Mass Fractions Mi Mean and RS; RayS for ¥
¥ar%ance of
» My
n,
pdf for ¥, M, RS; RayS for ¥
[Thermocouples (mean)]
[Gas Sampling (mean) ]
[Absorp./Emission
Spectroscopy (not 3-
dimensional) ]
Density p RayS, knowing composition

and cross sections; RS
using IM,, or T with
fast chem. and ideal
gas law
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Additional properties of Raman scattering related to its
fundamental character that are of significant importance to its
use In flame diagnostics include a linear, speciles-specific de-
pendence on molecular number density, independent of other spe-~
cies present (of critical importance for density measurements);
nonperturbing nature for incident laser beam intensities suffi-
ciently strong to produce useful combustion measurements; sensi-
tivity to a wide range of molecular species, including homo-
nuclear molecules (such as N, and 0,) that are important for
flame diagnostics and which 30 not possess infrared spectra; and,
as was mentioned in the Introduction, effectively instantaneous
time response (limited only by the incident laser pulse width,
often in the microsecond range, but achievable in the nanosecond
range or less), excellent three-gimensional spatial resolutio
(demonstrated to less than 0.1l mm~, although often in the 1 mm
range), and remote, in situ capability. Useful though these
properties are, one must keep clearly in mind that the spontaneous
Raman effect 1s weak, and that its use is therefore limited to
measurements on major and intermediate density flame species.
Some perspective on the relative strength of Raman processes
compared with more familiar scattering effects can be gained from
inspection of Table V. That this inherent weakness can be over-
come by current experimental methods can be seen by reference to
Table II, which suggests the main diagnostic applications of
these processes and the present degree of accomplishment.

In Fig. 2 we see a schematic of the primary molecular scat-
tering processes present when a laser beam impinges upon nitrogen
test gas. The pure vibrational Raman scattering is shifted from
the incident laser line (and therefore, from the Rayleigh scatter-
ing and from the center of the pure rotational Raman specEium,
shown here as an envelope of individual lines) by 2331 cm = for
nitrogen. These sharp bands, termed Q-branches to designate no
change of rotational quantum number, correspond to Av = +1, where
v is the vibrational quantum number (Stokes band), and to Av = -1
(anti-Stokes band). Since the Stokes bands arise from 'lower"
vibrational energy levels, while the anti-Stokes bands arise from
"upper" levels, the ratio of these intensities can be a sensitive
indicator of temperature (1-5). This can be seen in Fig. 2 from
their corresponding intensities at different temperatures. In
addition, the detailed contours of these bands, shown at higher
resolution in the inset diagrams in Fig. 2, present further oppor-
tunities for temperature determination. Here, the successive
peaks in the 1500 K Stokes profile correspond to successive bands
- the ground state band (v = 0 + v = 1) and the upper state bands
(v=1+v=2,v=2+v=3,..,.). Asimilar profile exists on
the anti-Stokes side. Thus, temperature can be determined from
contour fits, using a spectrometer, ratios of contour peak height
intensities using a spectrometer, polychromator, or spectral
filters, etc. (20)

In a similar fashion, pure rotational Raman scattering can
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Table V: Typical Cross Section Values for Scattering Processes

Differential
Scattering Process Cross §ection
(cm”/st)
. -7
Particle Scattering (Mie) - 10 ym diam. 10
-1
Particle Scattering (Mie) - 0.1 ym diam, 10 3
. -13 -18
Atomic Fluorescence - Strong, Visible 10 - 10
-19 -24
Molecular Fluorescence - Simple Molecules 10 - 10
Rayleigh Scattering - N, (488 nm) 10_27
Rotational Raman Scattering - N, (All Lines, 10.29
4%8 nm)
=31
- N, (Strong Line, 6 x 10

Including Fractional

Population Factor,

488 nm)

=31
Vibrational Raman Scattering ~ N, (Stokes Q-Branch, 5 x 10
488 nm)
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Figure 2. Raman and Rayleigh scattering from N, at ambient (300 K) and ele-
vated (1500 K) temperatures for an exciting laser line in the midvisible. The
central unshifted peak corresponds to Rayleigh scattering, which is flanked by rotational
Raman scattering represented here by wing envelopes of the rotational line peak intensities.
The vibrational O-branches on the Stokes and anti-Stokes sides are shown at the charac-
teristic Raman shifts for N, of 2331 cm™1. These Q-branches are surrounded by weaker
vibrational bands called the O- and S-branches, shown also by wing envelopes. Note that
relative intensities are drawn on a logarithmic scale and that large breaks occur along the
wave number and wavelength axes. The spectral contours of the Q-branches shown in
the two inset diagrams are presented on a linear scale and have been calculated using a
triangular spectrometer slit function with 6 cm™ (~ 0.18 nm) FWHM.
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be used as a sensitive temperature indicator (20) with the advan-
tage of stronger signal intensities (See Table V) but with the
disadvantage that the spectral signatures of many of the impor-
tant flame molecules all fall in the same general spectral region,
thus complicating both density and temperature determinations.
However, careful application of this technique has resulted in
significant applications to flame analyses (21,22).

Recent Results for pdf Data

Following the discussion in the Introduction of the various
possible approaches to flame measurements - both from the points
of view of the needs of combustion modelers as well as from the
capabilities of flame spectroscopists - we describe here one such
avenue of research. In this approach, we utilize a high energy-
per-pulse laser source to produce Raman data leading to probabil-
ity density functions (where each datum that contributes to the
pdf is a statistically-independént measurement resulting from a
single laser pulseof the most important state variables, viz.,
temperature, and major flame species densities. These data are
combined with concommitant measurements of flow volocity using
laser volocimetry apparatus to form near-simultaneous data sets
or correlations of significant pairs of variables. They are of
prime importance in contributing to the understanding of both the
fluid mechanic and flame chemistry portions of combustion systems,
since turbulent fluctuations can occur over very small spatial
scales and over short time durations, and since chemical reac-
tions are strongly dependent upon the instantaneous values of
temperature as well as various species densities.

The overall combustor/optical layout is shown in Fig. 3,
which illustrates temperature measurement by the Stokes/anti-
Stokes method. Typical results for temperature pdf's at four
radial positions (2,7)- near the centerline to near the flame
boundary - and at an axial distance 50 fuel-tip diameters down-
stream of the fuel line tip are shown in Fig. 4. The shaded parts
of the pdf contours (from 300 to 800°K), which increase in area
near the flame boundary, correspond substantially to scattering
from ambient temperature air,and therefore provide a measure of
flow intermittency. The upper limit of these bins was chosen to
be 800°K because the accuracy possible for the Stokes/anti-Stokes
temperature measurement method degrades rapidly at temperatures
below roughly that value (2,7). Thus, treating the fluctuation
temperature data for T < 800°K in any greater detail was un-
warranted,

The data shown in Fig. 4 give an estimate of the spatial
variation of the temperature pdf's, and therefore of the average
value and of higher moments, but not of instantaneous values of
the gradients. Data acquired simultaneously in space (as well as
in time) is required for the determination of instantaneous
gradients; information yielding such results has been obtained by
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PROBABILITY DENSITY FUNCTIONS
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Figure 3. Schematic of turbulent combustor geometry and optical data acquisition
system for vibrational Raman-scattering temperature measurements using SAS
intensity ratios. Also shown are sketches of the expected Raman contours viewed by
each of the photomultiplier detectors, the temperature calibration curve, and several
expected pdf's of temperature at different flame radial positions. The actual SAS tem-
perature calibration curve was calculated theoretically to within a constant factor. This
constant, which accounted for the optical and electronic system sensitivities, was deter-
mined experimentally by means of SAS measurements made on a premixed laminar flame
of known temperature. Measurements of N, concentration were made also with this
apparatus, based on the integrated Stokes vibrational Q-branch intensities. These signals
were related to N, gas densities by calibration against ambient air signals.
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Figure 4. Probability density functions of temperature for Hy—air turbulent diffu-

sion flame determined at various radial positions 134 mm downstream of the fuel

line tip according to procedures indicated in Figure 3. The measurement positions

are drawn schematically in the center of the figure to correspond to the radial posi-
tions t on the scale at the RHS.
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Hartley (9) and Bridoux et al (10,11). Time-averaged data demon-
strating the feasibility of instantaneous gradient data acquisi-
tion have also been presented by Black and Chang (23). At the
same axial position as that corresponding to Fig. 4, we show in
Fig. 5 the joint pdf for instantaneous Xa%ues of temperature

T x velocity u, i.e., the correlation <T.u>. Further details of
the latter measurement are presented in Ref. 4.

Also described in Ref. 4 is a new optical layout for LV data
acquisition which permits a significant increase in the overlap
between the Raman and LV probe test volumes. The worth of the
various correlations of density and temperature with velocity is
critically dependent upon the accuracy of this overlap at all
flame measurement positions. Thus, one must either lock the
Raman and LV probes together in a precise but movable fashion -
a rather difficult procedure for the precision required for
"bench scale” laboratory flames - or else translate the flame.

We have chosen the latter approach, and show in Fig. 6 a sketch
of a movable fan-induced co-flowing turbulent jet combustion
tunnel. The working section is a 15 cm x 15 cm square pipe with
large glass windows giving clear optical access to the turbulent
diffusion flame produced on a 3-mm-diameter fuel tube.

The accuracy of the temperature pdf data obtained with the
Raman Stokes/anti-Stokes technique has been assessed by tests
made on a known and well-calibrated laminar premixed flame source,
viz., a porous plug burner (20). These data, which were checked
by analytical calculations based upon the optical and electronic
properties of our detection system, showed a roughly 5-77%
standard deviation, which has been considered acceptable for
present measurement purposes (2,7). However, additional problems,
not considered in this type of test, can exist. For example:
Does our turbulent flame test volume (an approximate cylinder,
0.7 mm high, with a volume less than 0.1 mm~) correspond essen-
tially to isothermal conditions at all times? Are the flame
gases In the test volume at chemical equilibrium? Are assumptions
such as Lewils number Le (ratio of thermal diffusivity to mass
diffusivity) equal to one valid in modeling the flame gases? And
so forth,

In order to probe some of these questions - an essential
endeavor in forming a clear interpretation of our results - we
wish to compare our experimentally-determined data with predic-
tions from a simple model. The experimental data available (See
Fig. 3) are instantaneous values of flame temperature from the N
Stokes/anti-Stokes intensity ratio (plotted as histegrams in Fig,
4) and simultaneously-obtained values of N, density (determined
from the absolute value of the N, Stokes intensity
calibrated against the value ob%ained for N, in ambient air).
Accordingly, we have produced "comparison" piots using the fol-
lowing scheme (24): If we calculate flame gas density and tem-
perature as a function of flame stoichiometry (i.e., as a func-
tion of the fuel/air equivalence ratio ¢; see Fig.7), then we can
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Figure 5. Probability density function (pdf or histogram) for temperature X ve-
locity for turbulent diffusion flame. These data correspond to a test zone along the
axis, 50 fuel-tip diameters downstream from the fuel line tip.
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Figure 6. Fan-induced combustion tunnel. This sketch shows the movable test
section fully inserted in the x-direction. For purposes of scale, the square test sec-
tion is 0.15 m X 0.15 m and the length of the optical viewing windows is 0.9 m.
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Figure 7. Plots of major flame species and temperature for H.—air flame as a func-
tion of flame stoichiometry (i.e., fuel—air equivalence ratio ¢) for adiabatic condi-
tions
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cross-plot the density vs. temperature for any particular species,
with ¢ as a parameter along the curve. This is shown for nitrogen
in Fig. 8, where the solid curve corresponds to calculated values
of nitrogen concentration plotted as a function of the flame tem-
perature for the assumptions suggested in the preceeding paragraph,
i.e., isothermal test volume, adiabatic flame conditions with
chemical equilibrium, Le = 1, etc. Here, the upper branch of
the curve (i.e., that part of the curve corresponding to values of
N, concentration greater than that for ¢ = 1 - the stoichiometric
point) corresponds to fuel-lean conditions, and the lower branch
to fuel-rich conditions. Thus, any experimental datum for nitro-
gen concentration and temperature (shown as a box symbol in Fig.
8) should, to a degree according to its satisfaction of the ideal
assumptions, fall along or nearby the theoretical curve - i.e.,
correspond, to within the optical/electronic experimental accu-
racy, to some value of stoichiometry. Departures from the theo-
retical curve then indicate either spread in the experimental data
- caused by random or systematic errors - or a failure in our
simple adiabatic model to account for the observed data.

The data plotted in Fig. 8 were taken near the flame bound-
ary, 50 fuel-tip diameters downstream, with no optical background
corrections made to the vibrational Raman raw data. With such
corrections, the data appear as in Fig. 9. (It is these data that
are plotted in Fig. 4 in the top histogram, corresponding to r =
14.5 mm.) Similarly, Figs. 10 and 11 show data taken near the
flame axis; the data in Fig. 11 appear in Fig. 4 in the bottom
histogram, corresponding to r = 1 mm. What do we learn from
these plots?

Firstly, the rough agreement of the N, concentration-vs-
temperature data with adiabatic calculatiofis implies that gross
errors are unlikely in the Raman data acquisition, and that the
basic analytical and experimental assumptions are reascnable.
Secondly, the scatter of the data in these preliminary runs
appears to exceed that expected from thephoton statistics, and
indicates, most likely, that greater control over experimental
"calibration' parameters (such as ambient air N, Stokes signals)
is required, as are greater amounts of data to gefine better the
experimental results, Furthermore, inspection of these pairs of
curves does not permit one to decide clearly between the pro-
cedures of utilizing or not utilizing background radiation
corrections (the clear measurement of which is difficult); alter-
nately, one can interpret this result as a rough indication that
precise optical background measurements are not inordinately
critical to the interpretation of the data.

Finally, we note what may turn out to be a significant de~
parture in the fuel-rich data. In Figs. 10 and 11, the N, con-
centrations appear to deviate from the theoretical curve gncreas—
ingly as ¢ increases. No detailed explanation for this behavior
has emerged yet, but possible departure of Le from unity for
a Hz—rich flame may lead to an explanation in terms of '"non-

ideal" behavior of mass and heat transport.
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Figure 8. Nitrogen concentration vs. temperature, determined from Raman data

at position shown in Hy—air turbulent diffusion flame. The solid theoretical curve,

corresponding to adiabatic conditions, was obtained by replotting the information

in Figure 7. The theoretical point for stoichiometric combustion (¢ = 1) is shown

on this curve as a filed-in circle. These Raman data were not corrected for optical
background at the Raman spectral band position.
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Figure 9. Nztrogen concentration vs. temperature, determined from Raman data
at position shown in H,—air turbulent diffusion flame. These Raman data were cor-
rected approximately for optical background at the Raman spectral band position.
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Figure 10. Nitrogen concentration vs. temperature, determined from Raman data
at position shown in Hy~air turbulent diffusion flame. These Raman data were
not corrected for optical background at the Raman spectral band position.
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The emphasis in this work has been on the acquisition of
simultaneously-obtained instantaneous values of temperature and
concentration, with as high a spatial resolution as practical
for such experiments. The temporal and spatial resolution re-
quirements result from the necessity to probe within (if at all
possible) characteristic turbulence time and length scales. The
accuracy of our experiments (which, in any case, utimately depends
upon a trade-off with resolution (1)), is considered to be ade-
quate to achieve the diagnostic goal of providing data of value to
flame modelers; this can be seen by comparison of the fluctuation
temperature measurement uncertainty (characterized by a 5-7%
standard deviation) with the broad temperature spread of the
measured pdf's (extending, in Fig. 4, from values near ambient

temperature to values in the vicinity of the adiabatic flame tem-
perature).

Conclusion

Time- and space-resolved fluctpation data for flame gas tem-
perature and major species densities have been obtained from Raman
scattering and from stronger inelastic scattering processes. When
combined with information about velocity from laser velocimetry,
these data and their correlations provide key new information for
flow field and combustion field modeling.
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Raman spectroscopy and the closely related technique of coherent
anti-Stokes Raman spectroscopy are becoming increasingly important
techniques for measuring temperatures in combustion and other high
temperature reactive environments. The deter mination of temperatures
from rotational or vibrational Raman spectra requires comparison with
theoretical relative peak intensities or band profiles. In this paper we
examine theoretical factors which enter into calculations of relative
Raman intensities in order to assess the thermometric accuracy and
useful temperature ranges of rotational and vibrational Raman
scattering from N,, O, and H,. For pure rotational Raman scattering
the factors considéred ‘are intensity corrections for centrifugal distortion
(f ) and for rotational scattering from vibrationally excited molecules
(n’). For vibrational Raman scattering, the factors considered are O and
S-branch scattering, anisotropic Q branch scattering, and intensity
corrections arising from vibrational-rotational interactions (fol).

Rotational Raman Scattering

Analysis of experimental rotational Raman scattering from Nz,
, and H_ has been used to determine temperatures in premixed
l.a%)orat:ory ﬁames (1,2). Temperatures based upon rotational Raman
scattering from N. and O, had lower uncertainties (1-4%) than those
based upon vibrational Raman scattering (3-9%) because rotational
Raman scattering is generally more intense and gives rise to many more
transitions. However, careful application of Raman intensity theory is
required.

The theory of rotational and vibrational Raman intensities is
discussed in detail elsewhere (e.g., References 1-6). Relative rotational
Raman intensities are proportional to Raman line strength factors (S".
For rigid rotator, har monic oscillator diatomic maolecules
S'(J.,J ) = 3(J +1) (J +2)/(2(2J +3)) where J is a rotational quantum
num]‘ber. However, real moledules are not rigid rotators and S§' must be

0-8412-0570-1/80/47-134-231$05.00/0
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multiplied by a correction factor f to account for centrifugal-
distortion. From James and Klemperer (/)

_ 2,2 2
£, = [1+(4/X)B_ 1) 2@%+3343) ]
where y =(a, ~ay) /{r_[3(a, ~ay)/0r] }

Experimentally determined values of X for H,(0.38+0.01), N2(0.45i0.09),
and 0,(0.23+0.07) have recently been reportezd {8) and are used here to
calculate £  values for H, and N2 shown in Figure 1. The foo values for
N2 (and oo)o are small bu%: are much larger for H, because B /we is
about an order of magnitude larger for H,. The inclusion of the
factor lowers temperatures calculated from N, rotational spectra by 1
and temperature calculated from H, rotational spectra by 7% for
temperatures near 2000K (1,2). In addition, because of the very large
values of £ for H_ transitions with J >5 there is some question whether
this first o?c?er linesztrength correction factor is sufficiently accurate for
quantitative intensity analysis. Further experiments are in progress to
elucidate this potential limitation of H2 rotational Raman intensity
analysis.

Temperatures measured from N (and O,) rotational Raman
spectra are considerably more precise than those from H_ because of the
larger, more uncertain f  correction for H, and because many fewer
lines are measured with H°. However, when excited vibrational states
are sufficiently p0pu1ateg (T 21000K for N 5 OF 0,), an additional
correction factor n is needed to correct measured rotational Raman
peak intensities for the contribution from pure rotational Raman scat-
tering from molecules in vibrationally excited states. This correction is
necessary because transitions involving given rotational levels in
different vibrational levels overlap to a substantial degree at low J but
are displaced at high J. The displacement §v is easily deter mined from
known molecular energy levels from

Sv = 4(Jlower -3/2) a v

where o is the usual spectroscopic rotational vibration interaction
constant. ~ Although the effect of the vibrationally excited molecules (n
correction) is important for N, and 0., it is not required for H2 spectral
analysis since @ for H. is su?fficien y large that rotational transitions
in different vibrational levels are easily resolved by conventional spec-
trometers. Since the N correction factor for N, and O, is a strong
function of temperature (vibrational population) ‘and of Spectrometer
resolution (experimental slit function), it introduces additional complex~
ities and uncertainties into N and O rotational temperature
calculations. The TN corrections raises computed temperatures over
calculations which neglect it - by 8% for N rot_ai:ional spectra at 2000K
for triangular spectrometer slit widths of 2.6 cm ~ fwhm.

The effect of the N correction is demonstrated in Figure 2 in
which an analysis of experimentally measured rotational Raman inten-
sities from O2 in a H2-02 pre mixed flame is presented. The calculated
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Figure 1. Rotational-vibrational line strength correction factors for pure rota-

tional Raman scattering (f,.), and for O-, S-, and Q-branch vibrational Raman scat-

tering (fo1, 1o, and fu,?). The value J is the rotational quantum number of the initial
level; (O), Stokes; (\), anti-Stokes.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



234

n(1 11S'v3g)

n

LASER PROBES FOR COMBUSTION CHEMISTRY

0,
< “
&
\Qk 1988K
O\Q - Without

N Correction

~

2162K

with
n Correction

500 1000 1500 2000 2500
Fo (J;) IBg

Figure 2. Temperature-analysis plot for rotational Raman scattering from O, in
an HyO, premixed flame. The experimental spectrum is in Figure 5 of Ref. 1.
All data are corrected for centrifugal distortion: (———), analysis without consid-
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eration of rotational transitions from vibrationally excited O, molecules (y correc-
), results from the more accurate analysis including the 5 correction.
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temperature is 1988K without the T correction and 2162K with the 70
correction. Not withstanding the scatter in the data, the fit is clearly
better using the n correction.

Vibrational Raman Scattering

Vibrational Raman scattering from diatomic molecules is domin-
ated by Q(AJ=0) branch transitions although weaker O(AJ=-2) and
S( AJ=+2) side branches do occur. The Q branch line strength [S'(Ji,Jf)=
0 _(2J+1)+J (J+1) (J+2)/(2(23-1)(2J+3) ] includes an isotropic part (the a
term) and a smaller anisotropic contribution, Vibrational Raman ban
profiles for N2 and H. that were calculated previously in order to
determine flame te mperatures included only the isotropic part of the Q
branch (see, for example, References 5 and 6). Here additional factors
of O- and S-branch scattering, anisotropic Q branch scattering, and
vibrational-rotational interaction intensity corrections (fo ) have all
been included. Figure 3 shows the effect of these factors on N
vibrational Raman spectra at 2000K. In the Q branch region the two
curves are very similar but depart measurably for the high vibrational
level transitions. The temperature errors which would result from not
including the factors discussed in this paper for N, at 2000K would equal
zero for temperatures determined from Stokes-antiStokes intensity
ratios, <5K for temperatures determined from Stokes intensity ratios
for v=1+ 2 and v =0 +1, and < 20K for temperatures determined from a
complete Stokes vibrational band profile fit. Thus these correction
factors have little effect on temperatures determined from N2 or 02
vibrational Raman spectra.

However, those same correction factors are important in H
vibrational Ram an intensity analyses primarily because of the large
values of £ (H,) given in Figure 1. For a Stokes vibrational Raman
spectrum of M, af 2000K the calculated temperature would be 1935K if
only the isotropic part of the Q béanch were included and 1989K if the
line strength correction factor fol were added.

Summary

Temperature corrections arising from higher orders effects in
Raman intensity analysis are sum marized in Table 1. At 300K all of the
corrections are negligible but at elevated te mperatures the effects can
be large. Particularly important for rotational Raman spectra from N
and O, are corrections (nj) for vibrationally excited molecules. Because
these “corrections are strongly dependent on the spectrometer slit
function, they are difficult to determine reliably and may limit the
applicability of spontaneous rotational Raman spectra for these
molecules to <2200K. Above these temperatures vibrational Raman
spectra from N, and 02 probably would provide more accurate
temperatures. Tﬁe much “higher spectral resolution available using
rotational CARS (coherent antiStokes Raman spectroscopy) may maken
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Table I. Temperature Corrections Caused by
Higher-Order Effects

0,S, and
n f Q,n

300K | 2000K [{300K [2000K §300K | 2000K

Rotational Raman

N; and O, 0 [+(810)%|| ~0 [ 1% - -

H; 0 0 A% | 7% | — -
Vibrational Raman

N: and O, - - 0 ~0 0 ~Q

H. -_ - ~0 [+3% | ~0 | +%%
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corrections much smaller for this technique and extend its useful upper
temperature range. Temperatures from H_ rotational (or vibrational)
Raman spectra may bs in error because” of the large and possibly
inadequate £ (and £ 1 ) corrections, particularly for transitions invol~
ving J> 5. 1inally, mperatures determined from vibrational Raman
spectra from N, and 02 are not strongly influenced by the factors
congidered here %<20K error at T=2000K).
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Temperature-Velocity Correlation Measurements
for Turbulent Diffusion Flames from Vibrational
Raman-Scattering Data

S. WARSHAW, MARSHALL LAPP, C. M. PENNEY,
and MICHAEL C. DRAKE

General Electric Corporate Research & Development, P.O. Box 8,
Schenectady, NY 12301

Raman scattering flame diagnostic methods have been develop-
ed to provide improved test probe capability for hostile flame
environments (1, 2, 3, 4). One long-term goal of such efforts
is to contribute to a better understanding of the interplay
between turbulent fluid mechanics and flame chemistry through
application of laboratory measurements to flame modeling (5, 6).
Virtually simultaneous measurements (from at least a fluid
mechanic point of view) of a range of key flame properties can
produce substantially increased insight over measurements of
single properties (7). We have focused upon the simultaneous
determination of fluctuations in flame temperature and gas velo-
city for our initial study.

We present here preliminary results for the (temperature x
v%lgcity) probability density function shown in this paper as
<T-u>, where the quantities within the average brackets are
instantaneous values. These data have been obtained from a co-
ordinated experimental program utilizing pulsed laser vibrational
Raman scattering and cw real fringe laser velocimetry (LV).

These instantaneous temperature and velocity values can be related
to values of the average fluctuating mass flux <p'u’> for our
experimental conditions, utilizing assumptions of the ideal gas
law and fast flame chemistry. Here p' and u' are fluctuation
values of density and velocity, respectively, Knowledge of flame
properties such as <gu'> provides key data needed for developing
improved combustion models.

For these experiments, a well-defined H,-air diffusion flame
was produced in a co-flowing jet combustor (§). The axisymmetric
configuration was chosen and implemented with care in order to
produce well-defined flame conditions suitable for testing
analytical modeling concepts. The 3-mm-diameter fuel tube was
‘centered within a 100-mm-diameter glass pipe test section,
through which air was driven by a fan. Air flow speeds were
roughly 10 m/s. Using a fuel-to-air speed ratio of 1l:1, 0.5-m-
long diffusion flames were produced.

0-8412-0570-1/80/47-134-239$05.00/0
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The flame gas temperature was determined utilizing vibra-

tional Raman scattering from nitrogen. A 1J, lus duration tunable
dye laser was used as the probe source. Multiple photomulti-
pliers mounted in a polychromator monitored nitrogen Stokes and
anti-Stokes Raman signals, as well as signals from other major
flame constituents, viz., water vapor and hydrogen. The temper-
ature was found from the ratio R of nitrogen vibrational Stokes
scattered intensity to the corresponding anti-Stokes signal:

R = K exp (Q/T), where the constant K incorporates spectroscopic
and optical system constants. The value of K was experimentally
determined by calibration against a premixed laminar flame with
a known temperature produced on a porous plug burner. The
characteristic vibrational temperature Q = hcw/k = 3374°K for
nitrogen. Here, h is Planck's constant, c¢ is the speed of light,
@ is the vibrational constant, k is Boltzmann's constant, and T
is the temperature in Kelvin.

The statistical nature of the turbulent flame required the
analysis of many temperature and density data points from sepa-
rate pulses for accurate results. Thus, an overall computer
system was used to control the various components of the com-
bustion probe apparatus, and to collect and interpret the resul-
tant data in an accurate and timely fashion. This system
produced a block of data for each laser shot that included in-
formation about the Raman signals, LV readings, and ancillary
data such as an identifying shot number and corresponding dye
laser pulse energy. Typical current operation permits about
twenty experimental run conditions daily, with up to several
hundred shots per run.

In Fig. 1 we show the system control flow chart. The laser
and computer system, after recharging from the previous laser
shot, was armed and readied for a seed particle to flow through
the LV probe region. Either 1 um diameter alumina or 0.25 um
titanium dioxide was used to seed the flame. The particle count
rate was continuously adjustable from 0.2 to 1000 valid velocity
measurements per second. For initial development purposes, an
average 0.5 s particle interarrival delay was chosen.

The virtually simultaneous LV and Raman measurements do not
materially interfere with each other. When a particle enters the
probe region, the light from real fringes is Mie-scattered. The
scattered light intensity appears as a sine wave with a Gaussian
envelope representing the finite beam overlap region. In Fig. 2
the particle flight time through a preset number of fringes of
known spacing is shown. If the measurement meets a minimum
accuracy criterion, based on comparison of particle flight time
through 5 and 8 fringes, then that velocity value is held and the
dye laser source for Raman scattering is triggered. The veloci-
meter instrumentation required a minimum 4 Us delay after the
required number of fringe crossings to validate the velocity
reading. An additional delay occurs between validation and the
dye laser pulse. This adjustible time delay is sufficient to
sweep the particle out of the volume so that the particle does
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Figure 1. System control flow chart
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not scatter the pulsed dye laser light. A 10 us delay was
actually used in this experiment; with flame gas velocities
corresponding to our measurement positions for this experiment (8),
this delay produced data well within the spatial resolution goal
of a cube of 1 mm dimension. Note that the right-angle Mie
scattering of a 1 W cw argon laser beam from a 1 um particle is
not strong enought to significantly alter the background level of
the photomultiplier detectors in the spectrometer foca l plane at
other than the positions corresponding to 488 or 514 nm. 1If the
seeding is too heavy, it is possible that the dye laser pulse
could occur during the passage of a second seed particle in the
region, thus causing a non-damaging saturation of the Raman
photomultipliers, the signal from which is automatically rejected
by the computer.

Electronic signal conditioning circuitry was developed to
capture and hold transient signals produced in the Raman scatter-
ing process because the analog baseline signal was observed to
fluctuate with ground noise and temperature drift. In initial
experiments, photographic recordings were made of ocilloscope
records of the photomultiplier analog signals, which were then
reduced manually. 1In its current operational form, dual sample-
and-hold (S/H) circuits capture the analog signal from each
photomultiplier before and after the nominal l-Us-duration dye
laser pulse. The delayed S/H captures its signal an adjustable
10 us after the dye laser trigger pulse - long enough for the dye
laser noise to have abated. All of the channels are acquired in
parallel but are sampled sequentially by the computer.

Probability density functions, or histograms, of the product
of instantaneous temperature x velocity were obtained through use
of this combustion probe system for a variety of downsteam and
radial flame test positions. A typical histogram is shown in
Fig. 3, while Fig. 4 displays the same data {(as well as data for
a test position further downsteam) in a "scattergram" format;
i.e., in a plot of velocity vs. temperature. Here, each datum
corresponds to a specific shot, while the histogram bins corre-
spond to integrated results from numbers of shots.

The data presented in this paper were taken on a less than
optimum burner-optical geometry setup. The flame, Raman source
laser beam, and angle bisector of the laser velocimeter probe
beams were orthogonal to each other, permitting only roughly 20%
spatial overlap between the regions probed by the Raman and LV
methods. Thus, the statistical correlation of turbulent velocity
with temperature could well be masked by the large non-overlap
region. Additionally, separate collection optics caused diffi-
culties in the simultaneous alignment of the LV and Raman probe
regions. These sources of error were corrected in our current
optical layout geometry where the LV beams' bisector is colinear
with the illuminating laser for Raman scattering, allowing for
more than 90% overlap. (See Fig. 5.) Also, we can now look at
the scattered LV light through the Raman collection optics. This
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clearly defines the cylindrical regions for the Raman and LV
probes, utilizing the same axes and apertures.

The basic limitations to the overall accuracy of the data
presented here lie in the Raman measurement process ~ inherently
weak, but possessing sufficient intensity as utilized here to
produce, for example, only 5-7% standard deviations for instan-
taneous temperature determinations in a "calibrated" premixed
laminar flame (9). Further development of this light scatter-
ing measurement technique - including better treatment of back-
ground radiation and optical calibration problems, greatly in-
creased amounts of data contributing to pdf's and moments, and,
when possible, use of fixed-bed optical probes and movable com-
bustors - will lead to improved accuracy, and to increased utility
for combustion modeling using these data.

Acknowledgement

The authors are grateful to the Office of Naval Research (Project
SQUID), the Air Force Office of Scientific Research, and the US
Department of Energy for sponsorship of portions of this work.

Literature Cited

1. Lapp, M.; Penney, C. M., Ed. "Laser Raman Gas Diagnostics";
Plenum Press: New York, 1974,

2. Llapp, M.; Penney, C. M. in "Advances in Infrared and Raman
Spectroscopy'; Clark, K. J. H.; Hester, R. E., Ed., Vol. 3;
Heyden and Sons: London, 1977; Chap. 6.

3. Eckbreth, A. C.; Bonczyk, P. A.; Verdieck, J. F. Appl.
Spectrosc. Rev., 1978, 13, 15.

4, Lederman, S. Prog. Energy Combust. Sci., 1977, 3, 1.

5. Hartley, D.; Lapp, M.; Hardesty, D. Physics Today, 1975, 28,
(12), 36.

6. '"High Temperature Science: Future Needs and Anticipated Devel-
opments'; Committee on High Temperature Science and Techn logy,
National Research Council; National Academy of Sciences:
Washington, D.C., 1979; Chap. 3.

7. Bilger, R. W. Prog. Energy Combust. Sci., 1976, 1, 87.
8. Wang, J. C. F.; Gerhold, B. W. AIAA Paper 77-48, 1977.

9. Lapp, M.; Penney, C. M. in "Proceedings of the Dynamic Flow
Conference 1978 on Dynamic Measurements in Unsteady Flows'";
Proceedings of the Dynamic Flow Conference 1978: P. 0. Box
121, DK-2740 Skovlunde, Denmark, 1979; p. 665.

REcCEIVED March 31, 1980.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



20

Observations of Fast Turbulent Mixing in Gases
Using a Continuous-Wave Laser

C. M. PENNEY, S. WARSHAW, MARSHALL LAPP,
and MICHAEL DRAKE

General Electric Corporate Research and Development, Schenectady, NY 12301

Time- and space-resolved major component concentrations and
temperature in a turbulent gas flow can be obtained by observa-
tion of Raman scattering from the gas. (1,2) However, a contin-
uous record of the fluctuations of these quantities is available
only in those most favorable cases wherein high Raman scattering
rate and/or slow rate of time variation of the gas allow many
scattered photons (? 100) to be detected during a time resolution
period which is sufficiently short to resolve the turbulent
fluctuations. (2,3) Fortunately, in other cases, time-resolved
information still can be obtained in the forms of spectral
densities, autocorrelation functions and probability density
functions. (4,5)

Spectral densities and autocorrelation functions are Fourier
transform pairs, and thus formally equivalent, although in a
practical sense one or the other may be easier to measure in the
range of interest. A probability density function (PDF) carries
independent statistical information which shows the fraction of
time during which the fluctuating quantity lies within each of a
number of incremental ranges spanning the extent of its varia-
tion. Birch et al (6) have discussed the calculation of PDF's
from observations of scattering from a continuous laser beam by
the fluctuating flame gases. 1In this paper, we show that useful
information about a PDF describing the fluctuations of the
instantaneous concentration of a gas constituent can be obtained
even in cases where an average of only one, or a few photons are
detected per resolution period. Since the number of detected
photons is proportional to the resolution period, the focus of
our work is on the limits of time resolution of this technique
for any specified experimental configuration.

The calculation of a PDF begins with experimental data in
the form of a photon count distribution F(j), defined in Table 1
along with the other functions discussed here.

The factorial moments derived from the count distribution
are equal to the zero moments, Zm, of the PDF, and simply related
to the moments about its average value, Cp. (Table 1). The
moments alone provide significant information about the concen-
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tration fluctuations. For example, if the concentration is
constant, then P(x) takes the form of a delta function, and all
the zero moments equal unity. The second central moment yields
the mean square deviation of the PDF, and all the odd central
moments are zero if the PDF is symmetric about its average.
Furthermore, the experimental moments can be used to correct for
moderate dead time effects, which can be significant when fast
time resolution is required. The details of this correction
will be presented in a subsequent paper.

Although these and other characteristics provided by the
moments are useful, a primary objective is to calculate the
actual shape of the PDF. A straightforward approach is a stan-
dard least mean squares (LMS) fit (8) of adjustable parameters
in a trial function for the PDF, such as the one defined in
Table 1. However, this kind of fit often does not produce a
physically meaningful PDF because some of the coefficients Ay
derived in the LMS fit turn out to be negative. One cause of
negative coefficients is unavoidable statistical fluctuations in
the count distribution F(J), which appear as deviations from the
ideal distribution that would be obtained for the actual PDF in
an unlimited data acquisition time. Another cause, which can be
shown to produce negative coefficients even for an ideal count
distribution, is an inopportune choice of trial components xj-.
Even when all the Ay coefficients are positive for two different
choices of the xi, the actual fits may show considerably differ-
ent shapes. Thus, if the choice of K and the xyx for a trial
function is regarded as an initial bias, even physically accep-
table final fits are bias-dependent. Furthermore, although
linear optimization routines (9) can provide a LMS fit with
coefficients constrained to be—bositive, these routines are not
always successful, and they also are bias-dependent.

We have found an alternative procedure which provides fits
with positive coefficients which show consistent stability well
within useful accuracy bounds when tested over a wide range of
actual and simulated experiments. The procedure involves a
large number (100-400) of LMS fits of a trial function of the
form of Eg.(5) in Table 1. Several different values of K are
used, typically ranging from four to eight, and the Xk are
varied randomly over a limited range between each fit. Typically
about one quarter of these fits produce count distributions
within the expected statistical fluctuations of the original
data, and contain no significant negative coefficients. BAll of
these successful fits are combined to produce a composite distri-
bution for the PDF which can be expressed, for example, as a
histogram. The stability of this type of fit for repeated
experiments with the same PDF, and repeated analysis of the same
data with independent random choices for the X+ Suggest that
this process, in effect on average over bias, reduces its influ-
ence to a low level.

The fitting procedure has been tested on computer simulated
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data, time-varying signals generated by a light-emitting diode
(LED) and Raman scattering from an oxygen jet. The LED results
are described here because they combine a source whose time
variation could be verified directly, and a photomultiplier
detector viewing light at typical Raman scattering levels. The
experimental arrangement used with the LED is shown in Fig. 1.

In operation, the stop in the light path is adjusted so
that the count rate with no ND filter is sufficient (about 2.5
MHz) to provide an accurate time record of the LED source varia-
tion on the oscilloscope. At lower count rates obtained using
various ND filters, the gated counter (Tennelec Model TC592P) is
used to record the number of counts detected during consecutive
400 usec periods. At the end of each period the counter provides
a voltage pulse whose height is proportional to the number of
counts recorded during that period. The distribution of these
voltages, accumulated over a large number of periods on the
multichannel analyzer, gives the pulse count distribution F(J).
(Periods shorter than 400 usec were not used for this demonstra-
tion because the counter analog output contained transients
which prevented reliable operation for shorter periods).

In Fig. 2 we show a quasi-sinusoidal LED output as measured
from the unattenuated signal on the oscilloscope, and the pulse
count distributions obtained with ND1 and ND3 filters (average
counts per 400 usec channel of 100 and 1, respectively). Also
shown in this figure are two typical PDF fits to the latter data
(average count per cycle = 1), compared to the PDF calculated
from the LED signal variation displayed on the oscilloscope.

The figure illustrates that the 100 count per period count dis-
tribution reproduces the shape of the PDF fairly well, whereas
the 1 count per period distribution displays no obvious resem-
blance to the PDF. However, the typical fits calculated from
two independent sets of 1 count per period data, shown in Figs.
(2D) and (2E), reproduce the PDF to an accuracy which approaches
that of the 100 count per period result. The unoptimized For-
tran program which produced these fits requires approximately 20
seconds per ryn on a Honeywell DPS-2 computer. Our experience
with this and other shapes for the PDF leads to a conclusion
that the overall shape of a widely distributed PDF can be obtain-
ed reliably, though some ambiguity is found in the finer details
at average counts as low as one per period. As the average
count is increased to two or four per period, the resolution
improves steadily.

A significant advantage of the technique is that the equip-
ment requirements are relatively modest and share a strong com-
monality with equipment and data analysié required for correla-
tion or spectral density measurements, and laser velocimetry.

In particular, if the number of photons detected during each
period is recorded as a sequential record (instead of the sim-
pler data recording mode utilized for this work) then auto-
correlation functions and spectral densities of concentration
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Figure 2. Experimental results obtained using configuration shown in Figure 1.
An oscillograph tracing of the photomultiplier signal from the unattenuated LED is
shown in A. The (slightly smoothed) pdf calculated from this signal is shown in B as a
dotted curve, along with the photon count distribution obtained from the LED attenuated
by a ND-1 filter, giving an average count of 100 detected pholons per period. The calcu-
lated pdf is reproduced in C, D, and E. Also shown in C is the photon-count distribution
out to F(4), for the ND-3 ﬁller giving an avérage count of 1 detected photon per period.
This data actually extends out to 11 counts per period, usually observed a few times out
of a total of 2,000,000 periods. In D and E, two typical pdf fits to independent sets of
1 cps, 2,000,000 total period data are shown. These fits were obtained using the multiple
least-mean-squares technique described in the text.
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fluctuations, as well as PDF's, can be calculated from the same
data set.

In comparison to the pulsed laser Raman technique which has
been used for PDF measurements in flames (1,2) the CW laser
technique is more sensitive to background light and probably
less accurate when extremely fast time resolution (X usec) is
required. However, its relative ease of application, and the
other advantages we have discussed, make this technique a good
candidate for concentration PDF measurements in non-luminous
turbulent flows, and low luminosity flames. For highly luminous
subjects, a variation of this technique using a high frequency
pulsed laser and gated detector can be used to provide strong
background discrimination. This alternative may be advantageous
for example, in measurements within sooting regions of a flame,
where single pulse Raman measurements are questionable because
the necessarily large laser pulse strongly heats the soot parti-
cles. (10)

Acknowledgements - We wish to thank Robert Dibble at Sandia
Livermore for suggesting the test using the LED source, Marcus
Alden at Chalmers University for his help during the earlier
experimental phases of this work, and Donald R. White of this
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A Nd:YAG Laser Multipass Cell for Pulsed
Raman-Scattering Diagnostics

DOMENIC A. SANTAVICCA

Department of Mechanical and Aerospace Engineering, Princeton University,
Princeton, NJ 08544

Spontaneous Raman scattering is an attractive diagnostic
technique for measuring gas temperature and species concentration
because it is a linear, non-resonant process and because of the
unique spectral location of the vibrational Raman spectra of
different molecules. It is unfortunately a very inefficient pro-
cess which to date has limited its application to temperature and
major species concentration measurements in relatively noise free
environments. (1) Signal enhancement of measurements made in a
steady environment can be achieved by signal averaging; however,
signal averaging is not applicable to unsteady enviromnments or to
turbulent environments where the average Raman signal depends not
only on the average temperature and average density but also on
usually unknown density and temperature correlationms.(2,3).

The effect of signal averaging is to increase the number of
detected Raman photons which after background subtraction results
in increased effective signal-to-noise ratio. In order to in-
crease the photon yield without averaging over time intervals
greater than the characteristic time scale of the phenomenon
under study, it is proposed to use a pulsed multipass configura-
tion, whereby the same pulse is repetitively passed through the
scattering volume using an optical multipass cell.

Optical multipass cells have been used for the enhancement
of CW Raman scattering(4); however, these cells are typically
not well-suited for use with high power, pulsed lasers., A new
multipass cell for use with a pulsed Nd:YAG laser is proposed
whereby the 1.06 micron laser output is admitted into a multipass
cell cavity where it is partially converted to 532nm with a
Brewster's angle cut second harmonic generating crystal The
532nm pulse is trapped in the mirrored cavity while the 1.06 mi-
cron pulse is dumped. This multipass cell concept has been
demonstrated with the experimental set-up shown in figure 1.

The pump laser is a Quanta-Ray Nd:YAG Model DCR-1A with an 8 nsec,
700 mJ (max), 1.06 micron output. The multipass cell cavity is
bounded by the normal incidence harmonic beamsplitter (>99.5%

0-8412-0570-1/80/47-134-255$05.00/0
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Figure 2. Nitrogen Stokes vibrational Raman signal from pulsed multipass cell (5)

Optics Communications
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reflectance at 532nm, > 85% transmittance at 1.06 micron)

and the 20 meter radius of curvature mirror (> 99.7% reflect-
ance at 532nm). The cavity mirror separation is 1.68 meters.
The first four mirrors (>99.7% reflectance at 1,06 micron)

act as a far field isolator which locates the multipass

cavity 15 meters away from the laser and effectively isolates
the laser from the potentially damaging retroreflected 1.06 mi-
cron radiation from the normal incidence beam splitter. The
multipass cavity is aligned by monitoring the retroreflected
1.06 micron pulse which is found to emerge from the Nd:YAG laser
cavity, 120 nsec after the original pulse, when optimum alignment
is achieved.

The performance of this pulsed multipass cell is shown in
figure 2 where it is seen that the nitrogen vibration Raman
multipass signal decays to 107 of its initial strength in
550 nsec or 100 passes. This corresponds to a multipass cell
efficiency of 97.7% and a gain of 42,

The reader is directed to reference 5 for additional infor-
mation on this work.

The author would like to acknowledge the financial support
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Grant ENG-77-12941.

Literature Cited

1. Lederman, S., Prog. Energy Comb. Sci., 1977, 3, 1.

2. Eckbreth, A. C., Comb. and Flame, 1978, 31, 231.

3. Setchell, R, E., ATAA Paper No. 76-28, 1976.

4. Hill, R. A., Mulac, A. J., and Hacket, C. E., Appl. Opt.,
1977, 16, 7, 2004.

5. Santavicca, D. A., Opt. Comm., 1979, 30, 423,

REeceivep February 11, 1980.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



22

Time-Resolved Raman Spectroscopy in a
Stratified-Charge Engine

J. RAY SMITH
Sandia Laboratories, Livermore, CA 94550

The objectives of this research were to develop techniques
to measure both the mean and fluctuating nitrogen density and
temperature in a combusting stratified charge engine. Such data
is necessary for analytical engine model verification. The
method chosen to achieve these measurements was spontaneous
vibrational Raman scattering by a pulsed frequency doubled YAG
laser to get a time resolution of 10 nsec. The nitrogen density
was determined from the Stokes signal and the temperature was
determined from the ratio of the anti-Stokes to Stokes signal.
Setchell demonstrated the feasibility of using time-averaged
Raman scattering in a combusting homogeneous charge engine.z A
stratified charge engine with good optical access was recently
developed, and its precombustion fuel-air distrjbutions were
determined by time-averaged Raman spectroscopy.. The latter
engine's precombustion velocity and turbulence fields were
measured by laser Doppler velocimetry and its perfgrmance and
emissions were quantified by conventional methods.3 The same
engine design was used in the present study.

The short duration of the laser pulse at 5321 Angstroms
precluded any movement of the spectrometer grating to allow
spectral details to be resolved nor were there sufficient photons
to use a multichannel detector. Therefore the spectrometer
grating was fixed and the entire nitrogen Stokes band was
integrated by a photomultiplier tube (PMT). Similarly, the
anti-Stokes spectrum was integrated by a second photomultiplier.
The major problem that must be solved in making Stokes nitrogen
density measurements in a turbulent flow was pointed out by
Setchelll to be the temperature dependence of the Raman scat-
tered Stokes intensity. Because the transition probability is
proportional to (v + 1) where v is the initial vibrational state,
the integrated Raman scattered intensity is not a unique function
of number density. However, a theoretical analysis of the

0-8412-0570-1/80/47-134-259$05.00/0
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Stokes vibrational Raman spectrum of nitrogen has led to a
method of making nitrogen number density measurements that are
essentially independent of temperature. A variety of spectrometer
s1it convolutions and center wavelength settings were studied to
determine their influence on the integrated Stokes Raman intensity
versus temperature. As pointed out by Leonard2 the basic
approach is to select spectrometer settings which balance the
increased transition probability of higher vibrational states
against the decrease in population of the ground state as the
temperature rises. Figure 1 is an example of the results for a
trapezoidal slit of 10 by 50 Angstroms with the center wavelength
varied from 6070 to 6073 Angstroms. By setting the spectrometer
at 6072 Angstroms, it was possible to have the Stokes intensity
vary by only #2% while the temperature varied from 300 to 1970
Kelvins. The significance of this result is that it is not
necessary to make simultaneous temperature measurements in a
turbulent flow field in order to make density measurements.

A similar analysis of the anti-Stokes to Stokes intensity
ratio expected from nitrogen as a function of bandwidth center
position of the anti-Stokes spectra is shown in Figure 2. It
appears extremely difficult to use spontaneous vibrational
Raman scattering for determining temperatures of less than 1000 K
due to the small anti-Stokes signal. Although temperatures in
an engine are well above this level after the flame passes
through the scattering volume, the present detection system does
not have sufficient background rejection to make temperature
measurements with good signal to noise ratios unless the stratifi-
cation is small and the equivalence ratio less than 0.8.

The engine in this work was designed to simplify the fluid
mechanics for modeling purposes. The intake and exhaust valves,
fuel injector, spark plug and laser input/output windows were
located in the cylinder side walls in the clearance volume above
the piston. The head contained a 70 mm diameter, clear aperture
window. The laser beam was passed through the small windows
and scattered 1ight was collected at right angles to the beam
through the large window in the top of the engine. The intake
valve was shrouded which caused the air flow to swirl. Propane
at 3.35 MPa (485 psi) and 375 K was injected radially toward the
center of the cylinder. The overall equivalence ratio of the
data presented was 0.7 and the engine speed was 900 rpm.

The experimental arrangement is shown in Figure 3. A shaft
encoder was used to synchronize the laser pulse to the chosen
crank angle. The Raman scattered 1ight was imaged onto the slit
of a 3/4 meter, single spectrometer and detected by the cooled
PMT's. Only the first six stages of the PMT were used in order
to maintain linearity over a wide dynamic range. The PMT output
charge was integrated by a preamplifier, pulse shaped by a
spectroscopy amplifier, digitized, and collected by a mini-
computer. The Raman signal was normalized by the laser pulse
energy, and by accounting for the amplifier gain, the number of
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Figure 2. Intensity ratio of anti-Stokes to Stokes vibrational Raman scattering for
a trapezoidal slit function. Center position of Stokes bandpass at 6072 A.
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photoelectrons was recorded. One thousand measurements were taken
during successive engine cycles at each selected crank angle.
Checks for possible sensitivity changes (due to window transmis-
sion) were made during the course of the data acquisition. The
maximum sensitivity variation observed over a one hour period of
lean engine operation was 2.4 percent change in the mean value.

Sub-microsecond time resolution was achieved by using a
Quanta-Ray DCR-1A laser having a pulse width of 10 nsec. Although
this laser was capable of producing in excess of 250 millijoules
per pulse, only 50 millijoules were used in the experiment.

Above this energy level the chances of window damage are greatly
increased. All of the data presented were gathered with less
than 20 MW/cm? power densities on the input/output windows.

Gas breakdown was avoided by tilting the focusing lens relative
to the beam axis thus introducing a large degree of astigmatism.
This gave a scattering volume of 0.5 mm diameter by 1.25 mm
length. The length was determined by the 4x magnification of the
collection optics and the spectrometer entrance slit height of

5 mm. A check of the linearity of the Raman signal versus both
nitrogen density and laser beam energy well beyond the ranges of
the experiment was within two percent.

The Raman scattering process is very weak and the number of
photoelectrons produced per pulse will obey Poisson statistics.
If more than 100 photoelectrons are produced in each event, the
uncertainty (one standard deviation) in the actual number of
photoelectrons, N, mjx be approximated by vN and the fractional
uncertainty is op = ¥YN. Since nitrogen density fluctuations,
of, are not related to the photoelectron fluctuations, op, they
will combine randomly to give a signal fluctuation,

( 2 2,1/2
o + cp)
be assessed by taking a sufficiently large sample of measurements
to compute og and using the mean N value of the signal to compute
op- This technique works well provided the actual fluctuations
are at least half the size of the Poisson statistical fluctuations.
Below this level the uncertainty in o, begins to dominate the
computed of value. In this experimeng 200 to 800 photoelectrons
were collected from each laser pulse which gave statistical
uncertainties from 3.4 to 7 percent.

The mean values of the relative nitrogen density versus
crank angle at the center of the combustion chamber are shown in
Figure 4. Also shown (dashed Tine) for comparison is the nitrogen
density expected from the piston motion. The density is relative
to the nitrogen density in air at atmospheric pressure. Ignition
occurred at 358 crank angle degrees and the flame arrived at the
scattering volume at about 382 degrees. One observes the compres-
sion of the unburned gases ahead nf the flame front after ignition.

The relative fluctuations in nitrogen density versus crank
angle are indicated by the solid curve shown in Figure 5. Prior
to ignition, the fluctuation level was quite Tow. The fluctua-

gg = . Therefore the fractional fluctuations may
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tions reached a maximum near 382 degrees due to arrival of the
flame. The fluctuations fell slowly in the post flame gases.

The large peak value is due to the random variations in the
arrival time of the flame front. Near 382 degrees some measure-
ments were made just ahead of the flame front where high densities
prevail and other measurements were made just behind the flame
front where lTow densities prevail due to high temperatures.
Clearly these large fluctuations are due to cyclic variations not
turbulent fluctuations. The dashed curve is an attempt to remove
this cyclic variation effect by using the most probable density
value as the mean value of a normal distribution. The standard
deviation of the distribution is determined from fitting the data
to the side of the new mean that has not been distorted by flame
arrival. The reduction of the apparent fluctuations near the
flame arrival crank angle is dramatic. Both curves of Figure 5
have had the Poisson statistical fluctuations subtracted.

The histograms of Figure 6 represent the number of measure-
ments versus the number of photoelectrons at crank angles near
flame arrival in the scattering volume. The bin width is ten
photoelectrons and the total number of events is 1,000 for each
histogram. The normal shape of the histogram at 372 degrees is
typical of those from 300 to 372 and 390 to 420 degrees. At 380
degrees early flame arrival caused the long tail in the distribu-
tion below the most probable density. Similarly, the distortion
of the distribution to higher density values at 384 degrees was
due to late flame arrivals. This explanation of the effects of
cyclic variation on the distribution justifies the attempt to
separate them from the real density fluctuations.

The Stokes signal-to-noise ratios were of the order of
thirty to one even when the flame was in the scattering volume.
It is likely that the increase in fluctuations immediately behind
the flame front was flame induced turbulence. Improved fluctua-
tion measurements are expected by using the temperature derived
from the anti-Stokes channel for conditional sampling of the
density data. However, this method cannot be used until the 5
microsecond integration time of present detection electronics is
shortened to reduce the background Tuminosity signal on the
anti-Stokes channel.
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Spatially Precise Laser Diagnostics for Practical
Combustor Probing

ALAN C. ECKBRETH
United Technologies Research Center, East Hartford, CT 06108

With the increasing availability of laser sources, light
scattering and wave mixing spectroscopic techniques are being
increasingly employed in a broad spectrum of physical, chemical
and biological investigations. The application of laser spectros-
copy to the hostile, yet sensitive, environments characteristic
of combustion, is particularly promising. Laser diagnostic
techniques should facilitate improved understanding of a variety
of combustion processes which should lead ultimately to enhanced
efficiences and cleanliness in energy, propulsion and waste dis-
posal systems. Spontaneous Raman scattering has received much
attention for the remote, point probing of flames (1,2) but, due
to its weak signal strength and incoherent character, is gener-
ally limited to investigations of major species and relatively
clean flames (3). As soot levels increase, laser-induced inter-
ferences (4,5) can mask detection of the Raman signals, often by
several orders of magnitude. Many practical flames, e.g. hydro-
carbon-fueled diffusion flames, may consequently be beyond its
applicability. With increasing emphasis on alternative and
generally, less clean fuels, stronger diagnostic techniques need
to be developed and refined.

Two techniques, which appear well suited to the diagnostic
probing of practical flames with good spatial and temporal reso-
lution, are coherent anti-Stokes Raman spectroscopy (CARS) and
saturated 1laser fluorescence. The two techniques are complemen-—
tary in regard to their measurement capabilities. CARS appears
most appropriate for thermometry and major species concentration

measurements, saturated laser fluorescence to trace radical
concentrations. With electronic resonant enhancement (6), CARS

may be potentially useful for the latter as well. Fluorescence
thermometry is also possible (7,8) but generally, is more
tedious to use than CARS. In this paper, recent research investi-
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gations into the practical feasibility of CARS and saturated
laser fluorescence at our laboratory will be reviewed. Tutorial
material will purposely be kept brief to minimize redundancy with
the earlier papers in this volume.

Coherent Anti-Stokes Raman Spectroscopy (CARS)

Coherent anti-Stokes Raman spectroscopy (CARS) (9,10,11,12)
is capable of the diagnostic probing of high interference environ-
ments due to its high signal conversion efficiency and coherent
signal behavior. CARS signal levels are often orders of magnitude
stronger than those produced by spontaneous Raman scattering. Its
coherent character means that all of the generated signal can be
collected, and over such a small solid angle that collection of
interferences is greatly minimized. CARS thus offers signal to
interference ratio improvements of many orders of magnitude over
spontaneous Raman scattering and appears capable of probing prac-
tical combustion environments over a broad operational range. In
experiments at UTRC (13), CARS has been successfully demonstrated
in a 50-cm dia. research scale combustion tunnel located in a jet
burner test stand. Measurements were made in the primary zone of
a highly swirled, coannular burner and in the exhaust of a JT-12
combustor can., both fueled with Jet A. CARS measurement demon-
strations in combustion tunnels have also been performed recently
at Wright-Patterson AFB (14,15)andat ONERA. In England, CARS
measurements have been demonstrated in a gasoline-fired internal
combustion engine (16). With these ''real world" demonstrations,
CARS is anticipated to see widespread utilization in practical
environments in the coming years. There is interest within NASA
to employ CARS for scramjet diagnostics and in the Army for bal-
listics studies. 1In this section, CARS will be briefly described
and its application to a variety of flames and molecular species
will be illustrated.

Theory. The theory and application of CARS are well explained
in several very good reviews which have appeared recently
(9.10,11.12) . Briefly, incident laser beams at frequencies w; anduw,
(often termed the pump and Stokes beamsrespectively) interact
through the third order nonlinear susceptibility of the medium,
x(3) 1(-w3.w1,ml.—m2), to generate a polarization field which

prézﬁces coherent radiation at frequency w3=2w “Wwy- It is for

this reason that CARS is often referred to as "'three wave mixing".
When the frequency difference (wl—wz) is close to the frequency of
a Raman active resonance, Wy, the magnitude of the radiation at
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wgs then at the anti-Stokes frequency relative to w.,, i.e. at
ml+mv. can become very large. Large enough, for example, that
with the experimental arrangement described herein, the CARS
signals from room air N, or O, are readily visible. By third
order is meant that the polarization exhibits a cubic dependence
on the optical electric field strength. In isotropic media such
as gases, the third order susceptibility is actually the lowest
order nonlinearity exhibited. The third order nonlinear suscep-
tibility tensor is of fourth rank. The subscripts denote the
polarization orientation of the four fields in the order listed
parenthetically. 1In isotropic media, the tensor must be invari-
ant to all spatial symmetry transformations and the 81 tensor
elements reduce to three independent components,xxyzx,xx Xy and
Xxxyy where ¥ X X . In CARS, which is TIrequency

+
XyXy “XXYY
degenerate, and there are only two independent
elements.

=X +
XXXX “Xyyx
XxyXY—Xxxyy

For efficient signal generation, the incident beams must be
so aligned that the three wave mixing process is properly phased.
The general phase-matching diagram for three wave mixing requires
that 2@1=E2+E3. Li is the wave vector at frequency w; with
absolute magnitude equal to wini/c, where ¢ is the speed of 1light,
and n;, the refractive index at frequency wy - Since gases are
virtually dispersionless, i.e., the refractive index is nearly
invariant with frequency, the photon energy conservation condition
w3=2w1—w2 indicates that phase matching occurs when the input
laser beams are aligned parallel or collinear to each other. 1In
many diagnostic circumstances, collinear phase matching leads to
poor and ambiguous spatial resolution because the CARS radiation
undergoes an integrative growth process. This difficulty is cir-
cumvented by employing crossed-beam phase matching, such as BOXCARS
(17), or a variation thereof (18,19). 1In these approaches, the
pump beam is split into two components which, together with the
Stokes beam, are crossed at a point to generate the CARS signal.
CARS generation occurs only where all three beams intersect and
very high spatial precision is possible.

Meacurements of medium properties are performed from the
shape of the spectral signature and/or intensity of the CARS
radiation. CARS spectra are more complicated than spontaneous
Raman spectra which are an incoherent addition of a multiplicity
of transitions. CARS spectra can exhibit constructive and de-
structive interference effects. Constructive interferences occur
from contributions made from neighboring resonances, the strength
of the coupling being dependent on the energy separation of the
adjacent resonances and on the Raman linewidth which together
determine the degree of overlap. Destructive interferences occur
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when resonant transitions interfere with each other or with the
nonresonant background signal contributions of electrons and
remote resonances. For most molecules of combustion interest,
these effects can only be handled numerically. At UTRC, CARS
computer codes have been developed and validated experimentally
for the diatomic molecules, Ny, Hz,CO and 02 (20) and one tri-
atomic H,0 (21). Computer codes are extremely useful for studying
the parametric behavior of CARS spectra and, when validated, for
actual data reduction.

Experimental Approach. The CARS spectrum can be generated
in either one of two ways. The conventional approach is to employ
a narrowband Stokes source which is scanned to generate the CARS
spectrum piecewise, This approach provides high spectral reso-
lution and strong signals and eliminates the need for a spectrom-
eter. However, for nonstationary and turbulent combustion
diagnostics, it is not appropriate due to the nonlinear behavior
of CARS on temperature and density. Generating the spectrum
piecewise in the presence of large density and temperature
fluctuations leads to distorted signatures weighted toward the.
high density, low temperature excursions from which true medium
averages cannot be obtained. The alternate approach (22)used here
is to employ a broadband Stokes source. This leads to weaker
signals but generates the entire CARS spectrum with each pulse
permitting instantaneous measurements of medium properties.
Repeating these measurements a statistically significant number
of times permits determination of the probability density function
(pdf) from which true medium averages and the magnitude of
turbulent fluctuations can be ascertained.

Although CARS has no threshold per se and can be generated
with cw laser sources, high intensity pulsed laser sources are
required for most gas phase and flame diagnostics to generate
CARS signals well in excess of the various sources of interfer-
ence and with good photon statistics, particularly with broadband
generation and detection. In the CARS work to be reported, a
frequency-doubled neodymium laser provides the pump beam and
drives the broadband Stokes dye laser as well as seen in Figure I.
The laser actually emits two beams at the neodymium second
harmonic by sequentially doubling the primary and residual 1.06u
from the first frequency doubler. The primary beam, 2w, is
typically about 2W, i.e. 200 mJ pulses, 10—8 sec pulse duration,
at 10Hz, and the secondary, 2w', about an order of magnitude lower.
Various dyes and concentrations flowing through spectrophotometer
cells are employed to generate Stokes wavelengths appropriate to
the molecule being probed. Crossed-beam phase matching (BOXCARS)
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Figure 1. Schematic of BOXCARS ex-
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In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



276 LASER PROBES FOR COMBUSTION CHEMISTRY

is used to ensure good spatial precision. The CARS signatures
are dispersed in a 0.6 or l-m spectrograph and detected with an
optical multichannel analyzer (OMA) which permits capture of the
entire CARS spectrum in a single pulse. In laminar flames and
situations where fluctuation magnitudes are small, the CARS
spectrum can be averaged on the OMA or scanned with the mono-
chromator using a boxcar averager. Greater detail about the
apparatus and procedures employed may be found in (23,24).

Thermometry. Nitrogen is the dominant constituent in airfed
combustion processes and is present in large concentrations despite
the extent of chemical reaction. Performing temperature measure-
ments from N2 provides information on the location of combustion
heat release and the extent of chemical reaction. Consequently,
considerable attention has been afforded N, thermometry (20). The
accuracy of CARS N, thermometry has been examined in premixed flat
flames by comparison with radiation-corrected, coated, fine wire
thermocouples. Employing constant Raman linewidth computer codes,
CARS gave temperatures slightly higher (v40K) than the thermo-
couples in the 1600-2100°K range. In the review by McDonald in
this volume, computer-synthesized N, CARS spectra (20,24) are
displayed as a function of temperature from 300 to 2400°K. At
high temperature, both the ground state band (v=0 to 1) and a
hot band (v=1 to 2) with rotational fine structure are apparent.
In Figure 2, the CARS spectrum from N2 in a 2110°K flame is dis-
played together with the best visual computer fit which occurred
at 21509K. The capability of CARS for measurements in highly
sooting flames has been demonstrated (25,26) and CARS has been
employed to perform detailed axial and radial temperature surveys
in sooting, laminar propane diffusion flames (24) Figure 3 presents
a comparison of single-pulse (10’8sec) and averaged CARS signatures
in such a sooting flame at a spatial resolution of 0.3 x lmm. The
spectra are interference free and of high quality. The single
pulse CARS spectrum is possible at laser energies an order of
magnitude lower than those typically employed for single pulse
spontaneous Raman scattering. Computer fitting these spectra
permits temperature to be determined and Figure 4 presents radial
profiles of temperature at five different heights in the sooting
flames. The axial temperature variation is displayed in the
review of McDonald in this volume. From the radial profiles, the
diffusive character of the flame is clearly evident. Recently,
as mentioned earlier, the feasibility of CARS for measurements in
practical combustion systems has been demonstrated. In tests at
UTRC (13),crossed-beam CARS thermometry has been performed in two
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(a) SINGLE PULSE

(b} AVERAGE

Combustion and Flame

Figure 3. Comparison of single-pulse and averaged CARS spectra of N, in a
laminar propane diffusion flame recorded on optical multichannel analyzer (24)
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different, liquid-fueled combustors housed in a 50-cm dia. combus~
tion tunnel. Delicate instrumentation was housed in a control
room adjacent to the burner test cell and the CARS signals were
piped out employing 20 m long, 60u dia. fiber optic guides (27).
In Figure 5 are shown CARS signatures of N, at two different axial
locations in the primary zone of a Jet A fueled swirl burner. At
the upstream, x=8cm,location, CARS measurements were made through
the fuel spray and the temperature was found to be about 900°K for
anoverall equivalence ratio of 0.8. At the downstream location,
where the flame was visually very luminous, the temperature in-
creased to 1500°K. In Figure 6 is shown a comparison of a single
pulse and averaged CARS spectrum in the exhaust of a Jet A fueled
JT-12 combustor can at cruise conditions. The temperature is
approximately 10009K. As seen there is little difference between
the two, indicative of high single shot measurement quality. In
Figure 7, the radial temperature profile of the JT-12 exhaust
determined by CARS is shown. The variation in the centerline data
values is due to small operational changes over a period of time.
CARS measurements further downstream in the JT-12 exhaust were in
good agreement with thermocouple probe values at several stoichio-
metries.

H, is ideal for combustion thermometry because of the simplic-
ity of its spectrum as seen in the computer calculations (28)in
Figure8 . The vibration-rotation H2 CARS spectrum consists of a
series of well-spaced Q branch transitions. Figure 9 displays
CARS signatures of H, obtained through a flat H,—air diffusion
flame (28), Such spectra, when reduced using simple algorithms
deduced from computer calculations, permit temperature profiling
of the flame as shown in Figure 10. There CARS measurements of
temperature from H, and 02 spectra show fairly good agreement
with each other and with radiation-corrected fine wire thermo-
couple measurements. The 0O, spectra resemble those from N2
except for the rotational fine structure.

Water vapor is the major product of hydrogen combustion and
often the dominant product species of hydrocarbon-fueled combus-
tion. Its measurement is an important gauge of the extent of
chemical reaction and of overall combustion efficiency. Figure 11
presents a comparison of the experimentally-scanned and computer-
synthesized spectrum of H,0 in the postflame region of a premixed
CH,-air flame (21). The gas temperature was approximately 1675°K.
The very rich rotational structure of H50 makes it a very promis-
ing candidate for thermometry. In the computer calculations,
nearly eight hundred rotational transitions are accounted for. The
various peaks represent groupings of transitions interfering
constructively with one another. The H20 CARS spectrum is quite
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X=6CM T =9000K

X=39CM T =15000K

Combustion and Flame

Figure 5. Spatial variation of tempera-

ture from averaged CARS spectra of N,

in swirl burner with Jet A fuel, an air

FREQUENCY ——— flow of 0.15 Ib/sec and an overall equiva-
0.586 CM—1/DOT lence ratio of 0.8 (13)
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SINGLE PULSE (10—8 SEC)

100 PULSE AVERAGE (10 SEC)

Combustion and Flame

Figure 6. Comparison of averaged and

single pulse N, CARS spectra in shrouded

JT-12 combustor exhaust at cruise con- FREQUENCY .
ditions (13) 0.574 CM—1/DOT
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Figure 9. CARS spectra of H, in a flat
Hy~air diffusion flame at several tempera-
— tures determined from the identified Q-
FREQUENCY—cm— branch transitions
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temperature sensitive (21) and should be very useful for thermometry.

Concentration Measurements. Generally, species number
densities would be determined from the absolute intensity of the
spectrally integrated CARS spectrum (29). 1In certain concentra-
tion ranges however, species measurements can be performed from
the shape of the CARS spectrum. This is a unique feature of CARS
and arises from the interference of the desired resonant signal
with the background nonresonant electronic contribution (3). This
approach has been verified relative to microprobe sampling for CO
in flat premixed flames (23,25) and has been used to follow 0
decay across a flat hydrogen/air diffusion flame (28). In Figure
12 are displayed computer calculations for 02 at 2000°K, Various
oxygen concentrations illustrate the density dependence of the
spectral shape. In Figure 13, experimental O, CARS spectra
illustrative of this behavior are displayed. From such spectra
both 0, concentration and temperature can be determined. When
the concentration becomes very low, the signal, i.e. modulation,
becomes imperceptible and concentration measurements are precluded
using this approach. In such instances, the nonresonant background
signal can be cancelled using polarization-sensitive CARS (30,31)
and the concentration obtained from the spectrally-integrated
CARS intensity. With polarization approaches, there is about a
factor of sixteen loss in signal strength. Coupled with the
density squared dependence of the signal at low concentrations,
such measurements can be performed only with considerable sacri-
fice in spatial and temporal resolution. Although CARS can be
electronically-resonantly enhanced (6), this approach is not
applicable to many molecules of combustion interest whose electronic
absorptions reside too far in the vacuum ultraviolet to be
spectrally accessible.

CO, is the other dominant product of hydrocarbon-fueled
combustion and its CARS flame spectrum (23)is displayed in Figure
14. The spectrum is complicated by Fermi resonance and the fact
that the rotational transitions are closely overlapped. This
precludes treating them as independently broadened and so-called
collisional narrowing may need to be taken into account. Computer
modelling is currently in progress. Since all hydrocarbon fuels
are Raman-active,CARS should ultimately be capable of monitoring
total hydrocarbon concentrations during combustion as well.

In summary, CARS is a powerful approach to the spatially-
and temporally-precise probing of combustion processes. It is
most suited to thermometry and major species concentration measure-
ments and has been successfully demonstrated in a number of
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Figure 13. CARS spectra of O, in flat
H ,—air diffusion flame at various positions
across the flame ~-—— FREQUENCY
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practical combustion environments. One may anticipate that CARS
will afford considerable advances in the combustion sciences in the
coming years.

Saturated Laser Fluorescence

With rare exceptions, CARS and spontaneous Raman scattering
are incapable of measuring species in very low concentrations,
i.e. ppm levels. Laser fluorescence has received considerable
attention recently in this regard, particularly for measurements
of flame radical concentrations as the papers in this volume
attest. Fluorescence is the spontaneous emission of radiation
from an upper electronic state excited in various ways; here
attention is restricted to excitation via absorption of laser
radiation only. Besides spontaneous radiative decay, the upper
state may also be deexcited due to collisions, a process termed
quenching, which reduces the level or efficiency of fluorescence.
Although analytic quenching corrections to fluorescence data are
possible, they are, most likely, feasible only in well character-
ized flames, where temperature and major quenching species concen-
trations are known. In less well characterized media, such
analytic corrections are probably quite inaccurate. Saturated
laser fluorescence (3, 32, 33) eliminates the need for quenching
corrections and, consequently, is undergoing detailed evaluation
at a number of laboratories.

Theory. In saturated laser fluorescence, the incident laser
intensity is made sufficiently large so that the absorption and
stimulated emission rates are much greater than the collisional
quenching rate which thus becomes unimportant. Another advantage
of working in the saturation regime is that the fluorescence
signal is maximized. For a given minimum signal detectability
level, saturation thus provides the highest species detection
sensitivity. Other approaches to avoid quenching corrections
(34,35) do not possess this advantage. Saturated fluorescence
has been observed in atomic species such as TL and Zr,(36),and
Na (37,38) and in the molecular species Mg0 (§§),C2 (39), OH (40),
and CH and CN in our laboratory (41). Besides the molecules
listed, other candidate species for saturated fluorescence detec-
tion include CS, NH, NO, CHZO’ HCN, NHZ and SOZ'

Saturated fluorescence is not without its complications and
difficulties. High laser intensities are required to achieve
saturation, but are difficult to obtain at certain wavelengths,
e.g. NO at 2265 ® . This is one reason OH has received much
study, since its absorptions reside at the frequency-doubled
wavelengths of powerful Rhodamine dye lasers. For many molecules
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of interest, flashlamp-pumped dye lasers do not possess the
requisite spectral intensities to achieve saturation. Further-
more, the long pulse lengths, 0(10-6sec), permit more excited

state chemistry (42) to occur leading to measurement errors. Dye
lasers pumped by an appropriate harmonic of a Q-switched neodymium
laser generally possess the requisite intensities to saturate

and the short pulse lengths O(lo_ssec) minimize the potential of
laser induced chemistry. There has been some question whether

this is too short a pulse length to use. It is easy to show from
the time dependent rate equations in the saturation regime, that
the characteristic time for saturation to occur, i.e. the time

for absorption and stimulated emission to balance, is " C/Bl I
which is typically of 0(10~12gec). However, on the time sca%e

of the laser pulse, rotational equilibration does not necessarily
occur complicating the data analysis (43,44). Examples of rotatiom-
ally nonequilibrated fluorescence spectra of CH and CN have been
obtained in our laboratory and will be displayed shortly. If
rotation is completely frozen or completely relaxed, the data

can be reduced in a straightforward manner. In between these
limits, the fractional population feeding the directly pumped
transition has to be estimated. A time dependent rate equation
model has been developed by Hall at UTRC to aid in estimating this
fractional population coupling. However,good rotational relaxation
rate data will be required to do this accurately, little of which
is available. Another problem concerns the focal intensity profile,
i.e. nonsaturation in the wings of the focussed laser beam. This
has been examined both analytically (45) and experimentally
(38,46). In 38, best agreement between fluorescence and absorption
data was obtained using the rectangular beam approximatiom.

CH, CN Investigations. In the previous studies of CH and CN
at our laboratory (41), the saturated fluorescence values were a
factor of two and five respectively below those determined by
absorption. If anything, the absorption measurements may have
been in error to the low side. The discrepancy, it was believed,
was due to the focussed laser beam diameter exceeding the radical
production region. This caused an overestimate of the fluorescence
sample volume, i.e. assumed to be the laser volume,and an under-
estimate of the species number density. Recently these experi-
ments have been repeated using laser-pumped dye laserswhich have
a pulse width of 5-10 (10_9) sec and a 10 Hz repetition rate.
The latter permits spectral scanning of the entire fluorescence
spectrum using boxcar averaging. In Figure 15 is shown a compari-
son of the normal CH flame emission from an oxy-acetylene slot
torch and the laser induced fluorescence spectrum. The CH was
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a) CH FLAME EMISSION

b) LASER—EXCITED FLUORESCENCE
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Figure 15. Comparison of CH flame emission and laser-excited fluorescence spec-
trum in an oxy-acetylene slot torch
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excited by a Stilbene dye laser pumped by the third harmonic of

a Q-switched neodymium laser. As is apparent, the CH populations
do not have time to rotationally equilibrate during the laser
pulse. Saturation of the fluorescence was achieved and the data
reduced using the method developed in (39). In Figure 16 normal
CN flame emission and the laser induced fluorescence are compared
from an acetylene/nitrous oxide flame. To generate the appropri-
ate radiation, a Rhodamine dye laser was pumped by the second
harmonic of Nd:YAG, then wavemixed in a crystal with the Nd:YAG
fundamental. As with CH, complete rotational equilibration does
not occur. This is apparent if one compares the 0-0 bandhead
width. In Figure 17, the saturation behavior of the fluorescence
is displayed. The fluorescence does not become independent of
laser intensity due presumably to an inability to achieve satura-
tion in the wings. All of the measurements are summarized in
Table 1.

Table 1

Summary of Saturated Fluorescence Measurements

Species pPpPm N(cm_3) Q(sec—l)

cH

ABS* 57 120 1.6(101% -
s¥t1) 23 %10 7.1(10%3) 3(10%)
SF(2) 103 150 3.3(101%) 8(1011)

oN

ABS* 131 134 3.8(101%) -
SF*(1) 25 11 8(1013) 2(_109)
SF (2) 380 150 1.1(1015) 2(1013)

* Ref. (41).
SF(1) Flashlamp-pumped dye laser
SF(2) nxNd:YAG laser pumped dye laser

As can be seen the new fluorescence results are high compared to
absorption by a factor of two for CH and three for CN. The
fluorescence results are probably high since the initial Boltzmann
population fraction was used in the data analysis, i.e. frozen
rotation. However, in actuality, some rotational coupling from
adjacent rotational levels occurs during the pulse, and contributes
to the fluorescence. The fluorescence is thus larger than it

would be from a single level leading to an overestimate of the
total population. Dynamic modelling should allow estimates of the
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Figure 16. Comparison of CN flame emission and laser-excited fluorescence spec-
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coupled population fraction for molecules where rotational
relaxation data is available. 1In addition the absorption measure-
ments are probably low since the absorbing beam waist was compara-
ble to the radical gradient scale. In view of this and the other
uncertainties mentioned earlier, saturated fluorescence at this
stage of development appears to be accurate to within a factor

of two.
NO Studies. To excite fluorescence in NO, radiation in the

2265 & vicinity of the gamma bands is required. This is achieved
by frequency~doubling a 2xNd:YAG pumped Rhodamine dye laser, and
then sum frequency mixing with 1.06u in a second crystal. Fluo-
rescence was excited from NO doped in a premixed methane-air flame
running near 2100°K. 1In Figure 18 is shown the laser excited NO
fluorescence spectrum. Without the laser, no NO emission was
observable. Up to the 0.1 mJ maximum pulse energy available
corresponding to a spectral intensity of 6(100) w/cmzcm'l, the
variation of the NO fluorescence with laser energy was strictly
linear. It 1s estimated (3)that laser spectral intensities of
0(10°W/cmem™ ) will be required to saturate NO and efforts are
currently directed toward improving the spectral intensity of the
dye laser system.

Conclusions

CARS appears ideally suited to thermometry and major species
concentration measurements in both practical and clean flame
environments. It should see widespread application in both
practical combustors and fundamental flame investigations, particu-—
larly where soot levels are high. Saturated laser fluorescence
has great potential for the measurement of selected species in
low concentration (ppm) in both practical and clean flames.
Although the list of applicable species is limited, most are of
extreme interest in combustion research. The fluorescence signals
will be independent of gas quenching effects if the absorption
resonances can be saturated. Two level models, when properly
interpreted, are applicable to data reduction, but rotational
relaxation/coupling effects need to be quantitatively evaluated.
More fundamental research investigations are required to address
these questions for this potential to be realized.
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CARS Measurements in Simulated Practical
Combustion Environments

GARY L. SWITZER—Systems Research Laboratories, Inc., Dayton, OH 45440
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WON B. ROH—AIr Force Institute of Technology, Department of Physics,
Wright—Patterson Air Force Base, OH 45433

The measurement of temporally and spatially resolved tem—
perature and species concentrations in the combustion zone of
reacting gases presents a formidable problem. The conventional
approach to solving this problem has been the use of mechanical
probing techniques to obtain time-averaged data. Unfortunately,
the perturbation of the reactive media due to the presence of
probes remains an unknown factor. For this and other reasons,
optical techniques that have the potential for real-time non-
intrusive measurements are very desirable. By using the physical
processes of radiation scattering or fluorescence, data can be
collected from a temporally and spatially resolved point. How-
ever, either the data analysis required or the relatively low
signal intensities involved may present serious problems. In
overcoming these limitations, coherent anti-Stokes Raman spec-
troscopy (CARS) has been considered as a promising new method
for combustion diagnostics. The signal levels generated by CARS
may be orders of magnitude greater than those of spontaneous
Raman scattering, and the data analysis does not significantly
depend upon collisional quenching rates as it does with most
fluorescence techniques. Although CARS has been used to study
laboratory flames (1,2), it has only recently been applied to
large-scale combustion environments (3,4). This paper reports
the results of CARS measurements performed in a highly turbulent
sooting flame produced in a large-scale practical combustion-
type environment.

CARS measurements were made in a bluff-body stabilized
flame with turbulent and recirculating flow characteristics
similar to those found in many practical combustors. The com-
bustor was operated at atmospheric pressure with inlet air
temperatures between 280 and 300K, an air flow rate of 0.5 kg/
sec, and an upstream Reynolds number 1.5 Xx 105. Gaseous propane
was injected from a hollow-cone nozzle located at the center of
the bluff-body combustor at a flow rate of 7.06 kg/hr. The flame
consisted of a blue cone originating at the nozzle followed by a
yellow-luminous tail.

0-8412-0570-1/80/47-134-303$05.00/0
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The CARS system used to measure temperature and species con-
centrations in the combustor zone is composed of a single-mode
ruby-laser oscillator-amplifier with a repetition rate of 1 Hz
and a ruby-pumped, near-infrared broad-band dye laser. The two
laser beams are combined collinearly and focused first into a
cell containing a nonresonant reference gas and then into the
sample volume (approximately 30-u diam. x 2 cm) in the combustion
region. The anti-Stokes beams produced in the sample and refer-
ence volumes are directed to spatially separated foci on the
entrance slit of a spectrometer and detected by separate photo~-
multiplier tubes. An optional means of detection is provided for
the sample signal in the form of an optical multichannel analyzer
(OMA), which makes it possible to obtain single-pulse CARS
spectra.

Q-branch spectra of No and 0, were obtained in the reaction
zone of the combustor during a single 15-ns pulse through the use
of the OMA and broad-band Stokes beam. An example of these
single-shot spectra is given for N, in Fig. 1. These spectra
suggest that it is feasible to obtain simultaneous single-pulse
measurements of temperature and species concentration in this
type of combustion environment. Although not presented here,
single-shot temperature determinations have indeed been made
during recent measurements.

Spatially resolved average temperatures were arrived at
through the use of time-averaged N, CARS spectra obtained by
stepping the spectrometer through the Q-branch spectra generated
in the combustion region. Temperature was determined by compar-
ing the measured, normalized Q-branch spectrum, indicated by "+"
in Fig. 2, and the calculated spectra generated by adjusting the
temperature until the best fit was obtained. The measured tem-
perature profiles are shown for the axial and the Y and X radial
dimensions in Figs. 3, 4, and 5, respectively. It should be
pointed out that the apparent discrepancy in the center-line
temperatures of Figs. 3 and 5 is the result of a slight modifica-
tion in the positioning of the fuel nozzle relative to the face
of the bluff-body combustor which was made between the measure-
ment periods.

Single-shot integrated Q-branch intensity measurements were
performed to obtain the N, and 0, molecular number densities
from the reaction products. These data were reduced with the
averaged CARS temperatures to obtain the species-concentration
profiles also shown in Figs. 3-5.

To obtain comparative temperature data, a Pt 13% - RhPt
thermocouple provided by NASA Lewis Research Center was used
to profile the propane flame at the Z = 50-cm downstream posi-
tion. Comparison of the CARS and radiation-corrected
thermocouple-derived temperature profiles is shown in Fig. 6.

The agreement between CARS (solid curve) and thermocouple (dashed
line) temperatures appears to be quite reasonable for locations
within 3 cm of the combustor centerline. However, the CARS data

In Laser Probes for Combustion Chemistry; Crosley, D.;
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indicate that for distances of more than 3 cm from the center-
line, some as yet unknown effects are contributing to the CARS
information and result, for example, in the knees shown in the
CARS temperature profile. Investigations to determine whether
these disturbances in the data are a consequence of optical mis-
alignment or improper averaging caused by flame turbulence or
whether they are of a more fundamental nature are presently
underway.

In conclusion, the data accumulated during these experiments
demonstrate that through the use of the CARS technique, combus-
tion diagnostics can be performed in a large-scale practical com-
bustor environment. Results also indicate the potential of CARS
for the determination of temporally resolved temperature and
species concentration. With the aid of such data, probability
distribution functions can be obtained from which true time-
averaged quantities may be determined.
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Update on CARS Diagnostics of Reactive Media
at ONERA
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The CARS research effort at ONERA is divided into three
parts :

continued development of the apparatus presently on handj

in parallel, deployment of this equipment for measurement cam-—
paigns on practical burners;

fundamental and experimental work on resonance enhancement.

Development of CARS Spectrometer

The motivation of that effort is to improve spatial resol-
ution, spectral resolution, measurement accuracy and sensitivity.
Also of great interest is the implementation of single shot mul-
tiplex spectroscopy for turbulent combustion diagnostics. The CARS
spectrometer consists in a portable, lightweight source assembly
developed jointly with Quantel and in detection kits which can be
adapted to various experimental problems. The source assembly
comprises a frequency-doubled yag laser and a tunable dye laser ;
space is provided on the optical table for various beam handling
and combining optics (1).

Spatial resolution. Two modes of operation are possible. The
conventional mode with superimposed beams gives medium spatial
resolution of 5 to 10 mm with maximum signal generation. The
crossed beam mode, or BOXCARS (2), gives a resolution adjustable
between 1 and 3 mm, but with reduced signal strength (1/50 to
1/100). In both cases, the transverse resolution is better than
50 ym. A folded BOXCARS mode, with the w; beams contained in a
plane orthogonal to that of the wy and w3 beams, has been tested
and rejected for practical combustion work. In effect, although
the anti-Stokes signal is spatially separated from the pump so
that spectral filtering is greatly facilitated (for small Raman
shifts especially), the net signal is reduced.

0-8412-0570-1/80/47-134-311$05.00/0
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Spectral resolution. The instrument readily gives a spectral

resolution less than 0.07 cm , which betters that of the best
conventional Raman spectrographs, and is the best adapted for
sensitive detection in flames (one then takes full advantage of
the small Raman linewidths to maximize the signal). A resolution

of 0.7 em is also available for rapid scanning and for the
detection of major constituents. In addition, a broadband mode

can be used for multiplex CARS in conjunction with a spectrograph
and an OMA (3). In all cases, the single longitudinal mode charac-
ter of the Yag laser oscillator and its frequency stability are
fundamental requirements, if one is to obtain reproducible
results. The Yag oscillator spectral properties are achieved by
inserting two temperature-controlled etalons in its cavity and by
using a passive Q-switch.

Measurement accuracy. Our r.m.s. shot to shot fluctuations are

+ 57, thanks to the use of reference. This accuracy does not
depend on the mode of operation (spatial resolution and choice of
field polarizations). It is not as good, however, in multiplex
CARS, or in dilute samples, or in the vicinity of narrow lines,
because other sources of noise such as photoelectron statistics
and laser frequency instabilities (however small) then play a
major role.

Detection sensitivity. Sensitivity depends on several parameters,
including background cancellation (4), measurement accuracy, stray
light emission from the flame, spectral interference from other
species, etc ... A very good indication is given by the room air
CO, spectra of Fig.l. Figure la gives a spectrum recorded with a
dye laser linewidth of 0.7 cm~! in 0.1 cm~! increments and aver-—
aging 10 consecutive measurements per increment. The strongest CO,
line is shown. It appears as a 407 modulation on the background.
The CO, is easily detected because the measurement accuracy is
good (our detectivity is about 15 ppm here)., Figure 1b is obtained
using background cancellation as described in (1) ; faint Oy lines
now appear, giving an indication of the S/N improvement. Note that
the signal is reduced by a large factor (on the order of 16), and
that this technique therefore may not be applicable to very bright
flames. If we use a dye laser linewidth of 0.07 cm~!, the lines in
Fig. la and 1b are approximately tripled, which shows the advan-
tage of using the higher resolution available. Figure 2 was
obtained in broadband CARS. Ten spectra have been averaged for
easier comparison with Fig. Ib. The spectral resolution, which
depends both on spectrograph dispersion and OMA target resolutionm,
is slightly less than | cm~!. The S/N ratio and the detectivity
are appreciably lower, but we have hopes of improving them.
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Practical Measurements

The feasibility of performing useful measurements in practi-
cal combustion system was demonstrated in December 1978 on a
simulated jet engine combustor fueled by kerosene and having a
nominal mass flow rate of 600 g/s with flow cross section of
10 cm x 40 cm (5). The spectrometer was set up close to the burner
(Fig. 3). The noise level was 110 db, while the cell was flushed
with air at temperatures ranging from 5 to 15°C. A plywood case
was installed for the acoustic protection and an electric blanket
was used to maintain the spectrometer's temperature above 13°C.
Figure 4 presents an N, spectrum recorded in the exhaust. Computer
data reduction yields a temperature T of 1150 & 50 K and a mole
fraction ¢ of 78 + 5%, in good agreement with thermocouple
(T = 1050 K) and sampling probe (¢ = 777) measurements. Data
reduction was done using spectroscopic data from Gilson (6) and
linewidth data from Owyoung (7). Careful matching of the non-
resonant background is important for temperature retrieval, since
a 20% error on the value used for the background may lead to an
error in excess of 100 K on the temperature, while still permit-
ting an acceptable fit to the data near the band center. We also
monitored Oy, and CO, and showed that short bursts of trace CF,
can be injected and used as a seed to measure residence times by
CARS. CF, concentrations as low as 17 have been detected without
background cancellation. We estimate that 300 ppm of this gas
could be detected with background cancellation. Finally, anti-
Stokes signal fluctuations of & 207 are observed. We feel that
they are caused mainly by local susceptibility fluctuatioms, and
not by beam defocusing resulting from Schlieren effects. The
optical path through the jet was 10 cm.

Explorations are being undertaken or planned on low pres—
sure discharges in H,, where a detection sensitivity of 107’ atm.
can be obtained, and on chemical lasers, piston engines and real
jet engine combustors.

Resonance CARS

The detection sensitivity being limited at 100 to 1000 ppm
for usual gases in flames using background cancellation, an effort
has been undertaken in order to understand resomance enhancement
mechanisms and in order to apply resonance CARS to trace species
detection. The theory is now well understood (8) and an encourag-
ing experimental verification has been reported with detectivity
gains of 100 to 1000 (9). However, numerous experimental problems
remain to be solved, among which are saturation and laser stab-
ility problems (10).

In conclusion, CARS is now a proven laboratory technique for
chemical analysis and temperature measurements. These achievements
have come. through a very careful engineering of the laser sources
and associated optics. The detection sensitivity has been improved
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Figure 3. Quantel CARS spectrometer in combustor facility
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Figure 4. Time-averaged spectrum of N, on exit plane of combustor recorded with
collinear beams and without background rejection; 10 laser shots are averaged at
each point,
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thanks to the introduction of a background cancellation technique,
but remains limited to 1000 ppm or thereabouts in practical
situations. Hopefully, resonance CARS will help to overcome all
these limitations and enable us to obtain ppm detectabilities.
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The Application of Single-Pulse Nonlinear Raman
Techniques to a Liquid Photolytic Reaction

WILLIAM G. VON HOLLE and ROY A. McWILLIAMS

University of California, Lawrence Livermore Laboratory, Livermore, CA 94550

Pulsed laser-Raman spectroscopy is an attractive candidate
for chemical diagnostics of reactions of explosives which take
place on a sub-microsecond time scale. Inverse Raman (IRS) or
stimulated Raman loss (1,2) and Raman Induced Kerr Effect (3)
Spectroscopies (RIKES) are particularly attractive for single-
pulse work on such reactions in condensed phases for the
following reasons: (1) simplicity of operation, only beam over-
Tap is required; (2) no non-resonant interference with the
spontaneous spectrum; (3) for IRS and some variations of RIKES,
the intensity is linear in concentration, pump power, and cross-
section.

This chapter describes the application of these techniques
to a liquid photolytic reaction. The motivation was the assess-
ment of the capabilities and Timitations of single-pulse non-
Tinear Raman spectroscopy as a probe of fast reactions in
energetic materials.

Theory

A complete discussion of the theory of the coherent Raman
effects is not possible in the available space. There are many
excellent introductions and reviews for a more detailed treat-
ment (2,3,4). Let us simply outline some basic considerations
pertinent to the following discussion. The electronic polari-
zation of a medium can be expressed as a power series in the
electric field as in Equation (1).

b= (1F + ((2)E2 4 4(3)E3 (1)

where P is the polarization per unit volume, the X(‘) are
dielectric susceptibility tensors of rank (i + 1), and E is the
applied electric field. At high fields in isotropic media, the
second non-linear term becomes important. The third order sus-
ceptibility is a complex quantity which has resonant and non-
resonant components according to Equation (2).
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x(3) = x' + 4" + xN.R. (2)

XN-R-, the non-resonant susceptibility, gives rise to the
background interference in Coherent Anti-Stokes Raman Spectro-
scopy (CARS) (5). This interference which arises from solvents
or closely spaced lines is responsible for the CARS band shape
distortion observed under certain conditions.

For RIKES with circular pump polarization and for IRS, the
background interferenc? is surpressed. In the RIKES case, the
non-resonant part of X 3) drops out according t? leinman sym-
metry (3). In IRS only the imaginary part of X 3) contributes,
but all of the probe intensity is admitted to the detector.

Experimental

The basic experimental arrangement is shown in Figure 1. A
Q-switched ruby pump laser is frequency doubled to pump a broad-
band dye laser with a plano-spherical cavity. The remaining
ruby power and the dye pulse were then used for the non-linear
spectroscopy experiments. Spectra were recorded on film or
plates by means of a Spex Model 1701 spectrograph equipped with
a camera. The smoothness of the dye output intensity with wave-
length, which determines the sensitivity of the single-pulse
spectra, varied from shot to shot and depended on the dye.

Also, the heterogeneity of the ruby power density cross section
in the sample interaction volume caused a large shot to shot
variation in the non-linear signal intensity. In the RIKES
experiments, all optical elements were placed outside the
crossed polarizers; only the sample cell windows remained. This
arrangement prevented strain birefringence from interfering with
the RIKES spectrum.

For the flash photolysis experiments, the ultraviolet pulse
(20 us FWHM) was delivered to the samples via four linear Xenon
flashtubes surrounding the sample cell. The lamps were fired
from the laser console through a variable delay to provide the
desired time delay from the flash peak to the laser pulses.

Results

Schreiber (6) pointed out the usefulness of single-pulse
CARS for combustion work. The apparatus described above can be
easily adapted to perform a number of coherent Raman experiments
with single 20 ns (FWHM) laser pulses. Following are examples
of the application of single-pulse RIKES and IRS, first to
static solutions, then to Xenon-lamp irradiated solutions.

Figure 2 shows two examples of RIKES spectra, demonstrating
the attainable sensitivity. Smaller amounts can be detected
with considerable loss in signal-to-noise ratio.
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Figure I. Diagram of experimental apparatus used to obtain IRS and RIKES

spectra. The Q-switched ruby is frequency-doubled to pump the dye laser. RIKES

and its variations require two polarizers, For IRS the analyzer can be removed
and the quarter-wave plate removed or replaced by a half-wave plate.
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Figure 2. Microdensitometer traces of RIKES spectra of two solutions of cyclo-
hexane in CCl, in the C~H stretching region. The peak ruby pump power was
150 MW cm™ and the pump beam was crossed with probe beam at about 10°.
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Optical heterodyne detection of the RIKES signal (OHD-RIKES)
is reported to greatly increase the signal-to-noise (S/N) ratio
with photoelectric detection and single-frequency scanning (7).
Figure 3 shows the results of the application of OHD-RIKES to
multiplex experiments. 1In this case the local oscillator was
introduced by a method suggested in reference (7). The analyzer
was rotated to allow some of the dye probe pulse through and the
ruby pump pulse was polarized linearly at 450 to the dye. In
the results shown in Figure 3, one sees a definite dependence of
the line shape on the sense of rotation of the analyzer for the
C-H stretching region, suggestive of polarization CARS (8).

This effect could be useful for single pulse work in condensed
media.

Let us now turn our attention to coherent Raman spectra of
flashed solutions. Ten percent solutions of cyclohexane in
CC2q were found to react to yield HC1 when flashed as des-
cribed in the experimental section. A typical time-resolved
RIKES spectrum is shown in Figure 4. Superimposed on a large
transient background signal there is evidence for new
resonances, one of which may be due to cyclohexene. The back-
ground is sometimes coherent with the Raman signals, causing
line shape distortion and even spectrum inversion as in Figure
5. Preliminary evidence indicates a definite peak in intensity
of this background signal at about 19 microseconds after the Xe
flash peak intensity.

Two inverse Raman spectra of the flashed cyc]ghexane
solutions are compared in Figure 6. The 3026 cm-! absorption
feature, suspected to be cyclohexene, agrees with the RIKES
results. OHD-RIKES spectra with the ruby linearly polarized at
450 to the linear dye probe polarization and the analyzer
rotated are also shown in Figure 6. The position of the sus-
pected cyclohexene line appears as well as other features
present in the IRS spectra.

Discussion

Some additional evidence of the nature of the light-induced
reaction in this system was obtained by mass spectrographic
analysis of the gas given off as a result of Xe light flash. It
was found to contain hydrogen chloride and possibly chloroform.
Gas evolution is supported by the violence of the reaction when
the flash intensity is high. A1l observations are consistent
with a free radical mechanism in which cyclohexene is produced
by cyclohexyl attack on CC%g4, regenerating an additional free
radical. Cyclohexene could then be depleted by a number of
plausible mechanisms. The lack of sensitivity of the present
method does not allow a definitive determination of the mecha-
nism of this interesting reaction. A repetitive method with
photoelectric detection and signal averaging would perhaps
provide the required sensitivity.
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Figure 3. Microdensitometer traces of the OHD—RIKES single-pulse spectra of

10% (v/v) solutions of benzene. (a) C—H stretching region, analyzer rotated —4°;

(b) conditions identical to (a) except analyzer rotated +4°; (c) 992 cm™ line with

analyzer rotated —12°; (d) conditions identical to (c) except analyzer rotated +12°.

A positive rotation is clockwise-observed from the spectrograph. Keep in mind that
the apparent line shape is affected by the slope of the dye laser intensity.
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Figure 4. Microdensitometer traces of spectra from 10% (v/v) solutions of cyclo-
hexane in CCl, taken before and at 20 psec after the flash intensity peak
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Figure 5. Microdensitometer trace of spectra from 10% (v/v) solutions of cyclo-
hexane in CCl, taken before and at 19 psec after the flash intensity peak
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Figure 6. Microdensitometer traces of IRS and OHD-RIKES spectra of 10%
(v/v) cyclohexane solutions in CCl,. (a)} IRS spectra before flash; (b) 12 usec after
flash peak, peak ruby pump power, 150 MW /em?; (¢} 19 usec after flash peak, peak
ruby pump power, 700 MW /cm?. In (c) the ruby pump is linearly polarized parallel
to dye polarization but the analyzer is rotated +8° out of null; (d) and (e), micro-
densitometer traces of OHD—-RIKES spectra of 10% (v/v) cyclohexane in CCl,
before and at the peak of the flash, peak ruby pump power, 150 MW/cm®. The
ruby pump polarization was oriented 45° to the linear dye probe and the analyzer

was rotated +8° from the null position.
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The origin of the large flash-induced background produced in
the RIKES experiments is not immediately evident. However, a
rotation of the quarter-wave plate of about 100 yields nearly
the same background as observed in the flash experiments. Per-
haps turbulence produced by the reaction is the source of this
induced ellipticity of the circularly polarized pump. An
induced ellipticity combined with a s1ight rotation of the probe
polarization could explain some of the flashed RIKES spectra.

IRS and OHD-RIKES are less effected by the background inter-
ference, but the signal levels tend to be Tow, and they are sub-
ject to noise in the broad-band dye laser probe. Attempts to
eliminate the remaining noise by time dispersal of the Raman
signal and Tocal oscillator by means of a streak camera (9) or a
smoothing of the dye probe mode structure by intracavity phase
shifting of the dye radiation are under consideration.

Planned experiments on shock-induced chemical reactions and
detonations of explosives will be carried out with the nonlinear
Raman techniques. Heterodyne detection of the transient
products of such rapid reactions seems the most promising.
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Detailed Modelling of Combustion:
A Noninterfering Diagnostic Tool

ELAINE S. ORAN, JAY P. BORIS, and M. J. FRITTS

Laboratory for Computational Physics, Naval Research Laboratory,
Washington, D.C. 20375

Detailed modelling, or numerical simulation, provides a me-
thod we can use to study complex reactive flow processes (1).
Predictions about the behavior of a physical system are obtained
by solving numerically the multi-fluid conservation equations for
mass, momentum, and energy. Since the success of detailed model-
ling is coupled to one's ability to handle an abundance of theore-
tical and numerical detail, this field has matured in parallel
with the increase in size and speed of computers and sophistica-
tion of numerical techniques.

It is important to distinguish between empirical, phenomeno-
logical and detailed models. Empirical models are constructed
from data obtained by experiments, summarized in analytical or
numerical form, and subsequently tested against proven theoreti-
cal laws or other data. Phenomenological models are extrapola-
tions from theory based on our physical intuition which must be
tested against experimental data. The intuitive and
experimental basis of empirical and phenomenological models have
led to their widespread incorporation into simulations of combus-
tor systems in spite of very serious shortcomings in the nature
of the models themselves. Detailed modelling seeks to overcome
these deficits by means of improved numerical techniques and the
increased power of modern computers.

This paper will in no way constitute a review of current com-
bustor models, but will instead attempt to elucidate the exten-
sions and improvements made possible through detailed modelling.
The purpose of this paper is to familiarize the reader with the
goals, terminology and inherent problems in modelling fundamental
combustion processes. The emphasis is not on presenting a full
set of complicated multi-fluid equations or on explaining the
numerical algorithms required to solve the governing equations.
Instead we hope to impart a sense of the power and role of de-
tailed modelling, an understanding of why physical insight must
be built into numerical algorithms, and an indication of how to
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test these models at every stage of construction against both
theory and experiment.

The shortcomings of the empirical models lie in their limi-
ted range of validity, while phenomenological models become more
tenuous as they approach the complexities of real physical sys-—
tems. Detailed models usually contain parts which may be empiri-
cal or phenomenological in origin. However, detailed modelling
attempts to overcome these shortcomings by incorporating theore-
tical detail rich enough to approximate reality; detail far rich-
er than could be summarized in any succinct analytical model, yet
more theoretically sound than standard phenomenological models or
empirical fits.

From experimental observation and approximate theoretical
models we can postulate quantitative physical laws which we
expect an effect to obey. These '"laws" can be tested against
reality by incorporating them in a detailed model which makes
quantitative predictions for series of experimental measurements.
Each calculation performed with a detailed model is like a unique
experiment performed with one set from an infinity of possible
sets of geometric, boundary, and initial conditions. Just as
valid results can be extracted from an experiment only through an
understanding of the effects and limitations of the instruments
used in collecting the data, results obtained using detailed
modelling must be examined in the light of the limitations in-
herent in its tools, both analytical and numerical. The first
section of this paper will therefore deal with an exposition of
the problems inherent in detailed modelling of combustion pro-
cesses so that as we proceed we have a healthy respect both for
the magnitude of the problems and the limitations of our methods.

The next section will concentrate on the choice of numerical
algorithms used in the models. This process corresponds to the
construction and design of an experimental apparatus which must
reflect a good knowledge of the physics the experiment is to
study. Modelling combustion systems has its own particular pro-
blems because of the strong interaction between the energy re-
leased from chemical reactions and the dynamics of the fluid mo-
tion. Release of chemical energy generates gradients in tempera-
ture, pressure, and density. These gradients, in turn, influence
the transport of mass, momentum, and energy in the system. On a
large scale, the gradients may generate vorticity or affect the
diffusion of mass and energy. On a more microscopic scale, they
may generate turbulence which drastically affects macroscopic
mixing and burning velocities. In modelling shocks, detonations,
or flame propagation, time and space scales of interest can span
as many as ten orders of magnitude. Thus to obtain adequate
resolution, the numerical methods must be computationally fast as
well as accurate. Methods must be developed which rely on asymp-
totic solution techniques to follow short time and space scale
phenomena on a macroscale. It is in this aspect that detailed
modelling most closely approximates experiment. If our numerical
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apparatus cannot resolve the basic controlling physical processes,
no meaningful calculations can be made of their effects.

Although detailed modelling does not directly provide the
types of useful analytic relationships which guide our intuition
and allow us to make quick estimates, it gives us the flexibility
to evaluate the importance of a modelled physical effect by sim-
ply turning it off or on or changing its strength. The model can
also be used to test the sensitivity of the computed results to
independent theoretical approximations. Those analytic results
which are available are valuable in benchmarking the model in
various limits. A series of tests which compare analytic results
to numerical simulations may calibrate the simulation before it
is compared to experiments or used for extrapolation. Conversely,
a well-tested model serves as a very useful means of calibrating
unknown parameters and form factors in approximate theories.

The last two sections of this paper will discuss this inter-
play between detailed modelling and both theory and experiment.
The third section describes how a model must be tested in various
limits for physical consistency to insure its accuracy. The
specific example chosen here is a comparison between an analytic
solution and a detailed numerical simulation of a premixed lami-
nar flame. The last section shows how a comparison between
model results and experiments can be used to calibrate the model
and to guide further experiments. The example chosen is a calcu-
lation of flow over an immersed object which is compared to both
experimental and theoretical results.

Problems in Modeiling Reactive Flows

Errors and confusion in modelling arise because the complex
set of coupled, nonlinear, partial differential equations are not
usually an exact representation of the physical system. As exam-
ples, first consider the input parameters, such as chemical rate
constants or diffusion coefficients. These input quantities,
used as submodels in the detailed model, must be derived from
more fundamental theories, models or experiments. They are usu-
ally not known to any appreciable accuracy and often their values
are simply guesses. Or consider the geometry used in a calcula-
tion. It is often one or two dimensions less than needed to
completely describe the real system. Multidimensional effects
which may be important are either crudely approximated or ignored.
This lack of exact correspondence between the model adopted and
the actual physical system constitutes the basic problem of de-
tailed modelling. This problem, which must be overcome in order
to accurately model transient combustion systems, can be analyzed
in terms of the multiple time scales, multiple space scales, geo-
metric complexity, and physical complexity of the systems to
be modelled.

Multiple Time Scales. The first class of problems arises as
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the result of trying to represent phenomena characterized by very
different time scales. In ordinary flame and detonation problems
these scales range over many orders of magnitude. When phenomena
are modelled that have characteristic times of variation shorter
than the timestep one can afford, the equations describing these
phenomena are usually called "stiff." Equations describing sound
waves are stiff with respect to the timestep one wishes to employ
when modelling a subsonic flame speed. Many chemical reaction
rate equations are stiff with respect to convection, diffusion,
or even sound wave timestep criteria. Two rather distinct model-
ling approaches, global implicit and timestep-split asymptotic,
have been developed to treat these temporally stiff equations.
These two approaches are briefly described later in this paper.

Multiple Space Scales. The second class of problems invol-
ves the huge disparity in space scales occurring in combustion
problems. To model the steep gradients at a flame front, a cell
spacing of 10~3 cm or smaller might be required. To model con-
vection, grid spacings of 1 to 10 cm might be adequate. Complex
phenomena such as turbulence which occur on intermediate spatial
scales present a particular modelling problem. It would be a
pipedream to expect a numerical calculation to faithfully repro-
duce physical phenomena with scale lengths shorter than a cell
size. Therefore, to calculate realistic profiles of physical
variables, a certain cell spacing is required to obtain a given
accuracy. Choosing a method which maximizes accuracy with a
minimum number of grid points is a major concern in detailed
modelling.

Geometric Complexity. The third set of obstacles arises
because of the geometric complexity associated with real systems.
Most of the detailed models developed to date have been one~
dimensional, but this gives a very limited picture of how the
energy release affects the hydrodynamics. Even though many pro-
cesses in a combustion system can be modelled in one-dimension,
there are others, such as boundary layer growth, or the formation
of vortices and separating flows, which clearly require at least
two-dimensional hydrodynamics. Real combustion systems are at
least two-dimensional , with unusual boundary conditions and in-
ternal sources and sinks. However, even with sixth generation
parallel processing computers available, what can be achieved
with two-dimensional detailed models is still limited by computer
time and storage requirements.

In the current state-of-the-art, one-dimensional models can
best be used to look in detail at the coupling of a very large
number of species interactions in a geometry that is an approxi-
mation to reality. Processes such as radiation transport, turbu-
lence, or the effects of heterogeneity of materials can be inclu-
ded either as empirically or theoretically derived submodels.
Two- and three-dimensional models are best used to study either
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gross flow properties or detailed radiation transport. In these
latter models, the chemical reaction scheme is usually quite
idealized or parameterized.

Physical Complexity. The final set of obstacles to detailed
modelling concerns physical complexity. Combustion systems usu-
ally have many interacting species. This leads to sets of many
coupled equations which must be solved simultaneously. Compli-
cated ordinary differential equations describing the chemical
reactions or large matrices describing the molecular diffusion
process are costly and increase calculation time orders of magni-
tude over idealized or empirical models. Table I lists some of
the major chemical and physical processes which have to be con-
sidered for an accurate description of a complicated combustion
system. The dashed line in the table indicates that multiphase
processes such as surface catalysis and soot formation can be
important even when we are primarily interested in gas phase com-
bustion. For most interesting systems, one finds that the basic
chemical reaction scheme, the individual chemical rates, the opti-
cal opacities, or the effects of surface reactions are not well
known. Before a model of a whole combustion system can be
assembled, each individual process must be separately understood
and modelled. These submodels are either incorporated into the
larger detailed model directly or, if the time and space scales
are too disparate, they must be fit in phenomenologically. For
example, diffusion and thermal conductivity between a wall and
the reacting gas can be studied separately and then incorporated
directly into a detailed combustion model. Turbulence, however,
can be modelled on its own space scales only in idealized cases.
These idealized, fundamental, "ab initio" turbulence calculations
must be used to develop phenomenclogical models for use in the
macroscopic detailed model. Resolution and computational cost
prevent incorporating the detailed turbulence model directly.

Table 1
Fundamental Processes in Combustion

gas phase multi-phase

Chemical kinetics
Hydrodynamics~laminar
Thermal conductivity, viscosity
Molecular diffusion
Thermochemistry
Hydrodynamics~turbulent
Radiation
Nucleation
Surface Effects
Phase Transitions

(Evaporation, condensation...)
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Often there are cases where the submodels are poorly known
or misunderstood,such as for chemical rate equations, thermo-
chemical data, or transport coefficients. A typical example is
shown in Figure 1 which was provided by David Garvin at the U. S.
National Bureau of Standards. The figure shows the rate constant
at 300°K for the reaction HO + 03 - HOp + 0y as a function of the
year of the measurement. We note with amusement and chagrin that
if we were modelling a kinetics scheme which incorporated this
reaction before 1970, the rate would be uncertain by five orders
of magnitude! As shown most clearly by the pair of rate constant
values which have an equal upper bound and lower bound, a sensi-
tivity analysis using such poorly defined rate constants would be
useless. Yet this case is not atypical of the uncertainty in
rate constants for many major reactions in combustion processes.

Gedanken Flame Experiment. In order to illustrate how the
problems caused by the requirements of temporal and spatial reso-
lution and geometric and physical complexity are translated into
computational cost, we have chosen to analyze a gedanken flame
experiment. Consider a closed tube one meter long which contains
a combustible gas mixture. We wish to calculate how the physical
properties such as temperature, species densities, and position
of the flame front change after the mixture is ignited at one
end. The burning gas can be described, we assume, by a chemical
kinetics reaction rate scheme which involves some tens of species
and hundreds of chemical reactions, some of which are "stiff."

We will assume one-dimensional propagation along the tube. Boun-
dary layer formation and turbulence will be ignored. We further
assume that the flame front moves at an average velocity of 100
cm/sec.

Table II summarizes the pertinent time and space scales in
this problem. Assuming the speed of sound is 10%cm/sec, a time-
step of about 10-2 sec would be required to resolve the motion of
sound waves bouncing across the chamber. Chemical timescales, as
mentioned above, are about 107® sec. This number may be reduced
drastically if the reaction rates or density changes are very
fast. It takes a sound wave about 10~3 seconds to cross the 1
meter system and it takes the flame front about one second to
cross. We further assume that the flame zone is about 1072 cm
wide and that it takes grid spacings of 1073 cm to resolve the
steep gradients in density and temperature in this flame zone.

In those portions of the tube on either side of the flame front,
we assume that 1 cm spacings are adequate.

To estimate the computational expense of this calculation,
we use 103 seconds of computer time as a reasonable estimate of
the time it takes to integrate each grid point for one timestep
(a single pointstep). This estimate includes a solution of the
chemical and hydrodynamic equations and is based on a detailed
model of a hydrogen-oxygen flame problem optimized for a parallel
processing computer. Figure 2 shows the information in Table II

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



27. ORAN ET AL.

Detailed Modelling of Combustion

337

RATE CONSTANTS AT 300 K FOR

_12 -HO+ 03 — HO2+ 07 ~@©
T
o {
! -13 -
g ©® ® 4+ 4
e
o -1} ~©
= 1
E NBS RECOMMENDED VALUE
= -15}
0]
o]
4 1

-16 |- _1_

l ]| |
1950 1960 1970
YEAR
Figure 1. Measured values of the rate constant for HO + O; - HO, + O, as a

function of the year of measurement. The arrows with overbars and underbars indi-
cate measured upper and lower bounds, réspectively. The NBS-recommended value
is the value with the smallest error bars (12).
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Figure 2. Space and time scales in the gedanken flame calculation. A naive direct
solution of the problem could take 3000 years of computer time. The calculation
should be possible in 100 sec.
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cast into a graph of space versus time. Since the scales are
logarithmic, a calculation of the number of pointsteps and then
of the needed computer time requires exponentiation. Thus it
appears that 3000 years of computer time is required to calculate
the 1014 pointsteps needed to resolve the finest space and time
scales everywhere!

Table II
Important Scales in Gedanken Flame Experiment

Timescales Spacescales

At sec bAx cn

Sound Speed 10-9 Flame Resolution 10-3

Chemistry 107®  Flame Zone 1072

Sound Transit Time 103 Diffusion Scale 10-1

Flame Transit Time 1 Convective Scales 10
System Size 100

Vf = 100 cm/sec

Of course, this is unacceptable., Ideally such a simple cal-
culation should take about 100 seconds (See Figure 3)., What are
needed are numerical algorithms which have the resolution in time
and space only where it is required. Furthermore, these algo-
rithms should be optimized to take advantage of what is known
about the physics and chemistry of the problem. This will be
discussed further below where it is shown how the application of
various numerical algorithms can be used to reduce this flame
system to a tractable computational problem.

Turbulence. Turbulence is one of the outstanding problems
of reactive flow modelling and is another excellent example of
the difficulty we have in resolving highly disparate time and
space scales. Our understanding and eventual ability to predict
the complicated interactions occurring in turbulent reactive flow
problems is imperative for many combustion modelling applicatioms.
The presence of turbulence alters mixing and reaction times and
heat and mass transfer rates which in turn modify the local and
global dynamic properties of the system. What we need to re-
solve these problems are accurate yet compact phenomenological
turbulence models which can be used to describe realistic combus-
tor systems, open flames, and other turbulent reactive flows con-
fidently and efficiently. These computational models must de-
couple the subgrid turbulence and microscopic instability mecha-
nisms from calculations of the macroscopic flow. Below we list
the important properties of an ideal turbulence model (2).

1. Chemistry-Hydrodynamics Coupling and Feedback. Explicit
energy feedback mechanisms from mixing and reactions to the tur-
bulent velocity field and the macroscopic flow must be formulated.
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The "laminar" macroscopic flow equations contain phenomenological
terms which represent averages over the macroscopic dynamics to
include the effects of turbulence. Examples of these terms are
eddy viscosity and diffusivity coefficients and average chemical
heat release terms which appear as sources in the macroscopic
flow equations. Besides providing these phenomenological terms,
the turbulence model must use the information provided by the
large scale flow dynamics self-consistently to determine the
energy which drives the turbulence. The model must be able to
follow reactive interfaces on the macroscopic scale.

2. Modelling Onset and Other Transient Turbulence Phenomena.
The model should be able to predict the onset of turbulence in
initially laminar flow since bursts and other highly transient
phenomena seem to be the rule in reactive flow turbulence. Gra-
dients in density, temperature, and velocity fields in the react-
ing fluid drive the macroscopic fluid dynamic instabilities which
initiate turbulence. Thus these gradients from the macroscopic
calculation are bound to be key ingredients in determining the
energy available to drive the turbulence.

3. Complicated Reactions and Flow. The ideal turbulence
model must deal with multiscale effects within the subgrid model.
If there is a delay as velocity cascades to the short wavelength
end of the spectrum due to chemical kinetics or buoyancy, for
example, the model must be capable of representing this. Other-
wise bursts and intermittency phenomena cannot be calculated.

4. Lagrangian Framework. An ideal subgrid model should be
constructed on a Lagrangian hydrodynamics framework moving with
the macroscopic flow. This requirement reduces purely numerical
diffusion to zero so that realistic turbulence and molecular
mixing phenomena will not be masked by non-physical numerical
smoothing. This requirement also removes the possibility of
masking purely local fluctuations by truncation errors from the
numerical representation of macroscopic convective derivatives.
The time-dependent (hyperbolic) Lagrangian framework should also
generalize to three dimensions as well as resolve reactive inter-
faces dynamically.

5. Scaling. Breaking a calculation into macroscopic scales
and subgrid scales is an artifice to allow us to model turbulence.
The importaqt physics occurs continuously over the whole spectrum
from k,, the wavenumber corresponding to the system size, to
kjiss » the wave number corresponding to a mean free path of a
molecule. Thus the macroscopic and subgrid scale spectra of any
physical quantity must couple smoothly at kcell’ the cell boun-
dary wave number. If this number were to be changed, as might
happen if numerical resolution were halved or doubled, the pre-
dictions of the turbulence model must not change.

6. Efficiency. Of course, the model must be efficient.

The number of degrees of freedom required to specify the status
of turbulence in each separately resolved subgrid region has to
be kept to a minimum for the model to be generally useable. The
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real fluid has essentially an infinite number of degrees of free-
dom to represent the state of the gas in each small element. We
would like to be able to do the job with a minimal number of de-
grees of freedom.

Choosing an Algorithm Based on the Physics of the Problem

In reactive flow calculations we are concerned with two flow
regimes which depend on the rate of energy release. When energy
is released quickly, shocks and detonations are formed. When
energy is released slowly, flames are formed. The former re-
quires that the numerical algorithm used follow the changes of
the system on time scales determined by the speed of sound in the
material (Courant condition). If we follow this same acoustic
wave transit time scale in the flame case where the physical time-
scales of interest are much larger, the cost is exhorbitant. The
gedanken flame calculation described above cost so much partly
because we postulated the use of an explicit algorithm based on
timesteps determined by the Courant condition. For flame calcu-
lations, then, the answer is to use techniques in which the ener-
gy conservation equation is converted to a pressure equation
which is solved implicitly.

A major area of modelling concern is that of coupling into
one calculation all of the pertinent physical and chemical pro-
cesses characteristic of a combustion system. Two distinct
approaches have evolved. 1In the first of these, often called
"global implicit" differencing, the complete set of nonlinear
coupled equations describing the physical system of interest is
cast into a simple finite~difference form. The spatial and tem-
poral derivatives are discretized and the nonlinear terms are
linearized locally about the solutions obtained numerically at
the previous timestep. This process is valid only when the val-
ues of the physical variables change slowly over a timestep. A
rigorously correct treatment of the nonlinear terms requires
iteration and large matrices must be inverted at each timestep to
guarantee stability. In one spatial dimension, say x, the pro-
blem usually appears as a block tridiagonal matrix with M inde-
pendent physical variables to be specified at Ny grid points.
Then an MN, by MN, matrix must be inverted at each iteration of
each timestep. The blocks on or adjacent to the matrix diagonal
are M X M in size so the overall matrix is quite sparse. Never-
theless, an enormous amount of computational work goes into advan-
cing the solution even a single timectep. Multidimensional pro-
blems, in this approach, lead to matrices which are MNxNy by
MNxNy in two dimensions and MN,N,N, by MN,N/N, in three dimen-
sions. In complex kinetics problems with no spatial variation,
the M independent variables are the species number densities and
temperature in the homogeneous volume of interest. The Gear
method (3) is an example of this global implicit approach for
pure kinetics problems.
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The second approach is a fractional-step method we call
asymptotic timestep-splitting. It is developed by consideration
of the specific physics of the problem being solved. Stiffness
in the governing equations can be handled "asymptotically" as
well as implicitly. The individual terms, including those which
lead to the stiff behavior, are solved as independently and accu-
rately as possible. Examples of such methods include the Selec-
ted Asymptotic Integration Method (4,5) for kinetics problems
and the asymptotic slow flow algorithm for hydrodynamic problems
where the sound speed is so fast that the pressure is essentially
constant (6,7).

The tradeoffs between these two approaches are clear. The
implicit approach puts maximum strain on the computer and mini-
mal strain on the modeller. For this method, convergence of the
computed solutions is easy to test with improved temporal and
spatial resolution. WNon-convergence of any particular calcula-
tion may be hard to spot since severe numerical damping has been
introduced to maintain numerical stability and positivity. This
damping changes the desired profiles quantitatively, although
quickly detected qualitative errors are often smoothed out.
Solutions may be wrong yet stable.

In contrast, the asymptotic approach puts minimal strain on
the computer but demands more of the modeller. The convergence
of the computed solutions is usually easy to test with respect to
spatial and temporal resolution, but situations exist where redu-
cing the timestep can make an asymptotic treatment of a "stiff"
phenomenon less accurate rather than more accurate. This follows
because the disparity of time scales between fast and slow pheno-
mena is often exploited in the asymptotic approach rather than
tolerated. Furthermore, the non-convergence of any particular
solution is often easier to spot in timestep splitting with asym-
ptotics because the manner of degradation is usually catastrophic.
In kinetics calculations, lack of conservation of mass or atoms
signals inaccuracy rather clearly.

The asymptotic approach usually leads to more modular simu-
lation models than the global implicit approach. Hydrodynamics,
transport, equation of state calculations, and chemical kinetics
are tied neatly into individual packages. What is even more im-
portant, specialized techniques for enhancing accuracy can be
incorporated at each stage and for each physical phenomenon
being modelled separately. There is no need to use simpler me-
thods which are suitable for inclusion into a single giant
finite difference formula. Since each phenomenon is treated as
an independent package, the full spectrum of numerical tricks is
applicable.

These packages are relatively easy to test individually and
can be very sophisticated. They can also be used directly in a
number of totally different physical problems with little or no
change and are hence more flexible than equivalent portions of a
global implicit algorithm. The price for this flexibility 1is
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the need to treat carefully all the couplings between the indivi-
dual physical terms and effects. Using the asymptotic approach
one cannot sit back and turn a massive mathematical crank to get
an answer.

At this point the pros and cons of the two approaches seem
to roughly counterbalance. This apparent equity extends to most
accuracy criteria as well. If a timescale is not resolved,
neither solution method can give detailed profiles of phenomena
occurring on that scale. Similarily, to compute spatial gradients
accurately they must be resolved with enough spatial grid points
in either type of calculation.

The fact that the asymptotic approach demands more work of
the modeller is counterbalanced by the work that must be done to
reduce the computational expense of using the global implicit
method. This calculational expense, above all else, is the fac-
tor which has caused us to employ asymptotic rather than global
implicit formulations. For example, solving a chemical kinetics
scheme for M species requires inverting a general matrix of size
M X M. This involves approximately M3 operations. In contrast,
the selected asymptotic approach to solving the kinetics equa-
tions generally scales as M. It is one goal of detailed model-
ling to be able to include the full details of extremely complex
kinetics systems coupled to time-dependent fluid dynamics. Since
more complex problems can be solved for the same cost using asymp-
totics, we are willing to invest the effort in the physics mod-
ules and their coupling in order to be able to expand our compu-
tational abilities.

Using the information discussed so far, we can now return to
the gedanken flame experiment with the idea of considering modi-
fied numerical methods in order to reduce the computational cost.
The goal is to calculate the propagation of a flame front across
a one-meter tube using a one-dimensional geometry with a fixed
detailed chemical reaction rate scheme.

First, we recognize immediately that we are interested in
calculating a flame front moving at less than the local sound
speed. Thus either a slow flow approximation or any method which
treats pressure implicitly would eliminate the sound speed cri-
terion on the timestep. By using the asymptotic slow flow tech-
nique described below and still assuming a uniform %rid spacing,
the number of pointsteps is reduced from 10l% to 10!l, Thus
Figure 3 shows that the time required for the calculation is
reduced from 3000 to 3 years!

But this is still atrocious, and we must now face the pro-
blem of eliminating unnecessary grid points. Adaptive gridding
is currently a frontier in reactive flow modelling. As yet there
are no general, excellent techniques. The block on the graph in
Figure 4 shows the region spanned in the gedanken flame problem
by an adaptively gridded calculation. Here 100 cells of 1 cm
length are used and the region surrounding the flame front is
finely gridded with 100 additional cells of 10-3 cm length. The
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Figure 3. Using the slow flow technique, which allows us to follow time scales
larger than those required by an explicit solution of the energy equation, reduces the
required computational time to three years
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Figure 4. An adaptive gridding method, in which the fine resolution is clustered
around the flame front, reduces computational time to two days
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timestep is still governed by the smallest cells, but by now only
200 cells are needed rather than 105. The saving, about a factor
of 500, reduces the computational time to 2 X 108 pointsteps, or

about two days.

Finally, Figure 5 summarizes the computational expense of
performing the flame propagation problem using the possible, but
as yet unexploited, technique of adaptive intermittent gridding.
The idea here is that a finely gridded region is injected into
the calculation at intermittent timesteps. This is done often
enough to update the properties of the finely-spaced region which
are then used as interior boundary conditions for the coarsely-
spaced region. This is truly an asymptotic outer-inner-outer
matching procedure. Now assume that 100 cells are needed to re-
solve the flame zone. Further, 100 short timesteps are enough to
resolve changes in the flame zone brought about by the relatively
slowly changing outer boundary conditions. During the imbedded
calculation, the flame front moves only 10 of the fine zones,
which is sufficient to determine flame speed and boundary condi-
tions to be used in the coarsely spaced calculation. The imbedded
calculation need be performed at most. once in each large cell.
Thus a total of 100 + (100) (10) = 1100 seconds of computational
time is required for the large scale simulation, a cost at least
approaching our original naive estimate of 100 seconds.

This example has illustrated the importance of using the
appropriate algorithm motivated by considerations of the actual
problem that must be solved. It has further illustrated how much
may be accomplished by developing the methods of adaptive grid-
ding. One point that has not been mentioned, however, is that
much of the cost of a detailed reactive flow calculation is taken
up by the integration of the ordinary differential equations des-—
cribing the chemical kinetics. Using the latest asymptotic tech-
niques improves the picture painted above by a factor of two to
four. But further improvements in these integration times
without sacrificing accuracy is certainly an area where develop-
ment is needed.

Testing the Model Against Theoretical Results

Analytical solutions, while often approximate, are extremely
useful in providing functional relationships and generalizing
trends. Below we show that by comparing numerical and analytic
results, we can gain new insights into the controlling physical
processes.

Ignition of a fuel-oxidizer mixture occurs when an external
source of energy initiates interactions among the controlling con-
vective, transport and chemical processes. Whether the process
results in deflagration, detonation, or is simply quenched depends
on the intensity, duration, and volume affected by an external
heat source. Ignition also will depend on the initial ambient
properties of the mixture which determine the chemical induction
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time and the heat release per gram. Thus ignition is a compli-
cated phenomena and its prediction for a specific mixture of homo-
geneous, premixed gases depends strongly on input parameters
which are often very poorly known. A convenient, inexpensive way
to estimate whether a mixture will ignite given a heat source in-
tensity, duration, and volume would be a valuable laboratory tool
and a useful learning device.

A closed form similarity solution for the nonlinear time-
dependent slow-flow equations has been used as the basis for a
simple, time-dependent, analytic model of localized ignition
which requires minimal chemical and physical input (8). As a
fundamental part of the model, there are two constants which must
calibrated: the radii, or fraction of the time-dependent simi-
larity solution radius, at which the thermal conductivity and in-
duction parameters are evaluated. This calibration is achieved
by comparison with the results of a detailed time-dependent numer-
ical flame simulation model which is a full solution of the multi-
fluid conservation equations. The detailed model itself has been
checked extensively with respect to its various chemical, diffu-
sive transport, and hydrodynamic components.

The basic similarity solution for this ignition problem is
derived from the slow flow (6,7) approximation, characterized by
(1) flow velocities which are small compared to the speed of
sound, and (2) an essentially constant pressure field. The ener-
gy and velocity equations may then be written as

~k2 2
Lo0= - Ry - v+ T - Nt + S(0e (T (1
from which we can derive an algebraic equation for Vv - v. Here

P is the total pressure, v is the fluid velocity, T "is the tem-
perature, y is the ratio of heat capacities C /Cv(assumed here to
be a constant) and x is a function of the mlxture thermal conduc-—
tivity, Am,
:.Y_-..l_ 2

X = YNkB Xm(T), 2)
N is the total particle density and kg is Boltzmann's constant.
The last term on the right hand side of Eq. (1) is the source
term. Proper choice of $(t) ensures that a g1ven amount of ener-

gy, Eg, is deposited in a certain volume, %T R3, in a time TO.

The choice of this Gaussian profile allows us to obtain a "closed"
form similaritv solution. If the fluid velocitv v is then expan-
ded such that

v(r,t) = vl(t)r 3

and spherical symmetry is assumed, Eq. (1) may be solved anyti-
cally to obtain
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1.2 2
Alb)e ko (t)r

T

-]

T(r,t) (4)
and
—kz(t)rz

e—A(t)e , (5)

p(r,t) »
where T and p  are the background temperature and density far
from the heat source. Solutions for A(t) and k(t) may then be
obtained by solving two coupled ordinary differential equations

dk _ - 3

ac - kvl 2xk (6)
da _ s(t) _ 2

it T b6kk<A. (7

Invoking energy conservation yields an expression for the velo-
city coefficient vl, and is effectively the first calibration in
the model:

S  F (0)-F (a)

K2 AF’ (A)-F(A)

V1T 3P T F(a) o F(4) ®)
where the function F(A) is defined as
-X
FA) = [7 amx?[1-e72¢ Jax. (9

The model requires one further definition in order to pre-
dict ignition. A curve of chemical induction time as a function
of temperature must be included in order to define the induction
parameter,

t

I(t) =IO dt

TC(T(r,t’))

Ignition "occurs" when I(t) 1 in this model, which is an exact
result in the limit of large heat source and constant temperature
near the center of the heated region. A simple analytic expres-
sion for 1.(T) depending on three constants has been derived and
can be calibrated using as few as three distinct values of 1. at
different temperatures.

The chemical reaction scheme used in the detailed model was
used to generate a curve for TC(T). The values of thermal con-
ductivity used in the detailed model were used to generate a
function x. Then a series of comparisons were made, in which the
detailed model was configured in spherical symmetry with a Gaus-
sian energy deposition.

We show results for several test cases. In one, R, = 0.1 cm
and 15 = 1 x 107* sec. The simple model predicts that 3.3 X 104
ergs is the minimum ignition energy and these results agree well
with the simulation (Figures 6 and 7). Both models predict

(10)
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Figure 5. The as yet undeveloped injected adaptive gridding method will reduce
the computational time to 1100 sec.
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ignition at essentially the same time for a range of input ener-
gies. In the second example, Ry, = 0.025 cm and t, = 1 x 107" sec.
The simplified model predicts a minimum ignition energy of ~

8 x 102 ergs. The full simulation does not show ignition, but
predicts that some burning does occur and the flame is eventually
quenched (Figure 8). Thus in the regime for which both models
agree, we have in fact tested them both. In the regime where
they do not agree, we must then figure out what physics is miss-
ing from the similarity model. When this is done, we can, in
effect, use the detailed model to build accurate phenomenology
into the similarity solution. The similarity solution has tested
the full detailed model, and the full detailed model has shown
and helped extend the limits of the similarity solution.

Testing the Model with Experiment

Although comparisons between analytic theory and model re-
sults can be used to extend our understanding of the controlling
processes in a system with limited physical complexity, many sys—
tems may preclude any analytic formulation. Then experimental
data provide the only means of checking the accuracy of the model.
Below we show a non-reacting case in which the results from an
experiment were used to test a numerical model. The model re-
sults then suggested new directions for the experiments.

The determination of the effects of surface waves on sub-
merged structures has many practical applications, particularly
in an ocean environment. Due to the complexity of the problem,
analytic results are limited to idealized flows and geometries.

A major part of the complexity arises from the existence of the
free surface itself. Not only does the free surface dominate the
flow, but it may become multiply connected when sprays, wave-
breaking or cavitation occur. There is usually no steady state,
and a model for transient flow of the fluid over the obstacle must
be used.

Here we describe the results of a model calculation of the
wave-induced pressure forces on a submerged half-cylinder, and
compare the results with experimental data. The implications of
the comparisons for both the validity of the model and the experi-
mental procedure will be examined. Finally, the application of
the model to other fluid flows and to combustion problems will be
discussed.

Figure 10 illustrates the initial conditions for the numeri-
cal model. A half-cylinder of radius "a" is submerged in a fluid
whose undisturbed free surface stands at a height h = 2a over the
bottom surface. A progressive wave with wavelength A = 5a is
incident on the cylinder from the left. The sides of the compu-
tational region are periodic; that is, the physical system being
simulated is actually that of progressive waves over a series of
half-cylinders. Periodic boundary conditions were chosen to
avoid numerical damping and reflection at an outflow boundary.
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Figure 7. Comparisons of the similarity (———) and detailed model (- ) solu-

tions for the central temperature as a function of time. The “*” marks the induction
time predicted by the similarity solution; r, — 1.0 X 107 sec; R, = 0.1 cm.
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Figure 8. Temperature as a function of position at four times in thg detai{ed flame

model, The flame dies out even though the similarity solution indicates it should

not. R, — 0.025 cm; E, — 4 X 10% ergs; T, = 1 X 107 sec; (@), 7.127 X 1075
sec; (X), 1.113 X 107% (0), 2.256 X 1074 (), 7.123 X 107,
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Figure 9. The triangular grid early in a calculation of wave flow over a half-
cylinder. The first wave of a wave train has passed over the cylinder from the left.
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Figure 10. A comparison of numerical results with experiment and with linear

theory for the magnitude of pressure variations over a half-cylinder owing to a

progressive wave with ka — 2.5 and kh — 5: (. ), linear theory (3); (X ), SPLISH
results (NRL); (O, ®, A, A), experiments (NRL).
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The calculation seeks to find the pressures at every point in the
fluid as a function of time, and in particular the pressures and
pressure gradient forces at points on the cylinder surface.

The numerical model is based on finite difference techniques
for solving the equations for inviscid, incompressible fluid flow
using a triangular grid which extends throughout the interior of
the fluid (9). The free surface and rigid boundary shapes are
approximated by straight lines which extend between points on
those surfaces and which define the edges of the computational
grid. The governing equations are cast in a Lagrangian formalism
so that points originally lying on a surface will remain there at
all times during the calculation. Points interior to the fluid
will follow Lagrangian pathlines as if they were experimental
marker particles in a real fluid. The equations are differenced
such that vorticity is conserved identically at all times. Ver-
tex pressures are chosen to keep the local fluid volumes diver-
gence-free. These new pressures are in turn used to advance the
velocities and update the grid positions.

The physical behavior of the governing equations can be pre-
served in the approximate difference equations being solved numer-
ically by using a triangular grid. A Lagrangian grid will distort
in any non-trivial flow field, and as grid distortion becomes
severe the calculation quickly loses accuracy. However, a trian-
gular grid can be manipulated locally in several ways to extend
realistic calculations of transient flows (9,10). Each grid line
represents a quadrilateral diagonal, and the opposite diagonal can
be chosen whenever vertices move in the flow to positions which
favor that connection. Such a reconnection involves just the four
vertices describing the quadrilateral. No fluid moves relative to
the quadrilateral, eliminating one form of numerical dissipation.
Vertices may also be added or deleted to preserve the desired re-
solution by local algorithms which involve only those vertices in
the vicinity of the grid anomaly. Major advantages of this tech-
nique are that the algorithms can be conservative, they permit a
minimum of numerical dissipation and yet they require very little
computer time since most of the grid remains unaltered.

Data for the experimental comparison was obtained through
wave-tank experiments performed with a bottom-mounted half-cylin-
der so that pressure measurements could be compared directly to
the numerical results (1l1). The obstacle was placed one-third of
the tank length from a mechanical wavemaker and at the other end
of the channel a sloping porous beach absorbed 95% or more of the
incident wave energy.

Results of the experiment and of the numerical simulation
are shown in Figure 10, together with the results of linear theory.
The magnitude of the pressure fluctuations as measured by the
experiment at different points on the cylinder (6 = 0° at the top
of the cylinder) are compared with the predictions of the model.
As shown in Figure 10, the comparison is quite good. Figure 11
compares the calculated and measured instantaneous pressure
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distribution around the cylinder for the situation in which the
crest of the progressive wave is near the left side of the half-
cylinder. Again the comparisons look good, but now some differ-
ences become evident.

It was found that to within experimental error, all of the
observed discrepancies could be explained by two factors. The
first factor is that the model did not exactly describe the
physical situation in the experiment: the wave tank had a single
cylinder, whereas the calculation is for a series of cylinders.
The second factor was the surprising result that the roughly 57
reflected wave from the wave tank significantly affected the ex-
perimental results due to modifications in the dynamic pressure
fluctuations. In this instance a detailed examination of the
model and experimental results has indicated that an experimental
effect thought to be small could in fact cause noticeable devia-
tions in the data measured.

The application of this numerical technique to reactive flow
is relatively straightforward. Although the example presented
above is for homogeneous flows, the extension to include inter-
faces involves no basic changes to the underlying gridding scheme,
but only the provision that no interface sides are allowed to be
reconnected. Instead local gridding anomalies at the interfaces
are resolved by adding or subtracting vertices at the interface
and reconnecting grid lines leading to those vertices. That this
solution is viable is most easily shown by Figure 12 which shows
stages in the collapse of a Rayleigh~Taylor unstable fluid layer
calculated with the same model. Here the calculation can con-
tinue even though the originally simply-connected lighter fluid
performs a transition to a multiply connected fluid which in-
cludes "bubbles" which have been entrained by the heavier fluid.
Of course, for reactive flow calculations a new model would have
to be constructed based on these techniques which used instead
the equations governing compressible fluids and which contained
the added chemical reactions and diffusive transport effects.

Conclusion

Detailed modelling of laminar reactive flows, even in fairly
complicated geometries, is certainly well within our current capa-
bilities. 1In this paper we have shown several ways in which
these techniques may be used. As the physical complexity we wish
to model increases, our footing becomes less sure and more pheno-
menology must be added. For example, we might have to add eva-
poration laws at liquid-gas interfaces or less well-known chemi-
cal reaction rates in complex hydrocarbon fuels.

Perhaps the biggest problem facing combustion modelling now
is turbulence: there are no excellent or even good methods of
including such effects in our calculations. At best we have a
number of phenomenological models with limited ranges of validity
and which imply a steady state.
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Figure 11. A comparison of numerical results with theory and experiment for

instantaneous pressure distributions on a half-cylinder (ka — 2.5 and kh = 5) with

the wave crest just to the left of the cylinder: ( ), linear theory (3); (X), SPLISH
results; (@), experiments (NRL)
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Figure 12. Lagrangian path lines at various stages of a Rayleigh-Taylor collapse

for the case of two inviscid, incompressible fluids having a density ratio of 2:1. A

free surface is present above the dense fluid and the interface between the fluids is

indicated for each stage. The simulation shows how later evolution of the fluid flow

is dominated by the strength and dynamics of the vortex pair created during the
early stages of collapse.
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We believe that devising a way to handle this difficult problem
of strongly coupled multiple time and space scales is the chal-
lenge we currently face.
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Abstract

A major goal of detailed numerical modelling of combustion
is to develop computational tools which can be used interactively
with laboratory diagnostic techniques to interpret and understand
experiments. Only through this quantitative interaction of pre-
diction and measurement can we calibrate and extend our under-
standing of the fundamental physical and chemical processes in=-
volved. Modelling of flames and detonations is particularly
challenging because of the strong feedback between the energy re-
leased due to chemical reactions and the evolution of the hydro-
dynamic flow. Since it is generally not possible to decouple
these processes completely, special numerical techniques are re-
quired to solve the problems. In this paper, the basic steps and
decisions which must be made when constructing and using a numeri-
cal model will be discussed. These involve 1) choosing the
numerical algorithms based on the physics and chemistry of the
problem, 2) testing the model based on these algorithms in dif-
ferent limits against theoretical and analytical results, and 3)
using the model interactively with experiments. With the third
step specifically in mind, it will be shown how the species con-
centration, velocity, and temperature profiles obtained from
laser probe diagnostics can provide information for use in and
comparison with detailed calculations.
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Rate of Methane Oxidation Controlled by Free
Radicals

JOHN R. CREIGHTON
Lawrence Livermore Laboratory, Livermore, CA 94550

A simple model of the chemical processes governing the rate
of heat release during methane oxidation will be presented below.
There are simple models for the induction period of methane
oxidation (1,2,3); and the partial equilibrium hypothesis (4) is
applicable as the reaction approaches thermodynamic equilibrium.
However, there are apparently no previous successful models for
the portion of the reaction where fuel is consumed rapidly and
heat is released. There are empirical rate constants which, due
to experimental limitations, are generally determined in a range
of pressures or concentrations which are far removed from those
of practical combustion devices. To calculate a practical device
these must be recalibrated to experiments at the appropriate
conditions, so they have little predictive value and give little
insight into the controlling physical and chemical processes.

The model presented here is based on extending Semenov's model (2)
of the induction period to cover the period of heat release.

Semenov's model considers any branching chain reaction. It
assumes that some initial dissociation of fuel leads to an
intermediate species. This species, or some of its products,
reacts with the fuel to create more of the intermediate species,
implying branching reactions. If recombination, or other chain
breaking reactions, are allowed one gets a rate equation for the
concentration of the intermediate species [r].

d[R]/dt = & + B[R] - c[R]? (1)

The first term on the right represents the initialdissociation,
the second the branching chain reactions, and the third
recombination. Coefficients A, B and C are functions of the rate
constants and the concentration of fuel and oxidizer, but are
independent of the intermediate concentration.

Creighton (3,5) has shown that the induction period of
methane oxidation is described by Semenov's model. Analysis of
the results of numerical calculations using a detailed chemical
kinetics reaction scheme showed that about eight reactions were
dominant, and that the rate of creation and consumption of

0-8412-0570-1/80/47-134-357$05.00/0
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species H, OH and O were balanced. This justified using a steady
state approximation on the corresponding rate equations yielding
algebraic equations which couple the concentration of these
species to one another and to [CH3]. The rate limiting step was
found to be
CH3 + 02 = CH3O + 0 (2)

. _ 13 3 -1 -1
with rate constant ky = 2x10 exp(-14,500/T) cm™mol “sec Q.
The CH30 immediately decomposes to CH20 and H. It can be shown
(3,5) that branching reactions of H immediately result in three
new CH3 radicals and branching reactions of 0 yield two more.
Thus branching reactions yield five new CH3 for every one consumed
by reaction 2, a net increase of 4. This establishes a value for
Semenov's coefficient B = 4k2[02]. (There is some controversy
concerning reaction 2 and the value of kj, but it gives calculated
induction times in agreement with a wide variety of experiments
(3). The reaction may proceed via an intermediate complex,
CH302; but this gives the same calculated induction time provided
it decomposes in steps which give H and O atoms rather than OH,
and that decomposition is faster than reaction 2.)

Coefficient A depends on the initial dissociation step,

CH, +M=CH; + H+ M 3
with rate constant k3 = 2x1017exp(-44,200/T) cm3mol-lsec™1l (9).
Branching reactions of the H atom give three more CHj3 molecules
so A = 4 k, [CHg][M].

The rate of all recombination reactions will be proportional
to [CH3]2, because all radical concentrations are proportional to
[CH3]. If we take the reverse of reaction 3 as a prototype, C.
equals k_3[M]([u]/[CH3]), where the ratio [H]/[CH3] is determined
by the algebraic relations mentioned above and is a function only
of the rate constants and the concentration of fuel and oxidizer.
The magnitude of this ratio is about 10=3. A value of
C = 1.7x1014[M] has been found to give calculated induction times
in agreement with experiment at pressures above atmospheric, and
is unimportant at low pressures.

A rate equation for fuel consumption can also be written
(3,5). )
d[CH4]/dt = -A - 5/4 B[R] + C[R] (4)

The numerical factor 5/4 results from consumption of five
molecules of CH4 for a net increase of four CH3. (There should
also be a small numerical correction to the last term because an
H atom, as well as a CH3, is consumed.)

Eqs. 1 and 4 constitute a model for the induction period of
methane oxidation, and can be integrated in closed form provided
the temperature is held constant. If they are integrated
numerically, along with appropriate thermochemistry to account for
the temperature change, the solutions are a semi-quantitatively
correct description of the fuel consumption, as well as induction.
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Fig. 1 shows the results of such a calculation., (The model gives
a rate of fuel consumption which can be as much as an order of
magnitude too small. This occurs because the model neglects
additional reactions which increase the ratio of [0H] to [CH3]
during fuel consumption.) Initially [R] is zero and A is the
dominant term in eq. 1, but B[R] rapidly becomes larger and [r]
increases exponentially as seen at the left of Fig. 1. Eventually
as [R] increases, C[R]Z becomes comparable to B[R] and the time
derivative becomes very small, as in the middle of Fig. 1.

The time derivative becomes small because [R] approaches a
quasi-equilibrium value [R]e = B/C. This might also be called
the steady state or stationary state, but all terminology seems
to lead to possible confusion. There are two important properties
of [R]e. First, it is a stable solution of eq. 1 so [R] will tend
to stay near [R]e. Second, it depends only on the rate constants
and the concentration of fuel, oxidizer and diluent, but not on
the radical concentration. It does have a strong temperature
dependence due to the large activation energy of B. A upper limit
to [R]e is shown as a dashed line in Fig. 2. This was calculated
holding [02] and [M] constant at their initial values of 5x10-5
and 2x10-%4 moles/cc. The actual value of [R]e will be lower than
this due to consumption of fuel and oxygen.

To compare reactions with different time constants it is
useful to plot them as trajectories in a multi-dimensional phase
space whose coordinates are the species concentrations and the
temperature. Fig. 2 shows trajectories projected onto the
temperature vs. [r] plane for reactions with identical initial
fuel and air concentrations but different initial radical
concentrations and temperature. Trajectories beginning at the
left had no initial radicals, and the trajectory starting at
1200 K is represented in Fig. 1. The exponential increase of [r]
to [R]e is isothermal so it appears horizontal in Fig. 2. The
knee of the curve represents the relatively flat portion of Fig. 1l
where [R] is approximately [R].. As the temperature increases [R]
remains approximately equal to [R]e, which lies to the left of
the dashed line due to consumption of fuel and oxygen.
Trajectories beginning on the right had an initial radical
concentration equal to half the initial fuel concentration. The
radical concentration fell rapidly to [R]e, releasing heat, and
then remained at [R]e. A heat loss term was included in the
model with the result that trajectories which reach [R]e at
temperatures below 1050 K do not go to complete combustion because
the chemical heat release is less than the heat loss, and the
mixture cools.

Fig. 2 shows clearly that the quasi-equilibrium radical
concentration sets the rate of fuel consumption and chemical heat
release. It also shows the stability. Whatever the initial value
of [R] it moves towards [R]e and remains there. It can only
increase as [R]p increases with temperature. Thus, though the
oxidation of methane is a branching chain reaction, fuel
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consumption proceeds as a thermal reaction with the rate
determined by [R],.

The quasi-equilibrium radical concentration does not depend
on the assumptions of the Semenov model, although the model gives
the simplest explanation. Numerical calculations using the full
detailed kinetic reaction mechanism for methane oxidation (8) show
that each radical species concentration is in quasi-equilibrium.
During induction CH3 has the largest concentration, but as other
reactions become important [H], [OH] and [0] become larger. Fig. 3
shows reaction trajectories on a temperature versus [OH] plane for
some detailed kinetics calculations. The solid line is a
simulation of a low pressure, laminar flame (6) with circles
representing experimental data (7). The dashed line is a constant
volume, adiabatic reaction for the same mixture, an approximate
simulation of fuel consumption in a shock tube or turbulent flow
reactor. The value of [OH]e for the flame differs from the
constant volume case because fuel is consumed at a lower
temperature in the flame and [OH]e depends strongly on the fuel
consumption. This is demonstrated by isothermal (constant volume)
calculations of [OH]e shown in Fig. 3 as triangles for fuel
concentrations equal to those in the flame as squares for the
adiabatic case. The value of [OH] in the flame is somewhat
greater than [OH]e because radicals diffuse ahead of the flame.

We conclude that free radical concentrations control both
the induction time and the rate of fuel consumption, and depend
only on a few critical rate constants and the concentration of
fuel and oxidizer. A more detailed report is being written and
Ref. 8 discusses the implications for ignition. This work was
performed at the Lawrence Livermore Laboratory for the U. S.
Department of Energy under contract No. W-4705-Eng-48.
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The Detailed Modelling of Premixed, Laminar,
Steady-State Flames. Results for Ozone

JOSEPH M. HEIMERL and T. P. COFFEE
Ballistic Research Laboratory, ARRADCOM, Aberdeen Proving Ground, MD 21005

The overall objective of these studies is to deli-
neate and validate the elementary gas phase kinetic mechanisms
involved in the combustion of the cyclic nitramines, HMX and RDX.
The modeling of premixed, laminar, steady state flames is the
approach taken. First, because the governing equations are simple
relative to other combustion processes one can focus upon the
kinetics. Second, because laser-based diagnostics enable species
and temperature profiles to be probed experimentally and one can
validate the model. Detailed comparisons of predicted and mea-
sured profiles of temperature and of species (particularly radi-
cals) serve either to validate the model or to indicate refine-
ments. Given the pausity of reliable temperature dependent rate
coefficient data, the latter situation is anticipated. Such dis-
crepancies can be exploited by using them to direct experiments on
or theoretical calculations of elementary rate coefficients. This
sequence of comparison and direction can be iterated. The ideal
end product is a validated network of elementary reactions that
can then be used with some confidence in more complex simulations.
A sequence of flame studies is planned; from the test case, ozone,
through the recognized intermediates, formaldehyde/oxides of
nitrogen, to the gas phase elementary networks that describe the
HMX and RDX flames. This paper discusses some of the ozone model-
ing results. A more complete description of the background, moti-
vation and other details is available (1).

Equations and Solutions. The governing equations that describe a
one dimensional, premixed, laminar, unbounded flame for a multi-
component ideal gas mixture are (2, 3, 4):

Py + (pu), =0
p(Y ) + eulY ) = - (pY V) + RiM, (k = 1,...,N), and

-1
(AT, -

e
o~ Z xR
—

p(M + pu(T), = Cp (RMhy + Cok oY, V, T 1.
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For the kth species Yy and Xk are the mass and mole fractions,
respectively, Rx is the net rate of the production due to chemi-
stry and My is the molecular weight. In addition the diffusion
velocity Vi is given by the Stefan-Maxwell relation

N
)= TOX X, (V, -V
k' x j=1 k™j Jj

-1
1 P

(X
and the other symbols have their usual meaning. The pressure
through the flame is one atmosphere and constant (4, 5). We
neglect effects of viscosity, thermal diffusion, body forces
and radiation. To obtain a solution, we employ a relaxation
technique and use the PDECOL package (6). PDECOL is based on a
finite element collocation method employing B-splines. For
computing efficiency we have developed a method of concentrating
our break-points in the steep flame front where accuracy is
necessary (7). Kinetic, transport and thermodynamic coefficients
are required as input to the model. The kinetic mechanism is:

O3 + M+ 0+ O2 + M (L
0+ O3 > O2 + O2 and (2)
0+0+M+— O2 + M, (3)

Expressions for the rate coefficients are taken from the liter-
ature (8, 9, 10) and are shown in Table I. Expressions for the
transport coefficients (1, 11, 12, 13) are shown in Table II and
the specific enthalpy, hy, and specific heat capacity, cpk, are
obtained from Gordon and McBride (14). Each expression for the
input coefficients is based on separate, independent measurements
and the methodology for obtaining them has been discussed (1).
Results and Discussion. Figure 1 shows the 0, 02, Oz and temp-
erature profiles computed for an initial ozone mole fraction

of unity. No experimental profiles are known for comparison

and so by our own definition the ozone flame remains unvalidated.
We can however compare burning velocities. As can be seen in
Figure 2 our computed burning velocities compare favorably with
both the experimental results of Streng and Grosse (15) and the
modeling results of Warnatz (16). (Warnatz has developed a
finite difference model that also requires species dependent
input coefficients.) The solid line in the figure is Streng

and Grosse's fit to their data. Over the range of 0.25 to 1.0
initial ozone mole fractions our results are no more than 30%
greater than Streng and Grosse's. Over the entire range shown
our results agree with Warnatz's within + 12%. This agreement
does not imply that the sets of input coefficient used in the
respective models are equivalent.

Figure 3 shows the ratio of the values of Warnatz' input co-
efficients to our corresponding values. This figure shows that at
the higher temperatures (i.e., at the larger initial ozone mole
fractions), the values for k; and ky differ markedly. The fact
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Figure 1. Computed profiles for unity initial ozone mole fraction
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that the ratios for kj and k2 change in opposite directions (see
Figure 3) suggests that the individual effects of kj and k2 on the
burning velocity offset each other. This hypothesis is checked by
substituting Warnatz' expressions for k; and k2 into our code.
(This is done in such a way that the equilibrium constants remain
unchanged.) For the case of the initial ozone fraction of unity
we obtain a burning velocity of 459 cm/s. This value is to be
compared to Warnatz' computed value of 445 cm/s. As an added
bonus the difference in these two values provides a measure of the
collective effects of differing transport coefficients.

In comparing profiles there are sensible differences in some
model results. For an initial ozone mole fraction of unity
Figures 4 and 5 show a comparison of the atomic oxygen and temper-
ature profile respectively. (For ease in viewing the curves have
been arbitrarily displaced from each other along the distance
axis.) Following the method of comparison discussed above we sub-
stitute Warnatz' expressions for k; and k2 into our code and find
the dashed-line profiles. Thus, we find that differences in the
model profiles are due mainly to the different expressions for kj
and k2.

We have recently and critically evaluated the available high
temperature experimental data for the ozone decomposition reaction
(8). The expression used here and shown in Table I is consistent
with all the direct experimental data known to us and is valid
over a decade range in temperature.

The expression for k), is another story. Figure 6 shows plots
of the values of k; against reciprocal temperature. Warnatz
developed and used his own expression and we have employed Hamp-
son's (9). To use them in our codes we both have assumed that the
respective expressions are valid for temperatures greater than
1000K, the upper limit of applicability of each.

In order to distinguish which expression for kp, if either,
is correct, high temperature measurements and/or ab initio calcu-
lations of the rate coefficient for reaction (2) are required.
Alternately, the computed differences in the values for atomic
oxygen and for the temperature in the burned region at an initial
ozone mole fraction of unity appear to be large enough that profile
measurements above such a flame may be sufficient to distinguish
between the two expressions.

SUMMARY. We have shown that this model and its input parameters
predict burning velocities that are in reasonable agreement both
with the measurements of Streng and Grosse and with the computa-
tions of Warnatz. We have also demonstrated that agreement with
burning velocities, even over a wide range of initial ozone mole
fractions is a necessary but not sufficient condition to ensure
that the input coefficients are realistic; for this reason profile
measurements are vital to test a model's input coefficients.
Finally, by a comparison of computed profiles we have indicated
the need to measure or to calculate high temperature values for k,.
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Figure 3. Ratio of the values of Warnatz’s and our input coefficients. Subscripts on
the rate coefficients refer to reactions. Subscripts 1, 2, and 3 on the transport coeffi-
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On the Rate of the O + N, Reaction

DANIEL J. SEERY and M. F. ZABIELSKI
United Technologies Research Center, East Hartford, CT 06108

The recent shock tube measurement of the 0 + N2 reaction rate
by Monat, Kruger and Hanson (1) provided a rate constant, ky =
1.84 x 1014 exp(-76, 250/RT) cm3/mol sec. This rate is more than
twice the most widely used value of ky = 7.5 x 1013 exp(-76, 250/
RT) recommended by Baulch et. al (2). The latter value was based
on an evaluation of two indirect measurements plus theoretical
calculations and had an estimated uncertainty of about a factor
of two. Further support for the lower value came from the flame
study by Blauwens et. al (3) whose data indicated almost exact
agreement with the recommendation of Baulch et. al and an uncer-
tainty of only * 30%. Because there are so many current
analytical studies of NO formation, in which reaction (1) is of
major importance, this confusion in the literature takes on added
significance.

The present work involves measurement of kl in a 0.1 atmos-
phere, stoichiometric CHA—Air flame. All experiments were
conducted using 3 inch diameter water-cooled sintered copper
burners. Data obtained in our study include (a) temperature pro-
files obtained by coated miniature thermocouples calibrated by
sodium line reversal, (b) NO and N, composition profiles obtained
using molecular beam sampling mass spectrometry and microprobe
sampling with chemiluminescent analysis and (c) OH profiles
obtained by absorption spectroscopy using an OH resonance lamp.
Several flame studies (4) have demonstrated the applicability of
partial equilibrium in the post reaction zone of low pressure
flames and therefore the (OH) profile can be used to obtain the
(0) profile with high accuracy.

The NO concentration profiles are shown in Fig. 1 for both
cooled and uncooled quartz microprobes and include measurements
of NO, obtained using a Mo catalytic converter.

0-8412-0570-1/80/47-134-375%$05.00/0
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In addition to the data listed above the concentration pro-
files of all major species must be obtained in order to calculate
the average molecular weight throughout the flame. These data are
needed for the flame equations and were obtained using molecular
beam sampling~mass spectrometry. A sample of these concentration
profiles is shown in Fig. 2. The (H20) data are obtained by
oxygen balance and are accordingly less certain. The dashed line
through the Hy0 data represents the formaldehyde which is
unmeasured and ties up large amounts of oxygen at this location in
the flame.

If it is assumed that NO is formed exclusively by the reac-
tions

0o+ N2 >~ NO + N (1)
and

N+0,>NO+0 (2)
and knowing that at the flame temperature (Ty ~ 2200 K) the rate
constant ratio k2/kl is about 600, then neglecting back reactions
the rate of formation of NO is given by

d(No) _ -
St Tk OO0 +k, (MO0 22k (0)(N) (3
Neglecting diffusion for downstream locations where the gradients
are small and converting to flame conditions the rate expression
becomes

d 2
W0 .ame (L) E kX Xy ()
dx vy \T Mo 2

where Xi is the mole fraction of species i at location x in the
flame of initial molar concentration, ng
molecular weight, M, and temperature,_To. The area ratio A,
temperature, T, and molecular weight, M, must also be known for
each location where the rate constant is to be evaluated. All the
terms in equation (4) are measured except ky and, therefore, we
can use the flame data to calculate the rate constant for several
locations in the flame. The results are presented in Figure 3
along with lines showing the recommended rate constants from Refs.
1 and 2.

, velocity, v,» average
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Figure 3. Rate constants for O + Ny = NO + N: (———), Monat et al. (Ref. 1);
(——-), Leeds (Ref. 2); (O), UTRC.,
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If the activation energy is fixed at 76.25 kcals, then the
resulting pre-exponential factor for the flame data is calculated
to be 1.76 x 1014, almost identical with Ref. 1. The scatter in
the flame data for the narrow temperature range covered has an
average deviation of * 28% from the value recommended by Ref. 1.
While the cause(s) of the scatter are not known, the largest
uncertainties are attributable to errors in temperature, O atom
concentration and small errors in the concentration profiles
which are magnified by taking numerical derivatives.

While the results from the present work do show scatter,
they clearly support the higher rate of Monat et. al (1). The
data of Monat et. al are the most direct measurements of the
0 + N, reaction and appear to be the most carefully obtained.
Accordingly, these data should be used by those calculating NO
formation from the Zeldovitch mechanism.

This work was sponsored by EPA under Contract 68-02-2188.
Literature Cited

1. Monat, J. P., Hanson, R. K. and Kruger, C. H., Seventeenth
Symposium (International) on Combustion, p. 543, The
Combustion Institute.

2. Baulch, D. L., Drysdale, D. D., Horne, D. G. and Lloyd, A. C.,
Evaluated Kinetic Data for High Temperature Reactions, Vol.
2. CRC Press, 1973.

3. Blauwens, J., Smets, B., and Peters, J., Sixteenth Symposium
(International)on Combustion p. 1055, The Combustion
Institute (1977).

4. Biordi, J. C., Lazzara, C. P. and Papp, J. F., Sixteenth
Symposium (International) on Combustion, p. 1097, The
Combustion Institute (1977).

RECEIVED February 1, 1980.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



31

Reactions of C, (X' =7) and (a° 1) Produced by
Multiphoton UV Excimer Laser Photolysis

LOUISE R. PASTERNACK and J. R. McDONALD
Naval Research Laboratory, Washington, D.C. 20375

V. M. DONNELLY
Bell Laboratories, Murray Hill, NJ 07974

The kinetics and mechanisms of radical reactions important
in combustion chemistry are best studied under conditions in
which single reactions can be isolated rather than in flames where
there are multiple pathways for formation and disappearance of
the radicals. Reactions of C, are of particular importance since
recent laser saturation measurements in our laboratory (1) have
shown that C, aaﬁu is present 1n oxyacetylene flames at con-
centrations on the order of 10!® molecules/cm® (approximately
0.1 torr). Although concentrations of ground state C, in flames
are unknown and cannot be measured by the same technique due to
spectroscopic constraints, we expect that C, 'zt populations are
at least comparable. Because of these relatively large concen-—
trations the reactions of both species are of considerable im-
portance in combustion chemistry. However, until recently very
little was known about these reactions due to the difficulty of
producing a clean source of C, radicals.

In these experiments, we use multiphoton dissociation at 193
nm to generate C, radicals. C, concentrations are subsequently
monitored using laser induced fluorescence. Disappearance rates
of both C; X!'t¥ and aaﬁu are reported at ambient temperature
with hydrocarbons (CH,, C;H,, C,H,, and C,H,), hydrogen,
oxygen, and carbon dioxide.

Experiment

Apparatus. The apparatus used in these experiments is shown
schematically in Figure 1. C, radicals are generated by a two
photon dissociation process using a mildly focussed pulsed ArF
excimer laser (Tachisto Model XR 150). Hexafluorobutyne-2 (F,C-
C=C-CF ) is used as the precursor for C, XIZ and acetylene 1s
used as the precursor for a Hu radlcals. Experlments are carried
out in a 30 cm diameter cell with long side arms with scattered
light baffling. Radical concentrations are monitored using laser
induced fluorescence generated by a flashlamp pumped tunable dye

0-8412-0570-1/80/47-134-381$05.00/0
© 1980 American Chemical Society
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Figure 1. Multiphoton UV-photolysis-laser fluorescence detection system

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



31. PASTERNACK ET AL. Cy(X’s,") and (&°11,) 383

laser (Chromatux CMX-4). The two lasers propagate colinearly in
opposite directions. Fluorescence is monitored at 90° using a
photomultiplier tube and signal averaged with a box car integrator
(PAR 160).

+_CZA§12g populations are probed by exciting the ATl , v° = 4+
XiZg, v = 0 Phillips band transit on at 691 nm and degecting
V =4 >V =1 fluorescence at 792 nm. C, a’ll populations
are probed by exciting the d’M, « a’M 0-0 Swan Band transition
at 516.5 nm and detecting dye laser ifduced fluorescence on the
0-1 vibronic band at 563 mm.

The rate of depletion of C, is monitored by varying the time
delay between the photolysis and probe laser pulses. The process
is automated by using the boxcar integrator gate to trigger the
probe laser so that both the boxcar gate and the probe laser are
synchronously scanned in time following the photolysis laser
pulse. Further details of the experimental apparatus and tech-
nique are given in references (2) and (3).

Preparation of C, Fragments. The photodissociation of
hexafluorobutyne-2 and acetylene yield a variety of products, many
of which are in electronically excited states resulting in prompt
fluorescensp which is quenched by the presence of a buffer gas.
The C, X'Zg and a’ll which are initially produced are also
vibrationally and rgtationally hot. Since we monitor only the
v* = 0 level of the fragments, it is necessary that the buffer
gas either (a) completely thermalize the vibrational population
in less than 20 ps or (b) not significantly relax v™ > 0 levels
to the ground state on a time scale < 300 us. For C» a’l ,
condition (a) was easily met by a few torr of methane. However
methane reacts with C» XIZg and the other buffer §§ses we tried
(Ar, N; and SFg) vibrationally relaxed the C, X'Ig on the time
scale of the reaction experiments. However over a range of He
pressures up to 30 torr, no measurable relaxation of C, X'I
v™ > 0 takes place during the time scale of the experiments
(< 300 ps).

Results

The reactions are measured under the pseudo-first-order
conditions of a large excess of reactant gases. A typical first
order decay for C, xlz§ fragments using a large excess of H;
reagtive gas is shown in Figure 2. The disappearance of C;

X'Ig is exponential over nearly two orders of magnitude in con-
centration. The slope of the data in Figure 2 gives the first
order disappearance rate, kI, for C» X'Ig reacting with 105.4
torr of hydrogen. I

Bimolecular rate constants, k ~, are obtained by plotting,
k™ vs reactive gas pressure, as shown in Figure 3 for the reaction
of C3 (Xlzg) f Hz. The slope of the least squares fit to the
data gives kI = (1.38 + 0.06) x 107'? cm® s~! molecule-!,
the bimolecular disappearance rate for C; Xlzg in the presence
of Ho, with the uncertainty representing *+ 10, The nonzero in-
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Figure 3. A plot of k! vs. P for the reaction of Co(X'%,") -+ H,. The bimolecular
rate constant, k', is obtained from the slope of the plot.
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tercept of the plot gives a value of the reaction rate of C;
xlzg with the precursor CF3C,CF3 at 2.2 mtorr. +
In Table I, the bimolecular rate constants for C; XIZg and

a’ll which we measured are tabulated. The experiments were car-
ried out over a wide range of laser powers, buffer gas pressures,
and precursor molecule pressures to assure that the experimental
data does not contain artifacts due to three body reactions,
vibrational quenching, fragment diffusion, or other fragment
reaction.

Discussion

C, a’ll reaction vs quenching. The disappearance of C, a’n
may be due to either reactiom or quenching to the ground state.
However, quenching is spin forbidden; since the C, a’ll state
lies only 1.7 kcal/mole above the ground state tripletgsinglet
resonance spin exchange processes are not possible with any of
the reaction gases studied. Although there are instances where
facile spin forbidden quenching is observed - notably the 0('D)
+ N, » O(3p) + N2 reaction (4) - such processes have been
rationalized by postulating a long-lived RRKM complex (5). The
long encounter time of the complex results in a curve crossing
to the energetically favored ground state products despite the
weak spin-orbit coupling. However, for C, a’ll , if a long-lived
complex is formed, the most energetically favofed outcome is
reaction with H, and hydrocarbons to form CyH or C2H and not
quenching to form C, XIZ+. 3)

Cr X Z+ vs a H reactions with hydrocarbons and hydrogen.
C, X 2+ reacts consIderably faster than C, a H with hydrogen
and hy%rocarbons (see Table I) despite the presence of spin
allowed exothermic pathways in both cases. We can use electronic
orbital correlation arguments to explain these results. (See
reference @) for further details of these ar%uments )  Ground

state C, has the electronic configuration T The addition of

a hydrogen ls electron to a O-bonding orbital correlates with

the ground state of C,H which has the electronic configuration
ﬂ350 In contrast, for the C, a H (electronic configuration
T°50) to react with H, there would have to occur the unlikely
transfer of a H 1s electron to a m-bonding orbital in order to form
ground state C,H. The reaction of C (aSHu) + H is more llkelg to
form C,H in the A I state with electronlc configuration T 50

This latter reaction is approximately 10 kcal/mole higher in ener-
gy than the ground state reaction. Either this difference in en-
ergy oT the presence of a barrier for C, aS.IIu reactions may
account for the difference in C, singlet and triplet reactivities
with hydrogen and hydrocarbons. The difference in reactivities is
less for reactions with unsaturated hydrocarbons where multiple
pathways exist involving interaction with the C-C multiple bond as
well as the direct reaction to strip an H atom.
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Table I. Rate constants (cm® s~ !molecule™!) for the dis-
appearance of Cz(XIZ';) compared to Cz(aaﬂu) at 298 K.

Reactant kII(Cz xlz;)a) kII(Cz aaﬂu)a)
H, (1.38£0.06) x 107'% <5 x 10715 D)
cH, (1.87%0.05) x 10~} <1 x 10-1¢ D)
C,He (1.59+0.05) x 1071° (1.30£0.06) x 10712
C,H, (3.26+0.05) x 107'° (1.440.06) x 107'°
C,F, (5.99+0.14) x 107! -
C,H, _— (9.6%0.3) x 107!
0, (2.82%0.09) x 107!? (2.96+0.07) x 107!2
CO2 -—— no apparent reaction -—-

a) 1o wuncertainty.
b) 30 uncertainty.

Table IT. Product channels for C2 + 02

REACTION _@_g (kcal/mole)
cz(xlz’;) + 0,
scoxlzt) + co(a’m -113
+C0, (X12%) + c(3p,) -123
+€,0(® ) + o(ip) -26

Cz(a3nu) + 0, - in addition to products above

+200(xlz;) -254
sco(x! TH + cocalm -68
+C20(X3 ) + 0(3p) -73
€0, (XL Z) + c(lp) -95
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gzﬁ*’ vs a’ll reactions with oxygen. We observed the same
rate consta§t (withl;n experimental uncertainty) for the reaction
of C, X‘Z; and a:'I'Iu with 0,, (See Table I). Many possible chan-
nels exist for these reactions, (See Table IL). Some of these
products have been observed including CO(A'Il) by Filseth et al.
(6), CO excited triplets by Wittig (7) and C,0(X°T") by Donnelly
and Pasternack (3). Because of the dlfferent reaction pathways
that are accessible for C, X' E'I' and a’ [I,» the observation of
identical disappearance rate constants seems to be a coincidence.

C2 X12+ vs a3Hu reactions with CO,
g

We observed no room temperature reaction between either
state of c, and CO,. This result is somewhat surprising since
both spin and symmetry allowed reactive channels exist for both
C, fragments:

3 v+ 3 - 1.+
Cya’l) + Co,(X'T) ¢, 057 + co(xz)

AH® = -66 + 16 kecal/mole
T
¢, xrxhy + co, ¥rh) > cocta or 1) + cox'r)
2 g 2 g 2
AR® = -50 kcal/mole
T

These reactions will be studied at higher temperatures to assess
their importance in combustion systems.
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Pulsed-Laser Studies of the Kinetics of
C:0(As1, and X35-)

V. M. DONNELLY,* WILLIAM M. PITTS, and A. P. BARONAVSKI
Chemistry Division, Naval Research Laboratory, Washington, D.C. 20375

Laser induced fluorescence is particularly well suited to
combustion chemistry, as a sensitive "in-situ" probe for free
radicals in flames; or under more controlled conditions in labo-
ratory flash photolysis, discharge flow tube, or shock tube exper-
iments. Using laser-saturation fluorescence grevious studies
from this laboratory (1) have shown that C,(a nu) is present in
Eigh3concentritions in the hot region of aﬁ oxy-acetylene flame.

(a”n. and X"£_) reacts with 0,.(2,3,4) One of the products
o? thi¥ reactiof (and/or the regc

n 9§ CoH+0,) is CCO.(2) In
the present study, we report C%O(

t§bn

£31.%327% f1forescence excita-
tion spectra, A°n. lifetimes afid queﬁching rate constants, and
X°z~ reaction ratd constants.

PART 1: gg&uffﬁg) Fluorescence Lifetimes and Quenching Rate
Constants )

C 0(?32') is formed by pulsed laser photolysis of carbon
suboxiae at 266 nm (4th harmonic Nd-YAG, 100 uJd/pulse, 30 Hz,
50 usec). A §econd pu]sed3dye gaser (5 md/pulse, 30 Hz, 1 usec)
excites the A°n, state. A°nm.+X°z” fluorescence is detected
in the 750-900 Am region. Fluorescence excitation spectra are
recorded using the apparatus shown in Figure 1. Fluorescence is
detected as a function of dye laser wavelength at a fixed delay
time between YAG and dye laser pulses (0-500 psec). A sample
spectrum is shown in Figure 2. The upper trace is recorded under
near collision free conditions (50 mtorr total pressure, with no
delay between laser pulses). The complex structure is indicative
of the high degree of rotational and vibrational excitation in

! Present Address: Bell Laboratories, Murray Hill, NJ 07974.
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Nd—VAG 532 nm 266nm / \
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Figure 1. The experimental system used for measuring fluorescence excitation
spectra and reaction rate constants
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the initially formed fragment. In the lower trace, C,0 (X3£ )

is thermalized with Ar buffer gas prior to dye laser excitation.
The sharp, strong features are identified using the absorption
spectrum assignments of Devillers and Ramsay (5). New assign-
ments not reported Deviliers and Ramsay are underlined.

Time resolved A state fluorescence is measured with a tran-
sient recorder-signal averager, as described previously.(6) A
typical filuorescence decay curve is shown in Figure 3. IT is
composed of at least three exponentials, independent of excita-
tion wavelength. The short component lifetime is extracted by
fitting approximately the first third of the decay to the
expression.

I(t) = 1D exp (-t/t) + ID exp (-t/7) ()

A plot of 1 -1 vs P is linear. The intercept and slope yield a
zero- pressu?e 11fet1me of 16.5(+ 7. 4,92 9§ usec and a qufnch1ng
rate constant (by €,0,) of 1.53 x 10 molecule” sec

The ana]ys1s o? %he long components can be broken into four
pressure regions:

1) Between 0.5 and 2.0 mtorr C 0 the long lived portion
of the decay (e.g. 80-600 usec in F1g 3 is fit to equation (1).
Varying amounts of Ar are added to fixed C 0 pressures to slow
diffusion of the reco111ng C,0 fragment ovgr these long times.
Extrapolating 1, ~ vs Ar preszure to zero gives the fluores-
cence lifetimes apart from diffusion effects (A in Figure 4).

(2) Between 2 and «25 mtorr of C,0,, the C,0 fluorescence
decay behaves as shown in Figure 3. ?f?us1on i§ sufficiently
slow that Ar buffer gas is not required. The long component
lifetimes of the long decay have been measured as a function
of pressure and are included in Figure 4.

(3) Between w25 and 100 mtorr the long-lived decay compo-
nents collapse into a single exponential.

(4) At C,0, pressures greater than 100 mtorr the decay
becomes nonexpgn%en jal.

The plot of 7, = vs P(C,0,) (Figure 4) gives a straight
line. The data arh extrapo?a%ed to obtain an estimate for the
zero pressure fluorescence lifetime of 380 usec. The slope of
thelfata corresponfs to K C302 quenching rate constant 2.88 x

cm mo]ecu]e sec

Long component gquenching rate constants were measured for
Ar, N,, and 0, over the pressure regions described above by (3).
All C20 11fet?mes and quenching rate constants are given in
Table"1.

Summar 3 -
1; C20 ¥°z” can be produced cleanly by a 266 nm laser
photolysis~of C302.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



392 LASER PROBES FOR COMBUSTION CHEMISTRY

FLUORESCENCE INTENSITY

15000 15500
LASER FREQUENCY (em™)
Figure 2. The laser-induced fluorescence excitation spectrum of C,O(A°1;, —

X"E‘) recorded under nascent conditions (top) immediately following photolysis of
C;30; and after cooling by a buffer gas

10F T T T T T
107 .
5=
[
©n
4
=
z 10+ 1
Figure 3. Fluorescence decay for C,O
excited into the 101 level of the AL 10k . . . L L
Note the highly nonexponential behavior: 0 200 400 600
1.1 mtorr Cs0,; 5.8 mtorr Ar. time (microsec)
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2) Laser-induc g f]uorescsnce is a very3sensitive detec-
tion probe for C,0 (; ) (§ 10 molecules/cm™).

3) The ext?apo]ated, I. zero-pressure decay of K-state
fluorescence contains at least 3 distinct 1ifetime components.
This behavior is reminiscent of other triatomic molecules such
as NO,,(7) SO,,(8) CS,,(9) and NH,,(6) and is likely gue to
variagle coup?ing ggtéeeglvibratigndT levels ?f+the Kn, state
and levels of the X°z~, a~a( 0.5 eV) and/or B':" (0.8 éV)
states. (10) 3

4) The extremely fast quenching of C,0 £on, by C,0, is
probably rotational relaxation of the high?y rotltiona 1y ex-
cited C,0 photofragment. The slower process for C.0, is some
unknown“combination of vibrational and electronic ugnching and
reaction. Likewise, contributions of vibrational and electronic
relaxation to the observed quenching by Ar, 02, and N2 are not
determined.

Part 2: 220 (f3z') Reaction Kinetics

Pseudo-first-order decays of C,0 (f3z') in the presence
of large excess reactant gases are Measured with the system
shown in Figure 1, by scanning the delay of the probe dye laser
with respec} to the YAG photolysis pulse. The first order rate
constant, k™ is plotted vs f?actant pressure to obtain the
bimolecular rate constant k ~ (Figure 5). Table 2 lists the
absolute rate constants measured in this study. The C,0+NC rate
constant should be regarded as approximate due to an ogserved
dark reaction between C,0 agd NO, which complicates the dis-
appearance kinetics of 826 Xz~ The ratio of reaction rates
NO:0,:isobutene of 386:2795:1 is in excellent agreement with the
ratig of 362:2.68:1 of Williamson and Bayes.(1ll) Since they
measured relative rates, our values in Table 2 can be used to
obtain absolute rate constants for all the reactants investi-
gated by Williamson and Bayes.

Summar
CZO has been shown to be formed when C2, and/or C2H react
with 02.(2) Reactions such as (11,12)

04C,H,+C,0+H, |

and (13,14) (2)
0+C,H,~HC,0+H (3a)
HC,04R+C,0+RH (R = radical) (3b)

have also been shown to generate C,0. The reactions of C, and
C,0 with 0, are fast enough at roo% temperature to be impgrtant
pathways cgnverting fuels to CO and CO, at combustion tempera-
tures. The fast reaction with NO shou?d also be considered as
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0.04

i | s | N ! s I 2
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PRESSURE 0302(mtorr)

Figure 4. The Stern—Volmer plot for the quenching of the A°IL; state long decay
component is shown

T T T
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2
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Figure 5. The pseudo-first-order disappearance rate constants for ground-state

C;0 are plotted as a function of O; pressure for two pressures of C;0;. The results

fall on a straight line and the slope gives a second-order disappearance rate constant

for C,0 reacting with O, of 3.30 = 0.12 X 1073 cm® molecule’® sec': (®), 10
mtorr CsO;; (+), 5 mtorr Cs0,. K = 3.30 = 0.12 X 1073 cm?® sec™.
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TABLE 1: CZO Litfetime and Quenching Data

TABLE 1A: RADIATIVE LIFETIMES FOR CZO(K3H1)
SHORT COMPONENT: 1=16.5(+7.4,-2.9) usec

LONG COMPONENT: t=»100 to >200usec
{non exponential)

TABLE 1B: QUENCHING RATE CONSTANTS FOR CZO(K3H1)
LONG COMPONENT QUENCHING RATE CONSTANT

QUENCHER GAS kq(cm3molecu1e'1sec'l)
¢40, 2.88£0.10 X 107"
0, 5.67:0.21 X 10712
N, 4.00£0.07 X 10712
Ar 1.95:0.04 X 10712

SHORT COMPONENT QUENCHING RATE CONSTANT

c 1.53£0.11 X 1072

302

TABLE 2: C,0 (%3z™) REACTION RATE CONSTANTS AT 298 K

REACTANT GAS kIl (cm3molecu1e'lsec'l)
NO (4.43£0.12) x 10711
0, (3.30£0.12) X 10733
ISOBUTENE (1.1220.05) x 10713
H <2x10714
o, axiot4
CHy <ax1074
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potentially important in NO_ pollution chemistry in combustion.
However, before the importaﬁce of C,0 can be established, tem-
perature dependences of reaction rages must be measured, and its
concentration levels in "in-situ" flames should be estimated.
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Kinetics of CH Radical Reactions Important
to Hydrocarbon Combustion Systems

J. E. BUTLER, J. W. FLEMING, L. P. GOSS, and M. C. LIN
Chemistry Division, Naval Research Laboratory, Washington, D.C. 20375

One of the important hydrocarbon combustion reaction intermediates is the CH
radical. Although CH chemiluminescence (42A — X2=) has been observed in many
hydrocarbon flames, the mechanism of CH formation and its reaction kinetics have
been difficult to unravel in situ due to the low steady-state concentrations and the com-
plex nature of combustion reactions. This project was undertaken to investigate a
means of CH radical production and to study its reactions with various important
species so that an overall picture of the oxidation processes, particularly with regard to
the mechanism of NO, formation, may be better understood.

Production and Detection

One of the most effective methods of CH production is the multiphoton dissocia-
tion of CHBr;(1). A high-power ArF excimer laser (193 nm) was used to dissociate a
CHBrj:Ar gas mixture (~1:10°) slowly flowing through the reaction cell at pressures of
30-100 torr. A high-power tunable dye laser pumped by a tripled Nd:YAG laser was
employed to monitor the production and decay of the CH radical formed in the dissoci-
ation process via laser induced fluorescence of the CH (4 — X) transition near 430
nm. The ArF beam, dye laser probe beam and fluorescence collection optics were
mutually perpendicular as shown in a schematic diagram given in Figure 1. Figure 2
shows a typical laser excitation spectrum and the rotational assignments.

Kinetics

Kinetic measurements were made by monitoring the laser-induced fluorescence of
CH following the excitation in the (0-0) band of the X — A transition as a function of
the time delay after the ArF laser dissociation. In the absence of any added reactants,
CH had a decay time of 100 to 300 usec at a total pressure of 30 to 100 torr (CHBr;
pressures of 1 to 10 mtorr) which can be attributed mainly to the CH + CH reaction.
The addition of the reactants listed in Table I shortened the CH radical decay times
considerably, indicative of some removal process involving a bimolecular mechanism
since the total pressure was always maintained constant. Least squares plots of the
inverse lifetimes of CH radicals versus the partial pressure of the added reactant yielded

This chapter not subject to U.S. copyright.
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Figure 1. Apparatus for the productions and detection of CH radicals and the
measurement of their reaction kinetics
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a second order rate constant for each reactant. These results are summarized in Table 1
and compared with previously published values for selected molecules.

Table 1. Rate Constants for CH Radical Reactions
at Room Temperature with Selected Molecules
Relevant to Hydrocarbon Combustion

k x 10! (cm?/molecule - sec)?

Reactant
1 11 111

H, 2.6+0.5 0.10 1.74+0.20
0, 5.9+0.8 - 4.0
NO 29+7 - -
CcO 2.1+0.3 - 0.48
N, 0.093+£0.01 | 0.0071 | 0.10+0.02
CO, 0.19+0.04 - -
CH, 10+3% 0.25 3.3+0.08
C,H, 401 - —
CHyo 5815 - 131

a. 1— This work (100 Torr total system pressure ); 11 —
Braun et al. (2); Il — Bosnali and Perner (3).
b. The value reported in Ref. (L) was too high by a factor

of 3 due to errors in CHy4 concentration calculations.

Previous studies on the reactions of CH employed either the vacuum ultra-violet
photodissociation (2) or the electron beam dissociation (3) of CH, to generate the radi-
cal. The formation and decay of the CH was monitored by UV absorption spectroscopy
on the C «— X transition at 314 nm. The results of the former study (2), which relied
partly on final product analysis, are considerably smaller (by a factor of 10 to 40) than
the values of Bosnali and Perner (3) and our present data for the reactions with H,, N,
and CH,. The agreement between ours and those of Bosnali and Perner, although
significantly better, is only fair and lies within a factor of 2 to 5. Further work is cer-
tainly needed in order to reconcile these two sets of data.

Comments on CH + N,

The CH + N, reaction has now been generally considered as one of the most
important precursor reactions for "prompt"” NO formation in high temperature hydrocar-
bon combustion systems. The rate constant of this reaction at room temperature was
found to be pressure-dependent (see Figure 3) and is considerably higher than the
value extrapolated from the expression, 1.3 x 10712 exp (—11,000/RT) c¢cm3/molecule -
sec, obtained from the rate of NO production in several hydrocarbon flame fronts (4).
These findings could be understood by the thermochemistry of the CH + N; = CHN,
= HCN + N system (3). Since the production of HCN + N is endothermic by 3
kcal/mole, it probably occurs with a relatively high activation energy (such as the value,
11 kcal/mole, obtained from the high temperature flame studies mentioned above).
The formation of the CHN, radical adduct, which is expected to be pressure-dependent
as was found experimentally, probably can proceed with little or no activation energy.
The following mechanism can at least qualitively account for the overall reaction:
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CH (A2A =— X1, 0-0)
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Figure 2. Laser-induced fluorescence spectrum of the A2A > Xr transition of
the ground-state CH radicals-in 100 torr of Ar buffer gas
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Figure 3. "Pressure eflect on the rate of
the CH + N, reaction at room tempera-
ture
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CH+N,+M=HC=N=N+M (low T)
HCN + N (high T)

Although the formation of HCN + N is not spin-conserved, the formation of the
CHN, radical intermediate is expected to overcome and facilitate the doublet — quartet
conversion. At room temperature, the CHN, adduct probably disappears by secondary
reactions with active species present in the system. The effects of both temperature
and pressure on the rate of this important reaction will be thoroughly investigated in
the near future.

Conclusions

In this work, we have demonstrated that the CH radical can be generated with
sufficiently high concentrations by means of the multiphoton dissociation of CHBr; at
193 nm for kinetic measurements. The formation and decay of the CH radical was
monitored by the laser-induced fluorescence technique using the (42A — X% transi-
tion at 430 nm. Several rate constants for the reactions relevant to high temperature
hydrocarbon combustion have been measured at room temperature. One of the key
reactions, CH + N,, has been shown to be pressure-dependent, presumably due to the
production of the CHN, radical at room temperature.
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Carbon Monoxide Laser Resonance Absorption
Studies of O(°P) + 1-Alkynes and Methylene
Radical Reactions

W. M. SHAUB and M. C. LIN
Chemistry Division, Naval Research Laboratory, Washington, D.C. 20375

The CO laser resonance absorption technique is a useful tool for studying the
dynamics of chemical reactions that involve the initial production of vibrationally
excited CO molecules. We have recently applied this technique to study various atomic
and free radical reactions related to combustion and electronic-to-vibrational energy
transfer processes (1—6). In this brief account, we discuss mainly the dynamics of
O(CP) + l-alkynes and associated free radical reactions.

Experimental Technique

Figure 1 is representative of the general experimental configuration which has
been used in this laboratory. Briefly, a cw, mode-stabilized CO laser, which is line-
tuned to preselected vibrational-rotational lines, is concentrically directed along the axis
of a flash photolysis tube (which may be of Pyrex, quartz or Vycor construction). The
temperature of the flash tube is controlled (£ 1 K) by means of a regulator. o(’P)
atoms were produced from photodissociation of NO, in a Pyrex tube (A = 300 nm).
For the 1-alkyne reactions, for example, mixtures of NO,, SFy (to ensure rotational
relaxation) and an alkyne were flash-photolyzed at appropriate energies, typically 0.5-1.0
kJ. The temporal evolution of the vibrational population of the product CO was then
monitored by recording the transient CO absorption utilizing appropriate IR detectors.
Typically, data collection was made either by oscilloscope photography (in single shot
experiments) or by signal averaging (in multiple shot experiments) in conjunction with
a transient recorder. The CO product vibrational populations were determined by
analyzing the initial portions of the absorption curves via a computer solution of the
gain equation (1, 2). Initial population distributions were evaluated by careful extrapo-
lation of the N,/N, ratios to the appearance time of the earliest absorption. This pro-
cedure eliminates effects due to vibrational relaxation and secondary reactions. Stable
product analysis (3, 4) and isotope labeling experiments (2, 6) have also been used in
conjunction with this technique to further clarify reaction pathways and the nature of
reaction intermediates. For those reactions that occur via long-lived complexes, the
experimentally observed CO product vibrational energy distributions have been com-
pared to those expected on the basis of simple statistical models (3). These compari-
sons help elucidate the mechanisms of the reactions studied.

OCP) + 1-Alkynes

Figure 2 shows the results of two typical experiments. The observed CO vibra-
tional energy distribution produced from the reactions: OCP) + C;H, and
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Figure 1. A schematic for the CO laser resonance absorption apparatus
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Figure 2. Vibrational energy distributions of the CO formed in O(P) 4+ C.H,
(O) and O(*P) 4 C,H,C,H reactions; (- ), are statistically prodicted distribu-
tions based on the model discussed in Ref. (3),

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



34. SHAUB AND LIN O(P) + 1-Alkynes 405

OCP) + n — C,H, C,H are shown. The solid lines represent the statistically expected
population distributions based on the assumption of complete randomization of internal
energy based on the general mechanism (7):

OCP) + RC,H — RCHC = C = Ot — CO(v) + RCH
AH °= —47 to —50 kcal/mole.

Generally, good agreement was found between the experimentally observed and the
statistically predicted population distributions assuming diradicals (as shown above) are
formed initially instead of their alkene isomers. Table I summarizes results which show
the comparison between the experimentally determined average product CO vibrational
energies and the statistically expected values.

The validity of the above mechanism for alkyne reactions is further strengthened
by the observation that the reaction of O(’P) with allene, an isomer of propyne, gen-
erates nascent CO molecules that carry 3 times as much vibrational energy as that
formed in the propyne reaction, although the overall exothermicities for the formation
of the major products, C;H, + CO, in both reactions are nearly the same. The
observed CO vibrational energy distribution in O(*P) + allene can be quantitatively
accounted for by our statistical model based on the mechanism that assumes direct for-
mation of C,H,, rather than CH;CH as in OCP) + propyne, in which the energy
released in the isomerization reaction, CH;CH — C,H,, 68 kcal/mole is not available
for CO product excitation (3).

Since the rate constants for the reaction of O(’P) with C,H, and CH;C,H are
known (8), we have also used the intensity of CO absorption to evaluate the unkown
rate constants, employing either O + C,H, or O + CH;C; H as a reference reaction.
The results obtained from this study are also summarized in Table 1. It is assuring that
the rate constants for butyne, pentyne and hexyne ( which were obtained from experi-
ments using different reference reactions) agree very closely.

The RCH diradicals formed in this series of 1-alkyne reactions with O(’P) atoms
are statistically expected to possess a large fraction of available energies. Accordingly,
with the exception of the CH, formed in O + C,H,, they disappear rapidly via uni-
molecular isomerization processes: RCH — R’CH=CH,, producing excited 1-alkenes.
There is no evidence that any highly excited CO has been produced by the secondary
reactions involving RCH with O(’P), NO and NO, which are present in these flash-
photolyzed systems in the early stages of reactions. In the O(’P) + propyne reaction,
the results of gas product analysis indicated that the C,H,/C,H, ratio is strongly
pressure-dependent (3). Here, C,H, was produced from the decomposition of vibra-
tionally excited C,H, derived from the isomerization of CH;CH. Interestingly, the
C;H, formed in the OCP) + allene reaction was found to be significantly less excited,
as expected from the mechanism of the reaction mentioned above (3).

In the O + C,H, reaction, the CH, radical formed initially cannot decay uni-
molecularly as indicated above for larger RCH diradicals. When NO, was used as the
source of OC’P), CH, radicals appeared to be scavenged effectively by NO or undissoci-
ated NO,, producing no CO in the early stages of photodssociation reaction (7). This is
also indicated by the absence of highly excited CO (v > 6) molecules, contrary to that
observed in the photolysis of an SO,-C;H,-SF, mixture in a quartz tube
(A > 200 nm). Here SO, is used as an effective source of O(°P) atoms. In fact, CO
laser emission (v < 13) has been reported for the SO,-C,H, system (9). The highly
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excited CO (i.e., v 2 6) produced in this system is believed to have resulted from the
secondary reaction,

OCP) + CH, — CO + 2H (or Hy),

which is highly exothermic (AH® = —74 and —178 kcal/mole for H and H, formation,
respectively).

Reactions of CH, with O(’P), 0, and CO,

In separate studies (10, 11), we have investigated the dynamics of CO production
from reactions of CH, with O(°P), O, and CO, employing CH,I, or CH,Br, as the
source of CH,. For the OCP) + CH, reaction, mixtures of CH,l,, SO; and SF¢ were
flash photolyzed in a quartz tube and the initial CO vibrational energy distribution was
measured with the CO laser absorption method. The results of this experiment are
shown in Figure 3, together with those of CH, reactions with O, and CO, carried out
with a Vycor flash tube (10). The Vycor tube was employed for these two reactions to
avoid photodissociation of both O, and CO,. CH,l, was again used as the source of
CH, for these two reactions. The average CO vibrational energies and possible chan-
nels for CO production in these three reactions are summarized in Table II.

The reaction of O(*P) with CH, probably occurs via a vibronically excited formal-
dehyde intermediate which possesses as much as 180 kcal/mole of internal energy due
to formation of the C = O bond. Because of this excess amount of energy, the excited
intermediate is expected to decompose into either CO + 2 H (channel a) or CO + H,
(channel b) as shown in Table II. The CO formed in these processes carries about 17
kcal/mole of vibrational energy with excitation up to v = 18, having a vibrational tem-
perature of ~ 10°K. Since channel (a) can only excite CO up to the maximal level of v
= 13, we can conclude that the molecular channel (b) also occurs simultaneously. A
rough estimate based on the distribution shown in Figure 3 indicates that both channels
occur concurrently to similar extents, if the CO’s formed in these channels have near
statistical vibrational energy distributions (12).

The reaction of CH, with O, is believed to occur via a - CH,00 - diradical or a
C}'i:bz ring intermediate which subsequently rearranges into excited HCOOH, possess-
ing over 184 keal/mole internal energy (10). In this reaction, CO can be formed by
two possible paths as indicated in Table II. A rough estimate based on the observed
CO vibrational energy distribution shown in Figure 3 indicated that about 30% the reac-
tion occurs by channel (a) and 70% by channel (b).

The reaction of CH, with CO, was first postulated by Kistiakowsky and Sauer (13)
as taking place via an a-lactone intermediate. The occurrence of this reaction was sub-
sequently demonstrated by Milligan and Jacox (14) in low temperature matrices. These
low temperature matrix isolation experiments, however, could not determine definitely
the structure of the CH, CO, intermediate. The result of our laser absorption experi-
ment shows that the CO is vibrationaily excited up to v = 4 with a distribution close to
the one predicted by a statistical model assuming the existence of a long-lived CH, CO,
complex. This calculation, however, is insensitive to the structure of the complex
assumed. Since the ground state triplet CH, is known to be less reactive and kinetically
behaves like CH; (15, 16), which does not react readily with CO,, the singlet 'A; CH,
is assumed to be involved in the reaction. .

In this brief report, we have discussed the utility of a simple laser absorption tech-
nique for the elucidation of the mechamisms of CO production from the reactions of
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Table 1. Average CO Vibrational Energies and Absolute Rate Constants
for CO Production at 300K for OCP) + 1-Alkynes.

Reaction calc. < B e>x;l. (cm’/nl:ole-s) Ref.
OCP) + C, H, —~ CH, + CO 451 323069 | 04x10° (D
OCP) + CH;C=CH—CH;CH + CO | 220 228+ 028 | 42 x 10" (3,4)
OCP) + C,HsC =CH — C,H;,CH + CO | 1.18 097 + 0.04 | 5.0 x 10" (4)
OCP) + C;H,C =CH ~ C;H,CH + CO | 1.04 092 +0.04 | 4.9 x 10" (D
o¢P) + C4H,C =CH—CH,CH + CO | 0.80 0.73 + 0.03 | 3.6 x 10" (D)
* The average energies (in kcal/mole) were calculated using AH ° = —47 kcal/mole for O + C;H, and —50

kcal/mole for the reactions involving higher members of the homolog.

Table II. Average CO Product Vibrational Energies
Measured for the Reactions of CH,
with OC’P), 0, and CO,

Reaction —AH®* <E,> | Reference
3 <,
0CP) + CH, - CO + 2H 74 169 | This work
~ CO + H, 178
CH, + 0,~CO + H,0 | 175 71 (10)
2 CO + H + OH 56 -
CH, + CO, — CO + H, CO 61 1.9 (10

*Exothermicities and average CO vibrational energies (in units of kcal/mole)
were computed by assuming that the reactions involve triplet CHy, except with
CO, which is reactive only with excited singlet CH; (see the text).
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OCP) atoms with 1-alkynes and from the reactions of CH, with O(P), O, and CO,.
These reactions can not be readily studied with other techniques such as chemilumines-
cence (due to low product concentrations as well as the difficulty in producing radical
species in flow experiments). With the aid of simple statistical models, the dynamics
and branching ratios of these reactions can be reasonably interpreted and crudely
estimated. More detailed discussion of the application of this technique to many other
examples including energy transfer reactions has recently been reviewed elsewhere
(17,18).
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Absorption Spectroscopy of Combustion Gases
Using a Tunable IR Diode Laser

R. K. HANSON, P. L. VARGHESE, S. M. SCHOENUNG, and P. K. FALCONE

High Temperature Gasdynamics Laboratory, Department of Mechanical Engineering,
Stanford University, Stanford, CA 94305

Experimental studies of combustion chemistry require mea-
surements of species concentrations, often under conditions where
in situ spectroscopic techniques are desirable or necessary.

Among other new methods, tunable laser absorption spectroscopy
using infrared diode lasers offers prospects for improved accuracy
and specificity in concentration measurements, when a line-of-
sight technique is appropriate. The present paper discusses diode
laser techniques as applied to a flat flame burner and to a room
temperature absorption cell. The cell experiments are used to
determine the absorption band strength which is needed to properly
interpret high temperature experiments. Preliminary results are
reported for CO concentration measurements in a flame, the funda-
mental band strength of CO at STP, collision halfwidths of CO
under flame conditions, and the temperature dependence of CO and
NO collision halfwidths in combustion gases.

Experimental Arrangement

Details of the experimental arrangement and procedures have
been described in a series of previous papers dealing with flames
(1,2,3,4) and shock tube flows (5,6). A schematic of the single-
beam optical system usually employed is shown in Figure 1. 1In
this arrangement, the laser beam passes through the flame, into a
monochromator for laser mode selection and wavelength identifica-
tion, and is then split into two beams: one passing through a
room temperature absorption cell and the other through a Fabry-
Perot etalon used for measuring changes in wavelength. This con-
figuration is suitable for either flame measurements or absorption
cell experiments. The laser is repetitively modulated using a
sawtooth current waveform. In the present experiments with steady
absorption conditions, the detector (D1 and D2) output signals are
recorded with a signal averager (PAR 4202).

The problem of laser power variations with wavelength is
overcome either by taking the difference between separately
recorded absorbed and non-absorbed transmitted intensity records

0-8412-0570-1/80/47-134-413%$05.00/0
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Figure 1. Optical arrangement for tunable diode laser absorption spectroscopy
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or by employing a double-beam optical system (4) which gives the
real-time difference between the absorbed beam and a reference
(non-absorbed) beam. Repetition rates for laser modulation can be
varied to over 5 kHz but are typically 200-500 Hz in the current
work. Since the recorded signal is actually a measure of the
absorbed intensity, AI = I° - I where I and I° are respec-
tively the transmitted intensities with and without absorption,
the quantity I° must also be measured in order to obtain the
quantity of interest, the transmissivity I/I° across the fully
resolved absorption line. I° can be measured directly (with no
absorption present) either by chopping the laser beam or by bias-
ing the detector output (with the voltage source E) to give zero
signal with the laser beam blocked.

Two flat flame burners have been employed, a 4 cm X 10 cm
burner with a ceramic-lined chimney for NO measurements (4) and a
2.6 cm x 8.6 cm open-faced burner with a nitrogen shroud flow for
CO measurements. Both burners operate at atmospheric pressure
with laminar, premixed methane-air mixtures. These burners work
satisfactorily over a broad range of fuel-air equivalence ratios,
but both have cold boundary regions which cause non-uniform condi-
tions along the optical axis that can be important in the data
analysis (4).

Absorption Theory

The theory required to interpret the experimental absorption
data is well established. The governing equation which links the
measured transmissivity, Ty, at wavenumber V, to the absorbing
species concentration and its absorption line parameters is the
Bouguer-Lambert law of absorption

L
T, = (I/I°)v = exp [}.f Bij dx]

0
where P; 1is the partial pressure (atm) of the absorbing species
and L 1s the pathlength (cm) across the flow. The absorption
coefficient B, is the product of the line strength S (em2 -
atm~1) for the transition of interest and the lineshape factor
g(v-vy) (cm), which is a function of the non-resonance, V-Vo3
i.e., By =S g(v-v,), where

[g(V—Vo) dv = 1

line

s = [ Byav.
line

Thus the line strength, sometimes called the line intensity, is
simply the area under a curve of the absorption coefficient. When
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uniform conditions along the line of sight can be assumed, the
absorption law reduces simply to

Tv = exp(-~S g(v—vo) Pj L)

When absorption lines overlap, the absorption coefficient is a
summation: By = I S; g4 .

It is clear from the above equation that both the line
strength and the lineshape factor must be known to convert a mea-
surement of transmissivity to a species partial pressure. In our
work, the lineshape factor is determined directly in each experi-
ment by recording the fully resolved absorption profile. The line
strength for a given vibration-rotation transition is a known func-
tion (7) of the flame temperature and the band strength evaluated
at a reference temperature, typically 273.2 K. Controlled laser
absorption experiments at room temperature with known levels of CO
are conducted to determine the band strength, which is used to-
gether with a measured temperature to specify the individual line
strengths at flame conditions.

In the case of a transition (v" + 1, J" *+ 1 « v", J") in the
fundamental band (Av = 1) of CO, the relation between the line
strength, S, the band strength, S°, and the temperature, T, is:

ey = [8°(STP) (273.2/1)1 (¥, /%) (v"+1) {exp (T, (v", I he /kT1 }+
‘(1 - exp(-hve/kT) {57 /Q(T) ]
where
sd =g, P branch (J" - 1 « J")
SJ =J+1, R branch (J" + 1 « J")
and
QT = 3 (23 + 1) exp(-T_(v,J) he/kT)
v,]

Here S°(STP) 1is the fundamental band strength at 273.2 K and Q
is the partition function for vibration and rotation. Te(v,J) is
the energy of the (v,J) state, in cm~1l; Vo 1s the wavenumber at
line center for the specific transition, and V is an average
wavenumber for the band, usually taken as the band-center value
although small corrections can be calculated (8). The quantities
h, ¢ and k are Planck's constant, the speed of light and
Boltzmann's constant, respectively. For most purposes, it is
sufficiently accurate (an error of a few per cent or less) to use
rigid-rotor, harmonic oscillator relations for the partition func-
tion. Recent determinations of the CO and band strength by other
workers have been in the range S° = 260-280 em=2 - atm-l at
273.2 K (9).

The Tineshape function g(V-V,) 1is defined assuming a Voigt
profile (7) which allows for a combination of Doppler and collision
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line broadening. The Voigt function is computed (10) as a func-
tion of the parameter a, where

_ 1/2
a = (fn 2) AVC/AVD .
The Doppler-broadened linewidth (FWHM) is given by
_ -7 1/2
Avy 7.16 x 10 (T/MCO) Vo

where T 1is the temperature (K) and Mco 1is the molecular weight
of the absorbing species (gm/mole). The collision-broadened line-
width is expressed in terms of the collision halfwidth 2y, i.e.,
the collision-broadened linewidth (FWHM) per unit pressure of the

broadening species, and the pressure P:

AVC = (2v, <:m_1 - atm—l)(P, atm)
The collision halfwidth for a given transition is a function of
temperature and the broadening species. In the present diode
laser experiments, the temperature (and hence Avp) is known so
that it is straightforward to infer values for the parameters a
and Avg, and hence 2y, from the observed absorption linewidths.

The temperature dependence of the collision halfwidth, 2Y(T),
is of fundamental and practical interest and has not previously
been investigated at elevated temperatures. In the past, most
determinations of collision halfwidth have been made near room
temperature, and high-temperature values have been obtained by
extrapolation, usually assuming a T-0.5 temperature dependence
so that

2y = 2y°(300/1)°">

where 2Y° is the collision halfwidth at 300 K. This temperature
dependence is based on hard-sphere collision theory arguments and
is known to be incorrect. Tunable diode laser spectroscopy applied
to a variety of gas conditions, including a room temperature static
cell, shock tube flows (5,6) and flames, therefore provides a
unique opportunity to study the temperature dependence of 2y.

The present paper provides initial results for selected CO and NO
transitions in combustion gas mixtures.

Room Temperature Cell Experiments

An extensive series of room temperature experiments recently
has been completed in our laboratory to determine the fundamental
band strengths of CO and NO and to measure CO and NO collision
halfwidths for N9, Ar and combustion gas broadening as a function
of rotational and vibrational quantum number. Some preliminary
results for CO are reported here.

In these experiments, a gas mixture of known proportions was
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introduced into the room temperature cell, and the temperature and
pressure were measured. The signal~-averaged absorption and non-
absorption records were differenced (by the PAR 4202) and the out-
put was displayed on a chart recorder together with the output of
the Fabry-Perot etalon. The non-absorbed signal, I°, was mea-
sured separately. A careful calibration of all system components
was performed. Data were reduced by obtaining a computer-
generated best Voigt fit to each absorption line profile.

A typical result for CO highly dilute in N9 is shown in
Figure 2. The cell conditions were: T = 294.2 K, P = 51.5 torr,
CO mole fraction = 0,00350, cell length = 15.0 cm. The quantity
plotted is: S % Pco L versus the normalized non-resonance, A =
(v=v5) /2(2n »Hl 2 Avp, for the v =1+<«0, R(1) transition at
2150.86 cm~l, The best Voigt fit, shown as the solid curve,
yields values of $(294.2 K) = 4.86 cm™2-atm™', a = 1.73 and
2Y(294.2 K)oy, = 0.153 em~l-atm~l., Details of the experimental
procedures and %dditional results will be published separately
11).

" FEach line strength determination was converted to a value for
the band strength at 273.2 K; preliminary results for S°(STP) as
a function of the rotational quantum number are shown in Figure 3.
Each of the points plotted actually represents the average of
several determinations; experimental scatter in S° for a given
line was less than * 3%. The average of the determinations at 10
values of m is S°(STP) = 279.4 cm2-atm-l, which is in good
agreement with recent work by Varanasi and Sarangi (S°(STP) =
273 £+ 10 and 277 * 4 cm‘z-atm'l) using a different experimental
technique (9). It shogld be noted that our data are for specific
absorption lines of 1260 160, and we have not yet applied a
correction to account for the presence of other isotopes in the
CO sample. This is equivalent to assuming negligible levels of
other CO isotopes, which is in error by about 1%.

Flat Flame Burner Experiments

Experiments are currently in progress to measure CO and NO
concentrations in a flat flame burner by diode laser spectroscopy.
Comparative measurements are also being made using microprobe
sampling with subsequent analysis by non-dispersive infrared and
chemiluminescent techniques. Some preliminary laser absorption
results for CO are reported here; initial results for NO have
been published separately (4). Also reported are initial data for
collision halfwidths in combustion gases.

The experimental and data reduction procedures are essential-
ly the same as for the static cell experiments. The gas temper-
ature is obtained using a fine wire, radiation-corrected thermo-
couple. The cold mixing layer at each flame boundary is accounted
for by using an effective pathlength (8.0 - 8.2 cm, depending on
the fuel-air equivalence ratio) which differs slightly from the
actual burner length of 8.6 cm. Fuel-air equivalence ratios of
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Figure 2. Voigt fit to absorption line profile for CO (v = I « 0, R(1) at 2150.86
cm) in room-temperature cell experiment. Cell conditions are: T =294.2 K, P =
51.5 torr, CO-N, mixture with CO mole fraction — 0.00350. Inferred results are
5(294.2 K) = 4.86 cm™® atm™, a = 1.73 and 2y (294.2 K) = 0.153 cm™ atm™.
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Figure 3. CO fundamental band strength at 273.2 K determined in room-tempera-
ture cell experiments: (A), M = J: P-branch; (O),J + I: R-branch. $°qy. = 279.4
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¢ = 0.8 - 1.4 are being investigated. Measurements are made in
the postflame gases 1 cm above the burner surface. The recorded
signals represent the average of 8-32 laser modulation cycles.

Typical experimental results and the best Voigt fit for a CO
absorption line in a flame with ¢ = 1.24, T = 1850 K are shown in
Figure 4. The observed transition is the (v=1+«0, P(7)) line of
CO at 2115.63 em~l, The line strength S is calculated from the
previously determined band strength, and the pathlength L is
known, so the unknown parameters are Pgg and g which can both
be inferred from the best Voigt fit analysis. The results are
Peo. = 0.0421 atm, a = 2.66 and 2Y(1850)co-comb gas = 0.0393
cm~™l - atm™', As with the static cell experiments, the Voigt
profile is seen to provide a good fit throughout the observed
portion of the absorption line.

In fuel-rich flames, the CO should be in local chemical
equilibrium, and hence the partial pressure of CO can be calcu-
lated from the local temperature and the measured fuel and air
flowrates. Thus, a comparison between measured and calculated CO
levels can serve as a validation of the diode laser technique for
flame measurements. Such a comparison is shown in Figure 5 for
equivalence ratios in the range ¢ = 1.04 - 1.37. The data points
shown represent the average of several observations on separate
lines including ground state (v' = 0) and excited state (v"' = 1)
transitions. The agreement is consistently within the experi-
mental uncertainty of * 5%.

Results showing the dependence of the CO collision halfwidth
in combustion gases on the vibrational and rotational quantum
numbers are shown in Figure 6. The data were obtained with a
flame temperature of 1875 K and equivalence ratios in the range
1.2 - 1.4. Although too few data points are available for a
detailed analysis, it is clear that 2Y decreases with increasing
m and that values for 2Y are nearly equal (within 5%) for
ground state and excited state transitions.

The temperature dependence of the collision halfwidth for
combustion gas broadening is also of interest. Results for
specific transitions in CO and NO are given in Table I. In the

TABLE I. TEMPERATURE DEPENDENCE OF COLLISION HALFWIDTHS
A, CO [v = 1«0, P(7N)]
2y (300 K)¢q

0.131 cm™Y/atm

-N 2

2y (1850 K) go_comb Cas = 0-039 em™L/atm (CH,/air, ¢ = 1.24)
n = 0.67
B. NO [Q = 3/2, v = 10, R(13/2)]
2y (300 K)yno = 0.137 em~l/atm
Y ( NO-Comb Gas } CHl‘/air, ¢ = 0.65

2y (1700 K)NO—Comb Gas = 0.043
0.67

n
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Figure 4. Voigt fit to absorption line profile for CO (v — 1 « 0, P(7) at 2115.63

cm™) in CH,—air flat flame. Flame conditions are: T — 1850 K, P =1 atm, and

¢ = 1.24. Inferred results are Pgo — 0.0421 atm, a = 2.66 and 2y(1850) =
0.0393 cm™ atm™.
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Figure 5. CO partial pressure in CH,~air flat flame as a function of fuel-air
equivalence ratio: T = 1875 = 25 K; P = I atm.
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case of the CO transition, the collision halfwidth obtained in a
flame is compared with the room temperature value for broadening
by Ny. This procedure should not introduce a large error since
the combustion products are primarily N;. In the case of NO, the
collision halfwidth was actually measured in the same combustion
gas sample, first in the high temperature gases using the in situ
technique, and subsequently in low temperature gases which were
extracted by a sampling probe and sent to the absorption cell.
The temperature dependence can be expressed in terms of an expo-
nent n, where

2y(T) = 2y°(300/T)"

with the result, for both the CO and NO transitions studied, n =
0.67. The exact agreement for these CO and NO lines must be con-
sidered fortuitous, but the similarity of the results with the
value found in a previous shock tube study of CO broadening by Ar
(6) suggests that n ~ 0.7 may provide a reasonable estimate for
temperature dependence. Work is presently underway to determine
n for a larger number of CO and NO transitions with Ny, Ar and
combustion gas broadening. Such data should be of use to
theoreticians interested in modelling collisional interactions of
molecules at elevated temperatures.

Concluding Remarks

These experiments demonstrate that tunable diode laser absorp-
tion spectroscopy is well suited for in situ measurements of
species concentrations in combustion flows, when a line-of-sight
technique is appropriate, and for accurate measurements of
spectroscopic parameters needed to characterize high-temperature
absorption lines. The technique is sensitive, species specific
and applicable to a large number of important combustion species
including reactive intermediates, and hence it should prove to be
a useful tool in future studies of combustion chemistry. The
potential of tunable laser absorption spectroscopy in particle-
laden flows should also be noted (12), in that modulation of the
laser wavelength on and off an absorption line allows simple dis-
crimination against continuum extinction by particles.
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Multiangular Absorption Measurements in a
Methane Diffusion Jet

ROBERT J. SANTORO and H. G. SEMERJIAN
Thermal Processes Division, National Bureau of Standards, Washington, D.C. 20234

P. J. EMMERMAN, R. GOULARD, and R. SHABAHANG

School of Engineering and Applied Science, The George Washington University,
Washington, D.C. 20052

The mathematical reconstruction of a property field, F(x,y),
from its projection in the 6§ direction is the basis of “Computer-
ized Tomography" (1,2). An identical technique can be used to
reconstruct a field of linear absorption coefficient functions in
a combusting flow field from multiangular path integrated absorp-
tion measurements. The linear absorption coefficient is the
familiar N,Q. product, where N, is the concentration of species
i and Q, is the absorption croSs section of species i at the
frequency v. The Bouguer-Lambert-Beer law states that

I =TI.exp - fNiQids (@B
where we assume a single monochromatic light source of frequency
v and that N, is the only constituent in the measured domain with
absorption at this frequency. Taking the natural logarithm of
both sides yields

-¢n I/I, = /N;Q,ds (2)

If two-dimensional functions in the coordinate system defined in
Figure 1 are considered and letting

F(x,y) = Ni(x,y) Q;

. 3
P(r,8) = -¢n I/I_ = [F(x,y)ds (3)
where the coordinate systems are related by
X =r cos 6 - s sin 6
(4)
y=1rsin 6 + s cos 8
it can be shown that the Fourier transforms of the function
taken in the two coordinate systems are related by
F(x,y) = Fy(r,s) (3)

0-8412-0570-1/80/47-134-427$05.00/0
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where "~ represents a Fourier transform operation. Thus the two
Fourier transforms are the same if the transform axes (t,8) are
a rotation of (%,9) in the frequency domain by the angle 8

?(0,0) = F(w,0) (6)

where w is 27 times the spatial frequency. This is the central
slice theorem of Fourier transforms, which states that the trans-—
form of a projection taken at angle 6 is equal to a line through
the center of the two-dimensional transform domain of the function
F which makes an angle § with the & axis. Therefore knowledge of
all projections would define the transform of the function and by
taking the corresponding inverse transform, the function can be
evaluated at any point in its domain. Applying a convolution
theorem (3,4) yields the following equation

F(x,y) = 22 /7 de s Pu,0)elt(X c0s 8 +y sin 8y 1y, )
m o} -c0

4
The linear absorption coefficient functions can thus be recon-
structed using only projection data.

Experiment

A methane-argon asymmetrical diffusion jet has been analyzed
for the methane concentration mapping in a steady flow condition.
The jet apparatus consists of a 12.7mm i.d. brass tube located
19mm from the center line of a 15.25cm circular brass plate. The
jet is supplied from a 10cm diameter cylindrical chamber con-
taining a glass bead mixing section. A combination of flow
straighteners and screens are contained in the jet section to
provide a uniform exit flow profile. The jet/plate combination
is mounted on a milling bed which allows for accurate three
dimensional positioning of the unit.

Absorption by methane of the 3.39u line of a HeNe laser is
used to determine the methane concentration across the jet. The
optical arrangement used is shown in Figure 2. The HeNe laser
output (vlmw) is attenuated with a 1.0 neutral density filter so
as not to exceed the maximum irradiance specification of the
detector. The beam is interrupted using a mechanical light
chopper operating at 1015 Hz. Transmitted radiation is detected
by an uncooled PbSe detector. A preamplifier with a gain of ten
is used to impedance match the resulting signal to an oscillo-
scope and lock-in analyzer. The output from the lock-in analyzer
is displayed on a digital voltmeter.

In the present experiments a 107 CH, - 90% Ar mixture was
used. All experiments were done under conditions of atmos-
pheric pressure and room temperature. The flow rate was measured
to be 0.57 liters/s. A series of absorption measurements were
taken across the jet at intervals of .64 mm (.025 inches) at a
height of 12.7 mm above the jet. The jet was then rotated 15°
and the experiment was repeated with the result that data for
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Figure 2. Schematic of apparatus for methane jet experiment
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twelve separate angles was obtained to map out the jet region.
Spatial resolution was limited by the 2 mm laser beam
diameter. Average absorption measurements were obtained by
using a 4.0 s time constant on the lock-in detector.
The absorption data obtained was input to a minicomputer
for analysis, using a discrete form of equation 7.

Results

An objective of this series of experiments is to provide a
preliminary assessment of the tomographic recomstruction approach
for combustion diagnostics. In order to minimize experimental
difficulties introduced by combustion, a simple flow configu-
ration has been chosen for this initial study. It is mathe-
matical truism that any bandlimited function can be accurately
reconstructed from its projections if both the number and the
signal to noise ratio of these projections approach infinity. 1In
any real combustion situation, both of these conditions will be
severely limited. The present results provide insights into the
measurement capabilities of the tomographic reconstruction ap-
proach under such limitations.

The reconstructed linear absorption values for a cross
section of the jet (12.7mm above the exit plane) for the case of
twelve angles is shown in Figure 3. Qualitatively the recon-
structed field shows the expected jet profile. Using an
absorption coefficient of 10 atm ~ cm =~ extrapolated from the
results of McMahon et.al. (5), the center line concentration of
methane is found to be 9.6%. Since the measurements were taken
close to the jet exit the potential core of the flow is observed
to survive to the measurement point. Thus the methane concen-
tration would be expected to be the 10% initially introduced.
Therefore good agreement is observed with respect to concentra-
tion measurement. The position of the jet center line was
obtained from the location of the peak values of the linear
absorption coefficients. This approach yielded a position of
19%1.3 mm which compares quite well with the known position of
19 mm. This is further confirmation of the accuracy of the
reconstruction algorithm.

The analysis was repeated using projections for only six
angles and the results are shown in Figure 4. As can be seen
there is a marked increase in the absolute values of the linear
absorption coefficient in regions away from the jet as compared
to the twelve angle case. Since there is no methane present
in these regions, these values are a result of "ringing"
generated by the algorithm. These results are in qualitative
agreement with previous analytical studies using simulated
absorption functions (6).

Work is in progrégs to obtain results with improved spatial
resolution and to extend the range of measurements to much lower
concentrations. Further work will also consider more complicated
flow geometries with a longer range goal of studying combustion
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experiments. In these experiments the goal is to achieve

"instantaneous" time concentration profiles in two and three

dimensions while using measurement aperature times as short as

50 usec.
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Temperature Measurement in Turbulent Flames
Via Rayleigh Scattering

ROBERT W. DIBBLE, R. E. HOLLENBACH, and G. D. RAMBACH
Sandia Laboratories, Livermore, CA 94550

Using Taser Rayleigh scattering, temperature measurements
have been made, on a turbulent jet diffusion flame, with a
frequency response, DC-5 kHz,unachievable by any other present
day Taser based technique. The flame reactants and products
had nearly equal Rayleigh scattering cross section so that
temperature could be inferred directly from the scattering
intensity from a point on a probe laser beam. Probability
densities, means, higher moments, and power spectrum are
generated from the time series of temperature.
( The)intensity of Rayleigh scattered light can be written as

1,2,3,4),

s N (%)eff 7 (%%)eff )

where the constants, K' and K, contain experimental details such
as solid angle of optics, slit opening, phototube quantum effi-
ciency, pressure, etc. N, T, and (do/dR)efs are respectively
number density, temperature, and effective Rayleigh scattering
cross section, defined by:

(%%)eff B (%)

where xi and doj/df are respectively the mole fraction and
Rayleigh scattering cross section for species i.

Assuming the laser intensity to be constant, variations in
the Rayleigh scattered intensity are a result of both temperature
and species variations. Hence, an unambiguous interpretation of
the Rayleigh scattered intensity requires that experiments be
contrived into one of three cases. These are:

Case 1: Isothermal - In this case, variations in the Ray-
leigh scattering intensity are attributed to variations in the
effective Rayleigh cross section, i.e., variations in mole
fractions. The feasibility of making such time-resolved mea-

0-8412-0570-1/80/47-134-435%$05.00/0
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surements of the dispersion of a turbulent, isothermal, nonreact-
ing methane jet into air was demonstrated by Graham and co-
workers (5). Quantitative measurements of the dispersion of

a non reacting propane jet into air was made by Dyer (6) as a

preliminary test of a diagnostic that was used to map fuel-air
distribution in an 1.C. engine combustion simulator.

Case 2: Constant Rayleigh Cross Section - In this case,
variations in the Rayleigh scattering intensity are attributed
to variations in temperature. A natural compliment to the
isothermal mixing investigations identified in Case 1 would be
to measure the time-resolved temperature in a submerged jet of
heated air. For premixed flames, the variation of Rayleigh
intensity is primarily due to variation in temperature, which
can vary by a factor of 7.

The variation in the effective cross section from reactants,
to intermediates, to products is often less than 10% for simple
hydrocarbon systems. This is largely due to the major species
being nitrogen in both products and reactants. As for the
remaining species, contributions of a given atom to the Rayleigh
cross section are roughly independent of which molecule that atom
is part of (1,3). In any event, the change in Rayleigh scattering
cross section from reactants to products can be incorporated
into data reduction to produce a refined temperature measurement.

Robben and co-workers have exploited these facts to measure
mean and rms temperature fluctuations in a turbulent flat flame
(7) and above a catalytic surface (8). By measuring the post-
flame temperature on a flat flame burner, as a function of
reactant flow rate, a precise measurement of laminar flame speed
was reported by Muller-Dethlefs and Weinberg (9).

Case 3: Both temperature and species variation - In this case,
additional information is required. This could be obtained from
another diagnostic or a mathematical model. Smith (10) used an
extensive mathematical model of a laminar hydrogen diffusion
flame to predict the species distribution throughout the flame;
having this, the temperature could be inferred from the Rayleigh
scattering intensity.

EXPERIMENT: A schematic diagram of the experimental
apparatus for temperature measurement is shown in Figure 1.
Scattered light collected by the F1.5 Tens (f = 30 cm) is
relayed to the photomultiplier tube via 1 mm¢ sTits, a 1 nm
bandwidth interference filter and a polarization filter, to
reduce background from flame luminescence. The PDP-11/34
computer instructs the A/D convertor to make a conversion every
100 usec. The resulting digital data are stored sequentially in
core memory. The memory is saturated at 16,000 temperature
measurements, at which time the data are transferred to a hard
disk memory. The data in this transfer constitute one time
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series. Storage of the time series is a significant improvement
of this data collection apparatus. The power spectrum, auto-cor-
relation and probability histogram are calculated from each time
series. From the probability histogram, calculation of the

mean, rms, and higher moments is straighforward.

A turbulent jet diffusion flame was investigated. The
apparatus and experimental procedure are described in detail in
the article by Rambach et al. (11). The fuel jet had the
following properties: diameter of 1.6 mm, Reynolds number of
4400, and a fuel composition of 37% methane and 63% hydrogen.

DISCUSSION: By using a mixture of hydrogen and methane as
the fuel, a case 2 (see above) experiment has been contrived,
i.e., the effective Rayleigh scattering cross section of the
fuel, air, and products are nearly (£ 2%) equal. It was then
possible to make the first application of laser Rayleigh thermo-
metry to non-premixed flames.

Figure 2 shows the temperature probability distributions
along a radial traverse at the axial position L/D = 65. When
one contemplates these probability distributions convolved with
the highly nonlinear temperature dependence of the reaction
rates, the futility of attempting to model the mean reaction
rates with any single temperature is obvious.

From these probability distributions, the mean temperature
and the rms temperature are easily generated. They are displayed
in Figures 3 and 4, respectively. The symmetry of the data is a
result of reflecting the data through the axial centerline,

i.e., data were collected on one side of the flame only. The
main point of this paper is to illustrate the feasibility of
obtaining temperature data in a turbulent diffusion flame.

Wider application of the Rayleigh scattering technique for
temperature or concentration measurements will, to some extent,
rest on the ability to overcome two problem areas: flame
luminescence and Mie scattering from particles. Neither
problem appears insurmountable.

At certain positions in the flame, the background flame
luminescence received by the photomultiplier tube can be
15% of the Rayleigh scattered intensity. A large reduction of
this noise would be achieved by replacing the 1 nm bandpass
filter with a monochrometer. Use of a multipass cell (12) or
intracavity laser (13) would raise the signal above the flame
luminescence. In addition, the increased scattered photon
count rate would increase the precision of each measurement.

A more difficult problem is due to the presence of particles.
The Mie scattering from these particles in room air is about
equal to the Rayleigh scattering. Filtered air from a compressor
was effectively free of particles and was used in this work.

Pitz and Daily (14) have reported a promising method of suppress-
ing photon counts from Mie scattering. Basically, their method
increases the electronic dead time of the count system. This
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dead time is tuned such that it has little effect on the Rayleigh
count rate, but grossly undercounts the high photon arrival rate,
i.e., the burst of photons, associated with particles.
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Droplet-Size Measurements in Reacting Flows
by Laser Interferometry

UMBERTO GHEZZI
Politecnico, p. Leonardo da Vinci, 32-Milano, Ttaly

ALDO COGHE and FAUSTO GAMMA
C.N.P.M,, v. F. Baracca, 69—Peschiera Borromeo, Milano

The current status of prediction and modelling in the area of
fuel spray combustion requires, among other parameters, the measu-
rement of droplet or solid particle size distribution and the re-
lative velocity between the fuel and the surrounding gas. Many
optical techniques, based on laser light scattering, have been in-
vestigated to this purpose (Refs.1,2,3,4,5,6 and 7), but the only
system able to simultaneously determine the size and the velocity
is the dual-beam laser Doppler velocimeter shown in Figure 1.

It has been demonstrated (Refs.8,9 and 10) that a particle
crossing the intersection of two laser beams scatters a modulated
light signal containing velocity and size information. The first
is related to the modulation frequency, the second to the ratio
of the A.C. to the mean amplitude. This ratio is called visibility

I - 1. D
(1) v =Mex min _

IMa.x+ Imin P

where IMax’ I . , D and P are defined in Figure 1.

min
It is possible to express the visibility in a functional form
(2) V= vV(i——>
A

where d is the diameter of the scattering particle, m is the com-

plex refractive index of the particle, is the cross—angle of the
two laser beams, A is the laser wavelength, ¥ and ? are angles de-—
fining the position of the axis of the collectlng aperture, Ll is

the collecting solid angle and e = A /(2 sin(B8/2)).

The other parameters being fixed, the relation v(d) can be nu-
merically evaluated following the Mie scattering theory applied to
individual spherical particles, supposed in the central region of
the crossover volume of two coherent beams (Ref.l0). Because of
the large number of possible arrangements of the parameters appea-
ring in eq.(2), it is impossible to give a complete representation
of the visibility behaviour.A parametric analysis covering also
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many off-axis light collection directions and particle diameters

up to 100 mm has been performed (Ref.l}). In the range of interest
of fuel sprays it has been found that in forward scatter, with
small cross-beam and collecting angles, the refractive index of the
particle has no significant influence and a one—to-one correspon-
dence between visibility and particle diameter can be obtained, as
shown in Figure 2.

The major limit to the practical use of these results is the
maximum particle concentration, N, that can be allowed in order to
preserve the single scattering condition. Roughly, Nmax(m=3)aVp~1
and the probe volume, Vp, is varying as 1/sinf . Withﬂ"—'-’ 1, the
maximum concentration can be about 10° m~3. With higher £ , the
range of a monotonic relation between visibility and particle size
is dramatically reduced. It has been found possible, however, to
overcome these difficulties and to measure particle size distribu-
tions in fuel sprays.

Particle sizing measurements were performed in water sprays
produced by a pressure-jet nozzle and in an industrial furnace. In
the first case (Ref.l2), a 5mW He-Ne laser and the LDV geometry re-
lative to the visibility curve of Figure 2, with p = .5 was used.
Because of the high droplet concentration and the large probe vo-
lume dimensions, we used two glass probes coaxial to the LDV opti-
cal axis and facing each other (see Figure 3). The two probes we-
re centered on the central region of the cross-beam region and
kept 5 mm apart to reduce the effective cross-section and thus the
measured particle rate. The allowed maximum concentration was about
109 m=3 and hence reliable measurements were obtained only in the
outher part of the jet. The particle number concentration can be
determined by the relation

(3) n=NUS

where f is the particle rate (s~1), S the cross-sectional area of
the effective probe volume, normal to the measured mean velocity
component, U,

The visibility of several hundreds individuel scattered sigmls
has been measured by a storage oscilloscope and severe validation
criteria were defined to fulfill the hypothesis of the theoretical
model. The actual size distribution function, f(d), was directly
deduced by the measured visibility distribution, g(V), through the
V(d) relation of Figure 2. Results of Table 1 demonstrated the ca-
pability of this technique to resolve different injection pressres.

Pressure S.M.D. ikﬁ’tm) Table 1: Experimental results with a
(atm) (pm) pressure-jet nozzle. S.M.D.
is the Sauter mean diameter,

1(2) ggg ;g-g X the Rosin-Rammler mean
15 %ok 52.5 diameter.
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Figure 1. Geometry of the dual-beam LDV optics with the enlarged probe volume
and the shape of a single-particle Doppler signal
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Figure 2. Typical V(d) curves for different 8 angles. Forward scatter geometry.

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



446 LASER PROBES FOR COMBUSTION CHEMISTRY

Comparison with standard methods, flash-photography and impres
sion technique, showed a satisfactory agreement of mean diameters,
but wider size distributions were found by standard techniques.

A new data processing procedure was applied to the visibility
measurements made in a furnace under burning conditions and without
the double probe (Ref.l3). This procedure has the capability of de-
termining size distributions also with non monotonic V(d) curves.
As a consequence, larger £ values, i.e. reduced probe volume di-
mensions and higher particle concentrations, can be allowed.

In general, the following relationship exists among f£(d), g(V)

and V(4d): aMax 1
(%) v =/o £(d) v(a)da =/O g(V) v av

where V is the meah value of the visibility. The £(d) function can-
not be directly deduced by eq.(l4), also because the relationship

is not univocal. An iterative procedure, in connection with some
forecast of the form of the £(d) curve, can be used to determine
the size distribution function. The main idea is to test different
£(d) functions until a distribution is found able to lead toag(V)
distribution very close to the measured one.

In Figure 4 is shown the experimental apparatus used in the
furnace. The burner maximum load was about 400,000 Kcal/hr, the
furnace inner diameter 0.8 m and the optical throw length 1.5 m.
The 488 nm line (200 mW) of an Argon Ion laser was used with an in-
terferential filter in front of the photomultiplier to reduce the
background radiation of the flame. Calibration check with alumina
particles of known sizes were performed, but were not necessary.
The effective probe volume was about 10 mm3, due to the small dia-
meters of the furnace windows, but single scattering conditiong
were easily achieved indicating a particle concentration of 10%m <
Without optical access limitations the maximum allowed concentra-
tion could rise up to 1010 m~3, vy using larger}? .

In Figure 5 three distribution curves of droplet diameters a-
re reported, relative to three axial positions into the furnace.

It is demonstrated the possibility of resolving the size variation
along the axis of the flame.

In conclusion, droplet size measurements in the range 10 to
100 Mm can be performed, also in hostile environments, from the
visibility of individual scattered signal. Advantages of this me-
thod are: simultaneous measurement of particle size, concentration
and velocity; no calibration is necessary; good spatial resolution
up to less than 1 mm~3; the visibility is independent on particle
trajectory. Limitations are: individual scattered signal can be
obtained only with moderate particle concentration; it is difficult
to automatically process scattered signals to extract the visibili-
ty value and to check validation conditions; it seems very diffi-
cult to extend the technique to cover the entire spray distribution;;
the lower limit in the small particle end of the distribution cur-
ve depends upon experimental sensitivities and V(d) curve flatness
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Figure 5. Distribution curves of droplet diameters relative to three axial positions
into the furnace (A, C, and E)
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and can be estimated 10 pAm in practical situations. By increasing
the B angle this limit can be lowered, but the full range will be
also reduced, due to the V(d) shape and the reduction of the pro-
be volume. In fact the technique requires probe volume dimensions
larger than the maximum particle size.

Finally, under burning conditions, the refractive index vari-
ations produced by the gas temperature gradients cause deflections
of the beams, hence drop-outs of ‘the photodetector signal, but vi-
sibility measurements are still possible.

Abstract

This paper describes the development of a particle sizing
technique utilizing the visibility parameter and the Mie scatte-
ring theory for spherical particles. The technique allows the mea-
surement of size and velocity of individual particles and was te-
sted in fuel sprays under both burning and non burning conditions.
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Continuous-Wave Intracavity Dye Laser
Spectroscopy: Dependence of Enhancement on
Pumping Power

STEPHEN J. HARRIS

Physical Chemistry Department, General Motors Research Laboratories,
Warren, MI 48090

Intracavity dye laser spectroscopy (IDLS) can be a powerful
technique for detecting trace species important in combustion.
The technique is based on the phenomenal sensitivity of a laser
to small optical losses within the laser cavity. Since molecu-
lar absorptions represent wavelength-dependent optical losses,
the technique allows detection of minute quantities of free
radicals by placing them inside the laser cavity and monitoring
their effect on the spectral output of the laser.

IDLS was discovered nearly a decade ago (1,2), and, al-
though there have been many demonstrations of the technique
(3-6? and several theories proposed to explain it (4,7-10)
there are few reports (11,12) of the technique actually being
used to gain new chemical information. Hardly any work has been
reported (13,14) in quantifying the experimental parameters
affecting IDLS. The present work represents the first quan-
titative comparisons between theory and experiment for cw IDLS.

The exper1menta1 arrangement is bas1ca11y similar to that
of Hansch et al. (4). A Spectra Physics Art laser operating at
514.5 nm pumps a Rhodamine 6G dye laser tuned with a birefrin-
gent filter. The linewidth is 25 to 30 GHz, and the wavelength
is tuned between 585.0 nm and 585.2 nm. The output mirror has
a 1 meter radius of curvature and a reflectivity of 98% at 585.0
nm. The dye laser cavity is 74 cm long, and the Taser is always
run TEMoo (this sometimes necessitates the use of an intracavity
aperture)

js degassed and then distilled into a previously evac-
uated 53 cm long quartz cell with wedged (1.5°) anti-reflection
coated windows epoxied on the ends. The cell is mounted in the
laser cavity on X-Y-Z translation stages, and the I is frozen
into the sidearm by dipping it in ,a cold bath. The dye lasing
threshold is measured, and the Ar laser is then set to the
desired power. For one set of experiments, threshold pump power
is near (x11%) 550 mW, while for a second set the threshold is
near 790 mW.

0-8412-0570-1/80/47-134-451$05.00/0
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The dye laser irradiates an external cell which contains 40
Pa (0.3 torr) I, vapor. A 1P28 photomultiplier whose face is
covered by a 616 nm long pass filter measures the I, fluores-
cence, while a photodiode monitors a reflected spot of the dye
laser. The ratio of fluorescence to dye laser power is dis-
played on a strip chart recorder. The sidearm temperature is
gradually (1-2 hours) raised from about 210 K or 220 K, where
fluorescence in the external cell is strong, to whatever tem-
perature is required to reduce the signal by about 60%.

The extracavity absorption coefficient of I at the laser
wavelength is measured by detecting laser power with a thermo-
pile before and after an Io cell.

Intracavity enhancement, relative to conventional single
pass absorption spectroscopy, is due to mode competition and to
threshold effects. A simple calculation of the Tatter for a
single mode laser, starting with

a
= 0 _
I = Io (L 1)

gives
(1) _d1InI_ %/L (1

dL a_-L

where 1 is the dye laser intensity, I, is the saturation inten-
s?% » 0o and L are the unsaturated single pass gain and loss, and
£ is the enhancement of a single mode laser with an absorber
dL inside the cavity. Equation (1) says, basically, that the
dye laser output becomes very sensitive to additional intra-
cavity loss when the laser is run near threshold {gain = loss).
The effect of mode competition, which is generally the
dominant effect, is more subtle since, to a first approximation,
a cw dye laser has only one mode. Theories of IDLS which account
for mode competition have been put forward by Hansch, Schlawlow,
and Toschek (HST) and by Brunner and Paul (BP). HST start with
a realistic set of laser rate equations but use substantial
approximations to solve them. BP use an approximate and very
empirical set of rate equations which they solve analytically.
Each theory yields a prediction for the dependence of enhance-
ggnt on pumping power P relative to the threshold pumping power

Experimentally, fluorescence is measured as a function of
I> pressure. Since IDLS is an absorption technique, and since
fluorescence is proportional to the light "transmitted" by the
intracavity cell at I, wavelengths, it makes sense to plot
the logarithm of the %1uorescence against pressure. We find
a linear relationship, and the slope is then the intracavity
absorption coefficient, ejpt. Enhancement is defined experi-
mentally as £ = eint/cext> Where eext is the conventional single
pass absorption coefficient. The results are compared with
predictions of HST and BP in Figures 1 and 2, respectively. In
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Figure 1. A comparison of the theory of HST (- — —) with the data. It is assumed
that there are 50 longitudinal modes. (®), A threshold of 790 mW; (Q), a thresh-
old of 550 mW (15).
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Figure 2. A comparison of the data with the theory of BP (——). Threshold is
S50 mW. M = 50;v=.050 = .01 (15).
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judging these comparisons, it must be kept in mind that the
theory of HST has no free parameters, while that of BP has a
free empirical parameter whose physical significance is at best
unclear. However, it is clear that HST's pgediction of a large
enhancement at high power (1im (P+») £ 2 10°) is not consistent
with these data.

Much more work, both theoretical and experimental, needs to
be done for IDLS to become a well characterized technique.
Numerical solutions to realistic laser rate equations, for
example, as well as measurement of enhancement as a function of
various laboratory parameters will increase IDLS' usefulness as
an analytical technique.

Abstract

Intracavity absorption by I, vapor has been studieg for a cw dye
laser. The sensitivity enhgncement varies from 10" at pump
powers near threshold (550 mW and 790 mW) to about 500 at the
highest pump powers (near 5 watts). The results can be inter-
preted quantitatively in terms of a previously proposed theory.
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The Use of Photoacoustic Spectroscopy to
Characterize and Monitor Soot in Combustion
Processes

D. K. KILLINGER, J. MOORE, and S. M. JAPAR
Engineering and Research Staff, Ford Motor Company, Dearborn, MI 48121

Optical measurements of airborne combustion aerosols have
been carried out for a number of years, usually with light scat-
tering techniques. However, due to the particle size dependence
of light scattering and the variable particle size distributions
of smokes, it is extremely difficult to relate light scattering
properties to particulate mass concentrations. The measurement of
light absorption by particles can be directly related to particle
mass if two conditions are met:

. Optical absorption per particle mass is independent

of particle size; this holds for particle diameter
(assuming spherical particles) D << A, where X is the
incident wavelength (1, 2)

. Ability to,measure low absolute light absorption, < 1

part in 10 , possibly in the presence of a comparable
amount of light scattering.

For the measurement of light absorption by airborne carbon-
aceous particulate (soot), the conventional light absorption
techniques fail due, primarily, to the second condition. However,
photoacoustic spectroscopy has the necessary sensitivity (3-6) and
is not subject to major interferences from light scattering. For
these reasons photoacoustic spectroscopy was first used by Terhune
and Anderson, in this laboratory, to study airborne soots produced
by a number of combustion processes. (4, 5, 6)

Experimental

The Photoacoustic Effect (7). The modulated absorption of
light by material in a cell leads to the production of a sound
wave at the modulation frequency. The sound wave is due to
modulated pressure pulses in the cell arising from the liberation,
as heat, of a portion of the absorbed light. The sound wave thus
produced can be detected with a sensitive microphone and associ-
ated electronics, i.e., a spectrophone.

0-8412-0570-1/80/47-134-457$05.00/0
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The spectrophone response, S, is proportional to the amount
of light absorbed at a given microphone sensitivity (assuming
condition (1) above):

S = R(l-e—kx

W @)
where R is the cell response factor which is dependent on cell
design and modulation frequency, W is the incident optical power,
x is the cell length in meters and k is the absorption coefficient
in meter-!, TFor low light absorptions, <5%, equation (1) reduces
to

S = R(kx)W (2)

If the mass concentration, C, in gram m-a’ of particulate is
known, then the specific absorption coefficient, a, in ng-l,
of the particulate can be determined from the relation,

k = aC (3)

Instrumentation. The spectrophone has been described in
detail elsewhere (4-6, 8). The output of a laser (either Ar
ion, 1.2 watts at 514.5nm; or a dye laser, 600 mw at 600.0
nm, with a spectral range of 590mm to 625nm) is mechanically
chopped at frequencies near 4 kHz, and the light is passed into
an acoustically isolated cell containing a cylindrical brass
cavity resonant near 4 kHz at atmospheric pressure. The magnitude
of the sound waves produced are detected with a B & K model 4144
1" diameter condensor microphone, while signal processing is
accomplished with lock-in analyzers and ratiometers.

Soot from an 0Q;-propane flame was produced in a 5 cm diameter
l-meter flow tube, with a total flow rate (N carrier gas) of 3.5
liter min. ! 0.2 um pore size Fluoropore filters (Millipore Corp.)
were used for mass evaluation.

Automobile exhaust was sampled by passing it into a dilution
tube where the flows were typically 300-500 ft® min. ! with
dilution ratios of 5-10 to 1. Samples were removed from the tube
at a flow rate of V1 liter min.

Results

Validation of the Photoacoustic Effect as a Soot Monitor (8).
The photoacoustic spectrum and the absorption spectrum of airborne
propane-generated soot have been simultaneously measured in the
590nm-625nm region using a tunable dye laser. The photoacoustic
spectrum of the propane-generated soot is shown in Figure 1. The
spectrophone response decreases 207% over the wavelength region
investigated, while the structure shown in the Figure is not
reproducible within the *5% uncertainty.

The normalized light extinction spectrum is identical to the
photoacoustic spectrum shown in Figure 1. At 600.0nm the extinc-
tion of the laser radiation was 2% for the 9.5cm spectrophone
cavity optical path. Thus, from the Beer-Lambert Law,
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I=1Ie (4)

one can deduce an airborne soot extinction coefficient, k, at
600.0nm, of 2.1 x 10 ! m !. Since scattering at 600.0nm was
found to be less than 0.1% of the total light extinction for the
undiluted soot stream, the absorption coefficient for the air-
borne soot is identical to the extinction coefficient deduced
above. Using eq. (3), and the measured soot concentration of
0.14 g m °, the specific absorption coefficient, at 600.0nm, _
for airborne propane-generated soot is calculated to be 1.5 ng 1,
with an overall uncertainty of *20%. This result is in agreement
with those obtained (0.6-4.5 m?g !) for bulk graphitic samples

(9).

- Engine Exhaust Measurements. Automobile exhaust, sampled
from the dilution tube, was studied using the spectrophone and

the 514.5nm line of an Ar ion laser,

The performance of the spectrophone on the dilution tube
was checked in two ways. First, the dependence of the spectro-
phone signal on laser power was investigated. From eq. (1) and
(2), the dependence should be linear. Figure 2 shows that this
is the case for a 10-fold variation in laser output power, using
a 2.4 liter Mercedes Diesel cruising at 55 mph. In addition, the
effect of dilution tube flow rate on the spectrophone signal was
studied. Since exhaust soot concentration is inversely propor-
tional to the dilution tube flow rate, from eq. (2) and (3) a
plot of such data should again be linear. This has been shown to
be the case for dilution tube flow rates between 250 and 500 cfm.
(Above 550 cfm, the pressure drop in the dilution tube adversely
affected the spectrophone sampling system.)

The coupled spectrophone-dilution tube was first used to
determine the absorption coefficient of airborne exhaust soot
from a 2.4 liter Mercedes Diesel vs. NO, as a standard (8). The
value was found to be (5.5 #* 1.O)m2g_1 at 514.5nm. (The automobile
was run on a vehicle dynamometer at a cruise speed of 55 mph, with
an average particulate concentration of 0.050 g m™°.)

The instrumentation has also been used to monitor exhaust
soot concentrations from vehicles as a function of engine opera-
tion mode, using a vehicle dynamometer. Results showing spectro-
phone response for two vehicles (a Mercedes Diesel and a gasoline-
powered Mercury Cougar PROCO) run through a portion of the Fed-
eral Test Procedure are presented in Figure 3. Note the 50-fold
difference in the ordinate scale for the two vehicles. Integra-
tion of the spectrophone signals over the 8.5 minute test indicates
that the Mercedes produced about 48 times more soot than did the
Cougar. However, the two response profiles are very similar, with
peaks in the spectrophone response correlating quite well with the
acceleration modes in the FTP. The 3.5-minutes peak for the Die-
sel response (38.5mv) would correspond to a total particulate mass
concentration of about 0.4 g m > in the diluted exhaust. The time
resolution of the instrumentation in this mode was one second.
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Figure 1. The photoacoustic spectrum of airborne soot generated from a propane—
O, flame using a tunable dye laser light source. This figure is adapted from Figure

2 of Ref. (8).
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Figure 2. Spectrophone response as a function of laser output power for exhaust
from a 2.4-L Mercedes diesel taken from a dilution tube

In Laser Probes for Combustion Chemistry; Crosley, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



40. KILLINGER ET AL. Soot in Combustion Processes

. § ‘ 24 LITER
- A ) | MERCEDES DIESEL
J

O
@
&l
=
<

32 I START (min)
58 LITER

071 MV COUGAR PROCO
60
MPH 30 A A W A 4 = =
A W A Y |
0 AT TN 1 1 1 L. L Y
480 420 360 300 240 180 120 60

FEDERAL TEST PROCEDURE

Figure 3. Spectrophone response to exhaust particulate from a 5.8-L Cougar

PROCO and a 2.4-L Mercedes diesel (with a 55 mph cruise) run through a portion

of the Federal Test procedure on a vehicle dynamometer. Dilution tube—300
CFM, 35°C; modulation frequency—3985 Hz; lazer—Ar (514.5 nm).
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Conclusions

The data presented demonstrate that:

1) the photoacoustic effect can be used to measure the
light absorption characteristics of airborne soot
generated in combustion processes, and

2) a spectrophone can be used to monitor the concentration
of carbonaceous particulate in automobile exhaust gas.
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fractional distribution of sodium
and lithium over states in ... 193f
in fuel rich
chemical model of the sulfur
chemistry .....ccovvevvvvvrenas 119
equilibrium test of H =
HoO + H oo 115f
fluorescence profiles for SH .... 119
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of H; + SO, = SO + H,O .. 127f
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SH+OH=SO+H, ... 128f
of SO2 = 2H2 =
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premixed ... 103
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spectrum fOr ......c.ccocoeeene 121f
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profiles in ....ccocoeieiinnes 123f
laser excitation scan of ................ 114
saturated laser fluorescence
studies of lithium ............ 189-194
saturated laser fluorescence
studies of sodium ............ 189-194
sodium line reversal temperature
Profiles in .....ocoeevvvvcrvvcnnnine 110f
profiles for a CHy—air flame ............ 96f
sodium line-reversal temperature
profile measurements were for 109
Hydroxy
concentrations
LIF and 89
as measured by LIF ................. 99f

profile for a stoichiometric
CH,—air flame ...................... 98
radical (OH") ........ 12, 67, 137, 145-151
A?3*, quenching rates of ..............
A22‘—X2H ina C2H2—02N2 ﬂame,
laser excitation spectra for.. 112f
A?3*-X?II fluorescence profiles

in a Ho—Os—N, flame .......... 113f
in a CH—air flame, fluorescence

scans of emission in ............ 16f
in CH,—air flame, rotationally re-

solved fluorescent emission

in 15f
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Hydroxy (continued)
radical (OH") (continued)

collisional redistribution of
excited-state population fol-
lowing laser excitation of ... 13

concentration measurement ........

concentration and temperature in
the flame recombination
zone, measurement of ........ 98

energy-level diagram—electronic

and vibrational structure .... 68f
energy-level diagram—rotational

(15 41 161110 £SO 68f
excited-state population dis-

tribution for .....ccceeveirvcennnne 70f
in flames, LIFS applied to ......131-136
in flames, studies of LIF on ........ 13
LIF in 12
MEASUTEMENES  ..ocvvnrcmncrvsrenirenens 111
molecule, diagram of the energy

levels fOr ...coivnininicnnins 90f
profile through the low-pressure

flat flame .....cccoveirniennnnes 35¢
radical balance reaction w111

temperatures, LIF and .......cccoeeuene. 89

I

I.
extracavity absorption coefficient of 452

fluorescence 168
for LIF studies, advantages in using 168
pressure, fluorescence as a function

OF oreeerreereseeenrerssesssseseoessoneseosease 452
vapor, He gas with ... 169

I, (B-X), visible fluorescence from .. 171f
IDLS (see Intracavity dye laser

spectroscopy)
Ignition of a fuel-oxidizer mixture .... 344
Induced emission process ........eceeeene. 62
Induction parameter ...........coeiceeenne 346

Induction period of methane oxidation 357
Industrial furnace, optical arrange-
ment for droplet size measure-

ment in ... 447f
Inelastic light scattering
molecular information from ............ 208
processes . 209
space-resolved measurements from.. 210
time-resolved measurements from .. 210
Initial ozone mole fraction(s) .............. 366
calculated atomic oxygen profiles
for unity 371f
calculated temperature profiles
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Input coefficients, ratio of the
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Instantaneous pressure distributions

on a half-cyclinder ...................... 353f
Instantaneous time concentration
profiles 433
Integration method, selected
asymptotic .......oveenne 341
Intensity
fluorescence ......ccccoecovveveenerecineenna. 190
limit, low- 64
limit (saturation), high- ................. 64
ratio of anti-Stokes to Stokes
vibrational Raman scattering .. 262f
Internal quantum states, measure-
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Intracavity
enhancement 452
laser 438
dye laser spectroscopy (IDLS) ...... 451
BP theory of ...cccoeovocvreevcirnnns 452
continuous-wave (CWIDLS)..451-454
experimental arrangement .......... 451
HST theory of ....ccoovervvvennicnnnee 452
Inverse laser intensity, ratio of popu-
lations as a function of ................ 142f
Inverse Raman spectroscopy (IRS) .. 319
flashed-cyclohexane solutions ........ 22
and RIKES spectra, apparatus used
10 ObLAIN ceeevererrerereeiereee, 321f
Ionization
of alkali metals in flames ................ 175
cOllisional .....cccovevicvrveveeenieceennnnne 175
on of sodium atoms .................. 183-187
for high-principal quantum
NUMDbELS .o 179
laser-enhanced .......ccocoocveieeivveennnnne 187
in flame diagnostics, applications
of . 187
laser-induced .......cccocoerrveerrerennnne, 192
rate(s)
for n-manifold states .........c........ 179
constant, state-specific ................ 176

for n-manifold states, global

quenching

for Na, global quenching “

signals of sodium atoms ..................
signal vs. laser power, log-log

plot of 187
Irradiation, laser .........ierecnnne 147
IRS (see Inverse Raman spectroscopy)
Isothermal Rayleigh scattering ............ 435

J
Jet diffusion flame, temperature profile
in turbulent .........ccccovverecenininnnee. 440f
S 440f
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K
K; vs. pressure for Co(X!3,* + Hp,

PIot Of .o 384f
coefficients .....ccococervcreninenncnineens 367
mechanisms in the combustion of

cyclic nitramines, gas-phase ... 365
model, reaction trajectories calcu-
lated using a detailed .............. 362f

models of hydrocarbon combustion,
development of .......c.cccoceennnae 85
Kinetics of CH radical reactions im-
portant to Hydrocarbon com-

bustion systems ..........ccceevnene 397-401
modelling and .........ccocecviincninnens 9
L
Lagrangian
grid e 351
hydrodynamics framework .............. 339
pathlines at various stages of a
Rayleigh—Taylor collapse ........ 353f
Laminar
microscopic flow equations ............ 339
premixed
CH,-air flames, species profiles
fOr ot 86
CH,~air flames, laser probes
Of o 85-101
CH,—flames, temperature profiles
OF ceveeermrevenmsncsesissensstansissseasan 8
steady-state flames, detailed
modelling of ....coeccceeees 365-372
unbounded flame for a multicom-
ponent ideal gas mixture,
equations describing ............ 365
propane diffusion flame, radial
temperature profiles in ............ 279f
Laser(s)
absorption 7

spectroscopy of combustion gases
using a tunable IR .......... 413425
spectroscopy, optical arrange-

ment for tunable diode ...... 414f
applications as a combustion
diagnostic .....ccovveiiniiininins 19
Ar 168
chemistry and combustion .............. 3-17
combustion probes ...........cccviennen 4
energy-level diagrams for
SPECLIOSCOPIC wverreenrmencnrsnesene 5f
and computer system control flow
chart .. . 241f
as diagnostic instruments ................ 19

diagnostics for practical combustor
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Laser(s) (continued)
Doppler velocimetry ..........ccocouuenen
dye .
flashlamp-pumped tunable
(Chromatrix CMX-4) ...
laser-pumped .........
Nd:YAG pumped .
molectron .........coveiinneiiicncnns
system for nitric oxide fluoresc-
ence measurements in
CH; + O, + N, flame..154f, 155f

tunable 103, 160
-enhanced ionization ..........ccccevenee 187
in flame diagnostics, applications
of 187
excitation
scan of a Ho—O,—N, flame .......... 114
spectrum(a)
in flames with 1% H,S,
SH AZZ*-X20I ..o 117f
for nitric oxide in
CH4 + 02 + Nz flame .... 157f
for nitric oxide in Ny .............. 156f
for OH A%3*-X2IT in a
C2H2~02—N2 flame .......... 1 12f

source 62
to the Na(%P,,2), quenching
processes for saturated ........
to the Na(?P3,), radiative
processes for saturated ........
of OH, collisional redistribution
of excited-state population
following
excited
CN fluorescence intensity with
laser spectral irradiance in
a nitrous oxide—acetylene
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fluorescence
flame temperatures density
profiles of ......cooccveriinece.
plasma temperatures density
profiles of ................... 199-203
spectrum in a nitrous oxide—
acetylene slot torch, com-
parison of CN flame
emission and ...................
spectrum in an oxy-acetylene
slot torch, comparison of
CH flame emission and .. 294f
level, steady-state rate equation
for 69
NO fluorescence spectrum in an
NO-doped methane—-air
premixed flat flame
state, collisional quenching of .... 89
flame measurements, species
amendable to .....occiiiiieciinenne

Laser(s) (continued)
flashlamp-pumped tunable dye ......
flowing chemical
fluorescence

excitation in OH, multilevel
model of response to ...... 137-144
exciting and detecting wave-

lengths ..ceeevcocccriiicninenans 108:
measurements in flames, optical
system for ... 110f
saturated .. . 189
advantages of ........cccocoevereiniene 292
CARS vs. ...... - 27
studies of lithium in fuel-rich
H;-0--N, flames ........ 189-194
studies of sodium in fuel-rich in
H,~0,—N, flames ........ 189-194
theory of ....ccooviiinn 292
techniques for NO .......ccoeveinnnns 153

-induced fluorescence (LIF) ..6, 167, 389
combustion intermediates

detected by ..ccoovimicreriinn 12¢
excitation spectrum of the C,

Swan band system in an

acetylene—air flame .............. 43f
excitation spectrum of

CO(APT—X337) e 392f

and hydroxyl concentration(s) .. 89

as measured by

and hydroxyl temperatures .

instrumentation

intensity per transition strength
vs. energy of initial rota-

tional state, plot of .............. 91f
measurements, problems ............ 131
in OH 12
on OH in flames, studies of ........ 13
optical saturation in ................ 137
of PCAH in a flame ................ 159-164
signals from flame species,

experimental arrangement

used to measure ................ 42f
signals, quantitative interpreta-

[$75) T« AU 6
spectroscopy (LIFS) 61

from atomic to molecular sys-

tems, extension of

saturation ........ceceeevnenee 40
and concentration measure-

MENLS .ovvrreneeceercirnenensrenenes 80
detectability interferences ...... 72
detectability limits of .............. 71
and excitation dynamics 80
in flames ..o ....61-80

applied to OH .................. 131-136
measuring the population of an

excited atomic state by .. 81
and molecular systems ............ 67
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Laser(s) (continued)

-induced fluorescence (LIF)
(continued)
spectroscopy (continued)
for near-resonant excitation
of sodium
saturated .......cccceveeirencineniennn.
signal, theoretical considera-
tHONS Of weeevieirieereteeeeeine 62
and temperature measure-
IMENES corerereerecereereesaesreens 80
spectrum of the A%A «— X2
transition of the ground-

state CH radicals ........cc.c.... 400f
studies, advantages in using I .... 168
for studying the chemistry of
sulfur .. 103
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-induced ionization ..........ccceovuennne 192
intensity ........ 137
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interferometry, droplet-size
measurements in reacting

flows 443449
intracavity ..... 438
irradiation .eeceeeeoceeeeceeereenrercienieeenne 147

light-scattering techniques for
measuring flame gas properties 207
multipass cell for pulsed Raman
scattering diagnostics,

NA:YAG ..o 255-258
output power, spectrophone
response as a function of ........ 460f
phase-R corporation DL-1400
flashlamp-pumped tunable ...... 160
power, fluorescence signal vs. ........ 150f
power, log—log plot of ionization
signal Vs. vt 187
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for combustion applications ........ 19
meth(f)ds, energy-level diagrams
or
of premixed laminar CH,—
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purpose of 3
results 11
pulse(s)
energy 160
fluorescence signal vs. time,
normalized .......ccecoemeeeererennne 147f
low-pressure flames and short-
duration .......cceviiccnnnee

pumped dye lasers .......
Q-switched neodymium
Raman spectroscopy, species pro-

files obtained by ........cccueuuune 89
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Laser(s) (continued)
Raman technique vs. CW laser tech-
nique for pdf measurements,

pulsed . . 253
resonance absorption
apparatus, CO ......coeeenrerernens 404f

studies of CH; radical reactions,

CO 3409
studies of O(°P) 1-alkynes
reactions, CO ......cooveeuene 403-409
scattering apparatus ..........co.eueeeenee 437f
spectral bandwith via different
methods, comparison between
the values Of ......ccocovirieeennnnes 198
spectral irradiance in a nitrous
oxide—acetylene slot torch ...... 297f
spectroscopic probe methods .......... 4
experimental setups for ............. 8f

source characteristics, comparison
of vibrational Raman scatter-
ing fluctuation measurement
capabilities for ........cceovieerencncs 211
studies of the kinetics of,
C,0(A4%I; and X°37),
pulsed 389-396
technique for pdf measurements,
pulsed laser Raman technique
VS, CW e 253
velocimetry and Raman scattering
diagnostics optical layout for.. 245f
LDV optics, geometry of the dual-
beam 445f
LED (see Light emitting diode)
Level populations of a four-level

molecular model, for .......c.cc.e. 147
Level 1 to 2 steady-state rate equa-
tions, for excitation from ............ 65

LIF (see Laser-induced fluorescence)
LIFS (see Laser-induced
fluorescence spectroscopy)
Lifetimes for C,O(A4%1L,), radiative .. 395
Lifetime and quenching data, C,O ... 395
Light
absorption by particles, measure-

MENt Of wovnernrreeeerecrereeeerreesaeens 457
absorption by soot, measurement of 457
emitting diode (LED) ........... 250, 251f

output, quasi-sinusoidal .............. 250
source, experimental results from 252f
extinction spectrum, normalized .... 458
-scattering
inelastic 209
information from molecular .... 208
space-resolved measurements
frOM .oeeeccerecreeeneececcaenaeene 210
time-resolved measurements
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information from elastic
molecular .....cccoceeeeverinnnnns 208
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Light (continued)
-scattering (continued)
probes 207
properties and particulate mass
CONCENtrations ........ccceeevenne 457
Line
analysis, VOigt ....cooerienicrerrunnaens 176
intensity 415
reversal temperature profiles in
H2—0:—N, flame, sodium ........ 110f
reversal temperature profile
measurements were made for
Hz—Oz—Nz, sodium ................. 109
source, Lorentzian atom profile ...... 195
strength 415
correction factors for pure rota-
tional Raman scattering,
rotational-vibrational ........ 233f
Linear absorption
coefficient ........cccvvrrcrrencrsincninnns 427
values for a six-angle case,
reconstructed ..........ccoeeceenns 430
values for a twelve-angle case,
reconstructed .........cooeveinnns 430
Linear two-line methods ........ccooveuiueene 199
Lineshape function ... 416
Linewidth, Doppler-broadened .......... 417
Liquid photolytic reaction, applica-
tion of single-pulse nonlinear
Raman techniques to ............. 319-327
Lithium
energy-state diagram for .................. 193f
flame distribution .......c.cocreeeirecunnnce 189

in fuel-rich H,—O,-N; flames, satu-
rated laser fluorescene studies
of 189-194
over states in a Hy—Oo~N, flame,
fractional distribution of

sodium and .......ceveviivcenennn 193f
-scattering techniques for measur-
ing flame gas properties, laser 207
Lorentzian
atom profile, line source .................. 195
broadened absorption line profile .. 196

dispersion function

Low-intensity 1imit ......ccccccoveirereuerncnee 64
Low-pressure flame(s)
quenching studies in ......coeeerccunee. 133
and short-duration laser pulses ...... 131
flat, OH profile through .........c...... 135¢
LV data, acquisition, optical
layout for 220
LV—-Raman scattering timing
sequence 243f
M
Macroscopic flow equations, laminar .. 339
Magnesium oxide
B! + AT transition, fluorescence
excitation spectrum of ............ 46f
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Magnesium oxide (continued)

B! + —X! -+ transition in an
C,H,—air aspirating slot
burner, fluorescence excitation
spectrum of

energy level diagram for .................. 41

n-Manifold states ..........ccoovvveinrrenens 176
global quenching ionization rates
for 179
overall ionization rates ................... 179
Mean quenching rate .........cceuereceenene 132
Mercedes diesel 459
spectrophone response to exhaust
particulate from a cougar
PROCO and .....eimcevincnnns 461f
Mercury cougar PROCO, gasoline
powered 459
Metals in flames, on saturated
fluorescence of alkali .............. 189-194
Methane
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flame(s)
CARS spectrum of H:O in ... 287f
premixed .....oooeminriiieenens 30f
CH, profiles for .. 94f
CO profiles for .... 96f

CO, profiles for 94f

concentration profiles from ... 387f
experimental results for a
fuel-lean .....coiinevernnes 92

flat
CARS spectra in the region
of the CO Q-branch

from ...ocevevveecrecrerennnnns 39f
as a function of fuel-air

equivalence ratio, CO

partial pressure in ........ 423f

as a function of rotational
quantum number CO
collision halfwidth in .. 424f

premixed, laser-excited NO
fluorescence spectrum

I ceeeeerreeeeeeeneestsnenes 297f
Voigt fit to absorption line
profile for XOin .......... 422f
fluorescence scans of emission
in OH N coveeeiceveceencnne 16f
H, profiles for .... . 96f
H.O profiles for 95f

H.,O spectra for a premixed .... 27
hydroxyl concentration profile

for a stoichiometric ........
laser probes of premixed
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Methane (continued)
—air (continued)

rate constant measurement in.. 375
rotationally resolved fluores-
cent emission in OH, in .. 15f
species profiles for premixed,
laminar .....cooveerrecrecene 86
temperature profiles for 94f, 95f, 96f
premixed, laminar ..............
theoretical results for a fuel-
lean ....eeernriiieenieenee 92
—argon asymmetrical diffusion jet .. 428

jet
cross section for six-angle case,
reconstruction of ........c.c.e.... 432f
cross section for twelve-angle
case, reconstruction of ........
diffusion, multiangular absorp-
tion measurements in ...... 427-433
experiment, apparatus for ............
in a mixed gas system, single-pulse
measurements made for .......... 27
—O, flame species concentrations
and temperature, comparison
of 93f
oxidation
controlled by free radicals,
1ate of ......ccvevvvreecnrecnirinens
induction period of
processes governing the rate of

heat release during .............. 357
profiles for CHy~air flame ................ 94f
single-pulse measurements for 27

using OMA detection and a single-
laser pulse, broad-band CARS
spectrum of .
CH; + O, + N, flame
dye laser system for nitric oxide
fluorescence measurements

in 1544, 155¢
laser excitation spectrum for nitric
OXIdE e 157f

Microdensitometer trace(s)
of IRS and OHD-RIKES spectra
of cyclohexane solutions ........
of the OHD-RIKES single-pulse
spectra of solutions of benzene 323f
of RIKES spectra of solutions of

cyclohexane in CCly ................ 321f
of spectra from solutions of
cyclohexane .......cocovcreverennns 325¢
of spectra from solutions of cyclo-
hexane in CCly ...coovverveevrnenrnanns 324¢
Mie scattering .......cccoeeeevercevereererenvennn 73
from particles 438

Mixing in gases using a CW lase;',
fast turbulent ......cooverrrrennneee. 247
Mode competition, effect of
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Model(s)
for atomic systems, two-level .......... 40, 47
phenomenological ................ 331
three-dimensional ..... 334
two-dimensional ... . 334
verification ........ e 11
Modeled CARS spectra for N, in a
flame as a function of the bulk
£as tEMPETAtUTE .....ccoovcvvuemvirirnrnanns 27
Modelling
asymptotic approach to 340
combustion systems e 332
the data formations in flames .......... 176
detailed
of combustion ........cccceeiennne 331-354
purpose of .......cceeevenenes 333
physical complexity of . e 335
and Kinetics ......cceveeeverceerccrereruenas 9
onset and other transient turbulence
phenomena ......ooveviviciniinns 339
problems in reactive flows .. 333
Molectron Nd: YAG pumped dye laser 148
Molecular
input parameters ...........ooeevevenene 3
light scattering, information from
[E:11 1 (O 208
light scattering, information from
inelastic 208
model ..... 145, 146f
for the level populations of .......... 147

scattering processes, primary
species, saturation in ...
species, spatial density profiles
Of e
systems, extension of saturation
spectroscopy from atomic to .. 40

systems, LIFS and ..o 67
Molecule concentration, radiation
intensity and ........ccooiieiiiienne 4
Molecule spectrum, diatomic larger .... 81
Mollow’s theory ........cueiinniivuens 77

Multiangular absorption measure-
ments in a methane diffusion
jet ..

Multifluid conservation equations ......

Multilevel model of response to laser
fluorescence excitation in OH 137-144

427-433
331

Multipass CEII(S) ....cccocvrmreruruveruserrinruraens 438
for enhancement of CW Raman
scattering, optical .......covivenne 255
experiment, far field isolator and
pulsed ..o 256f
nitrogen Stokes vibrational Raman
signal from pulsed ........cccccece. 257f
performance of pulsed .............ccccus 258
Multiphoton
excitation of fluorescence ............... 9
UV excimer laser photolysis, (a®I1,)
produced by ... 381-387
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Multiphonon (continued)
UV excimer laser photolysis,
Co(X'3,") produced by ........ 381-387
UV-—photolysis—laser fluorescence

detection SYStem .........cvucerccnee 382f
Multiple space scales .... 334
Multiple time scales ......coccoeveerrecreenennce 333
N
N..; at 2000 K, calculated band pro-
files of Stokes vibrational Raman
scattering from .........cccccoecviecenane 236f
NH in a NH;-O, flame, excitation
scan of 10f
NH;-O, flame, excitation scan of
NH in 10f
Nd:YAG (see Neodymium-doped
yttrium aluminum garnet)
Near-resonant
excitation, fluorescence spectrum
from 78f
excitation of sodium, LIFS for ........ 77
Rayleigh scattering .........ccocvrcueece. 75
Neodymium-doped yttrium aluminum
garnet (Nd:YAG) .covevevrvinnee 86, 295
laser multipass cell for pulsed
Raman scattering
diagnostics ........cceemiecsirecneans 255-258
pumped dye laser(s) .41, 145
MOIECLION ....oviniiriiicniiiiane 148
Neodymium laser, Q-switched ............ 295

Nitramines, gas-phase kinetic mecha-
nisms in the combustion of cyclic 365
Nitric oxide (NO) ...cceceovvevervccreervannns 153-158
-acetylene slot torch, comparison of
CN flame emission and laser-
excited fluorescence spectrum
in 296f

concentration profiles ........ccccoceeueee. 375

from CH,-air flame ...................... 376f
detection in flames by laser

fluorescence ........cccocovcereeernecenes 153

-doped CH—air premixed flat flame,
laser-excited NO fluorescence
SPECLIUM N ..ecvvencrnrrinrecnranenenen

excitation spectra for

flame fluorescence measurements,

experimental system for .......... 153
flat flame burner experiments meas-
uring CO and ......coocvecuencrenenee 418
fluorescence excitation in ............... 298
fluorescence spectrum in an NO-
doped CH,—air premixed flat
flame, laser-excited .................. 297f
formation 377
in high temperature hydrocarbon
combustion systems ............ 399
laser-fluorescence techniques for ... 153
in N,, laser excitation spectrum for 156f

483

Nitrogen (N)
analysis of the anti-Stokes-to-Stokes

intensity ratio from .................. 260
BOXCARS spectrum of ... e 277f
in a sooting flame ......c.cccoveerveuivnees 37f
CARS spectrum(a)
comparison of single-pulse and
averaged .......ceeeerinenes 278f, 282f

in a flame as a function of the

bulk gas temperature,

modelled ....cooevrereeeeirenens 27
as a function of bulk gas tem-

perature plot of calculated .. 29f
gas in the combustion zone of a

homogeneous flat flame

burner 28f

probed within the homogeneous
region of a flat flame
burner 27
spatial variation of temperature
from averaged ...
CARS, time averaged
concentration vs. temperature in
H,—air turbulent diffusion

flame ............. 224f, 225§, 226f, 227f
density
in a combusting stratified charge
engine 259
fluctuations 264
measurements in a turbulent
flow, Stokes .....ccceorrerecrerisuenee 259
vs. crank angle of the combus-
tion chamber .......ccccouvvveunnnee 264
on exit plane of combustor, time-
averaged spectrum of .............. 317f
at 1700 K onto measured spectra,
overlay of computer-generated
spectrum of ........cccoiviiinnennne 305f
laser excitation spectrum for nitric
oxide in 156f
number density
one standard deviation of
fluctuations in .......ccoemne 265f
near time of flame arrival, pdf’s
of ........ . 266f
vs, crank angle, relative mean .... 265f
Q-branch spectra of ........cccoeveeennns 304
Raman and Rayleigh scattering
from 216f
relative Stokes vibrational Raman
intensity for .........ceiveinenens 261f
rotational Raman spectra ................ 232
spectrum recorded on OMA during
combustion, single-pulse .......... 305f
Stokes—anti-Stokes intensity ratio .... 220
Stokes vibrational Raman signal
from pulsed multipass cell ...... 257f
temperature measurements from ... 276
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Nitrogen (N2) (continued)
temperatures in primary reaction
zone and recombination
regions, comparison of OH and 100f
thermometry 276

accuracy of CARS ........cceeeeeee 276
NO (see Nitric oxide)
Normalized laser pulse, fluorescence

signal vs. time ......cooveveecmeeeneneecnnee 147f

Normalized light extinction spectrum 458
Non-adiabatic quenching process,

physical 190
Noncolinear beam phase-matching

teChNIQUES ....oovermeereieeeecccceeneaene 33
Nonlinear Raman techniques to a

liquid photolytic reaction, appli-

cation of single-pulse .............. 319-327
Nonlinear time-dependent slow flow

equations 345
Nonresonant CARS signals ................ 7
Number density of any rotational

state, steady-state rate equation

for 67

O + C,Hs reaction .......cceevevevvevenvenenennns
O -+ N; reaction rate ..
constant
O + Nz — NO + N, rate constants
for 379f
OH-" (see Hydroxy! radical)
oC¢P)
1-alkynes
absolute rate constants for CO

production at 300 K for ...... 408
average CO vibrational energies

for CO production at 300 K

fOr e ene 408

reactions, CO laser resonance
absorptions studies of ....403-409
atoms, RCH diradicals formed in
series of 1-alkyne reactions
with
reactions of CH, with .........cceveeneue
OCP) 4 CHo,, vibrational energy
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analyzer)
One-photon absorption in a hydrogen—
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One-photon transition(s) ...
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Optical
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layout for laser velocimetry data
acquisition
layout for laser velocimetry and
Raman scattering diagnostics .. 245f
multichannel analyzer (OMA) ....276, 304
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broad-band CARS spectrum
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system
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for laser fluorescence measure-
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single-beam 413
transition rates calculation of .......... 179
Optogalvanic signal for excitation of
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Spectrum in a Nitrous ................ 296f
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of laser-excited CN fluorescence
intensity with laser spectral
irradiance in a nitrous .......c.cece.... 297f
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Oxy-acetylene slot torch, comparison
of CH flame emission and laser-
excited fluorescence spectrum

in ... 294f
Oxygen
Co X3, vs. a®II, reactions with ...... 387
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CARS spectrum(s) of
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Phenomenological models .................... 331
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soot 458
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Photon(s)

absorption 62, 175
count . 72
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laser-excited fluorescence ........ 199-203
PMT (see Photomultiplier tube)
Poisson statistics .....c..cvvvccerinnenisnsnnes
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excited vibrational level .................... 131
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variations over a half-cylinder ........ 350f
Primary
molecular scattering processes ........ 214

reaction zone of atmospheric-pres-
sure hydrocarbon—air flames .. 85
reaction zone and recombination
regions, comparison of OH
and N, temperatures in ............ 100f
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Product channels for C; + Og ... 386
Profiles
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temperatures density ............ 199-203
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diffusion flame, radial temperature
profiles in a laminar
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-laser studies of the kinetics of
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Raman signal from
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Raman-scattering diagnostics, Nd:
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for ... . 255-258
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studies in low-pressure flames
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Raman (continued)
-induced Kerr effect spectroscopy

(RIKES) ..oovorrirrviinriinsesesincnsns 319
spectra ... . 320
apparatus used to obtain IRS
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Stokes 261f
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flame diagnostic methods .....
from the gas ......ccoooeemirrviinncns
measurements of combustion
properties
measurement, geometry for
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from oxygen jet ...
Properties of .......ccocevivvininnirinennns
rotational ..
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strength correction
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from diatomic molecules ..........
fluctuation measurement capa-
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Raman (continued)
scattering (continued)
vibrational (continued)
signal from pulsed multipass cell,
nitrogen Stokes vibrational .. 257f

spectra, N, rotational .................. 232
spectroscopy

anti-Stokes .....ccocveeeveienes 19

coherent anti-Stokes (CARS) ...... 20
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time-resolved
Stokes—anti-Stokes technique,
accuracy of the temperature
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profiles, X oo 308f
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Radiation-corrected thermocouple-
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Radiative
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trapping ... . 73, 74f
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Rate
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temperatures ...............cococ... 399
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measuring fluorescence exci-
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constant(s) (continued)
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at 298 K, C,O(X?3") reaction .... 395¢
long-component quenching 391
O 4 Ny reaction ......cecceecerceuenines 375
for O + N, > NO + N ....... 379f
measurement in a CH,—air flame 375
state-specific ionization ................ 176

equation(s) . 62
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Cross section, constant ............ceeeeevene 436
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sodium, comparison of ............ 79f
to resonance fluorescence signal,
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scattered light, intensity of .............. 435
scattering
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near-resonant
temperature measurement in tur-
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temperature and species variation 436
—Taylor collapse, Lagrangian path-
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—Taylor unstable fluid layer ............ 352
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and flow, complicated ........cceerneeen. 339
rate constants, experimental system
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cence excitation spectra and .... 390f
trajectories calculated with Sene-
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trajectories calculated using a
detailed kinetics model ............ 362f
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Reactive flow calculations ..........ccc.c..... 340

Reactive flows modelling, problems in 333
Recombination regions, comparison of
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Relaxation, collisional quenching by

rotational ... 107
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Repletion of the pair population 139
Resolution of CARS, spatial ........ 311
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Rotational (continued)
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(continued)
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temperature measurement, elec-
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Sample—and-hold (S/H) circuits ........ 242
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fluorescence
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measurements for CH and CN,
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Saturation (continued)
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fluorescence profiles for Hy~0,~N,
flames with HoS ...oovvvverene. 120f
fluorescence spectra in flames with
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S/H circuits (sample—and—hold)
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SIN (see Signal-to—noise ratio)
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-beam optical system ........cccooeemnnns 413
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and averaged CARS signatures,
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N., comparison of ................ 278f
CARS for combustion work ........ 320
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measurements for methane 27
in a mixed gas system .............. 27
N CARS spectra, comparison of
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during combustion .............. 305f
nonlinear Raman techniques to a
liquid photolytic reaction,
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Six-angle case, reconstructed linear
absorption values for ................... 430
Six-angle case, reconstruction of
methane jet cross
section for 432f
Slot burner ... 86
diagram of ...... 88f

fluorescence excitation spectrum of
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tion in an C,H.—air aspirating 45f
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Slow flow
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Slow flow (continued)
equations, nonlinear time-

dependent ......ccooeeneveieeninenns 345
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fluorescence profiles for ................. 119
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added, fluorescence spectrum
for SO- and ......cccevvverneerennne 120f
and SO, measurements .............c...... 119
SO B35—-X33-
absorption SYStem ......c.cceceeveeeererenens 119
fluorescence profiles in Ho—0,~N,
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fluorescence profiles in Hy—O,—Nj,
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SO,
fluorescence pulse shape .................. 119
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test of 129f
measurements, SO and .................... 119
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1% H.S added, fluorescence
spectrum for ........oovceinee 120f
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atoms, collisional ionization ........ 183-187
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of 189-194
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